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Abstract
Here we investigate simulated changes in the ptatign climate over the Baltic Sea
and surrounding land areas for the period 2071-2Zd9@ompared to 1961-1990. We
analyze precipitation in ten regional climate medédking part in the European
PRUDENCE project. Forced by the same global drivdlignate model, the mean of the
regional climate model simulations captures theeoled climatological precipitation
over the Baltic Sea runoff land area to within 1BP&ach month, while single regional
models have errors up to 25%. In the future clijm#te precipitation is projected to
increase in the Baltic Sea area, especially duvimgter. During summer increased
precipitation in the north is contrasted with ardese in the south of this region. Over
the Baltic Sea itself the future change in the sealscycle of precipitation is markedly
different in the regional climate model simulationde show that the sea surface
temperatures have a profound impact on the sintulagdrological cycle over the Baltic
Sea. The driving global climate model used in tbenmon experiment projects a very
strong regional increase in summertime sea sutiEoperature, leading to a significant
increase in precipitation. In addition to the conmmexperiment some regional models
have been forced by either a different set of Badtta surface temperatures, lateral
boundary conditions from another global climate elpd different emission scenario, or
different initial conditions. We make use of thegk number of experiments in the
PRUDENCE project, providing an ensemble consisthgnore than 25 realizations of

climate change, to illustrate sources of unceiigsrin climate change projections.
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1. Introduction

The Baltic Sea region is a region with complex gapby regarding both land-sea
distribution and orographic features. Together Matfye differences in the precipitation
pattern between the various seasons this makesegen a suitable area for regional
climate model evaluation. The interactions betweaergy and water cycles and the
geography of this area have been investigated werak studies, in particular in the
context of the WCRP/GEWEX CSE BALTEX (e.g. Rascléeal., 2001). Coupled
regional climate models have been used to invdstityese interactions in the Baltic Sea
region (Jacob et al. 2001; Déscher et al. 20023tufes of the hydrological cycle in these
models have been evaluated against observatioagp@riments with so called perfect
boundary conditions (i.e. reanalysis data; cf. hiaagen et al., 2004, Jones et al., 2004a).
The models are able to simulate, for instancemhba features of the seasonal cycle of
precipitation. In addition to process studies, th®dels complement existing
observational networks, in particular over the Baffiea where stations are few (e.g.
Rutgersson et al. 2001). Precipitation in the BaBea runoff area determines, together
with the other components of the water budget,riber runoff to the Baltic Sea with
implications for salinity and water quality. Eldactty power production and risk of

damage by flooding are other important topics vhidjh societal and natural impact in



this area. River runoff to the Baltic Sea withie finamework of the PRUDENCE project

is discussed in Graham et al. (2006).

Within the European PRUDENCE project (Christengesl.e 2006) an ensemble of
regional climate change simulations, covering Eardms been produced with various
regional climate models (RCM) driven by a few glbblamate models (GCM) and two
emission scenarios. In the present study, we igagstthe simulated precipitation in the
Baltic Sea area in the different PRUDENCE RCMsa ffirst part of this work the model-
simulated present-day (1961-1990) climate is coegbato the observed climate.
Secondly, simulated climate change signals at tite & this century (2071-2100) are
compared to each other. Uncertainties resultinmfehoices of RCMs, GCMs, emission
scenarios, and internal variability for Europe aothregions based on the PRUDENCE
experiments are addressed in Déqué et al. (2006) Rowell (2006). Here, we
specifically study these uncertainties in projetsiof precipitation for the Baltic Sea
region. The results are put into a wider perspectly comparing RCM-simulated
precipitation changes with those from a set of GGMsed by four emission scenarios

(cf. Ruosteenoja et al., 2006).

2. Methods

We use data sets from ten RCMs that cover theeeB@itic Sea runoff area. In
addition to the eight PRUDENCE RCMs described inrisfensen and Christensen
(2006), HadRM3P (Jones et al., 2004b) and a versiddlRHAM operated at MetNo

(Hanssen-Bauer et al., 2003; in the following iBigalled HIRHAM-NO to distinguish



from HIRHAM-DK operated at DMI) has been used. Wnsider Arpége as being a
RCM even if it is a global model. Due to its sthetd grid it has about the same
horizontal resolution as the other RCMs in largeagaf Europe. All model results have
been interpolated onto a common regular latitudegitode grid with 0.5 degree
horizontal resolution. For a comprehensive desorpof the models and their ability of
simulating the present-day climate and uncertantie climate projections, see
Christensen and Christensen (2006), Jacob etGl6j2and Déqué et al. (2006).

There is one common experiment performed with REMs, in which the models
have been run with lateral boundary conditions ftammHadley Centre climate modeling
system HadCM3/HadAM3H (Pope et al. 2000; Gordoal.€2000) for one control period
(1961-1990) and one future time period (2071-210@)er the IPCC SRES A2 emission
scenario (Nakienovi et al. 2000). In addition to the common experimeotme RCMs
have been run with the B2 emission scenario. Aeme experiments have been made in
which the RCMs have been forced by boundary camustifrom other GCMs
(HadCM3/HadAM3P, Arpége/OPA, ECHAM4/OPYC3). Finallgome of the models
have been run with the same boundary conditionseamidsion scenarios but starting
from different initial conditions. Taken togethdrete are 28 realizations of climate
change including the entire Baltic Sea runoff area.

The common experiment is not strictly identical cssr the RCMs. First, the
horizontal domain of the RCMs varies. Second andenmaportantly, the SSTs and sea
ice conditions for the Baltic Sea and Kattegat aoé identical in all RCMs. RCAO
includes a regional ocean model (RCO) covering d@nés, thus providing its own SSTs

and sea-ice distributions to the atmospheric pathe model. RACMO has also been



forced with SSTs taken from the RCO in the A2 simtioh. Arpége uses SSTs and sea-
ice distribution either from observations (Smitha&t 1996) or, for the future period,
directly from HadCM3 or Arpege/OPA. In the HIRHAMKDsimulations with lateral
boundary conditions from ECHAM4/OPYC3, SSTs andisealistributions have been
taken from the oceanic part (OPYC3) of that mottelall other RCM simulations the
SST and sea-ice distributions have been taken fhentHadley Centre modeling system.
In the control run their SST and sea-ice distrimuitonsists of the HadlISST1 sea surface
observations (Rayner et al.. 2003). In the A2 sgeneuns, the SST and sea ice
distribution are obtained by adding to HadlSST1 ¢hange projected by the coupled
HadCM3 model, with the trend over the 30-year tstiee included in the change. In the
following the Hadley Centre SST and sea-ice datbbeireferred to as HCSST.
Present-day climate simulations from the RCMs apenmared with existing
climatologies for precipitation. For land-areasrsunding the Baltic Sea we use the
CRU TS1.0 climatology (New et al., 2000). This iigh-resolution (0.5 gridded data
set with monthly mean precipitation inferred fromrface-based observations. In
addition, we use the GPCPV2 data set (Huffman,l.et1897) consisting of gridded
monthly means at low resolution (2.®onstructed from both surface-based and satellite
observations. Correction factors based on a ddtaimalysis of the precipitation for the
years 1996-1998 by Rubel and Hantel (2001) have lsed to correct the GPCPV2
product for its entire period. The GPCPV2 data ardyer the time period 1979-1995.
We have used the observed precipitation from CRh¥itige the gap in time by dividing
the original GPCPV2 data with the total precipgatfrom CRU for 1979-1995 and then

multiplying it with the CRU precipitation for 1961990. For the Baltic Sea itself there



are not many surface observations, and there wesodtly on the GPCPV2 data which,

in this case, have not been corrected in any way.

3. Results and discussion
3.1. THE CONTROL CLIMATE

Figure 1 shows the RCM-simulated seasonal cycfgedipitation in the Baltic Sea
and in the runoff land area in the common contmpegiment together with the
observations and the simulated precipitation froendriving GCM. It can be seen that in
the land areas HadAM3H tends to overestimate teeitation during the winter half of
the year. The land-based uncorrected rain-gaugewsd by CRU have a problem with
undercatch especially during the winter half of §ear (Rubel and Rudolf, 2001,
Rutgersson et al., 2001). In the corrected and-#djested GPCPV2 data set this
problem is reduced, and compared to this datasesithulated precipitation is much
closer to the observations. The fact that the stadl precipitation is too high in winter
may be related to the somewhat too strong wesfély in the HadAM3H control
climate, importing too much moisture to northerndpe (cf. Jacob et al., 2006). During
summer the agreement is better; consequently thditade of the seasonal cycle is
underestimated. The timing of the seasonal cycleniggood agreement with the
observations.

Estimates of precipitation over the Baltic Sea jam@blematic due to the lack of
observations in open sea areas; coastal statiensfean more representative for land
areas (Rutgersson et al., 2001). Keeping this ditoih in mind we use the combined

GPCP data, for depicting the seasonal cycle ofipitation over the Baltic Sea (Fig. 1).



The observed seasonal cycle over the Baltic Sesathe over the surrounding land areas
with minimum precipitation in April/May and maximunm late summer and autumn

(Figure 1 and Table 1). The HadAM3H generally cafclthis behavior, although the

precipitation particularly during summer is too Wweampared to the observations. Part
of the underestimation may be spurious, due toitifleence of land-based stations

observing more precipitation during summer than twaetually falls over the sea

(Rutgersson et al.,, 2001). A minor part of the wadémation may be related to the
relatively short observational record (1979-199%)cording to the CRU data that period

was about 5% wetter than the period 1961-1990 dwitmmer and winter, at least in the
surrounding Baltic Sea runoff land area.

The ensemble mean of the RCM simulations closebgmbles the result from
HadAM3H, indicating the importance of the boundamgnditions. The difference
between the two is smaller than 5% for all monthherdand and somewhat larger over
the Baltic Sea with a maximum difference of 15%Miay. Differences between the
highest and lowest simulated monthly precipitatiorthe individual RCM experiments
are in the range 25-40%. During winter, precipitatover land is too high in several
RCMs, an error inherited from HadAM3H, Figure 1RHAM-DK, CHRM and CLM all
give less precipitation than the other RCMs, maordirie with the observations. On the
other hand, these models are too dry during tharemmonths, while the other RCMs
are closer to the observations (and HadAM3H). Thikerences between models and
observations imply that the amplitude of the seakoycle is underestimated in all of the
RCMs. The amplitude, here defined as the ratichef maximum to minimum monthly

precipitation, lies in the range 1.3-1.6 for thdiwidual RCMs, 1.5 for HadAM3H, the



corresponding observed ratio being almost 1.9 (B.§PCP (CRU). In simulations with
perfect boundary conditions the agreement betwe@gMdrand observed climatology is
better (cf. Hagemann et al., 2004; Jones et a04&)) especially when employing the
corrected GPCPV2 data. Over the Baltic Sea the lateul amplitude of the seasonal
cycle varies between 1.7 and 2.4 among the RCMsglie6 for HadAM3H, while the
observed amplitude is 1.9 (Table 1). All RCMs téadsimulate less precipitation than
observed during summer over the sea.

The bias of the simulated annual mean precipitagsrwell as its seasonal cycle, in
the Baltic Sea runoff area is geographically vdedhristensen and Christensen, 2006,
Jacob et al., 2006). In all models there is a viet I the entire region during winter. In
spring the wet bias gets smaller, especially softitine Baltic Sea. In summer there is a
dry bias to the south and east of the Baltic Sdalewnost models still show a wet bias
over much of Scandinavia. In autumn the overals hgasmall but positive in northern

Scandinavia and negative along the east coasedaltic proper.

3.2. THE SIMULATED FUTURE CLIMATE

In the common experiment, the RCMs project incréageecipitation over the
Baltic Sea during winter and on average only smiadéinges during spring (Figure 2 and
Table 1). In summer the difference between theatlnthange responses is very large. In
the majority of models precipitation increases IQy30%, while in the remaining two
there is only a small increase, 6% (RACMO), or ardase, 10% (RCAOQO). The reason
for the large increases in most models lies in lrge increase (around 6K) in the

HCSSTs during summer (JJA). RCAO simulates a mardast increase in summertime



SSTs, around 3K. The same SST is also used in RACKj€@lIstrom et al. (2005)
compares the simulation with RCAO used here topemment in which RCA2 (the
atmospheric component of RCAO) is forced by the BCSused by the other RCMs in
this study. They show that the large increase ifsS&uring JJA leads, not only to
increased precipitation, but also to unrealistiergy fluxes between the Baltic Sea and
the atmosphere in the uncoupled experiment with SIS Particularly they find that the
Baltic Sea acts as a net heat source to the atreaspluring summers that are relatively
cold. The largest increase of projected precigitain most models is confined to the
same areas of the Baltic Sea (Figure 3) coinciduittp the largest increase in SSTs
(Kjellstrom et al., 2005). Five other GCMs (see [Eab of Ruosteenoja et al., 2006),
forced by the SRES A2 scenario, show an increasieeilaltic Sea average near-surface
air temperature of 2.2-4.6 K, the correspondingriggfor HadCM3 being 5.6K.

In the common experiment all RCMs simulate incrdapeecipitation over the
Baltic Sea runoff land area (Figure 2). Increaseaninual precipitation are in the range 5-
15%. Wintertime precipitation increases by 20-332tiring summer precipitation is
either decreased or increased by at most 10% ext&EMO were it increases by 20%.
The large increase in summertime precipitation BEM® is due to the fact that this
model also uses the HCSSTSs for lakes. The resulinyg increase in lake temperatures
leads to large increases in precipitation partitylen lake-rich areas in Finland (Figure
3). Kjellstrom et al. (2005) show that in the unplead RCA2 experiment the very high
SSTs also lead to higher precipitation in the larghs surrounding the Baltic Sea. In that

study differences are less than 5% in the entin@ffuarea but locally, along the coastal
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regions, differences of more than 20% were foumnahil& features in precipitation along

the coastal regions are also seen in the other REMare 3).

3.3. INTERANNUAL VARIABILITY OF PRECIPITATION AND SSTs

The interannual variability of precipitation is @ierable. In the various RCMs the
standard deviation of the 30 seasonal averageth@éncommon CTRL experiment
expressed in percent lies in the range 10-25%hMBaltic Sea and its runoff land area.
In the common experiment the interannual varigbikt found to increase with climate
change. The variability reaches 25-40% during sumamel autumn, except in RCAO
and RACMO where it remains close to 20%. The ingeea variability in precipitation
in the other RCMs coincides with the large increase&SST and the increase in the
interannual variability of the SST. Further, therretation between the interannual
variability in SST and the interannual variability precipitation differs between the
RCMs (Figure 4). In HIRHAM-DK and CHRM it is relagly high; indicating that in
these models precipitation over the Baltic Seaerssiive to SSTs. In the other models
the degree of correlation is lower and in the Hgpd@entre models non-existing.
Interestingly, HIRHAM-DK and CHRM are the two modethat predict the largest
increases in precipitation, whereas the Hadley i€@embdels show the smallest increase
among the models forced by the high SSTs (Figurénd)he common experiment the
degree of correlation between the interannual leditia in SST and precipitation is in
most models higher in A2 than in CTRL. In the Hgd&entre models, the degree of
correlation is still small indicating that precigtion in these models is less sensitive to

SST forcing, at least for the Baltic Sea.
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3.4. ASSESSING UNCERTAINTIES IN THE CLIMATE CHANGEIMULATIONS

Even though PRUDENCE has provided a large matrigxgeriments, only some
models have been employed to perform both A2 andsiBflations, used boundary
conditions from more than one driving GCM, and added the sampling uncertainty.
But, even if the matrix were to be filled by addital simulations, uncertainty ranges
would still be limited. The three GCMs used in PRENDCE constitute only a small
subset of existing GCMs. While GCMs correspondeaathell in terms of global mean
temperature change (Cubasch et al., 2001), therragresponses in the global models
are sometimes very different (e.g. Raiséanen, 208&p, the uncertainty in the radiative
forcing is not fully covered by the A2 and B2 sceos To put the present RCM results
into perspective, we study responses of a wideols&CMs to four emission scenarios.
Figure 5 shows the change in precipitation in fexoeriments with HadCM3 forced by
the emission scenarios AlFl, A2, B2 and B1, andwix GCMs forced by the A2
emission scenario (cf. Ruosteenoja et al., 2006addition, we present ranges based on
the common experiment performed with nine RCMs.

The uncertainty due to choice of GCM is large ihs@asons, most notably in
winter when the six GCMs predict precipitation ieases between 10 and 40% but also
in summer with changes in the range of £12%. Tliferdince in radiative forcing also
contributes to the uncertainty, but in general l#sn the GCM uncertainty, except
during fall. The HadAM3H and HadCM3 responses aidyf different. One reason for
this could the different SSTs used (HadAM3H useeoll=d SST plus the simulated

change between scenario and control runs of HadCiYicularly during summer.
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Other possible explanations for the differenceslccdne different horizontal resolution
and/or different parameterizations in the two med@&iven the lateral boundaries from
HadAM3H, the RCMs project a range of precipitatoatranges. This range is smaller than
that from the six GCMs in winter, about equal irrisg, and larger in summer and
autumn. The very large range in summer and autgndioie to the fact that the treatment
of SST is different in the various models, as dised above. One group of RCMs
(RCAO and RACMO) employing lower SSTs simulate dpedcipitation change, in line
with most GCMs under different emission scenaribise other group consists of the
RCMs that are forced by the high SSTs, resultingubstantial increase of precipitation.
Figure 5 also shows how the sampling uncertaintpasifested in this region. For two
models, HIRHAM-DK and Arpege, there are three erldermembers differing only in
initial conditions. In general, the inter-RCM rasgbetween the three members are
smaller than the ranges due to choice of GCMs a@I& However, in summer there is
a rather large scatter between the three HIRHAM-BiKsemble members. This is
probably caused by the fact that Baltic Sea preatipn in this model is very sensitive to

the SSTs which differ between the three ensemblabmees.

4. Summary and conclusions

The simulated seasonal cycle of precipitation enBaltic Sea runoff area has been
compared to observations. HadAM3H employed to driR€Ms in the common
experiment overestimates precipitation in wintebjas that is also seen in the RCMs. In
the land areas studied, however, the RCM mean ptaton differs from observations

by less than 15% for any individual month. Eveth# agreement between the ensemble
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mean and the driving GCM is good, there is a caraiole spread among different
RCMs; when studying seasonal averages, the waiéMs simulate about 40% more
precipitation compared to the driest one.

In the common experiment, the precipitation in Beltic Sea runoff land area
increases by 5-15% annually in the different RCMgst RCMs project increases in
each month between October and May with the largestases during the winter
months. In summer the overall climate change sighahore complex with increasing
precipitation in the north and decreasing prediitain the south. Since these increases
and decreases differ between the models, as deelotiderline between increase and
decrease, some RCMs project area-integrated ireseisms precipitation while others
project decreases.

For the future climate, it is shown that the SSThaf Baltic Sea has an impact on
projections of precipitation change. In particultre SSTs derived from the driving
global model in the common experiment are very liighng summer and fall and induce
a very large increase in precipitation (30-80%j)he RCMs. Moreover, it is shown that
these models respond differently to the increasg€tisSSome models are more sensitive
and show a high degree of correlation between antaral variability in SSTs and
precipitation already in the control climate. IretlA2 scenario these are the models
projecting the largest increase in precipitatiam.cbntrast to this, some models show
almost no correlation between the SST and pretipitarariability and likewise simulate
a smaller increase in precipitation in the scenario Two RCMs have been forced with

much lower SSTs, which have previously been shawbe more in balance with the
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atmosphere. These two models show either a veril srogease or a decrease in summer
precipitation over the Baltic Sea.

We have also investigated uncertainties in theggtmns of precipitation change in
the Baltic Sea region due to other sources thdardiices in RCMs. We have found that
the uncertainty due to the choice of GCM is highipalarly in winter. The uncertainty
in the future radiative forcing is found to be masiportant in the autumn when it
coincidentally is comparable to the GCM uncertairifiilte sampling uncertainty, albeit

not negligible, is not dominating during any season
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Figure captions

Figure 1. Seasonal cycle of precipitation over the Baltic 8g#ff land area (left) and
over the Baltic Sea (right). The shaded area atidlife represent the maximum,
minimum and mean of the common CTRL experimentse @lashed line shows the
HadAM3H simulation. The dash-dotted line depicte tBRU and the dotted line the

GPCP observations. Unit: mm/month.

Figure 2. Change in the seasonal cycle of precipitation dlerBaltic Sea runoff land
area (left) and over the Baltic Sea (right) in teenmon A2 experiment. The shaded area
and full line show the maximum, minimum and mearthaf ensemble. The dashed line

shows the HadAM3H simulation. Unit: %.

Figure 3. Relative changes in summer (JJA) precipitation fr@MRL to A2 in the
common experiment in the various RCMs. Change$eéngray areas are less than 5%.

Unit; %.

Figure 4. Annual increase in precipitation over the BalteaSor the seven RCMs using

HCSST. The increase is plotted against the comeldtetween interannual variability in

SST and precipitation over the Baltic Sea in CTRL.

Figure 5. Area-averaged seasonal precipitation projectionghfe Baltic Sea. From left

to right, the columns of symbols present: i) préatpn responses to A1FI, A2, B2 and
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B1 scenarios simulated by HadCMa3, ii) precipitatiesponses to A2 scenario simulated
by six GCMs, iii) precipitation responses to A2 isa@ego in the various RCM simulations
driven by HadAM3H and iv) the three HIRHAM-DK and@ege ensemble responses to
A2 scenario, driven by HadAM3H. To facilitate ireetation, all GCM projections are
denoted by black, RCM projections by red symbdl.Refers to the A2-forced HadCM3,
(*) to the corresponding HadAM3H experiment) to HIRHAM-DK and (J) to Arpege.

All other model projections are denoted by (+). tJ%.
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