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Sammanfattning

Behovet av information om klimatets forandring algss effekter pa olika regioner och
sektorer dkar stadigt. For att belysa fragestagjainmunt klimatets utveckling, dess
paverkan och behov av anpassning behovs projektinttamtidens klimat. Den generella
kunskapen om klimat baseras oftast pa erfarenhedigare klimat, vaderobservationer,
prognoser och ateranalyser av historiska dataafdantera framtidens foranderliga klimat
behover vi utveckla metoder for att forfina anvéanden av information fran
klimatmodeller.

Klimatindex, formulerade med avnamarperspektikiufoch berdknade utifrAn data fran
klimatmodeller, ar ett satt att kommunicera den glaxa fragan om effekter av klimatets
framtida utveckling. Klimatindex kan vara valkamdarmation som summerad nederbord
eller medeltemperaturer men kan ocksa beskrivakoraplexa relationer och da innefatta
till exempel troskelvarden eller exponeringstid dtika forhallanden.

| denna rapport beskrivs ett omfattande materidliavatindex baserade pa berakningar
med tva regionala klimatmodeller utifran olika éfgbsscenarier och globala
klimatmodeller. Materialet har legat till grund férbetet inom den svenska Klimat- och
sarbarhetsutredningen (M2005:03), men har aventégits i samarbete med andra
avnamargrupper. De flesta klimatmodeller och kisoaharier som ligger till grund for
indexberakningarna har tidigare dokumenterats farapporter men ges har en
overgripande beskrivning. Till rapporten bifogasBD med det omfattande kartmaterial
som illustrerar indexberékningarna och tillhéraimdermation. Materialet finns aven
tillgangligt pawww.smhi.se

| linje med tidigare scenarier visar de regiondimétscenarierna pa ett gradvis allt
varmare klimat i takt med att den manskliga klindatgrkan blir stérre framdover.
Uppvarmningen ar sarskilt markerad under vinterdia/i norra och ¢stra Europa. Det
mildare vinterklimatet gor att snétackets utbrednminskar vilket i sin tur forstarker
uppvarmningen som blir allra tydligast for de akedlaste episodern&centrala och sédra
Europa ar uppvarmningen som storst under sommantedloch da med kraftigast 6kning
av de extremt hoga temperaturerna. | 6vrigt visanarierna pa mer nederbord langst i norr
under sommaren och i hela Europa utom Medelhavstehtander vintern. Nar det galler
vindklimatet finns ingen entydig férandring. Olikaenarier med olika globala
klimatmodeller ger vasentliga skillnader i hur vitichatet forandras, nagra visar pa
kraftigt 6kande vindar under vinterhalvaret medadra bara visar pa sma skillnader
gentemot dagens klimat.

Arbetet med att ta fram och analysera klimatscenach att utveckla klimatindex
fortsatter. Vi ser ocksa fram emot en fortsattatiahed avnamarna.
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1. Introduction

The issue of climate change raises a wide rangpemiing questions related to the impacts
of climate change and adaptation needs. The demaagidly growing for practical
information on climate projections and the impdbts can be expected in light of them, in
different geographical regions and on different@ec Until now, most of the general
knowledge on climate and weather impacts is basdti@experience of earlier
experienced events, weather observations, foreandtseanalyses of historical data. The
use of climate model results is much less commabe.|[&tter are, however, the principle
means of gaining insights on climate change teatahead of us. As the concerns on
climate change impacts keep on increasing, th@luskmate change projections is
becoming increasingly essential on all sectorsdeat with weather, water and climate.

It is a challenge to transform the vast amountatégroduced in climate models into
information that is suitable and relevant for climahange impact studies. While annual,
seasonal and monthly mean values of temperatwreipiation and other common
variables provide essential and indispensable nmétion regarding the climate and how it
may change, they are typically not directly linkectlimate impacts. During the last few
years the need for information more directly linkedmpacts has resulted in a wide range
of climate indices.

Climate indices are developed to in a simplified/wammunicate more complex climate
change impact relations. Mean temperature andptatton sums can be seen as (simple)
climate indices, and the same applies for varioaasuares of climate extremes. The power
of the climate index concept, however, is strikjngustrated with the more complex
climate indices that incorporate information on $ke@sitivity of a specific system, such as
exposure time, threshold levels of event intensity

The work on climate indices that are the subjec¢hisfreport, has in general been
motivated by overall research and developmentiofate scenario analysis for decision-
support, and in particular, by the Commission oim@te and Vulnerabilityin Sweden. It
was appointed by the Swedish Government in Junb,20@ssess the vulnerability of the
Swedish society to climate change, by means of mgpegional and local consequences
of climate change, related costs and damages ditiad the Commission was to suggest
measures to reduce the vulnerability and conso@esother aspects on taking action. The
Commission of Climate and Vulnerability was to gawut the first wide-ranging
assessment across the Swedish society within getiime-frame. A common framework
of consistent and plausible scenarios for the &tas to be used throughout the work. The
Commission was to co-operate with a wide rangeutfaities, regional governments and
communities as well as with representatives fraddrand industry, scientific institutions
and organisations across the Swedish society.

1 Official reference number M2005:03



The work by the Commission was conducted in foougs composed of representatives
from different sectors: agriculture, forestry aradural environment; health, water
resources and water quality; technical infrastmecaind physical planning (subdivided into
energy and electronic communications, transportaod physical planning and the built
environment); flooding and issues related to tihgddakes. In addition, separate task force
groups focussed on fisheries and the marine enwieo, tourism and mountain region
issues including reindeer herding. At an early sthg Commission initiated a dialogue
with the SMHI Rossby Centre regarding provisiorcliohate scenarios. The result was that
the regional climate change scenarios from the lRo€entre at SMHI were adopted as the
common climate scenario basis for Commission effort

Several meetings were held with the different sgatevorking groups, in which, the
scientific climate change basis was presented dsawéhe available climate scenarios.
Discussions were carried out on what informatios waeded by the groups and how this
could be provided. The basic approach was thawtitging groups suggested what indices
they required and, as far as possible these indibese then processed for the selected set
of Rossby Centre regional climate model scenalfibs led to the calculation of a wide
range of climate indices starting in the sprin@006.

The combination of a multitude of indices, sevegtabal and regional models and
emissions scenarios, four time periods, and vaaétyonthly, seasonal and annual
selections led to a vast amount of results. These wresented especially as climate index
maps. In addition to the material on climate chasggnarios, extensive provision of near-
past climate information was also made, buildinghenrecent ECMWEF global reanalysis
known as ERA40. On-line electronic access was rpadsible for the users, through a
website. The information was also updated as neeshetimetadata on the results
successively added.

Parallel to these efforts for the Commission, teedescenario analyses building on the
same methods and material were produced withirptwpects commissioned by Elforsk
AB and the Geological Survey of Sweden (SGU). Alsse results were added to the site
serving the Commission.

A final version of the site mentioned above is madailable via the SMHI external
website. The contents are, at the time of publgshis report, the same as on the DVD
attached.

2. Climate modelling and experimental setup

Climate modelling is pursued by means of modelganying complexity ranging from
simple energy-balance models to complex three-dsmeal coupled global models. On a
global scale GCMs (general circulation models,aa.global climate models) are used.
These consist of individual model components dbswithe atmosphere and the ocean.
They also describe the atmosphere-ocean interacti®mvell as with the land surface, snow
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and sea ice and some aspects of the biospherarfaéglimate models (RCMs) are a
means to downscale results from the GCMs, so ashigve a higher spatial resolution
over a specific region. The main advantage of itier fresolution that is feasible in RCMs,
is a better description of local topography, laed-distribution, vegetation and other land
surface properties. These have an influence oacidnd near-surface climate conditions.
Also, the finer resolution allows for a better slation of such regional-scale features in
the atmosphere as frontal and meso-scale convesytstems, compared to coarser-scale
models. The recent IPCC assessment report on elioh@inge presents an overview of
improvements in GCMs and RCMs over the past ydlaeg, ability of simulating present-
day climate and use in providing climate projectsigRandall et al., 2007; Christensen et
al., 2007a).

The uncertainties of projected regional climatengfegarise from a number of factors
(Christensen et al., 2007a). One is, of courseeternal forcing scenarios (in this case the
changes in greenhouse gas and aerosol concengjatiorother factor concerns the
changes in the large-scale circulation determinetheé GCM. This, in turn, depends both
on model formulation and internal variability. Bafent RCMs can respond differently to
the forcing conditions and the course of unforggdrnal variability in specific model
simulations differs. A handle on these uncertaitian be gained when several models,
forcing scenarios and simulations are consideregvé¥er, whenever the results do not
vary overly much across models and scenariosnibeataken as an indication of
robustness and perhaps of a useful degree of grtai

Future climate change depends on changes in thenexforcing of the climate system
and, depending on which time-scale consideredyntesdegree on unforced internal
variability in the climate system, as already adlddo above. Future changes in the
atmospheric content of greenhouse gases and aeersahot known, but the changes are
assumed to be within the range of a set of scemdsueloped for the IPCC (Nékhovic

et al., 2000). These scenarios build on consistesuimptions of the underlying socio-
economic driving forces of emissions, such as &population growth, economic and
technical development. The global mean net warmesgonse is rather uniform across
these emissions scenarios during the next few @ésdauat diverges more and more after
that. Even in a shorter term, there are some rotéifierences in some of the elements in
these emissions scenarios that might be significarggional climate change (such as
emission of sulphur) or in dealing with climate aagps (adaptive capacity). The three
emissions scenarios we have used sample quiteoatloe spread of the scenarios
developed for the IPCC, as well as the ensuingajlot@an warming.

The regional climate change signal is to a largerexdetermined by the large-scale climate
response to emissions that is solved with a GCNk &hters in regional climate modelling
as boundary conditions. Changes in seasonal megetature and precipitation over
Europe are examples of variables for which thetmtertainty associated with the
boundary conditions (e.g. Déqué et al., 2007). &the projected changes in the large-scale
circulation in various regions can vary acrossaéght GCMs, the projected regional
changes will be sensitive to the choice of the G&Miding the boundary data. This
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implies that using boundary conditions from muki@CMs is preferable to just using one.
In the present work boundary data from three affieiIGCMs is used to force the RCM.

One way to approach the model (RCM) uncertaintg isse a multitude of different RCMs.
The sampling uncertainty can be addressed by riegestnulations, always with the same
combination of emissions scenario, GCM and RCM diffe¢rent initial conditions. These
methods have been tested in the European PRUDENg&Cp(Christensen et al., 2007b).
The results show that the uncertainties due to taynconditions and radiative forcing
dominates for changes in seasonal mean conditidégug et al., 2007) but that the RCM
uncertainty can also be large, especially for em&reonditions (Kjellstrom et al., 2007).
The sampling uncertainty is generally less sigaificfor larger projected changes than
smaller ones.

2.1 Regional climate models

The regional climate model system developed aRib&sby Centre is used for all
downscaling simulations in this report. Two versiaf its atmosphere component, the
RCA, are relevant here; RCA2 (Jones, 2001; Jonak, &004), and RCA3 (Kjellstrom et
al., 2005). RCA includes a description of the atph&se, a land surface model and a lake
model, PROBE (Ljungemyr et al., 1996). RCA3 hasmpletely new land surface scheme
(Samuelsson et al., 2006), as well as a numbeiffefehces to RCA2 in its radiation,
turbulence and cloud parameterizations. Thankisdméw land surface scheme, RCA3 no
longer use deep soil temperatures from a globaletaslwas the case with RCA2. The two
model versions are described in more detail inl&jgim et al. (2005).

In addition to the atmospheric model the Rossbyti@ealso operates a regional ocean
model, the RCO (Meier et al., 1999; Meier et 80032). The relevant set-up of RCO is for
the Baltic Sea including Kattegatt with a horizémésolution of 6 nm (approximately 11
km). The coupled version of the RCA2 and the RC@stitutes the regional atmosphere-
ocean model RCAO (Déscher et al., 2002; Doschemgidr, 2004). The more recent
model version RCAS is not yet coupled to RCO fa Baltic Sea. In the following the two
model set-ups are referred to as RCAO (coupled sithere-ocean regional climate model,
including also the land surface, lakes and seaaicd)RCA3 (atmosphere/land surface
regional climate model).

Both set-ups cover Europe with a rotated longitladiédde grid with a horizontal

resolution of 0.4%(approximately 50 km) and 24 vertical levels ie titmosphere. The
domain and grid are slightly different for the twmdel versions, but the same
physiography data base is used for both modelsHigeree 1). The time step in RCAO was
36 minutes while it was 30 minutes in RCA3. Theskeences are for most users not
important in practice.



Orography Land fraction
RCAO model domain RCA3 model domain

200

Figure 1. Inner (neglecting the outer boundary relaxatiome® of 8 grid points in all
directions) model domain used in RCAO and RCA3.ofbgraphy (height of land surface,
in m) and land fraction are the same in RCA3 andARCThe model domains are,
however, slightly different because of practicalsens.

2.2 Global climate models

We use driving data from three global climate medeladAM3H, ECHAM4/OPYC3 and
ECHAMS5/MPI-OM. In addition to initial conditionshe driving data consists of lateral
boundaries and sea ice/sea surface temperatusr{dhe case of the older regional
model version also deep soil temperature). Thetdsfiare taken from the global model
every six hours in the simulations. The downscadimgulations with RCAO and RCAS3 of
HadAM3H and ECHAM4/OPYC3 results has previouslyrbdescribed in Raisanen et al.
(2003, 2004) and Kjellstrom et al. (2005) while t@vnscaling of ECHAM5/MPI-OM
with RCAS3 has not previously been documented. énftilowing are short descriptions of
the three global models:

+ HadAMB3H is the atmospheric component of the Hadlepntre coupled atmosphere
ocean GCM HadCM3 (Pope et al., 2000; Gordon e2@00) that can be run with
higher resolution (1.875° longitude x 1.25° latéjdBecause HadAM3H excludes the
ocean, the simulations with this model used seaceitemperature (SST) and sea ice
distributions derived from observations in the cohperiod (1961-1990). For the
future time period it used the same observed datatpe climate change signal from
earlier, lower resolution HadCM3 experiments.

« ECHAM4/OPYC3 (Roeckner et al., 1999) is a coupledasphere-ocean GCM
developed at DKRZ, the Deutsches Klimarechenzen@umbH, and the Max-Planck
Institute for Meteorology in Hamburg. It was runT&? spectral resolution
corresponding to a horizontal grid spacing of :a&he atmospheric part.



+  ECHAMS5/MPI-OM (Roeckner et al., 2006; Jungclaugalet2006) is the successor of
ECHAM4/OPYC3. One of the improvements of the mantehpared to
ECHAM4/OPYC3 is that it does not require a fluxusdment between the atmosphere
and the ocean. The current simulation is one ottmributions to the IPCC AR4 work
from the DKRZ and the Max-Planck Institute for Matelogy. In a comparison with
observations ECHAMS5/MPI-OM has been shown to penfarell in terms of surface
pressure patterns in west-central Europe indicdlingthe large-scale circulation over
Europe is realistic (van Ulden and van Oldenbo2§l®6). The simulation was
performed at T63 resolution (1.875° x 1.875°).

2.3 ERA40 data

In order to provide a realistic baseline regiorimhate, to which the climate projections
based on global scenarios can be compared, wepeaiermed re-analysis driven
experiments with the RCA. The boundary conditiarstiiese are taken from the European
Centre for Medium range Weather Forecasts (ECMVWEAH data set (Uppala et al.,
2005), extended with operational analyses to cthewhole period from 1961 to 2005.
These data were downloaded orf &@rizontal resolution and 60 vertical levels, and
interpolated for use with the RCA grid. In termgyoéenhouse gas forcing we have
imposed a linear increase with time in carbon @lexiICQ) identical to that used for
producing the ERA40 dataset (1.5 ppper year). Since RCA accounts in a bulk fashion
for other greenhouse gases on their present-dayeotmation levels, we do not change their
effect with time. In climate change experimentss th overcome imposing greenhouse gas
changes in equivalent carbon dioxide terms (se@@.

2.4 Future emissions scenarios

The downscaling experiments make use of threerdiftescenarios for the future. These
are the B2, A1B and A2 emissions scenarios fromRI@C Special Report on Emissions
Scenarios (SRES) (Naknovi et al., 2000). HadAM3H and ECHAM4/OPYC3 were run
with observed forcing conditions for the time pdrimtil 1990 and with these emissions
scenarios after that. ECHAM5/MPI-OM was run withsebved forcing conditions until the
year 2000 before switching to the A1B emissionsate.

The IPCC SRES scenarios include emissions of gotigenic greenhouse gases and
aerosol precursors and/or types. Correspondingsghmsic concentration projections are
also made available, after running the emissiormutfh carbon cycle models. Because of
the simplicity of the RCA radiation code, the ni¢et of these changes was approximated
by an “equivalent” increase in the @@oncentration. In the RCAO experiments the
equivalent CQ@concentrations were held constant for the wholge&r periods. The

control run value of 353 ppnf1961-1990) was raised in the B2 simulations & gam,

and in the A2 simulations to 1143 pprapresenting the period 2071-2100. In the RCA3
simulations the equivalent G@oncentrations were allowed to change with timz the
numbers for each year are interpolated linearlynftbe decadal values shown in Table 1.
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Table 1. The anthropogenic radiative forcing is taken fréeble 11.3.11 in IPCC (2001)
and includes the effect of greenhouse gases ptusttirect and direct effects of aerosols
under the SRES B2, A1B and A2 emissions scen@hesquivalent C@Oconcentration for

a certain time is calculated using the radiativecfog (F=5.35In(CQ/COyre) Where CQyes

is the concentration in 1990 (expression taken ffoable 6.2 in IPCC, 2001. The RCA
radiation code enables the use of a variable,C@ncentration (as well as water vapour),
whereas other anthropogenic greenhouse gases aeuated at their present levels. This
means that the historical equivalent £€€oncentrations need to be lower than the ones
inferred from the greenhouse gas concentrationthénatmosphere, to compensate for the
constant methane etc. concentrations. The equiv&&h concentration profiles in this
case also include a net negative forcing contritmutof atmospheric aerosols. (NA= Not
Applicable).

Year Radiative forcing Equivalent CO , concentration
(W/m?) (ppm.)

B2 A1B A2 B2 A1B A2
1950 NA NA NA NA 313 NA
1960 0.39 0.39 0.39 313 313 313
1970 0.41 0.41 0.41 314 314 314
1980 0.68 0.68 0.68 331 331 331
1990 1.03 1.03 1.03 353 353 353
2000 1.33 1.33 1.32 373 373 373
2010 1.82 1.65 1.74 409 396 403
2020 2.36 2.16 2.04 453 436 426
2030 2.81 2.84 2.56 492 495 470
2040 3.26 3.61 3.22 536 572 532
2050 3.7 4.16 3.89 581 634 602
2060 411 4.79 4.71 628 713 702
2070 4.52 5.28 5.56 678 781 823
2080 4.92 5.62 6.40 730 832 963
2090 5.32 5.86 7.22 787 871 1123
2100 5.71 6.05 8.07 847 902 1316

2.5 Climate scenarios

In this report we present results from seven dffieclimate change experiments (Table 2).
These are combinations of driving fields from diffiet global climate models (Ch.2.1),
different regional climate model set-ups (Ch.2a2)] different emissions scenarios
(Ch.2.4).

The experiments with RCAO are so called time shixgeriments in which the model was
first run for a control period (CTRL) representithg recent climate and then subsequently
for a future time period under a given emissiorenacio. These experiments are described
and discussed in more detail in Raisanen et a3 2P004) and put in the context of other
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regional climate model simulations in the PRUDEN&Eject (e.g. Christensen and
Christensen, 2007; Déqué et al., 2007; Jacob,&2G07, Kjellstrom et al., 2007). The
transient experiments with RCA3 are continuougHtierwhole time period including also
the recent decades. For both types of simulatiostsould be stressed that the control
period is representative for the actual time pednly in a climatological sense and not in a
sense of representing the actual weather at aftgpggaint in time or even a specific year.

Table 2 also contains information on one simulabmowhich RCA3 was run with boundary
conditions from ERA40 (See Ch.2.3).

Table 2. Downscaling runs presented in this report.

No Abbreviation GCM RCM Emissions Time
scenario period
1 RCAO-H-CTRL HadAM3H RCAO CTRL 1961-1990
2 RCAO-E-CTRL ECHAM4/OPYC3 RCAO CTRL 1961-1990
3 RCAO-H-B2 HadAM3H RCAO B2 2071-2100
4 RCAO-H-A2 HadAM3H RCAO A2 2071-2100
5 RCAO-E-B2 ECHAM4/OPYC3 RCAO B2 2071-2100
6 RCAO-E-A2 ECHAM4/OPYC3 RCAO A2 2071-2100
7 RCA3-E-B2 ECHAM4/OPYC3 RCA3 B2 1961-2100
8 RCA3-E-A2 ECHAM4/OPYC3 RCA3 A2 1961-2100
9 RCA3-E5-A1B ECHAM5/MPI-OM RCA3 Al1B 1951-2100
10 RCA3-ERA40 ERA40 (boundary RCA3 1961-2005*
conditions)
*see Ch. 2.3

As a final remark on the scenarios we note thé¢dihces between different GCMs depend
both on differences in the formulation of the GCM=®l on differences in initial conditions
used in the GCMs in the different climate changeeeixnents.

2.6 Evaluation of RCA

Both RCAO (RCA2) and RCA3 have been evaluated atjgiresent-day climate. Jones et
al. (2004) discuss. Given appropriate boundary itiomd these studies show that RCA is

capable of reproducing many aspects of the obseriredte, both in terms of means and

variability. In the following we summarize theinflings with focus on some aspects that

are relevant to the climate change indices predentthis report.

e The temperature climate in RCA2 was shown to bé suglulated by Jones et al.
(2004) with two exceptions, both over central-seathEurope; a cold bias (~2€) in
winter and a warm bias (~Q) in summer. Associated with the summertime warm
bias, a dry bias in precipitation was found. Desfiis it was found that the model
captured a number of high-resolution features efgtecipitation climate in all seasons
and all areas. Notable problems with RCA2 wereréipeesentation of clear sky
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radiation (contributing to the biases in tempemua tendency for too frequent weak
precipitation events, and some problems relatededink between cloud amounts and
simulated longwave radiation. Several of these @speere considered in the
development of RCAS.

e For RCA3 Kjellstrom et al. (2005) show that seasom@an temperature errors were
generally within +2C except during winter when two major biases weesiified; a
positive bias in the north-eastern parts of the@hddmain, and a negative bias in the
Mediterranean region. The reasons for these biasestraced back to the cloud water
content, the downward longwave radiation, and tearesky downward shortwave
radiation. They all contribute to underestimationthe diurnal temperature range and
the annual temperature range in many areas in tlieinThese underestimations are
most pronounced in the extremes. In general RCARtestimates the §%ercentile
T,max (hot conditions) by some 0 to 6°C, with theepton of the Mediterranean
region where instead the ®Bercentile is overestimated by 0 to 6°C at macgtions
during spring, summer and fall. In the north-easgart of the region the model
consistently overestimates the very low temperat(ﬁf%percentile Imin), more so
during autumn and winter. In many areas precipitabiiases are smaller than in the
corresponding reanalysis data used as boundaryticosg probably thanks to the
higher resolution. Compared to the observationalatblogies RCA3 tends,
nevertheless, to overestimate precipitation inheart Europe during summer and
underestimate it in the south-east. A parametéoisatf wind gusts is evaluated against
a climatology for Sweden showing encouragingly goexiilts.

In general, RCA3 shows equally good, or bettemespondence to climatologies as
compared to RCA2. Among other things there are avgments in the representation of
the interannual variability in Mean Sea Level Poes{MSLP) during all seasons.
However, there remains a bias in the pressurerpaiteer the Mediterranean Sea during
winter when the MSLP is too high, indicating a desb in cyclone formation in that area.
The seasonal mean temperature errors in RCA3 alesrthan in earlier model versions
for most areas with the exception of north-westiussia as mentioned above. The large
summertime bias in south-eastern Europe as repimrfR@A2 (and other RCMs) has been
substantially improved. This is also the area aabsn where the only notable difference
in the precipitation climate compared to RCA2 isrfd. RCA3 simulates more
precipitation in better agreement to observatiétso the snow climate, evaluated against
Swedish observations, shows an improvement compar@€CA2.

3. Climate indices

The climate is usually described in terms of basitables such as temperature and
precipitation. Furthermore, usually mean valuesseabonal variations are given. Typical
climate indices, some of which are presented mrgyport, are based on yearly, seasonal or
monthly values (or sums). The climate is thoughardy represented by mean values and
seasonal variations. Rare extreme events are alsdegral part of the climate. Extremes
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of a short-lived nature (e.g. windstorms, heavy wjpaurs, etc.) often have a rather local
extent but extremes of a persistent nature (eaj.dre cold spells) typically cover larger
regions. For climate models to describe in paréictdansient extremes high spatial
resolution is needed. The Rossby Centre regiomahté models fulfil these demands.
Therefore it is possible to analyse how the ocaueeof different extreme events may
change under different future scenarios.

There are many kinds of climate extremes. Someolagta short while, such as a heavy
shower or a windstorm. Others are linked to theidating weather situation, and can
persist much longer, such as a heat wave or aruatliysold period, a period of drought or
a sequence of rain events. Each day in such an Bsveot necessarily extreme in itself.
Rather, it is the accumulated effect over a longppethat becomes noticeable.

Climate extremes can be defined as climatologicalfg events (infrequent) but also based
on how they affect the society and the environmenére are climatologically rare (i.e.
extreme) events that have little impact on sodfety. high air pressure), and
climatologically not so rare events that still nfegve considerable impacts (e.g. heavy
snowfall, freezing rain, or windstorms). It is te@are important to know the limitations to
ability for society and environment to cope witinwte extremes without serious stress.

Examples of different kinds of climate extremes are

¢ Maximum- and minimum-values (e.g. lowest temperatiuring the day in
January).

* Number of times a special threshold value is exedex the conditions are below
(e.g. number of days when it rains more than 25 mm)

* Longest period when a threshold values is exceed#te conditions are below
(e.g. longest summer drought)

« The first or last occurrence of a certain weatloerdition (e.g. last frost in spring)

3.1 Climate indices — earlier studies

A brief description is given here below on someergénitiatives that contribute to the
development of climate indices. It is worth mentignthat the initiatives to some extent
collaborate and even overlap. The result is thatynwadices are identical or similar despite
different terminology. The development of definitgand refinement of calculation
methods is an ongoing activity.

After some early European initiatives (Heino et 8099, Tuomenvirta et al., 2000, Frich et
al., 2002) the European Climate Support Network§BTinitiated the European Climate
Assessment & Dataset (ECA&Dh#p://eca.knmi.n¥#) managed by KNMI and supported
by the Network of European Meteorological Servigd@IMETNET). A database with

daily observations has been put together, mairdgth@n data delivered from the national
meteorological institutes (Klein Tank et al., 2008)ithin the project work is done to
homogenise data to be able to calculate a numbsinadite indices in a consistent manner.
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Within an EU-project, EMULATE, a selection of cliteaindices mainly based on
temperatures has been studied for a Europeanrstagtavork (Moberg et al., 2006).

Internationally coordinated work has been conduutithin CC1/CLIVAR/JCOMM

Expert Team on Climate Change Detection and Indieg€CDI
<http://www.clivar.org/organization/etccdi/etccdigs) (Karl et al., 1999, Petersen et al.,
2001). Within this working group 27 Core Indicev@deen developed. A special software
tool has been produced for standardised calculafitimose indices (ClimDex,
<http://cccma.seos.uvic.ca/ETCCDMI/index.st#mIThe indices proposed by ECA&D
correspond to a large extent with the ETCCDI inglidg&ecause these indices are designed
to be independent on climatic zone some of thens@mewhat involved.

Both ECA&D and ETCCDI focus on observational ddtae EU-financed project
consortium MICE, PRUDENCE and STARDEX focused amate model data. Within
MICE preliminary analyses of a large number of exte indices were made focusing on
different applications. Within PRUDENCE a numbeirafices were calculated from an
ensemble of regional climate models. Within STARDIEXas examined how well a
smaller number of indices, mainly from the ETCCDI&, can be calculated by statistical
downscaling from GCM data.

Several of the groups have delivered GCM scenaia fibr a selected number of extreme
indices to IPCC Fourth Assessment Report, includittgmpts to describe the large scale
climate development in more rich and versatile wiags before.

A selection of indices with special focus on Swhdisnditions (1961-1990) is presented in
Sveriges Nationalatlas (Vedin and Raab, 2004).

3.2 Climate indices — this study

In some sectors there is a high awareness regdttibhgpecific weather conditions may
play a major role in the present climate, but heatimited knowledge regarding possible
impacts of future climate change (Rummukainen.e2805). In our work, a new approach
of formulating climate indices was implemented. Blerrting point was the suggestions by
stakeholders, mainly different sector expert groopswhat climate extremes were
important from their perspective. They expresseid theeds of information in the context
of vulnerability studies within the different sexdoThe requests were typically of general
nature and related to a broad problem where clitlz@ge were expected to become
important and not formulated as specific requestsvell-defined indices. The technical
formulation was then made by the Rossby Centr&dakto account data availability and
assessed data/index reliability. This led to atdmieof some of the more complicated
indices combining different climate variables. @limate indices are calculated from
climate model output of 2m-temperature (mean, marinand minimum), surface
temperature, precipitation (also separated into aad snow), snow on ground (water
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content, cover and depth), wind (mean and gustiididase height, relative humidity,
radiation (longwave and shortwave), evapotrandgpmatunoff and lake ice. If more than
1% water over land, according to the landfractiatalase, this is considered as lake area.
For Sweden lake areas are classified as shallosutabm depth), medium deep (about 7.5
m depth) and deep-10 m) according to a special database for Swedetsid® Sweden all
lakes are considered as 10 m deep in the modedpefar the more specified lake Ladoga.

All indices are calculated as mean values of tmiahindex values during 30-year periods.
Several indices are built around some thresholdevtiiat has to be exceeded (in either
direction). There are basically three issues taictan when selecting such a threshold.
Firstly, for indices relevant to some specific anéapplication, well established thresholds
may exist, for other indices specified thresholdsdt exist. Secondly, thresholds defined
for gridcell data from regional climate models ac¢ necessarily directly transferable to
point measurements, i.e standard meteorologicaraghsons. The gridcell size of the
regional climate model is in the present setup a#8lkm x 48 km, thus the data is
representative for some 2300 knfihis is mainly an issue for small-scale procetikes
convective rainfall and wind. Thirdly, the climatedel produces some systematic errors
(biases) (see Ch. 2.6) that affect both mean ciraatl climate variability. The standard
method of accounting for such biases is to andlyselifference in climate between a
reference period (typically 1961-1990) and thevate future period. This approach is also
applicable to climate indices in general, but maywork well for indices including
thresholds. The reason for this is that a threshiag introduce a strong nonlinearity. To
fully account for these limitations is a complichtask that includes substantial research
and development efforts. An alternative and in thistext feasible approach is to
empirically account for the limitations by adjustithe threshold.

Here follows a brief description of the consideyasi behind the selected threshold values.
The total list of indices used in this study isridun Appendix 2.

Intensive precipitation

Intensive convective precipitation takes place spatial scale much smaller than the grid
resolution. Thus, it is parameterised in the maahel the resulting precipitation amount is
then distributed over the whole gridcell area. Té®multing amount, that is an average over
the whole area, is much lower than what is actyaibduced locally over a small fraction
of the gridcell. For example, if the model produé@smm of convective precipitation
concentrated to 10 % of the gridcell then the l@gabunt received would be 100 mm and,
likewise, a simulated precipitation amount of 25 tnamslates to 250 mm over 10 % of the
gridcell area, which is a very high precipitationaunt rarely observed in Sweden. In
reality, the area of convective cells varies whiomplicates such translations. However,
the thresholds 10 mm and 25 mm have previously beed to indicate what has become
known as ‘heavy precipitation’ and ‘extreme pre@pon’ (Christensen et al., 2001).
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Wet periods

For assessments of extended wet periods maximuripfietion accumulated over 7 days,
which is a period length towards the upper endhefdynoptic timescale determined by the
life-time of extra-tropical cyclones over the NoAHantic-European region. For longer
timescales, wet conditions are also determinedheyevapotranspiration, which is the
reason why indices for longer periods (7, 14, ¥0days) instead make use of the effective
precipitation (i.e. precipitation minus evapotrareon) accumulated over selected time
period.

Droughts

Droughts are complex phenomena that very muchfiseteby a combination of context
and balance between water demand and availabilisdal and Tallaksen, 2000; Demuth
and Stahl, 2001). Here, we focus on meteorologicalight, i.e. low or lacking
precipitation. When using standard equipment fecypitation measurements the lowest
measurable amount is typically 0.1 mm, which thujgles a natural definition between
dry and wet days. However, a climate model prodacksrarily low precipitation

amounts, and the threshold between dry and wetdkgysnds on model and spatial
resolution. To be comparable with observationahdla¢ threshold is typically higher than
0.1 mm (Barring et al., 2006). Here we use 1.0 rartheeshold for delineating dry and wet
days.

Snow cover

Snow cover is included as separate tiles of vagiabda in the land surface scheme
(Samuelsson et al., 2006). Three snow tiles mgyrésent, one for open, one for forest and
one for ice areas. In each tile snow density anavsmater equivalent is modelled. From
these variables we calculate the snow cover demttaeeal extent. The land and ice part of
a grid cell can be snow covered. Snow cover fadgropen land and ice can be 1-95%,
respectively. The working groups were particulankgrested in possible changes to thin
(>0-10 cm) and medium thick (>10-20 cm) snow depiie decrease in thick (>20 cm)
snowcover is more pronounced compared to the chainin and medium thick
snowcover, resulting in an increase in frequenayayfs having these thinner snow depths
(Figure 2).
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Figure 2. Average frequency of annual days with differetsiepths within the area
marked on the map. The large decrease is in daystinck (>20 cm) snowcover, which
results in an increase in frequency of days with (r0-10 cm) and medium thick (>10-20
cm) snow cover.

Extreme temperatures

In general, temperature conditions are well sineddty the model (see Ch. 2.6), but there
is an increasing bias the more extreme the temyperaecomes (Kjellstrom et al., 2005;
Kjellstrom et al., 2007). Additionally, the diurn@mperature cycle is too small. This
affects several indices devised to gauge changaglmtemperature conditions, such as hot
days and heat waves, ‘tropical nights’, ‘hot sumohys’, cooling requirements for
buildings, and so on. In Sweden the threshold 2& ®mmonly used for warm

conditions, except for the standard threshold of@®or tropical nights. To account for the
biases, that in effect result in too low a frequeotdays reaching above 25 °C and nights
reaching above 20 °C, we changed the thresholdsilmasempirical tests to 20 °C for
(17°C for tropical nights).

Growing season and vegetation period

The relationship between climate and vegetatiageimeral is covered by several well
established climate indices. Length of the groveagson and start/end of the vegetation
period are frequently used. They are all basedherdncept growing degree days, which is
the temperature sum above a threshold. For agrr@lippurposes the threshold is often
taken to be +5 °C, and in forestry it is +2 °C hessof the different plant physiological
response to temperature. The start of the vegetpgdod is defined as the date (day
number) of the fourth day of the first consecufver-day period having daily mean
temperature above the threshold (+5 °C or +2 °@)il&ly, the end of the vegetation
period is defined as the date (day number) ofdbeday of the last consecutive four-day
period having daily mean temperature above theshimid. The length of the growing
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season is then simply the number of days betweenttrt and end of the vegetation
period. In addition, a specialised index giving tlegree-days above the threshold +8 °C
during the growing season was calculated.

Cold conditions

The requested indices on cold conditions mainly$oan conditions close to the
freezing/melting point, rather than cold extrem#wus, the natural threshold of +0 °C
appears in several indices. One index focusesemzdrthaw situations where both the 2m
daily minimum temperature drops below the freezingt and the 2m daily maximum
temperature reaches above the melting point. Tdizés with threshold -7 °C was
developed for studies on changes in insect survival

wind

Average wind conditions are well simulated by tegional models RCAO, and RCA3. But
extreme winds are underestimated in RCAO. The meson for this is that extreme wind
speeds, i.e. wind gusts, involve small-scale preeEsthat are not directly resolved at the
gridcell scale. In RCA3 a specific wind gust paréenisation scheme (Brasseur et al.,
2001; Nordstrém, 2005) is included. In this work thdex showing frequency of
windstorms is based on the gust wind simulatechbymodel and we follow the standard
threshold for gale winds 21 rits

Low clouds

Low clouds are of importance for air traffic asytheake flying according to visual flying
rules impossible. Especially in the vicinity of@arts they may be a hindrance for take off
and landings. Low clouds are represented by clauttisa cloud base of at most 100 m in
the present set of indices. It is required thdeast half of the grid box is covered by
clouds; this corresponds to cloud observationg tfast four octas (4/8) according to
SYNOF and METAR.

Mould and freezing rain

Two specialised indices were requested to get soitied information on more complex
specific weather conditions. One is related toptablem of excessive humid conditions
causing mould in buildings. As a tentative firgsan index was devised that counts the
number of days with both 2m relative daily mean ity exceeding 90% and 2m daily
mean temperature over 10 °C. The other index waisel®to capture conditions with risk
for freezing rain by counting days with both 2m-nmaxtm temperature not reaching above
the melting point and more than 0.5 mm of rainfiatit general precipitation).

2 SYNOP (surface synoptic observations) is a nurakdede used for reporting weather observations fio
manual or automatic weather station.

® METAR (aviation routine weather report) is a fotrf@ reporting weather information and is
predominantly used by pilots as part of a pre-fligkather briefing.
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4. Web-application

There are several thousands of climate index megitahle on the attached DVD (and
made available on the Internet), based on 51 isdiaéculated with data from six regional
climate scenarios and one ERA40-driven climate Etian (see Ch.2). The six climate
scenarios are based on calculations with two eamissscenarios, two global models and
two regional models. The downscaling runs aredigtetable 2 and all are represented as
indices on the DVD (and on the Internet), exceptRCA3-E5-A1B.

To facilitate the use of the prepared climate inaps, an interactive web-application was
made. It allows the user to choose an index and ¢benpare the results across the
different scenarios. There are two main categariesap provision; mean values for thirty-
year periods (“Climate scenario maps”) and diffeemnbetween different thirty-year
periods and the reference period of 1961-1990 {&béince maps”). For practical reasons
the maps are grouped in three parts named “Ut”, d&tl “SGU” according to three
different target groups.

Frequency distributions of wind speed at 70 m heddpove ground are available as
difference maps (follow the link “Wind speed”). Batelative and absolute values for 25,
50 75, 90, 95 and 99 percentiles are availablge¥ial application was made for wind
directions, analyzed for 18 grid squares represgr@wedish locations (the link “Wind
direction” on the Internet). The wind directiong aresented in the form of wind roses.

General information on the results, our modelsadatices, maps and denominations is
also available along with references. Informatiarhow to use the DVD and where the
material is available on the Internet is found pp&ndix 5.

4.1 Maps in frames

Seven different versions of the web-applicatiorsesthree Climate scenario maps (Ut, El,
SGU), three Difference maps (Ut, El, SGU) and oried/¢peed. The seven versions work
in the same way.

The user first has to choose either Europe or Scawid as the geographical area.
Thereafter the choice is between 44 indices (Ut)El) and 11 (SGU). The indices are
called climate variables. Depending on choice ihate variable, different possible
choices appear under “Frame”. Different combinatiofiregional models and time periods
are available. Depending on choice under “Frami&ergnt choices appear under
“Driver”; global model, emissions scenario or ERA40

The wind speed application has only one geograparea (Nordic) and the climate

variables to choose between are the 6 differerdgogites expressed as absolute and
relative values. For this application there are tlimate scenarios available.
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The maps in frames can be presented both for theawe for printing. The choice is
between format A3 and A4. All maps can be enlatgedlicking on them and it is possible
to print, store and send them individually. An exdenof how the application works is
illustrated in Figures 3 and 4.

http:{fwww.smhi.se/sgn0106/leveranserfUtredningen_difffindex e.htm - Microsoft Internet Explorer provided by SMHI

Arkiv Redigera  Visa  Faworiter  Verktyg  Hidlp
Z ¥ ¥ A o e ; > R
@Ea’“gt 7 |ﬁ @ o | s goromie @ (3~ i B - ) i

: Adress |@ https v, smhi, se/sgni 1 06/lever anser/Utredningen_difffindex_e.htm vl a3 kil @ T

Rossby Centre regional climate scenario maps

Difference maps

First choose geographical area and thereafter climate variable. For a description of the variables see Description of variables or read Description of
climate variables at Starting page . Choose Frame and eventually Driver (A2/B2/ERA40 or ECHAM4/HADAM3H or ECHAM4/ERA40). The maps can he
presented for webb or printing (choose under Medium). For printing the formats A4 or A3 are available (choose under Format). Then press the button
Show.

For the variable available frames are seen under Frame. The denominations include information on medel and time resolution (months, seasons, year)
as well as number of time periods. Example: RCA3_4s denotes that the RCA3 model is used and that results are show for four seasons.

Click on a single map to see itin a larger format. The map can be further enlarged by clicking on the symbol in the right bottom corner. It is also
possible to store, print or send a single map. Follow the symbols in the upper left corner after having clicked on the map.

In the first column maps are shown representing the period 1961-1990 as calculated with driver ERA40. The other maps show differences between the
selected time period and 1961-1990, and in those cases calculated with a regional model driven by data from a global model for both time periods. If
ERA40 is chosen as Driver the difference between 1991-2005 and 1961-1990 as calculated by RCA3 driven by ERA40 is shown.

IDIFF Ut-scand V- DIFF_T2m_deyvegEnds A4 RCA3Ar b ECHAM4 Ml Webb VI

O Internet

Figure 3. An example of the web-application. In this cagéence maps-Ut has been
chosen. The result is seen in figure 4.
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| DIFE_T2m_dayVegknd5 - Microsoft Internet Explorer provided by SMHI g@@]
 Arkiv  Redigera  Visa  Favoriter  Merkhyg  Hjslp '.‘.l'
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DIFF T2m_dayVegEnd3

RCA3 1961-1990 2011-2040 2041-2070 2071-2100

AT R A i G .'E“ R R e ) Ry R P S DI T AT

B2

g’] http: f e, smhi,sefsgn01 06 leveranser/Utredningen_diff{DIFF_Ut-scand/DIFF_T2m_dayVegEndS{DIFF_T2m_dayvYegEndS_B2_ECHAME RCA3_ 201 B Internet
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Figure 4. The result of the choices made as shown in fi§usehere presented as it
appears on the screen. The presentation is addptpdnting on A4 format. The climate
variable is "End of the growing season, with thi@dhb °C” (T2m_dayVegEnd5) and the
calculations are based on the two scenarios A2B2as calculated with the regional
climate model RCA3 with data from the global clienatodel ECHAM4/OPYC3. The
reference period 1961-1990 is represented by catmns with RCA3 driven by ERA40-
data. For the periods 2011-2040, 2041-2070 and 22100 difference maps are shown.

4.2 Wind roses

Wind directions, analyzed for 18 grid squares regnéing Swedish locations, are presented
in the form of wind roses (the link Wind directiohey represent different seasons or
annual values. In each figure, 30-year periodshosvn with separate colours. The
frequencies (%) of wind directions are specified @adegree intervals (0-10, 10-20, ...,
350-360 degrees). The calm days have been sortdmbfmre calculating the frequencies.
Calm days are defined as days when the wind sgdaelow 0.5 m/s. The frequencies of
calm days are stated in the diagrams. Two climzsgeaios are available.
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All wind roses can be enlarged by clicking on theamd it is possible to print, store and
send them individually. An example on the wind soapplication is seen in Figure 5. This
application can only be found on the Internet &ppendix 5).
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Figure5. The places representing the wind areas are magkethe map to the left. To the
right an example of presentation of wind rosesmsns

5. General results for Sweden from climate scenario S

As will be shown in this chapter, the climate sc@safor Sweden agree to a large extent
with each other both in terms of the size of theate change signal and in terms of its
geographical patterns. By the end of the centunchrof the climate change signal is
determined by the emissions scenario. There avegVer, also substantial differences
between the scenarios that depend on choice of (Btigh differences are seen in the
regional climate change signal since it, to a laxgtent, is affected by changes in the large-
scale circulation. In some cases a scenario witillememissions can even lead to a larger
regional climate change signal than a scenario lartjer emissions. Furthermore, climate
variables also incorporate an effect of (simulateatyral variability, which might explain
some of the apparent differences between the sosnd@hese differences should lose in
importance with time, when the climate change digoa to increased greenhouse gas
concentrations grows but noticeable differencewéen different members also shows up
by the end of the century (e.g. Pinto et al., 208h)example of how different the
evolution with time can be is shown in Figure 6\8hmy seasonal mean change in
temperature in Sweden in RCA3-E-B2, RCA3-E-A2 ai@R-E5-A1B. Note especially
the absence of a strong trend during the firstdies@ the RCA3-E5-A1B scenario
compared to the other two that show an early stiooiggase in temperature. By the end of
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the century these simulations are more in line witlat would be expected given changes
in the forcing with the strongest climate changmal in the A2-scenario. In Appendix 3
changes in temperature and precipitation for Swelildded in a northern and a southern
part is shown for these three simulations.

RCA3-E-A2 RCA3-E5-A1B RCA3-E-B2

& = Waw 6| = &=

—m iy
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4 4 4+
3 3 3
2 2 2t 2
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2000 2050 2100 2000 2050 2100 2000 2050 2100

Figure 6. Changes in seasonal and area averaged temper&tui®weden in the three
transient simulations. Periods that are at the 98¢l statistically different from the
control period are denoted with a full line. Unése °C.

Finally, the formulations of the RCM contributette climate change signal. Separate
representation of different processes in the twdehwersions used here, RCA2 and
RCA3, implies different sensitivities to a changtignate. Specifically, RCA3 is less
sensitive to warming, both in winter and summediasussed in Kjellstrom et al. (2005).

5.1 Temperature, snow and seasons

By 2071-2100, the Swedish annual mean temperapmjected to increase between 2.5
and 4.5 °C, compared to the period 1961-1990. Betipé high variability between years
the trend is clear. The projected changes arestitatly significan? already by the much
earlier period of 2011-2040. More detailed studeseal that the temperature changes are
especially pronounced during winter, and reach betw2.8 and 5.5 °C by 2071-2100. The
larger increase during winter than in summer isneated to the snow cover reduction in a
warmer climate. This affects the local and regianuaface energy balance and near-surface
atmospheric conditions leading to some enhanceoféhe basic warming. The largest
increase during winter is expected along the cofalbrrland and in Svealand (the middle
part of the country). These are the areas whersrtbecover is decreased the most.

Projected changes in snow concern both its totarcand the length of the snow season.
The part of the year with snowcover becomes shaiitbrat least one month by 2071-2100

4 With statistic significance is here meant thatgegithe simulated between year variability durirg¢bntrol
period, there is at maximum 5 % risk that the ctamzhange signal is by chance. A more elaborate
description on how this is calculated can be founidjellstrom et al. (2005).
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in all of the scenarios. In Skane and along thetoobGotaland, the snow season is short
already today and the snow more or less disapjpeéns scenarios. The largest changes
are calculated for parts of Svealand and the adfadorrland, and amount to between 2 and
4 month shortening of the snow season. At the saneeas the snow season length and
snowcover extension decreases, the maximum snotl depreases all over the country.
The areas with presently small amounts of snovaHiested the most, but reductions are
projected also in the mountain area.

The large change in temperature during winter &faot only the seasonal mean
conditions. Projected changes are strikingly défeerfor the coldest and for the mildest
winter days. The coldest days are affected the mosp to more than twice the changes in
the mean. The temperature during the mildest wiltgs changes as well, but by smaller
amounts. This applies throughout the country. Outire summer there is some similar
uneven change between the warmer and the cooleriddélye south, where also the
seasonal mean temperature change is largest. Bhegelis larger for the warmer days than
for the mean temperatures as well as for the cbslesmer days. In the rest of the country
the temperature increase is expected to be mdes®the same both during cool and warm
summer days.

The projected warming brings about a movementiofate zones towards the north. This
has been shown for one of the scenarios, RCAO-Haj2le Castro et al. (2007). The
temperature climate has a large influence on spaietl nature. One example is the
suitability of a certain region for specific plant$e temperature climate can be described
with mean values, variability and extremes. In sam&es, the frequencies of the number of
days with temperatures in certain intervals are afdnterest. One example is the growing
season. In the scenarios described above it isndieked as the part of the year when the
daily mean temperature is above 5 °C. With thegateg warming, the growing season
increases with 1-2 months except for the most swntharts where the increase can be up
to 3 months. A longer summer with warmer conditiats® leads to increased need for
cooling. If we look at the whole energy need fa tountry this is probably more than
compensated for by a decreased heating need bet@e&d6 in different parts of the
country and depending on scenario.

5.2 Precipitation

The annual mean precipitation over Sweden is ptejeto increase during the century with
a little less than 10% up to more than 20%. Pre&atipn shows a higher variation than
temperature between years and decades. The pmbjactease is nevertheless clear. The
precipitation increase is highest during winterwdwer, the projections based on the
different global climate models also differ quitéoain this respect. The simulations based
on the German models are characterised by moreftonvesterly winds over the Nordic
area, leading to more winter precipitation. Thewation based on the British model does
not indicate such changes in westerly winds, aetktis even some decrease of
precipitation in parts of western Scandinavia. €iemevertheless more precipitation east
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of the mountains, driven by more pronounced sostleelg regional circulation. During
summer southern Sweden is expected to have lesipipaéon, together with the rest of
Europe further south. This is common to all thesmnarios that are in line with the larger
ensemble of GCM-scenarios presented in the IPCC rsRdrt (Christensen et al., 2007).
In the most northern part of Sweden, precipitatioexpected to increase slightly even
during summer. The rate of change differs in thagirent simulations based on ECHAM4
and ECHAMS5 models respectively. The increase indsteprecipitation in fall, winter
and spring is statistically significdhalready by the period 2011-2040 in the ECHAM4
based simulations while it is not increasing asifathe ECHAM5 based simulation
(Figure App3-2).

In all scenarios extreme precipitation, expresse®4ahourly precipitation, is projected to
increase. This occurs both in regions where tred poecipitation increases, and in regions
where it decreases. For southern Sweden during sumcan be said that it will be drier
and there will be rain less often, but when it sdatrpours even more than before. In
northern Sweden in summer and for the whole couthiring winter, precipitation will be
more frequent and also the amounts will increase.

5.3 Wind

Wind conditions are only slightly affected duringr@mer according to the different
scenarios. During the rest of the year and espgdating winter the changes depend on
the choice of global model. In the calculationsdobsn the ECHAM4 global model, the
near-surface winds increase with 7-13% toward®titeof the century over Sweden in the
mean. Slightly higher increases are found oveBil&c Sea in winter, especially for the
Bothnian Bay and the Bothnian Sea. This is caugddds sea ice cover which in turn leads
to a more unstable stratification of the boundagel and this promotes higher wind
speeds. Similar relatively higher increases ovesétregions than over the adjacent land
areas are seen in all scenarios independent of G@Mregional projections based on the
HadAM3H and the ECHAMS5 global models show generailfy small changes in the
regional wind climate. A similar effect, with ina@gsed winds due to higher sea surface
temperature, is seen in summer for calculationsdas the HadAM3H model. The
maximum wind speed is expected to increase abauuah as the mean wind speed.
Changes in the wind climate in the ECHAM4 and HadAbased simulations with RCAO
are discussed in more detail in Meier et al., 280@ Pryor et al., 2005.

5.4 The Baltic Sea

The global warming leads to a higher sea leveltdukermal expansion of the water and
the melting of land-based ice (glaciers). Glob#ily effects are currently estimated to
result in a global mean sea level rise of 18-59rmrease at the end of the century
compared to the end of last century (AR4, IPCC 20@8ith some uncertainty especially
towards even higher values. At regional scalesséaelevel rise will very possibly deviate
some from the global mean changes. In the Balticr8gion, for example, changes in wind
need to be taken into account, where more wesiéngts are expected to lead to higher
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water levels. The ongoing land uplift is a very omjant process counteracting the
increased sea level in the northern parts of th@mne For the southern parts of Sweden the
land uplift is too small for that, however.

Rossby Centre regional climate models have beethfosgrojections of regional changes
for the Baltic Sea. The use of regional modelsesessary as this regional sea cannot be
represented realistically with the coarser resotutif today’s global climate models. The
results are clear on the fact that a regional wagnaifects even the Baltic Sea. Based on
the made projections, the Baltic Sea surface wayngimighest in the north during summer
and in the south during winter and spring. On alydzasis the sea surface warms by a
little less than 3 °C over the 2@entury. During different seasons changes carhrepco

5 °C in some parts of the basin. Circulation efféapwelling and downwelling) cause
large variations between different parts of thetiB&8ea. The regional warming leads to a
strong decrease in occurence of sea ice in thecEg®t. In the projections, ice will towards
the end of the century form during a normal yedy anparts of the Bothnian Bay and far
inside the Gulf of Finland.

The increased precipitation in large parts of tadiB Basin leads to an increase of fresh
water to the Baltic Sea. More fresh water may caud#ution of its characteristic brackish
waters. Alongside increased precipitation alsogased westerly winds, as noted in some
of the projections, may also contribute to increasmounts of fresh water in the sea, when
the sea level rises and salt water intrusions fifeerNorth Sea become rarer. The
temperature changes, as well as those in the wiag,influence both mixing and salt
water intrusions and thus the stratification of Badtic Sea. However, according to the
calculations so far, neither the halocline norttltermocline will change particularly much.
Changed precipitation may influence the water qualiso in other ways, when the runoff
from the rivers around the Baltic Sea changesfiergint ways, such as increases in the
less populated north and decreases in the soutindted by agricultural activities.

5.5 Variability and extremes

Regarding extreme events, the picture that evasveta future climate with changes both
in frequencies and degrees of some extreme evettig region. The cold extremes reduce
sharply during the winter half year. During the soen, some intensification of warm
spells is projected, but the largest such change®eated further down south in Europe. It
is only in the southernmost parts of Sweden thatéimperature during the warmest days
increases proportionally more than the summer nexaperature does. The precipitation
climate seems to move towards wetter conditionk begarding the total amounts and also
intensity. In southern Sweden summertime the totadunt of rain decreases, but the
intensity in showers does increase at the same time
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6. Results for Europe from climate scenario indices

In this chapter the climate scenario indices prieskan the DVD are commented for the
European scale. The descriptions on projected @dsaag based on results from the six A2
and B2 scenarios (No. 3-8 in Table 2). Statementisa text, including numbers and
ranges, refer to all six scenarios at the endet#ntury (2071-2100) unless specifically
noted. The RCA3-E5-A1B scenario is not includedtenDVD and thus excluded in this
chapter, with exception of wind speed at 70 m (WW&an). Some projected changes
(2071-2100) on the European scale regarding teryrergrecipitation and snow as
calculated including also RCA3-E5-A1B is found ipgendix 4.

The main features of the simulations in today’melie are summarized above (Ch. 2.6). A
more detailed description of the indices, includivepknesses in them, is given in Ch. 3.2.
Together with some further comments in the texbwelhis information gives some
indications in relation to the different indices loow reliable the results are even if we have
not performed a rigorous evaluation of all indices.

The climate change scenarios indicate a rapid @&serén temperature in Europe in all
seasons with some regional differences. The chaargesost pronounced in southern
Europe during summer and in north-eastern Europeglwinter. The large response in
temperature in these regions and seasons are gositive feedback mechanisms in which
the climate change signal is amplified, in summes tb drying of the soils and in winter
due to reductions in the snow cover. Other aspddtse climate change signal are;
increases in precipitation on an annual mean lrasisrthern Europe and decreases in the
Mediterranean area and a wind climate that is gengitive to how the large-scale
atmospheric circulation given by the boundary diaten the GCMs changes.

6.1 Temperature

The temperature increases in all future scenaniadl of Europe, not only the average
temperature but also maximum and minimum tempegatks a result of the increasing
temperature, temperature indices are also incrgdsimdecreasing in the cases when they
measure low temperatures). The vegetation peritsligeger, warm days will be warmer
and more frequent, the need for cooling will insesecool days will be fewer and warmer
and the need for heating will decrease. Tempegatarease (in number of degrees) is
largest in winter in northern Europe and in summesouthern Europe.

Mean temperature

T2m mean

The temperature increases until the year 2100 intalre scenarios. According to A2,
winter temperatures increase with 3-4 °C in mo$fwrfope by the end of the century, but
almost twice as much in north eastern Europe andtab’C less on the British Isles. The
pattern is the same in spring but as spring turttssummer the temperature increase in
Scandinavia is less dramatic, 2-4 °C, while temipees in southern Europe increases with
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up to, or even more than, 7 °C. In autumn, tempegatincrease with 4-5 °C in most of
Europe by the end of the century. The patterniig sinilar in scenario B2, but with
approximately 2 °C smaller amplitude.

The changes in the annual mean temperature isvedatiniform over the continent as the
difference between summer and winter changes indhé and south are almost balancing.
In A2 the mean annual temperature in 2071-21005s@ in northern and central Europe,
and 5-7 °C in southwestern Europe. RCAO-H-A2 it @dider, 3-4 °C in northern Europe
and 4-5 °C in southern Europe in 2071-2100. InBRescenarios the changes in annual
mean temperature is about 1 °C less than in thresonding A2-scenarios.

Maximum temperature
T2max mean

Maximum winter temperature increase by 1-3 °C ih22@040 and by 3-7 °C in 2071-2100
in northern Europe. In southern Europe the corneding increases are 1-2 °C in 2011-
2040 and 3-5 °C in 2071-2100. In spring and auttimrmaximum temperature increases
with 1-3 °C in 2011-2040 and 2-5 °C in 2071-2100niost of southern Europe, with
maximum increase with up to 7 °C on the Iberianifana, and 2-4 °C in northern Europe.
In summer 1-4 °C in southern Europe and 0-2 °*Comhern Europe in 2011-2040, and
more than 5 °C in southern and central Europe afdQ in northern Europe by 2071-
2100.

The annual mean of the maximum temperature isasing with 1-4 °C in Scandinavia and
Britain, 2-5 °C in central Europe and 3-6 °C on liherian Peninsula.

Minimum temperature
T2min mean

The average minimum temperature in winter is -56-°C in northern Europe, 0- -10 °C in
central Europe and 0-5 °C in southern and westarngde in the present climate. In the
same regions temperature minimum increase witi@G+# northern Europe, 3-5 °C in
central Europe and 2-3 °C in southern and westarogde until the end of the century.

In the beginning of spring the average minimum terafure is still below zero in northern
Europe and the temperature is changing in the seayeas in winter. Later in spring, when
the average temperature is higher the change ibesmihe minimum temperature
increases with 3-5 °C from 0-10 °C. The situati®opposite in southern Europe, the
minimum temperature increases later in spring, @aitleast 3 °C and as much as 7 °C in
parts of the Iberian Peninsula from 5-15 °C.

In summer the minimum temperature is 5-15 °C irthron Europe and 10-20 °C in
southern Europe in the present climate. By thedaériide century the minimum temperature
increases with 3-5 °C in northern Europe and witleast 5 °C in southern Europe. In
autumn the minimum temperature is between 0-10‘@ast of Europe and it increases
with 2-4 °C in the scenarios.
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The annual average of the minimum temperatureasging most in the northern and
southern parts of Europe. By 2071-2100 the mininbemmperature is increasing with 3-5

°C in central Europe and with 3-6 °C in the nontid he south of Europe. RCAO gives
about the same numbers but the difference betweendrthern, central and southern parts
is not as distinct.

Cooling degree days
T2max CDD20

The number of degree days for maximum temperatuge 20 °C (CDD20) is naturally low
in winter even in a warmer climate. But CDD20 @rg8hg to occur in February at the
southern tip of the Iberian Peninsula in the pe@6di1-2040, which is about one month
earlier than in the present climate. In April CDD&{l occur in most of the Peninsula,
from 0-20 days today to more than 90 days in alrtiestvhole region. CDD20 will then
occur further north as summer approaches and nmorenare in later time periods.
Maximum is reached in July and August when almbsifaontinental Europe has CDD20
over 90 days and southern Sweden has CDD20 ardudey3.

Warm days
T2max nGT20

The number of days with maximum temperature ové€28 more than 120 in southern
Europe. North, of that, the number of days rapa#greases to around 15 in southern
Scandinavia. The number of warm days increases20WiL-2100. In southern Europe the
increase is 50-60 days, and in southern Scandi2é@w#0 days. It is, of course, unrealistic
that the number of days with maximum temperatuer @2°C is only about 15 in
Scandinavia, Great Britain and Ireland in the pnesémate. This is due to model
problems described in Ch. 2.6 and 3.2.

Heat wave
T2max maxHWaveGT20

The longest period of consecutive days with maxintemperature over 20 °C is more than
24 days in southern Europe. North, of that, the memof days rapidly decreases to around
5 in southern Scandinavia. The longest heat wavelefined by this index increases until
2071-2100. In southern Europe the longest heat \gatemore than 1.5 month longer and
in southern Scandinavia 1-2 weeks longer than ptelles, of course, unrealistic that the
longest period of consecutive days with maximumgerature over 20 °C is only about one
week long at the most in Scandinavia, Great Brigad Ireland in the present climate. This
is due to model problems described in Ch. 2.6 ad 3

Degree days over 20 °C
T2m DDGT20

The number of degree days for daily mean tempezstover 20 °C is over 100 around the
Mediterranean, 10-40 in central Europe and 0-1évdigere as an average during 1961-
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1990. DDGT20 increases in the future; with morentB&0 in southern Europe, 30-240 in
central Europe, 0-120 on the British Isles and Grli@eland and Scandinavia except the
south west coast of Sweden according to scenariai#e DDGT20 increases with 30-60.

Tropical Nights
T2m nTropNight

Tropical nights occur from more than 20 days/yeasduthern Europe to 0-2 days/year in
northern Europe in the control climate. The nundfdropical nights increases with up to
60 in southern Europe, 20-50 in central Europe&86 in southern Sweden and Finland.
In northern Scandinavia the change is small. Tedpights will be rare even in 2071-
2100. In the model output tropical nights are dedias days with minimum temperature
exceeding 17 °C instead of the standard 20 °C. ishisie to model problems described in
chapter 2.6 and 3.2.

Cold days
T2max nLTminus?

The number of days with maximum temperature beloWC-is zero, or just above zero, for
the whole of Europe except the Alps, Iceland, remiScandinavia and north eastern
Europe. In these areas the number of days is soarevidetween 10 and 60. The number of
days with surface temperature below -7 °C will éase in future to zero for practically the
whole of Europe. The northern tip of Scandinavid parts of the mountain regions in
Norway and Iceland will still have days with maximuemperature below -7 °C, but they
will occur much more seldom, not more than 30 daa compared to 60-70 days/year in
today’s climate. In RCAO the area with surface temafure below -7 °C is at present
conditions somewhat larger than in RCA3. Even id12Q100 days with surface
temperature below -7 °C still occur in northern®tinavia and Iceland according to
RCAO.

Heating degree days
T2m HDD17

The number of heating degree days for daily meapégatures below 17 °C is naturally
high in winter in northern Europe and low in southEurope. The number decreases in
summer and increases again when autumn comes.uhhigen of HDD17 is reduced in a
future warmer climate. The reduction is largeswinter in Scandinavia, Iceland and the
Alps; the areas where the number of HDD17 is lari#D17 will be reduced with 60-100
in 2011-2040, and with 160-200 in 2071-2100 fropresent value of more than 600. The
pattern is similar in spring and autumn, but watvér present HDD17. In summer HDD17
is very low in most of Europe. Iceland and northBoandinavia are the areas with highest
value of HDD17, 100-300. In these areas HDD17 dsiced with 60-100 in 2071-2100. In
southern Europe the change in HDD17 is small, dineevalue cannot go below zero.
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Start of growing season (vegetation period)
T2m dayVegStart2

The start of the growing season (based on fouremrive days over 2 °C) occurs on day
number 15-60 of the year in central Europe, 60ihZ8candinavia and the Alps and 120-
150 in the Scandinavian mountains and Iceland.dst&rn and southern Europe the
growing season as represented by this index isinggdle whole year round.

The growing season will start earlier in a futurgrmer climate. Already in 2041-2070 the

growing season will cover the whole year in alCafntinental Europe except the Alps, and
also southern Scandinavia by 2071-2100. In thesambre the growing season still has a
start by the end of the century, it will occur O-&ys earlier.

T2m dayVegStarts

The start of the growing season (based on fouremtive days over 5 °C) occurs on day
number 30-75 of the year in central Europe, 75ih35candinavia and the Alps and 135-
180 in the Scandinavian mountains and Iceland.dst@rn and southern Europe the
growing season starts on day number 15-30, exoephié coastline where it is ongoing the
whole year.

The growing season will start earlier in a futuramer climate. Already in 2041-2070 the

growing season covers the whole year in all of aresand central Europe except the Alps.
In Scandinavia, north eastern Europe and Icelamdtdrt of the growing season will occur
0-50 days earlier in 2071-2100 compared to todsiytstion.

End of growing season (vegetation period)
T2m dayVegEnd5

The growing season ends in the present climatayahdmber 315-345 in central Europe;
285-315 in the Alps, southern Scandinavia and sagerope; and 255-285 in northern
Scandinavia and Iceland. In southern and westerogeuthe growing season as defined
here is ongoing the whole year. The growing seasbte prolonged in a future warmer
climate. By the end of the century the growing eeasill continue all year with the
exception of Iceland, northern Scandinavia, noastern Europe and the Alps. In these
areas the end of the growing season will be delay#dabout one month. In RCAO, and
especially RCAO-H, the change is slightly smaller.

Length of growing season (vegetation period)
T2m nVegPeriod2

The growing season (based on days over 2 °C) i388alays long in western and
southern Europe. The period is shorter furthertmand for northern Scandinavia about
120-180 days. In the projected future the growiegssn is longer. In 2071-2100 the period
is shorter than 300 days only in northern Scandiadke Alps and Iceland.
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T2m nVegPeriod5

The growing season (based on days over 5 °C) i388lays long in western and
southern Europe. The period is shorter furthernantd for northern Scandinavia about 90-
150 days. A longer growing season is projectedherfuture. In 2071-2100 the period is
shorter than 300 days only in northern Scandinaaatern Europe, the Alps and Iceland.

Degree days in growing season (vegetation period)
DDGT8VegPeriod5

The number of degree days within the growing seasen 8 °C is around 360 in western
Europe and around the Mediterranean, 240-330 itraleand eastern Europe and 90-240 in
Scandinavia and Iceland. As both the length oftlosving season and the temperature
during it increases the number of degree dayspeerd to increase. The increase is rapid
with up to more than 300 in all of Europe exceptimern Scandinavia and Iceland in 2071-
2100.

Last Spring Frost
T2m lastSpringFrost

The last spring frost occurs in the present clingatgay number 15-75 along the European
south and west coast, 75-105 in central Europelan@ritish Isles and 105-165 in
Scandinavia and Iceland. By the end of the certheyast spring frost is occurring almost
one month earlier in Scandinavia and eastern Europgealmost two months earlier in
western and south western Europe.

“Slipperiness” index
T2m nZeroCross

A day with zero crossing is defined as a day wethperature both below and above zero
(i.e. Tmax >0 °C and Tmin < 0 °C). In winter thenmber of days with zero crossings is
large (around 30) in most of southern and centuabfe. By the end of the century the
number of zero crossings will be reduced with 152this area.

In northern Scandinavia, on the other hand, thebauraf days with zero crossing will
increase; from around 10 in the present climatrdond 30 by the end of the century. In
this area the number of zero crossings presenkbpisn winter since the temperature is far
below zero, but in a warmer climate temperaturesecto zero will be more common in
winter.

In spring the number of zero crossings is largeud 30) in Scandinavia, Iceland and the
Alps. In these areas the number of zero crossiniyjgdecrease with 15-20 by 2071-2100.
In summer there are almost no zero crossings.dhautumn there are around 20 days
zero crossings in Scandinavia, Iceland and the.Agghe end of the century they will be
reduced to around 5 days.
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Surface temperature below -7°C
Tsurf nLTminus7

The number of days with surface temperature beloVC-is zero, or just above zero, for
the whole of Europe except Iceland, northern Scewia and north eastern Europe. In
these areas the number of days is between 10-&0 dag number of days with surface
temperature below -7 °C will decrease in futureeoo for practically the whole of Europe.
In RCAO the area with surface temperature beloWC-% at present conditions somewhat
larger than in RCA3. Even in 2071-2100 there will sccur days with surface
temperature below -7 °C in northern Scandinavialaathnd.

6.2 Sun and radiation

Long wave radiation
LWdown mean

The incoming long wave radiation varies betweerségsons, from 250-300 Wiim
winter to 325-375 W/fin summer. The change in radiation with time igtee other hand
almost the same for all seasons. Radiation incseaith 5-15 W/m in 2011-2040, with
10-20 W/nf in 2041-2070 and with 20-30 Wi 2071-2100.

Shortwave radiation
SWdown mean

The average short wave radiation is large in sumfren 125 W/n in northern Europe up
to 300 W/nt around the Mediterranean and small in winter, f@oiv/nf in northern
Europe to more than 100 Wrat the southern tip of the Iberian Peninsula.

The shortwave radiation in winter and autumn iatre¢ély unchanged with time in the
future scenarios. In spring the shortwave radiasatecreasing in Scandinavia. It
continues to decrease over the century and theohidscreasing radiation spreads
southwards. In summer the short wave radiatiomlg decreasing in northern Scandinavia
while most of Europe remains relatively unchanged.

Sunshine hours
SunH sum

The sum of sunshine hours has a maximum in sumntier3@0-400 hours/month in

Europe as a whole and a minimum in summer with@4idurs/month in the northern parts
and 100-200 hours/month in the southern parts adf@s Small changes are expected in
the future scenarios. In winter and autumn the rarmobsunshine hours is reduced with
10-30 h/month in northern Europe and with more #@/month in eastern Europe. In
spring and summer the number of sunshine houmsdedsing with 20-50 h/month in
northern Scandinavia and Iceland, while the chamgenshine hours is small in the rest of
Europe.
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6.3 Cloudiness

Cloudy days
Cloud base nLT100

The number of days with cloud base below 100 nin&nging very little. There is a
tendency towards fewer days with low clouds in @riEurope but only with a couple of
days.

6.4 Air humidity

“Mould” index
Rh T2m nGT90GT10

Days with high relative humidity and mild temperatsiare favourable for growth of
mould. In this study a relative humidity over 90&cpbmbination with temperatures above
10°C was chosen (see Ch. 3.2). These days ocwiniar in Portugal and western France
with up to around two weeks. In spring mould dagsuv in most of Europe with around 5
days, in summer the occurrence is high in Scanéan®ritain and the Alps (around three
weeks) and low around the Mediterranean (almostays). The maximum number of
“mould days” in autumn occurs in Great Britain dreland.

The number of “mould days” is only changing witfeas days until 2011-2040. By 2071-
2100 “mould days” are slightly more increasingwimter the number of days is increasing
in western Europe with 5-20. In spring the numlfetdays is increasing in central Europe
and southern Scandinavia with 5-10. In summer theber of days is increasing in
northern Scandinavia with 10-30 and up to 40 ingaf Norway. In autumn the number of
days is increasing in Scandinavia with 10-20.

6.5 Evapotranspiration

Evapotranspiration is the sum of all evaporatiariuding the transpiration and is also
called total evaporation. Evaporation increaseh witreasing temperature provided that
there is enough water available at the surfacéugmg open water bodies, soil water,
snow and water intercepted on the vegetation).

Evap sum

The pattern of mean annual evapotranspiration slaogvadient from south to north with
400-900 mm/year to 200-600 mm/year. The evapotieatgm is depending on the
altitude. The highest evapotranspiration is foundrdy summer in today’s climate as well
as in future climate scenarios.
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The annual mean value is increasing in northero@iwith around 100 mm in A2 and
around 75 mm in B2 by 2071-2100. RCAO projectdshglower values: around 75 mm in
A2 and around 50 mm in B2 by 2071-2100.

A pattern gradually evolves with increasing evagasgpiration in the northern parts
especially in spring. At the same time evapotralasiph decreases in the southern parts
especially in spring and summer. The influenceltitiide is though clearly seen. In winter
an increased evapotranspiration is mostly pronaliirceentral Europe.

6.6 Precipitation

The pattern of precipitation change gets more aogemronounced in the future scenarios
and generally dry gets drier and wet gets wettdratis wet and what is dry is, however,
different in different seasons. Basically precipda is increasing in winter in western and
northern Europe and decreasing in all of Europetdpman the northernmost parts of
Scandinavia and Finland during summer. The pretipit decrease in southern Europe
may seem to be small in absolute numbers, but treses are dry already now and thus a
small change may have a large impact.

Summed precipitation
Precip sum

The winter precipitation is increasing in Scandiaaand over the British Isles with up to
50 mm/month. There is a strong gradient acrossgeuto the Mediterranean where
precipitation decreases with as much as 50 mm/maihia winter precipitation in RCAO-
H-B2 areas also increases but less than in the stle@arios. In that scenario winter
precipitation is also increasing in parts of cdrii@ope and in Italy and Greece.

In summer the drought is shifted northwards to redifurope and southern Scandinavia.
Most of Europe will experience less summer preatjoh in the future. Down to 50
mm/month less rain at the end of the century. Adoilne Mediterranean the decrease in
precipitation is less in summer than in winter. Hoer, the amount of precipitation in
summer in these areas is small already now, soiétlem absolute changes are small the
relative changes can be large. And, obviouslyretppitation decreases to 0 mm/month,
then it cannot decrease any further.

The patterns of precipitation change in spring amadimn reflects the transition between
the more pronounced patterns of summer and wiRtecipitation change is quite similar
in both A2 and B2 scenarios, but changes in AZadv larger than in B2.

The change in annual precipitation shows a cléamg north-southerly gradient. This
pattern is evident already in the period 2011-28d@ in both future scenarios, and the
gradient gets stronger in later time periods. Pittion is projected to increase with
around 50 mm/month in northern Europe and decnwiébearound 30 mm/month in
southern Europe. In RCAO-H the gradient is notiasritt as in the other scenarios. In
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scenario B2 precipitation is increasing in soutsteta Europe, and the only distinct
precipitation increase is in south western Euréjsecipitation is also decreasing in parts of
(A2) or the whole (B2) of Great Britain and Irelard the other scenarios most of the
British Isles receive more precipitation.

Rainfall
Rainfall sum

In winter the sum of rainfall is low in northerndanortheastern Europe, 0-100 mm/season,
and high in parts of the British Isles and soutieunope with over 300 mm/season. In the
scenarios rainfall sum is increasing the most @faied, Scandinavia and the Baltic States.
Increases of up to 100-150 mm/season are projegt@071-2100. Rainfall in winter is
decreasing in the same period in southern Euroffe@¥5 mm/season.

The sum of rainfall in spring and autumn is higheghe Alps (700-800 mm/season) and
other mountainous regions (around 400 mm/season}hE most of the remaining Europe
the sum of rainfall is 100-200 mm/season. At the efithe century rainfall is decreasing
with 25-75 mm/season in the south while it is isiag in northern Europe. Maximum
increase in this area is in western Scandinavid@ldnd with more than 150 mm/season
in some parts in some scenarios. The boundary betmereasing and decreasing rainfall
cuts through the British Isles.

In summer rainfall is over 600 mm/season in wesBaandinavia and the Alps. In the rest
of northern Europe rainfall is around 200 mm/seaatong the coastlines in southern
Europe rainfall is below 100 mm/season. In 207162Hinfall sum is decreasing the most
(50-75 mm/season) in Ireland and Great Britainfre¢iEurope and southern Scandinavia.
In southern Europe rainfall is decreasing 0-25 reagen. Rainfall increases only in
northern Scandinavia and parts of Iceland, 0-50saagon.

The annual rainfall sum is highest in mountain@gians, 1000-1500 mm/year (and in the
Alps as much as 2500 mm/year). Rainfall sum isi@rest of Europe around 500 mm/year.
At the end of the century rainfall is increasingthwas much as 500 mm/year in western
Scandinavia and Iceland, in the north and decrgagitihh 0-100 mm/year in the south. The
boundary between increasing and decreasing ragdak from Britain in south easterly
direction to Turkey. In scenario A2 it goes throwgmtral England, in scenario B2 a bit
further south. In scenario RCAO-H-B2 the area afrdasing rainfall is restricted to the
western part of Europe, i.e. the British Islesémand the Iberian Peninsula.

Snowfall

Snowfall sum

In winter snow is falling with more than 50 mm/saa Iceland, Scandinavia, north
eastern Europe and the Alps; in the mountainousmegvith up to 400 mm/season.
Snowfall is decreasing in all of Europe, exceptribehern tip of Scandinavia where
snowfall increases with 0-10 mm/season. Snowfaleisreasing the most (50-60
mm/season) in areas with large amount of snovdaltl, less in areas with little snow. In
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spring and autumn snow is falling with more tham&d/season in Iceland, the
Scandinavian Mountains and the Alps. In the enth@efcentury snowfall is decreasing in
all regions with up to 60 mm/season. In summerrmwsis falling.

The annual sum of snowfall is more than 100 mm/yeégeland, northern Scandinavia
and the Alps. In 2071-2100 snowfall is decreasiith at least 50 mm/season and up to
150 mm/season.

7-day maximum precipitation
Precip maxRunSum?7

The maximum amount of precipitation during 7 daygéases in winter in northern
Europe, with 0-10 mm/7days in 2011-2040 and witl2@0nm/7days in 2071-2100. The
signal is not distinct in southern Europe; in s@reas precipitation is increasing in one
period and decreasing in another. A general tendéhough, are decreases in the
Mediterranean area, except in the RCAO-H-B2 scenari

Maximum 7-day precipitation increases also in gpiimScandinavia, but less than during
winter. In central Europe the change is rather krbat in southern Europe a clear decrease
is seen during spring. In 2071-2100 the preciptahas decreased with at least 5
mm/7days in most parts of Portugal, Spain, Fraltaly, and Greece.

In summer the change in the 7-day maximum predcipitas ambiguous for the first time
periods, with areas of increasing and decreasiegigtation scattered over Europe. In the
last time period, however, the precipitation isréasing with 5-10 mm/7days for most part
of Europe in scenario A2, except in northern Saaada where a small increase is seen. In
the B2 scenario the geographical pattern is sinldnat in the A2 scenario but not as
distinct.

In autumn precipitation is increasing in Scandiasamd Britain and decreasing on the
Iberian Peninsula in scenario A2 and at least jdiitsin scenario B2.

Heavy precipitation
Precip nGT10

In winter the number of days/season with more ttfamm precipitation is 0-6 days in
most of Europe. Mountainous regions and coastabmegnay have up to 30 days. The
number of days is especially increasing in weskrrope with up to 8 days. The situation
is similar in spring, but the rain days are incheg®nly in western Scandinavia and
Iceland and decreasing with one or two days inteaatEurope. Britain is divided by the
line of which precipitation increases on the naitte and decreases on the south side.

In summer the number of days is increasing in waestad central Europe. The number of
days is not changing much in southern Europe, blyssecause the number of days
already is low. Interesting to note is that therao decrease even if the total precipitation
decreases. This finding is in line with Christenaed Christensen (2003). In autumn the
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number of days increases with 2-8 in northern Eeirapd decreases with one or two days
in southern Europe.

Extreme precipitation
Precip nGT25

The number of days/year with more than 25 mm prdipn is 0-3 days in most of
Europe. Mountainous regions and coastal regionshaag up to 10 days. The number of
days is especially increasing in western Scandideeland and the northern parts of
Great Britain and Ireland with up to 8 days in 2AD0. RCAO-H projects a change in
days with much precipitation of +1 in most of Euepexcept the south western tip of
Norway where the number of days increases witlroupdays.

Maximum precipitation intensity
Precmax max

The most extreme maxima of precipitation intenaity 5-8 mm/h found in coastal areas
around the Mediterranean. For the rest of Europdarman precipitation intensity is 3-5
mm/h except in northern Scandinavia where it isfAf3/h. Maximum precipitation
intensity is increasing with at least 1.0 mm/h, anthany places up to 1.8 mm/h, in
Europe, excluding northern Scandinavia, the IbePaninsula and south eastern Europe
where precipitation increases with 0.2-0.8 mm/h.

DrySpell
Precip maxDrySpelll

The longest period with no rain is relatively unepad in winter. The largest projected
change is 3-6 days shorter dry period in Scandaand eastern Europe. In spring and
especially summer most of Europe gets longer dripge. Around the Mediterranean the
signal is a bit unclear. Some places alter betvgbenter and longer dry periods, but in
other and larger areas the longest dry periodbeilnore than two weeks longer than today
in the last time period in scenario A2. In B2 therease is less pronounced and smaller; 6-
9 days longer dry period by 2071-2100.

The general trend is, however, that Europe willrgath drier than today. RCAO predicts,
with both drivers and both scenarios, even drieddmns by the end of the century than
RCA3, with a two weeks longer dry period for moattp of southern and central Europe.
This difference between the two models is a resfudt deeper soil layer that can hold more
water in RCA3 compared to RCA2 (Kjellstrom et 2D05). Autumn shows about the same
signal as spring. Southern and central Europegetllincreasingly drier, while northern
Europe will get a little shorter dry periods.

Number of dry days
Precip nDryDay1

The number of days with less than 1 mm precipiteisan winter decreasing with 1-5
days/month in 2071-2100 from a present value afirmdd®0 days/month in northern Europe
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and increasing with 1-5 days/month in 2071-210@nfeopresent value of around 20
days/month in southern Europe. The pattern in gpgrabout the same, but the area of
increasing numbers of dry days is more widespread.

In summer the number of dry days is increasingpéwwhole of Europe except northern
Scandinavia, where the number of dry days decresitie®-3 days/month. The number of
dry days in summer is increasing with more thamgsfmonth in large parts of central
Europe. Around the Mediterranean the increase &lesmbut the number of dry days is
approaching 30 days/month. In autumn the numbdryoflays is starting to decrease again
in northern Europe. In southern Europe the numbdrydays is still increasing and is
close to 30 days/month in the southern half ofitlegian Peninsula even in autumn in
2071-2100.

As with other precipitation indices RCAO-H behaypestially different. The number of dry
days in winter decreases also in large parts ahson Europe including the Mediterranean
area where the other scenarios show drier condit@therwise the change in dry days is
similar to the other scenarios.

Freezing rain
FreezeRain GTO5LEO

Freezing rain occurs especially in mountainousarsgyisuch as Iceland, the Alps and
western Scandinavia, with 20-30 days/year. In #s¢ of Scandinavia, Finland, parts of
Russia and the Baltic states there are 5-15 das/lfeom this area the number of days
decreases towards the south and southwest se@#isahlan 3 days/year occur in the British
Isles, central western Europe and Mediterraneaa ditee future change is determined by
changes both in precipitation and temperature.ntimber of days with freezing rain
decreases with a few days in all parts of Europere/ffreezing rain occurs in the present
climate already in 2011-2040. The only exceptiothis is the far north (northernmost
Scandinavia, the Kola Peninsula and parts of nortReissia) where there is instead a
small increase as the climate gets milder and testyres closer to°@ gets more
common. By 2071-2100 freezing rain virtually onlycars in Iceland, northern
Scandinavia, Finland, northern Russia and to sod@ntin the Alps.

Effective precipitation
Effective precipitation is precipitation minus eesianspiration (see Ch.6.5).

P-E maxRunSum?7

The maximum effective precipitation during 7 day$argest along the coasts of western
Europe, the west coasts in the Mediterranean Seaanountainous regions. In these
areas the maximum accumulated effective precipiteduring 7 days is 80-100 mm. In the
rest of Europe the maximum is in the range 30-60huhays.

The maximum weekly effective precipitation is irgseng in the north and decreasing in
the south, by the end of the century is it incnegsvith 15-25 mm/7 days in western
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Europe, and with more than 25 mm/7 days in wedtenmvay. In the rest of northern
Europe it is increasing with 0-15 mm/7 days. Inteetn Europe maximum weekly
effective precipitation is decreasing with 0-10 mirdays. RCAO-H gives a different result
with generally a weaker signal than in the othenseios. Effective precipitation is
changing with 0-10 mm/7 days in most of Europe. ®hly areas with decreases, of 0-10
mm/7 days, can be found in parts of southern Euamgkalso along parts of the
Scandinavian west coast. The only areas with ae&se of over 20 mm/7 days are the
south western tip of Norway and parts of the Aldse different pattern of change in the
Scandinavian region between the RCAO-H scenariddl@ECHAM-forced scenarios
reflect the different changes in atmospheric catiah in the two global models, as
discussed in Ch. 5.2.

P-E maxRunSuml14

The maximum effective precipitation during 14 déy/targest along the coasts of western
Europe, the west coasts in the Mediterranean Skaanountainous regions. In these
areas the maximum accumulated effective precipitas 100-120 mm/14 days. In the rest
of Europe the maximum is 40-80 mm/14 days.

The maximum two-weekly effective precipitation igieasing in the north and decreasing
in the south, by the end of the century it is iasieg with 30-50 mm/14 days on the west
coast, and with more than 50 mm/14 days in wedtemvay. In the rest of northern
Europe it is increasing with 0-15 mm/14 days. lateern Europe maximum accumulated
effective precipitation is decreasing with 5-10 riithdays. RCAO-H gives a different
result with generally a weaker signal than in tlieeo scenarios. Maximum effective
precipitation is increasing with 0-15 mm/14 daysnaost of Europe. The only areas with
decreases, of 0-10 mm/14 days, can be found is pagouthern Europe and also along
parts of the Scandinavian west coast. The onlysandth an increase of over 30 mm/14
days are the south western tip of Norway and pdrtise Alps. The different pattern of
change in the Scandinavian region between the REAgenarios and the ECHAM-forced
scenarios reflect the different changes in atmaspleeculation in the two global models,
as discussed in Ch. 5.2.

P-E maxRunSum30

The maximum effective precipitation during 30 d&y/kargest along the coasts of western
Europe, the west coasts in the Mediterranean Seaanountainous regions. In these
areas the maximum effective monthly precipitat®d60-200 mm. In the rest of Europe
the maximum is 60-120 mm/30 days.

The maximum monthly effective precipitation is ieasing in the north and decreasing in
the south, by the end of the century it is incregsvith 40-80 mm/30 days on the west
coast, and with more than 90 mm/30 days in wedte@mvay. In the rest of northern
Europe it is increasing with 0-30 mm/30 days. lateern Europe maximum monthly
effective precipitation is decreasing with 0-10 rBthdays. RCAO-H gives a different
result with generally a weaker signal than in tlleeoscenarios. Effective precipitation is
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changing with 0-30 mm/30 days in most of Europee ®hly areas with decreases, of 0-10
mm/30 days, can be found in parts of southern Eueopl also along parts of the
Scandinavian west coast. The only areas with ae&se of over 50 mm/30 days are the
south western tip of Norway and parts of the Aldse different pattern of change in the
Scandinavian region between the RCAO-H scenaridsl@ECHAM-forced scenarios
reflect the different changes in atmospheric catiah in the two global models, as
discussed in Ch. 5.2.

P-E maxRunSum60

The maximum effective precipitation during 60 déy/targest in mountainous regions. In
these areas the effective precipitation is mora 80 mm/60 days. In the rest of Europe
the effective precipitation is 100-200 mm/60 ddyisximum two-monthly effective
precipitation is increasing in the north and desirggin the south, by the end of the century
it is increasing with 80-100 mm/60 days on the veestst, and with more than 100 mm/60
days in western Norway. In the rest of northerndgerit is increasing with 0-50 mm/60
days. In southern Europe maximum effective two-rhiynprecipitation is decreasing with
0-10 mm/60 days. RCAO-H gives a different resuthvgenerally a weaker signal than in
the other scenarios. Maximum effective precipitai®changing with 0-40 mm/60 days in
most of Europe. The only areas with decreases;16f @m/60 days, can be found in parts
of southern Europe and also along parts of the@eawvian west coast. The only area with
an increase of over 70 mm/60 days is the soutlewf Norway. The different pattern of
change in the Scandinavian region between the REAgenarios and the ECHAM-forced
scenarios reflect the different changes in atmaspleeculation in the two global models,
as discussed in Ch. 5.2.

P-E sum

The sum of effective precipitation in winter andwaan is 50-200 mm/season in most of
Europe. In mountainous regions the effective pitatipn is more than 350 mm/season. In
summer and spring the effective precipitation isifpee (0-350 mm/season) in northern
Europe and negative in southern Europe (-150-0 sasim).

By 2071-2100 effective precipitation in winter witicrease with 40-80 mm/season in
northern Europe and decrease with 0-80 mm/seasswuthern Europe. In spring effective
precipitation increases with 60-80 mm/season inevasurope and with 0-80 in the rest
of central and southern Europe. Effective predigitais increasing with more than 60
mm/season in western Scandinavia, northern Brétathliceland. In summer effective
precipitation is decreasing with 40-80 mm/seasonéstern and central Europe and
southern Scandinavia. Effective precipitation ré@asing in southern Europe and northern
Scandinavia. In autumn effective precipitatiomisreasing with 20-80 mm/season in
Scandinavia, Iceland and the northern part of GBeigdin. In southern Europe effective
precipitation is decreasing with 0-80 mm/seasonAREH projects similar changes with
one exception; effective precipitation along thar@tinavian west coast is decreasing in
winter and increasing in summer, opposite to whaleiscribed above, again due to the
differences in the global models (see Ch 5.2).
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The annual mean of the sum of the effective preatipn is 0-400 mm/year in most of
Europe. In mountainous regions the effective pitatipn is higher, over 800 mm/year. In
parts of southern Europe effective precipitationggative, -200-0 mm/year.

By the end of the century the annual effective ipitation is decreasing in most of Europe
with 0-100 mm/year. Effective precipitation increasn northeastern Europe, northern
Scandinavia, Iceland and the northern part of Brita Iceland and on the Scandinavian
west coast effective precipitation increases wititerthan 300 mm/year. RCAO-H gives
the same pattern but with lower amplitude in thecjpitation increase: not more than 100
mm/year in any region.

6.7 Snhow

As temperatures increase the amount of snow wilegaly be less in a changing climate.
But, there is also a possibility that an increassnowfall may be larger than the increased
melting due to the higher temperatures. This mag te increases in snow depth at some
locations. Elsewhere, the snow cover will be thirered the extension of the snow cover is
expected to decrease everywhere. Some of the srtbees describing snow depth are
actually increasing in some regions. This can ogtuegions with a relatively thick snow
cover in today’s climate. Consequently, when tr@isnover gets thinner there will be
more days that fit in a certain range. This mehasthe number of days with a thinner
layer may increase while number of days with akiidayer decreases (see Ch. 3.2).

Snow period
nSnowcover

The period with snow cover will shorten during tmming 100 years. Iceland,
Scandinavia, the Alps and eastern Europe are rffested, since these areas currently
have long periods of snow cover. In these areapehied of snow cover will be 30-40 days
shorter in 2011-2040 and 60-70 days shorter in ZOAD. In some places, especially as
projected by scenario A2, the period will decreagh around 100 days until 2100. At that
time there will only be snow cover in Iceland, memn Scandinavia and parts of the Alps.

Period with 'thin’ snow layer
Snow depth n0to10

The number of days with snow depth in the rang@ &+t is large (around two months) in
southern Sweden and central/eastern Europe. Nbttfabthe snow cover is usually
thicker, and south of that the snow cover is uguadn-existent. The change in days with
snow depth of 1-10 cm is in absolute values largigre the number of days is large.
Already in 2011-2040 the number of days has deerkagth 10-30 days. In the next period
the number has decreased a bit more and the nwhbays with snow cover of 1-10 cm is
reduced to O in all of central Europe except thesAln the last period the number of days
is reduced to 0 also in southern Sweden in sceA&id\t the same time the number of
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days with snow cover of 1-10 cm is increasing gldad, northern Scandinavia and Russia,
areas that all have more snow in today’s climate.

Period with 'medium deep’ snow layer
Snow depth n10to20

The number of days with snow depth of 10-20 cnaiige (around two months) in Sweden,
Finland, Russia and most parts of Iceland. Theektrghanges in snow cover of 10-20 cm

are in these areas, the period will be 1-2 morttbster in 2071-2100. In relative values the
decrease in snow cover is 100% in most parts dirgemtal Europe and southern Sweden,
by the end of the century a snow cover of 10-2thandly occur.

The number of days is increasing in northern Scenda. This implies that the snow cover
gets thinner. The number of days with snow cover@20 cm is low at present since the
snow cover usually is thicker.

Maximum snow water content
SnowWeq max

The annual maximum of water content in snow is ntlea® 50 mm in Scandinavia, eastern
Europe, Iceland and the Alps, in the mountainoggres water content is more than
300mm. A gradual decrease is seen at all locatidrese there is snow today. Relatively,
the decrease is smallest, or even absent in thle2040 period, in the interior of the
Scandinavian mountains. In that area the highudiitmay still provide a sufficiently cold
climate to get more snow on the ground due tortheeased winter precipitation. As the
model resolution, and thereby topography, is neddyicoarse it is very likely that high-
altitude locations in the real terrain will seeiacrease in snow cover for some time period
if the temperature and precipitation changes aaegrid the scenarios presented here. By
the end of the century water content has decreagkdt least 50 mm, and up to 100 mm
in regions with currently large water content.

6.8 Runoff

Runoff is the deep drainage calculated by the famthce scheme. It depends on the supply
of water at the surface and the water holding dgpatthe soil that in turn is determined

by the heterogeneity and soil properties of thd baxes. It is not possible to compare
runoff to the effective precipitation (P-E) as réfrie only calculated in the land area
fraction of the grid boxes while evaporation isra dpox average (including open water
bodies). This implies that P-E is often smallenttizde runoff as evaporation over lakes can
be large.

Runoff sum

Maxima in runoff are found in mountainous regiortseve locally fluxes of several
hundreds of mm/month are simulated. Elsewhere ffto@ large degree follows the
effective precipitation discussed above with latgesnbers in northern Europe and small,
or even zero, runoff in the south particularly dgrsummer.
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In spring (April and May) runoff is decreasing wilhl0 mm/month for most of Europe,
except the Alps and northern Scandinavia whereffusmdecreasing with more than 30
mm/month and in April the Scandinavian mountaingmehrunoff is increasing with up to
50 mm/month.

In summer and September the change in runoff ieramall in most of Europe. The
change is larger in southern Scandinavia and Britéth a decrease of 10-20 mm/month.
This area of decreasing runoff is expanding inlaiber time periods. In September runoff is
increasing in the Scandinavian mountains and darde The large changes in runoff can
be noted in areas where the runoff is large, sb#sec pattern remains relatively
unchanged until year 2100 although the differee#®een dry and wet conditions are
amplified.

6.9 Wind

The simulated changes in wind speed are very sengit the choice of boundary
conditions, a feature also note by Chen and Asg&b€R2006). They compared changes in
the geostrophic wind speed over the Baltic Se&idifferent GCMs at the time of GO
doubling. In that study they show that some mopedgect increases in seasonal mean
wind speed while others project decreases. Basddeinmodel results they could not find
a statistically significant change in the wind gpeethis area. The ECHAM4 used here
also show a general increase in westerlies ovehear Europe, see also Ch 5. HadAM3,
on the other hand, does not show such an increase.

Mean wind speed and direction
W10 mean

The change in absolute wind speed is small, £02im¥ost of Europe. Only in the two
last time periods in scenario A2 there is more glean larger areas; wind speed increases
with 0.2-0.4 m/s in parts of Scandinavia and Scotld he same is true for RCAO, but the
area with increasing wind speed of 0.2-0.4 m/slitla larger in RCAO-E-A2. The
absolute numbers may seem small but in the ECHAlRBEO A2 scenario it corresponds to
an increase with about 10%.

W70 mean

The change in wind at 70m is discussed in HovseamalsKjellstrém (2007). Based on the
three simulations with RCA3 forced by ECHAM4/OPY@&3d ECHAMS5/MPI-OM

discussed in their report they find that the enelggysity of the wind may increase with 5-
20% in about 20-30 years from now. But, as thetestguch a change may also be due to
natural variability in the climate. They do notdiss long-term changes until the end of the
century.
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Wind direction

The wind direction is determined by the large-sgaessure pattern in combination with
local topographic effects. Changes in the largdéestaculation may alter the wind
direction. Wind roses have been calculated forel&c$ed locations in Sweden for three
time periods in the two RCAS3-E driven simulatiolbe results show higher frequencies of
south-westerly to westerly winds at many of théicis.

Maximum gust wind
Gustmax max

An increase in maximum gust speed is evident igelgarts of northern Europe, mainly
over the North Sea, the Norwegian Sea and thedBadta, but also over adjacent land
areas. The increases are of the order of 1-2 in Erge parts of those areas. The change is
rapid and clear already at the first time periodsidered (2011-2040) but after that it does
not change much. In other regions the maximum gpeseéd can be increasing in one time
period and decreasing in another. Here, it shoelddied that the index is only calculated
for the ECHAM4-based RCA3 scenarios. As gustiness mot calculated in RCAO we can
not judge whether a similar increase would be Hs2a@lso for the scenarios based on
HadAM3H even though this is not likely given theadhthanges in mean wind speed.

Number of days with gust winds

Gustmax nGT21

The number of days with wind gusts above 21 méhanging considerably in Britain,
along the North Sea coast and in western Norwathdse areas the number of days with
wind gusts above 21 m/s is increasing with 3-9 dey® 6-14 days/year. In Iceland the
number of days is increasing with 0-6 days in 20040 and decreasing with 0-9 days in
2071-2100. In all other areas the changes are small

6.10 Lake ice

Ice covered lakes exist in Scandinavia and in cential Europe on the coast of the Baltic
Sea. The number of days with ice cover and thé&ieiss of the ice cover will be reduced
in all these regions.

Lake ice days

Lake ice nGT15

The number of days with ice cover thicker than dbi€ decreasing on the whole. In 2071-
2100 lakes with ice cover thicker than 15 cm willyobe the case for parts of northern

Scandinavia, and the period with ice cover thickan 15 cm is decreased with 1.5-3
months.
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Day when ice breaks up
Lake ice dayBreakUp

Ice break up occurs from day number 40-70 alongtiuth coast of the Baltic to day
number 150-160 in northernmost Scandinavia in 86111990 period. The change is
largest in southern lakes. Already in 2011-2040bicak up will occur around one month
earlier, while ice break up at higher latituded wdcur only 5-10 days earlier. In this
period there are almost no ice covered lakes ithean Germany and Denmark. In the
period 2071-2100 ice covered lakes exist in Scawinand the Baltic countries, but in
scenario A2 only in parts of southern Sweden. Bytime ice break up occurs 50-60 days
earlier in southern Sweden and the Baltic countaiies 10-30 or 10-20 days earlier in
northern Scandinavia in scenarios A2 and B2 reapyt

7. Discussion and conclusions

The regional climate scenarios described in tipemeshow many similarities with

previous scenarios in terms of general evolutiah@mplitude of future European climate
change (cf. Christensen and Christensen, 2007aRe&set al., 2004; Kjellstrém et al.,
2005). The broad picture, mostly determined byftineing GCMs, is that of a gradually
warmer climate, particularly in the northeasterrt pAEurope during winter and in the
south during summer. Precipitation is projectethtoease in the north in all seasons and in
winter in the south while there is a decrease @tipitation in southern and central Europe
during summer.

These broad average features are manifested clithate indices derived here as increases
in warm and decreases in cold indices. Likewisengba related to the water budget are
represented as increases in “wet” indices in thithrand “dry” indices in the south. In
addition to reproducing the general features ofaye change, the indices provide
information about changing extreme conditions. Téigue both on a high temporal
resolution, such as increasing intensity of heaegipitation, changes in gust winds, etc.
but also in a longer time perspective such as dhgragnounts of weekly integrated
precipitation, increasing length of dry spells, &tso, more complex features of change
can be studied by the aid of indices. This includ@sbinations of several variables,

relation to certain thresholds etc.

Evaluations of the Rossby Centre regional climabel@s have been presented in Raisanen
et al. (2003) and Kjellstrom et al. (2005). Manytloé indices presented here focus on
extreme conditions, and several of them involvecEigethresholds, or are derived from a
combination of two or more basic variables. Alldbadactors make the indices sensitive to
comparatively small systematic biases. Basic quabntrol measures have been taken, but
a thorough control and evaluation is not possibladhieve because of the total volume of
the material produced (51 indices calculated fdrdfferent time periods and different
GCM/RCM/SRES emissions scenarios). In additiors, itot clear how best to evaluate the
performance of the indices. While it would be pbkesto calculate the same indices for
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observational data, the fundamental difference betngridcell data and point observations
makes any such comparison non-trivial.

By involving the Commission working groups and atstakeholders in the selection and
definition of the climate indices an important dndtful dialogue ensued. We found that
this process increased our understanding of tiierdift sectors, their problems, tools and
information needs. At the same time, the knowleofggimate change, use of climate
modelling data etc. increased among the staker®l@em own experience based on
subsequent contacts with stakeholders and regioestimate model data is that the
awareness of climate impact and vulnerability asi@pgation also increased significantly in
different sectors.

The picture of climate change that emerges ingkisnsive material is comprehensive in
that it is both general and detailed. As many efitidices have been developed in dialogue
with stakeholders and end users there is a focumpact related questions even if the
impacts are not described per se. Despite the sixtenature of the material, it does not
cover all aspects of climate change and possibp@ats, nor does it cover the full spread of
existing climate change scenarios that in turn cat¢sover the full range of possible
climate change.

The technical formulation of the climate indicesldime production of the final results was
a tedious process involving generalisation of caxind very specific weather conditions
and also reconciling different and partly contrémlig needs. For specific purposes the
indices presented here only serves as first ottlamats at gleaning some insight into
possible future climate impacts. In many caseggetad and more sophisticated climate
indices could be developed based on deeper undédisgaof the underlying processes.
One example of such indices related to insect dart@éprests is presented by Jonsson et
al. (2007). The ultimate level of sophisticatiorthiat the climate indices become
independent process-based models using climatelmatieas input. Examples of this are
the comprehensive and complex ecosystem model (&ioak, 2006) and forest production
model (Berg et al., 2005) used for providing scersanf future vegetation and forest
production to the Commission working groups. Howgsach more sophisticated climate
indices and complex models require substantialarebeand development time and
resources. In comparison, the indices presentedgrervide a rough and ready estimate
that can be used for initial assessments.

The decision to make the material freely availairiéhe Internet raises some thoughts. On
the one hand, we find it important that the matésiaasily available. The need for
information and results on climate change is immeklge hope that by making this
material available, including supporting informatiand examples, provides at least some
answers. A risk with a broad distribution of sugteasive material is, of course, that it will
be used for many years (maybe decades) as THE.rékid is something we have
experienced from the earlier Sweclim programme tvieicded in 2003, and is still referred
to. We foresee continued efforts and updates ofdblts presented in this report, not least
over the web-application.
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The following conclusions can be drawn on the wagkprocess:

* The stakeholder communication process is importart,adds value to both the
Research & Development process, and the use dfgesu

« Climate indices can be used to describe complatioels better than basic climate
data.

* To practically manage such an extensive data skirgerpret the vast amount of
information therein involves substantial effortgtbtor the scientist (producer) and
the stakeholder (user).

The work on the regional climate scenarios andyaeaincluding further development of
indices as well as producing a firmer foundatiorlohate scenarios continues. We look
forward to a continued interactive process wittkaltenlders. Finally, we note that
researchers within other disciplines have alreadyd the material. It is now used as
inspiration and background for further climate dmastudies. We believe that this unique
material is well suited for further analysis angaut studies on the Scandinavian and
European scale.
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Appendix 1. Abbreviations

Abbreviation

Explanation

GCM

AOGCM
RCM
RCA
RCA2
RCA3
RCO
RCAO

PROBE
HadAM3H

ECHAM4/0PYC3
ECHAMS5/MPI-
oM

DKRZ

MPI-met

ECMWF
ERA40
PRUDENCE

IPCC
SRES

A General Circulation Model (also referred to as Global Climate
Model)

A coupled Atmosphere-Ocean GCM

A Regional Climate Model

Rossby Centre Atmosphere model

Rossby Centre Atmosphere model version 2

Rossby Centre Atmosphere model version 3

Rossby Centre Ocean model

Rossby Centre Atmosphere and Ocean model. RCAO is the coupled
version of RCA and RCO.

A lake model (PROgram for Boundary layers in the Environment)
A global climate model from Hadley Centre at the Meteorological
Office, UK.
<http://www.metoffice.gov.uk/research/hadleycentre/index.htmi>
An AOGCM from DKRZ and MPI-met.

An AOGCM from DKRZ and MPI-met. Successor of ECHAM4/0OPYC3.

Deutsches Klimarechenzentrum GmbH <http://www.dkrz.de>
The Max-Planck Institute for Meteorology in Hamburg
<http://www.mpimet.mpg.de/en/home.htmli>

European Centre for Medium range Weather Forecast
<http://www.ecmwf.int>

ECMWF 40-year reanalysis (1961-2002).

A European research project (Prediction of Regional scenarios and
Uncertainties for Defining EuropeaN Climate change risks and
Effects) <http://prudence.dmi.dk>

Intergovernmental Panel on Climate Change <http://www.ipcc.ch>
Special Report on Emissions Scenarios, IPCC, 2000.
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Appendix 2. Climate indices

Climate index Description Unit Time

period

Cloudbase_nLT100 Number of days with lowest cloud days season
base below 100m

Evap_sum Evapotranspiration, summed up mm month

season
year

FreezRain_GTO5LEO Number of days during the year when | days year
the maximum temperature is below 0
OC and the precipitation is greater
than 0.5 mm. The index represents
"days with freezing rain"

Gustmax_max Maximum gust wind (yearly highest) |m/s year

Gustmax_nGT21 Number of days with gust winds days year
>21 m/s

Lakelce_dayBreakup Daynumber when ice on lakes break |Daynumber |year
up. (For definition of lakes see Ch.

3.2)

Lakelce_nGT15 Number of days with ice thickness on |days year
lakes >15 cm

Lwdown_mean Mean value of incoming longwave W/m? season
radiation (heat radiation)

PminusE_sum Effective precipitation (i.e precipita- mm season
tion minus evapotranspiration), year
summed up

PminusE_maxRunSum?7 |Highest effective precipitation during | mm year
a continuous 7-day period

PminusE_maxRunSum14 | Highest effective precipitation during |mm year
a continuous 14-day period

PminusE_maxRunSum30 |Highest effective precipitation during | mm year
a continuous 30-day period

PminusE_maxRunSum60 | Highest effective precipitation during |mm year
a continuous 60-day period

Precip_maxDrySpelll Longest continuous period with preci- |days season
pitation <1 mm/day ("dry period")

Precip_maxRunSum?7 Maximum precipitation during 7 mm season
continuous days

Precip_nDryDay1 Number of days with precipitation <1 |days month
mm ("number of dry days")

Precip_nGT10 Number of days with precipitation days season
>10 mm ("heavy precipitation") year
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Climate index Description Unit Time

period

Precip_nGT25 Number of days with precipitation days season
>25 mm ("extreme precipitation") year

Precip_sum Precipitation, summed up mm month

season
year

Precmax_max Maximum precipitation intensity mm/h year
(yearly maximum)

Rainfall_sum Amount of rainfall, summed up mm season

year

RhT2m_nGT90GT10 Number of days when the relative days season
humidity (daily mean) is above 90%
and T2m > 10 °C

Runoff_sum Net runoff, summed up mm month

(April-
September)

SnowCover_nSnowCover | Number of days with snow cover days year

SnowDepth_n1to10 Number of days with snow depth days year
0-10 cm

SnowDepth_n10to20 Number of days with snow depth days year
10-20 cm

Snowfall_sum Amount of snowfall (expressed as mm season
mm water), summed up year

SnowWeq_max Water content in snow, yearly mm year
maximum value

SunH_sum Sun hours, summed up hours month

Swdown_mean Mean value of incoming short wave W/m? season
radiation (global radiation)

T2max_CDD20 CDD (cooling degree days), number |CDD month
of degree days when daily maximum year
temperature exceeds 20 °C (model
adjusted threshold value)

T2max_maxHWaveGT20 |Longest continuous period with daily |days year
maximum temperature >20 °C

T2max_mean Daily maximum temperature at 2 m oC month
height, mean value season

year

T2max_nGT20 Number of days with daily maximum |days season
temperature > 20 °C year

T2max_nLTminus7 Number of days with daily maximum |days year
temperature < -7 °C

T2m_dayVegEnd5 "End of the growing season (5 °C)", daynumber |year

daynumber for the end of the last
continuous 4-day period with T2m
>5 0C
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Climate index Description Unit Time
period

T2m_dayVegStart2 "Start of the growing season (2 °C)", |daynumber |year
daynumber at the end of the first
continuous 4-day period with T2m
>2 0C

T2m_dayVegStarts "Start of the growing season (5 °C)", |daynumber |year
daynumber at the end of the first
continuous 4-day period with T2m
>5 0C

T2m_DDGT20 Number of degree days for daily degree year
mean temperatures>20 °C days

T2m_DDGT8VegPeriod5 | Number of degree days for mean degree year
temperatures above 8 °C during the |days
growing season (5 °C)

T2m_HDD17 HDD (heating degree days), number |HDD month
of degree days for daily mean year
temperatures above 17 °C

T2min_mean Daily minimum temperature at 2 m oC month
height, mean value season

year

T2min_lastSpringFrost Daynumber when last spring frost daynumber |year
occurs, daily minimum temperature
<0 °oC

T2min_nFrostDays Number of days when daily minimum |days season
temperatures <0 °C ("frost days")

T2min_nTropNight Number of days when daily minimum | days year
temperatures >17 °C, (model
adjusted threshold value, not the
general definition for tropical nights,
see text)

T2m_mean Mean temperature at 2m height °C month
season
year

T2m_nVegPeriod2 "Length of growing season (2 °C)", days year
number of days between the end of
the first continuous 4-day period with
T2m >2 °C and the end of the last
continuous 4-day period with T2m
>2 0C

T2m_nVegPeriod5 "Length of growing season (5 °C)", days year

number of days between the end of
the first continuous 4-day period with
T2m >5 °C and the end of the last
continuous 4-day period with T2m
>5 0C
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Climate index Description Unit Time
period
T2m_nZeroCross Number of days when the tempera- days season
ture at 2 m height has been both
above and below 0 °C (T2max >0 °C
and T2min < 0°C)
Tsurf_nLTminus7 Number of days when the surface days year
temperature (daily mean) is <-7 °C
W10m_mean Daily mean wind speed m/s season
year
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Appendix 3. Examples of climate change trends in
Sweden

Temperature and precipitation trends in three teamiscenarios as calculated with the
regional climate model RCA3 driven with data frdme global models ECHAM4/OPYC3
(E) and ECHAMS5/MPI-OM (E5) under emissions scema®®RES A2, A1B and B2
respectively. The trends are shown individuallytfeg four nominal seasons (DJF, MAM,
JJA and SON). Plotted in the diagrams are averageges calculated consecutive 30-year
periods as compared to 1961-1990. Indicated igthphs is also information about the
statistical significance of the change as comptodle reference period. This significance
is calculated taking into account the interann@aaiability during the respective 30-year
period. This method is described in more detaljillstrom et al. (2005).

RCA3-E-A2 RCA3-E5-A1B RCA3-E-B2
6 6 61| = fiaw
—JJA
5 5 5t —son
o |4 y 4 ;
-8 3 3 3 ,
% 2 2 2
Z' 1 1| 1| /vJ/
oF 0 oF
2000 2050 2100 2000 2050 2100
6 §[= i o=
—JIA —JJA
5 5H— SON 5HL— SON
8 4 4 4 { /
-8 3| 3 3| A~
% 2 2 2
U). 1 1 1
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5 5 5= —Sson
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% 2 2 2 o~
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App3-1. Seasonal mean temperature development (°C) averaggd30-year intervals for
northern Sweden, southern Sweden and as a tot#héocountry. The climate change
signal is compared to the 1961-1990 time periodl llhe means that the calculated
climate change signal is statistically significayiven the interannual variability of the data
sets. Blue= winter (DJF), green = spring (MAM), resimmer(JJA) and black=autumn
(SON).
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Appendix 4. Examples of climate scenario maps for

Europe

The climate scenario maps are available on the [dde Appendix 5). Here we present
some of the climate indices most frequently askedThe maps in Appendix 4 show
projections on the European scale. Maps for the@noavia as well as Europe are
available on the DVD. Results from different scéospn differences between 2071-2100
to 1961-1990 are presented together with mean sdturel 961-1990. The latter are as
calculated with the regional climate model RCAX&d with ERA-40 data.

The chosen climate indices are:
App4-1: Winter mean temper atures
App4-2: Summer mean temper atures
App4-3: Winter precipitation
App4-4: Summer precipitation
App4-5: Length of snow season

The scenarios are as follow:

Regional Global climatemodel  Emissions

climate model scenario

RCA3 ECHAM5 AlB N.B! Not available on the DVD
RCAO HADAM3H A2

RCAO HADAM3H B2

RCAO ECHAM4/0OPYC3 A2

RCAO ECHAM4/0OPYC3 B2

RCA3 ECHAM4/0OPYC3 A2

RCA3 ECHAM4/0OPYC3 B2

The two regional model domains slightly differ winis seen in the maps (see also Figure

1).
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60



A1B 2071-2100

20070524 DIFF_Precip_sum_A1B_ECHAMS_RCA3_2071_2100_DJF

20070524

800 50
750
700 40
650
600 30
550
500 120
450 T
400 110
350 5
300 T
250 O
200 L -10
(@] 150
3 100 2 |0
& >0 O
L mm X -30
A2 2071-2100
DIFF_Precip_sum_A2_HADAM3H_RCAO_2071_2100_DJF 50
(% 30 (%
20
= >
< 10 <
Q @)
< 0 <
S -10 = -10
< <
-20 -20
) )
ad m -30 x o -30
DIFF_Precip_sum_A2_ECHAM4_RCAO_2071_2100_DJF 50 DIFF_Precip_sum_B2_ECHAM4_RCAO_2071_2100_DJF 50
30 30
3 20 = 20
= =
< 10 < 10
L T
O 0 O 0
o -10 — -10
< <
-20 -20
) $)
o mm 30 o - mm —30
DIFF_Precip_sum_A2_ECHAM4_RCA3_2071_2100_DJF 20070524 DIFF_Precip_sum_B2_ECHAM4_RCA3_2071_2100_DJF 20070524
50 I~ - 7 50
30 30
120 120
S <t
= 110 = 110
< <
I 10 T 10
o @)
iy 1-10 Ll 1-10
< <
1-20 1-20
O O
nd F2-30 x : =1 30
mm mm
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Appendix 5. DVD — Rossby Centre climate scenariom  aps

The climate scenario maps described in this reggerivailable on the DVD distributed
together with the report. A web-application, alsaitable on the DVD, makes it possible
to study the material collected in frames as sptify the user (see also Chapter 4).

The maps show mean values for 30-year periods @dirscenario maps) or the difference
between a 30-year period and the reference pefi6él-1990 (Difference maps). The maps
are grouped in Ut, El and SGU as a result of diffiéico-operations and thus different
target groups. Frequency distributions of wind sip@e available as difference maps (the
link Wind speed).

A brief description of the climate variables (-ic€$) is also available together with some
description of the maps and some general resolts\{f the link "Information”). The
material has been subjected to quality control asut is so extensive, some errors might
still remain in the produced maps.

When using the DVD start by clicking on the start-file. Ther eafter choose the English
or the Swedish version by clicking on respective flags.

The material is also available on the Internet via:

the English versiorttp://www.smhi.se/sgn0106/leveranser/mallar_e.htm

the Swedish versiofttp://www.smhi.se/cmp/jsp/polopoly.isp?d=8783&I=sv

A special application was made for wind roses aedyfor 18 grid squares (the link Wind
direction). This application is, for technical reas, only available on the Internet.
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