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1 Introduction

In the Nordic Project on Climate and Energy (€Bhe widely utilized so called Production
scenarios were based on simulations performed with two regional climate models (RCMs): the
Swedish RCA model and two versions of the HIRHAM model, one employed in Denmark and
the other in Norway (RUMMUKAINEN, 2006). In these experiments, two alternative IPCC
(2001) SRES emission scenarios and boundary data from two global climate models (GCMs)
are applied. Accordingly, these simulations comprise only a small subset of possible future
evolutions. DEQUE et al. (2006) report that differences between the simulations arising from
the driving GCM are generally larger than those due to the internal structures of RCMs.

The first purpose of the present work is to put those RCM simulations into a wider perspective
by formulating near-surface (2 m) air temperature and precipitation projections that are based
on experiments performed with six coupled atmosphere-ocean GCMs. These GCMs represent
climate sensitivities and patterns of change that are much more variable than those in the two
GCMs employed to drive the CE RCM simulations. Projections are composed, in addition to
the intermediate A2 and B2 scenarios used in the CE Production scenario simulations, for two
extreme scenarios, the B1 scenario representing a very low and the A1FI scenario extremely
high emissions of greenhouse gases. In addition, we present some projections that are based
on the large suite of RCM runs patrticipating in the PRUDENCE project (CHRISTENSEN et
al., 2006).

Projections are presented for two future 30-year time spans, 2021-2050 and 2070-2099 (for
RCMs the latter period is 2071-2100), relative to the baseline period 1961-1990. All the pro-
jections are presented as domain averages for a number of discrete regions of subcontinental
or smaller scale, together covering the CE study domain. Six of these regions (see acronyms
in the caption) are depicted in Fig. 1. In addition, projections are composed for the large
Northern Europe continental region (“NEU”) that is a combination of regions “SCA”, “FEN”

and “BAL".

For each regional projection, both the mean estimate and a 95% probability interval will be
reported. The statistical significance of the projections is assessed by comparing the mean
estimate with a measure of internal variability of the climate system, derived from millennial
unforced simulations performed with two GCMs.

The B1- and Al1FI-forced simulations are not available for most of the six GCMs. Thus pattern
scaling from the existing simulations has to be employed to compose projections correspond-
ing to these forcing scenarios. Analogously, for the PRUDENCE RCMs, projections for the

thttp://www.os.is/ce/
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Fig. 1. Regional subdivision applied to represent the GCM- and RCM-based climate projections.
GRO = Greenland, ISL = Iceland, SCA = Scandinavia, FEN = Fennoscandia, OST = Baltic Sea,
BAL = Baltic area.

period 2021-50 are scaled from the simulations for 2071-2100.

In several applications of climate data, information about changes in the mean state is not
adequate. Therefore various indices related to frost, snow and heavy precipitation etc. have
been developed. In this account, changes in several relevant climate indices from the baseline
period to the time span 2071-2100 have been derived from the suite of RCM A2 and B2
simulations. The relationship between those indices and mean temperature and precipitation
is not necessarily linear. Therefore no attempt has been made to scale these indices to the
extreme SRES scenarios or to the first scenario period.

The methodology employed to construct the climate projections is presented in section 2.
Many of these tools have been developed to be used jointly in the PRUDENCE and CE
projects; in those cases, details reported in our PRUDENCE papers (RUOSTEENOJA et al.,
2006, hereafter referred to RJT06; JYLHA et al., 2006) are not repeated here. A brief analysis
of the probabilistic mean temperature and precipitation projections is given in section 3, while
changes in the climate indices are discussed in section 4. Tables including a complete set of
regional mean temperature and precipitation projections are presented in the Appendix of this
report.

2 Methodology

2.1 Models analyzed

Information about the GCMs and the runs performed is given in Table 1. Further details
and references to model documentation can be found in MCAVANEY et al. (2001). The



responses to the A2 and B2 forcing scenarios have been simulated with all GCMs. The low-
forcing B1 response was available for HadCM3 and CSIRO Mk2, while the high-forcing A1FI
response was only available for HadCM3. Furthermore, HadCM3 was the only model for
which ensemble runs were available, the ensemble size being 3 runs for the A2 and 2 runs for
the B2 scenarfo

The RCM runs analyzed in this study are listed in Table 2. Most RCMs contain an atmospheric
component only (in two RCMs a submodel for the Baltic Sea was utilized), the sea surface
data and atmospheric lateral boundary values being derived from a global GCM. Experiments
driven by the HadCM3/HadAM3 modelling system have been conducted with all the RCMs,
but there are only two models (HIRHAM (dk) and RCAQO) for which ECHAM4/OPYC3-
forced runs are available. Arpége/OPA has been employed as a driving model by one RCM
only. All models have been used to calculate the response to the A2 forcing, while B2 runs are
available for a minority of them.

2.2 Super-ensemble pattern-scaling to construct B1 and A1FI projec-
tions

Except for two GCMs out of six, only responses to the SRES A2 and B2 forcing scenarios
have been simulated (see Table 1). In order to formulate projections for the highest (A1FI) and
lowest (B1) scenarios, a super-ensemble pattern-scaling technique has been developed. This
method uses linear regression to represent the relationship between the local GCM-simulated
temperature/precipitation response and the global mean temperature change simulated by the
simple MAGICC climate model (RAPER et al., 2001). For a detailed description and an
performance analysis of the method, the reader is referred to RJTO6.

2.3 Pattern-scaling with respect to time

Apart from the transient ECHAM4-forced simulations by RCAO, no RCM-simulated data are
available in the CE project for time spans earlier than 2070. Therefore, in order to compose
RCM-based temperature and precipitation projections for earlier periods, responses calculated
for the periods 2070-2099 or 2071-2100 must be scaled in time.

Temporal scaling is based on the simple approach proposed by CHRISTENSEN et al. (2001):

AX(t) = aAX (o) (1)

2In contrast to some earlier work plans of the CE project, we have included these HadCM3 parallel runs in
our analysis instead of HadAM3; HadAM3 is not a coupled GCM since there is no oceanic component.
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Table 1. Coupled GCMs analyzed for the CE project. Column 1 gives the model acronym and
column 2 the country where the model was developed. To illustrate the model resolution, the hor-
izontal grid distance in the north-south x east-west direction (GRID) and the number of model

levels in the vertical (L) are given. The last column gives the SRES scenarios for which runs were
performed.

MODEL COUNTRY GRID L SCENARIOS
CGCM2 Canada 3.8x3.8 10 A2,B2

CSIRO Mk2 Australia 3.2x56° 9 A2,Bl,B2
ECHAM4/OPYC3 Germany 28x28° 19 A2, B2

GFDL R30 US.A. 2.2x38° 14 A2,B2

HadCM3 United Kingdom 2.5 x 3.8° 19 AlFI, A2, B1, B2
NCARDOE PCM U.S.A. 2.8x28° 18 A2,B2

Table 2. The RCMs employed in this CE account, with the following characteristics defined: the
model acronym (MODEL), country of origin (COUNTRY), horizontal resolution (RESOL) and
the number of levels (L). The final column gives the global models which provided the driving

data for the RCM run and the SRES scenarios for which experiments have been performed. For
further information, see DEQUE et al. (2006).

MODEL COUNTRY RESOL L DRIVING MODELS (SCENARIOS)

HIRHAM (dk)  Denmark 49 km 19 HadCM3/HadAM3H (A2), ECHAM4 (A2; B2)
HIRHAM (no)!  Norway 56 km 19 HadCM3/HadAM3H (A2; B2)

HadRM3P Britain 49 km 19 HadCM3/HadAM3P (A2; B2)

CHRM Switzerland 56 km 20 HadCM3/HadAM3H (A2)

CLM Germany 56 km 20 HadCM3/HadAM3H (A2)

REMO Germany 56 km 19 HadCM3/HadAM3H (A2)

RCAO Sweden 49 km 24 HadCM3/HadAM3H (A2; B2), ECHAM4 (A2; B2)
PROMES Spain 50 km 28 HadCM3/HadAM3H (A2)

RACMO Netherlands 49 km 31 HadCM3/HadAM3H (A2)

Arpégée France 50-70km 31 HadCM3/HadAM3H (A2; B2), Arpége/OPA (A2; B2)

! Norwegian HIRHAM runs (ENGEN-SKAUGEN et al., 2005) were not available for PRUDENCE, and thus
that model is not included in the analysis of section 3.

2 For ECHAM4/OPYC3, the HIRHAM (dk) and RCAO simulations employ boundary data from a different
ensemble member.

3 Arpége is actually a global model with spatially-varying grid size. The 50—70 km grid is employed over Europe.
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Fig. 2. Scaling coefficients employed to compose temperature and precipitation change projec-
tions for individual 30-year periods inside the interval 1961-1990 — 2070-2099, relative to the
baseline period 1961-1990. Red curves display the scaling coefficients for the A1FI scenario,
black, green and blue curves for the A2, B1 and B2 scenarios, respectively. Coefficients are given
separately for four GCMs (HadCM3, CSIRO-Mk2, NCAR DOE PCM and ECHAM4/OPYC3);

in practice, curves for the various models deviate little from one another.

whereA X is the local or regional temperature or precipitation response relative to the baseline
period 1961-1990¢, refers to the period 2070-2099 (or 2071-2100) atalthe tridecadal
period for which the scaled response is estimated. The temporal scaling coeffitaduet the

form
(AT(1))
o= -———"C 2
(AT (k) @
where the global mean temperature chaqgy&’) is adopted from the MAGICC climate model
(RAPER et al., 2001). Accordingly, in employing this technique we assume that the local tem-
perature and precipitation responses are linearly proportional to the global mean temperature

response.

Temporal scaling coefficients for the four GCMs for which MAGICC emulations were avail-
able are depicted in Fig. 2. Coefficients for the various GCMs are very close to one another. In
both B scenarios, the temporal evolution of global mean temperature is nearly linear in time,
whereas in the A scenarios warming tends to accelerate towards the end of the period.

In practice, the procedure for calculating the temporally-scaled responses is following. First,
one must havé\ X for the period 2070-2099. For SRES scenarios with no RCM runs avail-
able, that response can be generated by the super-ensemble pattern-scaling method (section
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2.2). Second, this temperature or precipitation response for the period 2070-2099 is multi-
plied by the temporal scaling coefficient (2) corresponding to the respective time span, SRES
scenario and driving GCM.

In the Appendix, regional RCM temperature and precipitation responses to the A2 scenario
are given for the time spans 2021-2050 (temporally scaled) and 2071-2100 (directly from the
model simulation).

A disadvantage of the above procedure is that for the A2 and B2 scenarios the temporally-
scaled response is determined by a single modelled pak&r(t,), which increases the pro-
portion of noise in the scaled response. Noise might be reduced by employing the super-
ensemble regression equation to consteNéf (¢y) for these scenarios as well, but this ap-
proach may produce biased results if the relationship between the local response and the global
mean temperature change is strongly nonlinear.

2.4 Construction of 95% probability intervals for regional projections

Owing to the small number of GCMs analyzed (six), the GCM projections applied as such do

not give a statistically representative picture of regional climate change. Instead, we have fitted
the normal (Gaussian) distribution to the set of model projections. In general, the projections
appeared to follow the normal distribution fairly well (RJTO06), although there are some cases

in which the fit is less successful (section 3).

Utilizing the Gaussian approximation, we can construct 95% probability intervals for the tem-
perature and precipitation change:

IﬁkT = AT, + 1.965]47,?; [ﬁkp =AP;, £ 1.963347,? 3)

where the subindiceg and k refer to the seven regions and four seasons, respectively. The
overbar stands for a mean over the six modefsy the standard deviation. In calculating the
means and standard deviations, HadCM3 ensemble runs have been given a double total weight
compared to the other GCMs.

For the RCM-based probability intervals, two versions were calculated. The first one was
inferred directly from the HadCM3/HadAM3-forced RCM runs. Another version emulates an
extended set of RCM runs forced by three GCMs: HadCM3, ECHAM4 and Arpége. Since,
for most of the RCMs, no runs applying the two latter boundary models have been performed,
the set was synthetically extended to cover these missing runs; details are explained in RJTO6.
In calculating the RCM temperature and precipitation responses, for the HIRHAM model we
merely used the Danish version.
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2.5 Comparison of climate change signal with spread due to internal
variability

In order to assess the statistical significance, projected temperature and precipitation responses
were compared with the magnitude of internal variability in millennial control simulations
performed with HadCM3 and CGCM2. In analyzing the statistical significance of the model-
simulated climate change, one needs an estimate of the internal variability on the equivalent
temporal scale. Accordingly, standard deviations of temperature and precipitation were calcu-
lated from a series of 30-year temporal averages of regional-mean values. Finally, the stan-
dard deviations were multiplied by2 to give an expectation for thdifferencebetween two
arbitrarily-chosen 30-year means.

2.6 Computation of climatic indices

Changes in indices related to frost, snow and heavy precipitation in the Nordic mainland at
the end of the 21st century were analyzed based on experiments performed with an extensive
suite of RCM simulations (Table 2). In this analysis both versions of HIRHAM were included.
The following indices were considered: the annual number of frost days (FD, i.e., days with

a minimum air temperature 0°C); the dates of the first autumnal and the last vernal frosts;
maximum one-day precipitation; maximum number of consecutive dry days; the number of
days with snow cover (SCD, i.e., days with the simulated snow water equivalérg/n?).

Future changes in these indices have implications for hydropower resources and heating energy
demand.

The projected changes for the period 2071-2100, compared to the baseline period 1961-1990,
are given as domain averages over three sub-regions of the CE study domain (Fig. 1): “SCA’,
“FEN”, and “BAL’ (the computational domain of the PRUDENCE RCM simulations does

not cover Iceland and Greenland). Domain-averaging enabled straightforward comparisons
of the various RCM experiment, but required that the indices be interpolated onto a common
geographical latitude-longitude grid. Before calculating the indices related to frost, all simu-
lated daily minimum temperature data were adjusted to reduce the influence of differences in
topography between the regular geographical grid and the native RCM grids (for details, see
JYLHA et al., 2006).
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3 Regional temperature and precipitation projections

Figures 3—4 illustrate GCM-based 95% probability intervals of temperature and precipitation
change for period 2070-2099; projections are given here for three example regions, north-
ern Europe (NEU), Iceland (ISL) and Greenland (GRO). Also depicted in the figures is 1.96
times the standard deviation of the difference between two arbitrarily-chosen 30-year means.
This measure of internal variability is an average of the estimates given by the HadCM3 and
CGCM2 control simulations. Responses outside those bars can be considered statistically sig-
nificant at the 5% level.

In Fig. 3, the best estimates for the temperature change, or the medians of the probability inter-
vals, are distinctly statistically significant, warming being stronger in winter than in summer.
The six-GCM mean warming is a monotonous function of the strength of the radiative forcing,
the A1FI forcing producing a warming nearly double that of B1. However, the probability in-
tervals are quite broad, reflecting the large scatter among the various model simulations. The
probability intervals representing different forcing scenarios thus overlap strongly.

The 95% probability intervals for precipitation change are presented in Fig. 4. As far as best
estimates are considered, precipitation is projected to increase. In northern Europe strongest
increase is projected for winter, in Greenland for summer and winter and in Iceland for inter-
mediate seasons. Statistical significance of the precipitation change is lower than that for the
temperature increase.

Calculation of the probability intervals by Eq. (3) calls for that the distribution of individual
GCM responses is sufficiently close to normal. As discussed in RJTO06, this approximation
ordinarily holds. However, there are individual cases in which one of the GCMs yields a sim-
ulation that deviates markedly from the remaining ones, making the distribution significantly
skewed. A striking example of a situation is the Iceland temperature response in winter and
spring (see the second panel of Figs. 3). One anomalous model, in this case NCAR DOE
PCM, spuriously widens the probability interval labthends. Thereby the lower end of the
interval becomes negative, although all individual GCMs project distinct warming. In the ab-
sence of such an outlier, the width of the interval would be reduced much, and even the lower
end would be positive. Accordingly, the Gaussian distribution is not a particularly good tool
for studying such a special case. Another example of that problem is the wintertime precip-
itation change in northern Europe, where ECHAM4 simulates a very large relative increase
(more than 50%) compared to the other GCMs. If a larger suite of GCMs were available, the
contribution by such outliers would be reduced.

3In NCAR DOE PCM, the edge of wintertime sea ice is apparently located south of Iceland in the control,
north of Iceland in the future climate.
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Fig. 4. GCM-based seasonal precipitation change projections for Northern Europe (region
“NEU”, upper left panel), Iceland (region “ISL”, upper right panel) and Greenland (region
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The complete set of projections for the seven regions is tabulated in the Appendix. The tables
include both the median estimates and the 95% probability intervals of temperature and pre-
cipitation change for the two projection periods. GCM-based projections are given for four
SRES scenarios, RCM-based merely for the A2 scenario. A measure of internal variability is
included to help assessing the signal-to-noise ratio of the projections.

Median temperature projections are statistically significant almost invariably. The only excep-
tions are the RCM-based projections for the Scandinavian region in winter and GCM-based
projections for Iceland in spring, both of these solely for the first scenario period. Apart from
Iceland (and winter of the 2021-2050 period for the “BAL’ region under one scenario), both
ends of the probability interval of temperature change are positive. Compared to the six-GCM
projections, the PRUDENCE RCMs tend to project a weaker warming for winter and to some
extent for spring. This holds both for the HadAM-forced RCMs and for the expanded set. In
other seasons there is no systematic difference. For precipitation, the GCM and RCM projec-
tions are fairly consistent.

Median projections for precipitation change are not significant in several cases, especially so
in summer. In Greenland by 2070-2099, however, precipitation is projected to increase signif-
icantly in all seasons. The 95% probability intervals typically intersect the zero line. Conse-
quently, generally the sign of the future precipitation change cannot be established firmly.

Investigation of the projections shows that for the period 2021-2050 responses to the various
forcing scenarios do not diverge markedly, whereas much larger differences are seen for the
period 2070-2099.

4 Projected changes in climatic indices

In this section we discuss projected changes in a set of indices related to frost, snow cover and
precipitation over the sub-domains SCA, FEN and BAL for the period 2071-2100. Unlike in
the previous section, these projections are based on RCM experiments only. The acronyms
for the individual RCM simulations use the conventions “RCM name — GCM — scenario”.
The code H refers to HadAM3H and E to ECHAM4/OPYC as the GCM providing the lateral
boundary conditions.

The average annual numbers of frost days (FD) and days with snow cover (SCD) are projected
to decrease by 20 — 40% over the sub-regions “SCA’ and “FEN”, with a tendency to some-
what larger reduction over “BAL” (Fig. 5). The sign of the trends is consistent across all model
simulations considered, irrespective of the forcing scenario and the driving GCM. Nonethe-
less, the ECHAM4/OPYC-driven RCM simulations produced larger changes in the indices



18

than the HadAM3H-driven ones, and the B2 radiative forcing resulted in smaller responses
than the A2 forcing. In the BAL region, in particular, the projected annual mean decreases in
FD were closely related to simulated increases in the DJF means of daily minimum temper-
ature. Changes in SCD were clearly correlated with percentage decreases in the mean snow
water equivalent, especially in the SCA and FEN regions (not shown). Reductions in the num-
ber of frost days lengthened the summer-time frost-free season: the date of the first autumnal
(last vernal) frost was projected to occur two to five weeks later (earlier) than at present.

A trend towards heavier one-day precipitation amounts is rather robust in “SCA” and “FEN”
in all seasons and in “BAL" during winter and spring (Fig. 6). The 30-year means of the
winter and spring maximum one-day precipitation totals (designated as R1d) increase in every
model experiment and sub-domain, the projected changes ranging up to 40% over “FEN” in
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Fig. 5. Projected changes (%) in the annual mean number of (a) frost days and (b) snow cover
days over regions “SCA”, “FEN” and “BAL’ for the period 2071-2100, relative to the mean of
1961-1990. The symbols refer to the various RCM experiments (see legend). The acronym of each
experiment includes the RCM name, the driving GCM (H for HadAM3H, HP for HadAM3P, E

for ECHAM4/OPYC), the SRES scenario (A2 or B2) and the number (in parentheses) of ensemble
simulations. For each region, the individual experiments are shown in five vertical columns from
left to right as follows: 1 (2): RCM-H-A2 with (without) parallel ensemble members, 3: RCM-
E-A2, 4. RCM-H-B2, 5: RCM-E-B2. The coloured symbols refer to experiments employed to
construct the CE Production Scenarios. Note that the set of experiments was not exactly the same
for (a) and (b). See Table 2 for information about the RCMs.
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For notations and details, see Fig. 5 and Table 2.
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winter. In summer in “BAL”, however, the inter-model scatter is very large, and even the sign

of the change is somewhat uncertain. The ECHAM4/OPYC-driven RCM simulations project
larger changes in winter R1d than the HadAM3H-driven ones. This appears to be related to
different responses in the wintertime atmospheric circulation in the two GCMs (RAISANEN

et al., 2004; CHRISTENSEN and CHRISTENSEN, 2006; DEQUE et al., 2006). In other
seasons the driving GCM had a less pronounced effect on the projected changes in R1d. When
driven by the A2 forcing, the RCMs generally projected larger wintertime changes than they
did under the B2 forcing. In summer (and in “FEN” and “BAL” in spring and autumn as well),

the influence of random internal climate variability is so strong that the difference between the
A2 and B2 responses is not clearly discernible.

The projected changes in R1d are closely correlated with simulated changes in mean precip-
itation (not shown). In winter the mean precipitation tends to increase more (in %) than the
one-day extremes, the situation being vice versa in the other seasons. For “BAL’ in summer,

it was found that the models suggesting decreases in R1d (Fig. 6) produced even larger reduc-
tions in the mean precipitation, while several experiments with negligible changes in the mean
nonetheless yielded increases in the one-day extreme. These findings are in agreement with
BENISTON et al. (2006) and CARTER et al. (2005). On the other hand, future changes in
droughts in the three sub-domains are highly uncertain as both decreases and increases were
projected for the mean annual maximum length of dry periods by the various RCM simulations
(not shown).

5 Summary and discussion

In the CE project, the production scenarios are based on RCM simulations with boundary data
from two global models. Moreover, only two SRES scenarios have been examined. Conse-
guently it is clear that these simulations cannot comprise the full uncertainty of future climate
evolution.

In this report, climate projections for two tridecadal periods of the 21th century are constructed
for seven discrete regions, covering Nordic and Baltic countries, north-western Russia and
Greenland. Mean temperature and precipitation projections are based on six global coupled
GCMs employed in the third assessment report of IPCC (2001). For comparison, projections
derived from a set of RCMs participating in the PRUDENCE project are formulated as well.
GCM projections are composed for four SRES scenarios: AlFl, A2, B2 and B1. For most
of the models the A1FI and B1 projections are calculated applying a super-ensemble pattern-
scaling method. RCM projections are only given for the A2 scenario, responses for the first
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scenario period 2021-2050 being scaled in time from responses for the period 2071-2100.
Examples of the regional projections are illustrated in section 3, while the full set is tabulated
in the Appendix.

For several practical applications, changes in the frequency or amplitude of a certain meteoro-
logical phenomenon may be of larger interest than changes in the time-mean climate. Accord-
ingly, section 4 of this report presents projections for climatological indices related to frost,
snow and heavy precipitation. These indices are calculated for the Nordic mainland from the
PRUDENCE RCM data.

The best estimates of temperature change, i.e., the six-GCM weighted mean responses, were
found to be statistically significant almost invariably. Warming is generally stronger in winter
than in summer. For the period 2070-2099, the A1FI forcing produces a warming nearly dou-
ble that of B1. Still, the 95% probability intervals representing the various forcing scenarios
overlap strongly.

Projected changes in the mean precipitation remain statistically insignificant in several cases,
especially so in summer. The 95% probability intervals of temperature change typically inter-
sect the zero line, i.e., the sign of the future precipitation change cannot be established firmly.

In winter and to some extent in spring, the RCMs employed for composing the CE produc-
tion scenarios (RUMMUKAINEN, 2006) tend to simulate somewhat weaker warming than the
present GCM median estimate, while their simulated precipitation increase is stronger. This
especially holds for the A2 scenario. On the other hand, in summer the CE production scenar-
ios for precipitation have a dry bias. In other cases systematic differences are fairly small, but
there is a large scatter among the various CE RCM precipitation projections.

In accord with the general warming trend, the annual number of frost days tends to decrease by
20-50% from 1961-1990 to 2071-2100, some simulations giving even stronger reduction for
the Baltic countries. The summer frost-free season is lengthened by 2-5 weeks at both ends.
The number of snow cover days is reduced by 20-40% in Scandinavia and Fennoscandia,
by 30-60% in Baltic countries. For both indices, ECHAM4-driven RCM experiments yield
stronger responses than the HadAM3-driven ones.

In Fennoscandia, the seasonal maximum one-day precipitation increases by about 10-30%, in
winter possibly even more. In summer, maximum precipitation tendencies are stronger than
those in the mean precipitation. In the Baltic and Scandinavian regions, tendencies in the
summertime maximum precipitation are weaker than those in Fennoscandia, but a tendency
toward a more extreme summer precipitation climate is apparent anyhow.
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Appendix: Regional projections tabulated

Temperature projections for the seven regions defined in section 1 are listed in Table Al,
precipitation responses in Table A2. GCM-based projections (columns 2-5) are given sepa-
rately for four SRES forcing scenarios (A1FI, A2, B2, B1). Columns 6—7 include the RCM-
based projections, derived from the suite of HadCM3-forced PRUDENCE RCM simulations
(RCMHAD) and from the extended set including (real or surrogate) simulations with three
boundary models (RCMEXT; see section 2.4). PRUDENCE RCMs do not cover Iceland and
Greenland. For all projections, the median estimate is given, with the 95% probability interval
parenthesized. Projections that are based entirely or partly on approximative pattern-scaled
responses are italicized: RCM projections for the period 2021-2050 are scaled in time (sec-
tion 2.3), while GCM responses to the A1FI and B1 scenarios for most of the GCMs are
scaled applying the super-ensemble method (section 2.2). Projections are given separately for
two time spans (2021-2050 and 2070-2099, the baseline period being 1961-1990) and four
seasons. The last column includes the 97.5% quantile for the difference between two indepen-
dent tridecadal means, derived from internal variability in millennial GCM runs (section 2.5).
Projections with the absolute value exceeding that measure of internal value are statistically
significant at the 5% level and are denoted by an asterix.
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Table Al. Seasonal temperature responses for the regions shown in Fig. 1. Un@.

REGION NEU
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2  RCMEXT-A2 __ INT.VAR
DEC-FEB
2021-2050 | *3.0(1.3-4.6) *2.6(0.8—-4.4) *2.6(1.2-4.0) *2.4(1.0-37) *1.5(1.3-18) *1.7(1.1-2.3) 15
2070-2099 | *7.5(52-9.7) *6.1(4.6-7.6) *45(2.6-6.4) *3.9(24-53) *45(38-52) *50(3.2-6.7)
MAR-MAY
2021-2050 | *2.4(0.6-4.1) *2.2(0.7-3.6) *2.1(0.1-4.0) *1.9(0.5-3.4) *1.3(1.1-16) *1.4(09-1.9) 1.1
2070-2099 | *6.2(3.2-9.3) *5.0(2.8-7.2) *3.9(1.7-6.2) *3.2(1.4-50) *3.9(3.2-46) *4.1(2.7-5.5)
JUN-AUG
2021-2050 | *1.8(1.1-2.6) *1.6(0.9-2.3) *16(1.0-2.2) *1.4(0.9-1.9) *1.1(0.7-16) *1.2(0.7-1.7) 05
2070-2099 | *4.6(2.6—-6.5) *3.7(2.1-53) *2.8(14-4.1) *2.4(1.1-37) *3.3(21-45) *35(2.1-4.9)
SEP-NOV
2021-2050 | *2.0(1.1-2.9) *1.9(0.9-2.9) *1.7(0.7-27) *1.6(0.9-2.4) *15(12-19) *15(1.1-19) 07
20702099 | *5.4(3.4-7.4) *44(2.8-61) *3.2(1.9-45) *2.7(1.6-3.8) *4.4(3.4-54) *45(3.2-5.7)
REGION SCA
GCM-ATFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2  RCMEXT-A2 __ INT.VAR
DEC-FEB
2021-2050 | *2.5(1.7-3.3) *22(1.3-3.2) *2.2(1.3-3.1) *2.0(1.3-27) 1.3(1.1-15)  14(0.8-2.0) 15
2070-2099 | *6.4(5.2-7.5) *5.3(4.4-6.2) *3.8(2.7-50) *3.3(2.5-4.1) *3.7(3.1-42) *4.1(2.3-5.9)
MAR-MAY
2021-2050 | *2.2(0.6-3.7) *2.0(0.6-3.3) *1.8(0.1-3.6) *1.7(0.4-3.1) *1.2(0.9-15) *1.3(0.8-1.8) 1.2
2070-2099 | *5.7(3.2-8.1) *4.6(2.8-6.3) *3.5(1.6-54) *3.0(1.5-4.4) *3.5(2.7-4.2) *3.8(2.2-5.4)
JUN-AUG
2021-2050 | *1.7(1.1-2.2) *15(0.9-21) *15(1.0-1.9) *1.3(0.8-17) *1.1(0.8-14) *1.1(0.7-1.6) 05
2070-2099 | *4.3(2.9-56) *35(2.3-47) *2.6(17-3.6) *2.2(1.3-3.1) *3.2(22-4.1) *3.4(2.1-4.6)
SEP-NOV
2021-2050 | *1.8(1.2-2.5) *1.7(0.8-27) *16(0.9-2.2) *15(0.9-2.0) *1.4(1.1-18) *1.4(1.0-1.8 07
2070-2099 | *4.9(3.6-6.2) *4.0(2.8-52) *2.9(2.0-3.8) *2.5(1.7-3.3) *4.2(3.1-52) *4.2(3.1-5.4)
REGION FEN
GCM-ATFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-AZ  RCMEXT-A2 __ INT.VAR
DEC-FEB
2021-2050 | *3.5(1.3-5.6) *3.0(0.6-55) *3.0(1.3-47) *2.8(1.1-45) *1.8(15-21) *2.0(1.3-26) 1.7
2070-2099 | *8.8(5.5-12.0) *7.1(4.8-9.4) *54(2.7-8.1) *4.6(25-6.7) *52(43-6.2) *57(3.9-7.6)
MAR-MAY
2021-2050 | *2.6(0.6—-4.6) *2.4(0.9-4.0) *22(0.0-45) *2.2(04-39) *15(11-19) *15(1.1-20) 1.2
2070-2099 | *7.0(3.4-10.6) *55(3.0-8.1) *4.4(1.8-7.0) *3.7(1.4-59) *4.4(3.2-55) *45(3.1-509)
JUN-AUG
2021-2050 | *1.9(1.2-2.7) *17(0.9-24) *17(11-23) *15(1.0-2.0) *1.1(0.7-15) *1.2(0.8-1.6) 05
2070-2099 | *4.7(2.6-6.9) *3.8(2.0-56) *2.8(1.4-4.3) *25(1.0-4.0) *3.3(22-4.4) *3.4(2.2-4.6)
SEP-NOV
2021-2050 | *2.3(1.1-3.5) *2.1(0.8-3.3) *19(0.6-3.2) *1.9(0.9-2.9) *1.6(12-20) *1.6(1.2-2.0) 08
2070-2099 | *5.9(3.4-8.3) *4.8(2.8-6.9) *3.5(1.8-52) *2.9(1.6-4.3) *4.6(3.5-58) *4.8(3.5-6.0)
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REGION BAL
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2  RCMEXT-A2 __ INT.VAR
DEC-FEB
2021-2050 | *3.1(0.1-6.0) *27(-02-5.6) *2.7(0.1-52) *2.5(0.1-4.8) *17(1.4-21) *18(1.2-24) 15
2070-2099 | *7.5(3.6-115) *6.2(3.4-8.9) *45(15-75) *3.9(1.7-6.0) *51(42-6.0) *54(3.6-7.1)
MAR-MAY
2021-2050 | *2.4(0.4—4.4) *22(05-3.8) *2.2(0.0-4.4) *2.0(0.4—-3.6) *1.4(1.2-16) *1.4(08-1.9) 1.2
2070-2099 | *6.1(2.5-9.8) *4.9(2.2-7.7) *3.8(12-65) *3.1(1.2-50) *4.1(3.4-4.8) *4.1(2.5-5.7)
JUN-AUG
2021-2050 | *2.1(0.8-3.3) *1.8(0.6-2.9) *1.8(0.7-3.0) *1.6(0.8—25) *1.3(0.6-19) *1.3(05-2.1) 06
2070-2099 | *4.9(2.1-7.8) *4.0(1.7-6.3) *2.9(1.0-4.8) *2.6(0.9-43) *3.7(1.7-57) *3.8(1.5-6.1)
SEP-NOV
2021-2050 | *2.0(0.9-3.1) *1.8(0.8-2.9) *1.8(0.5-3.1) *1.7(0.8—25) *1.5(1.2-19) *15(1.0-21) 0.7
2070-2099 | *5.6(3.0-8.3) *4.6(25-6.7) *3.3(1.6-51) *2.9(1.4-43) *4.4(3.4-54) *45(2.9-6.1)
REGION OST
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2  RCMEXT-A2 __ INT.VAR
DEC-FEB
2021-2050 | *2.6(1.1-4.1) *2.3(0.8-3.9) *2.3(0.9-3.7) *2.1(0.9-3.3) *1.3(1.1-15) *1.4(0.8-2.0) 1.2
2070-2099 | *6.4(4.3-8.6) *5.3(3.8-6.8) *3.8(2.0-56) *3.3(2.3-4.3) *3.8(3.1-4.4) *4.0(2.3-5.8)
MAR-MAY
2021-2050 | *2.2(0.3-4.0) *1.9(04-35) *19(0.0-3.8) *1.8(0.3-3.2) *1.2(1.0-14) *1.2(0.6-1.9) 1.0
2070-2099 | *5.5(2.6—-8.4) *4.4(2.3-6.6) *3.4(1.3-54) *2.8(1.3-4.4) *35(29-4.1) *3.7(1.9-5.5)
JUN-AUG
2021-2050 | *2.1(0.8-3.5) *1.8(0.8-2.9) *19(0.8-2.9) *1.7(0.7-27) *1.8(14-21) *1.4(05-22) 07
2070-2099 | *5.2(2.0-8.5) *4.3(1.6-6.9) *3.2(1.0-54) *2.8(0.7-4.9) *51(4.2-6.0) *4.0(1.6-6.4)
SEP-NOV
2021-2050 | *2.1(1.3-2.9) *1.9(1.2-2.6) *18(1.0-2.6) *1.7(1.1-2.3) *1.7(1.4-19) *15(09-2.0) 07
2070-2099 | *5.4(3.1-7.7) *4.4(2.6-6.2) *3.2(1.7-4.8) *2.8(1.5-4.2) *4.9(4.1-56) *4.3(2.7-6.0)
REGION ISL
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-AZ RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *2.4(-1.6-6.4) *21(-12-55) *22(-20-6.3) *1.9(-1.3-5.2) — — 1.7
2070-2099 | *6.4(-2.8—15.6) *52(-1.7-12.1) *4.2(-2.0-10.4) *3.4(-1.0-7.7) — —
MAR-MAY
2021-2050 | *1.7(-04-3.8)  1.4(-06-34) *15(-04-35) 1.2(-0.6—3.1) — — 15
2070-2099 | *4.7(-03-9.7) *3.7(-02-7.6) *3.0(-0.4-6.4) *2.5(0.1—4.8) — —
JUN-AUG
2021-2050 | *1.1(0.7-1.6) *1.0(0.6-14) *1.0(0.6-15) *0.8(0.2—1.5) — — 0.7
2070-2099 | *3.0(1.9-4.1) *25(1.6-3.4) *19(1.4-2.4) *1.6(1.3-19) — —
SEP-NOV
2021-2050 | *1.5(-02-3.2) *14(-01-29) *1.4(-01-2.9) *1.1(-05-2.7) — — 0.8
2070-2099 | *3.7(1.0-6.4) *3.1(1.1-51) *24(0.6-41) *2.0(0.8-3.2) — —
REGION GRO
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-AZ RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *2.6(0.4—4.9) *25(0.4-4.6) *25(05-4.4) *2.1(0.1-4.1) — — 1.0
2070-2099 | *7.1(3.0-11.2) *5.9(3.1-8.8) *4.6(1.9-7.4) *3.7(1.7-5.6) — —
MAR-MAY
2021-2050 | *1.9(0.5-3.4) *1.7(0.3-3.1) *1.8(0.6-3.1) *1.5(0.1-2.9) — — 1.0
2070-2099 | *5.3(2.5-8.2) *4.4(2.2-6.6) *3.3(1.5-5.0) *2.7(1.3-4.2) — —
JUN-AUG
2021-2050 | *1.9(0.3-3.5) *1.8(0.3-3.2) *1.7(0.2-3.2) *1.6(0.2-3.0) — — 0.4
2070-2099 | *4.8(0.6-9.0) *3.9(0.6-7.2) *3.0(0.4-55) *2.5(0.0-5.0) — —
SEP-NOV
2021-2050 | *2.5(2.0-3.0) *2.2(1.6-2.8) *22(1.8-2.7) *1.9(1.2-2.7) — — 0.8
2070-2099 | *6.4(4.9-7.8) *5.2(4.2-6.3) *3.9(2.9-4.9) *3.4(2.4-4.3) — —




Table A2. Seasonal precipitation responses for the regions shown in Fig. 1. Unit %.
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REGION NEU
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2 RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *11(-10-32) *11(-8-30) *9(-11-29) *9(-9-26) *8(5-10) *9(0-17) 7.2
2070-2099 | *27(-9-64) *23(-5-52) *15(-9-40) *14(-4-32) *22(14-30) *25(0—50)
MAR-MAY
2021-2050 | *9(-4-21)  *8§(-5-20) *10(1-19) *8(-1-17) 5(1-8) 5(-3-14) 7.5
2070-2099 | *25(7-42) *20(4-35) *15(5-26) *12(3-22) *14(4-23)  *16(-9-41)
JUN-AUG
2021-2050 | 5(0-10) 4(0-8) 6(0—11) 4(0-7) 1(-3-6) 1(-4-6) 5.8
2070-2099 | *6( -4 —17) 5(-3-13) 5(-2-12)  5(-3-12)  4(-10—18) 2(-12 - 16)
SEP-NOV
2021-2050 | *6(-1—-13) 6(0—12) 6(-3-15)  5(0-11) 3(-1-7) 5(-3-13) 6.3
2070-2099 | *21(7-35) *16(5-27) *13(1-25) *11(4—18) *8(-3—19)  *15(-9— 39)
REGION SCA
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-AZ RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *10(-10-29) *9(-9-27) 7(-12-26)  7(-9-23) 6(2-9) 7(-2-16) 8.1
2070-2099 | *24(-7-54) *20(-4—44) *12(-11-35) *12(-4-27) *17(6-27)  *21(-5-47)
MAR-MAY
2021-2050 | *9(-2-19)  *8(-4—20) *8(0-16) 8(0 - 15) 5(2-7) 6(-3 - 15) 8.1
2070-2099 | *23(3-42) *19(1-37) *14(4-24) *12(2-21) *14(7-22)  *18(-8-43)
JUN-AUG
2021-2050 | *7(-1-15) 4(-1-9) 6(0—13) 5(0-9) 0(-4-4) 1(-3-4) 6.8
2070-2099 | *9(-3-21)  *7(-4-18) 6(-1—14) 6(-3-14)  0(-11-12) 2(-10 - 13)
SEP-NOV
2021-2050 | 6(-1-14) 6(0—13) 6(-3-15)  5(-2-12) 3(0-7) 5(-3-13) 7.5
2070-2099 | *22(9-35) *16(6-27) *12(1-24) *10(3-17) *10(-1-20) *16(-8—40)
REGION FEN
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2 RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *13(-10-37) *13(-11-36) *11(-10-31) *10(-9-30) *10(7-13)  *11(1-20) 8.1
2070-2099 | *32(-11-76) *27(-8—61) *19(-9-47) *16(-5-38) *28(19-37) *31(3-60)
MAR-MAY
2021-2050 | *9(-7 — 26) 8(-7 - 24) *11(-3-25)  9(-3-22) 5(1-9) 5(-4 - 15) 9.2
2070-2099 | *27(5-50) *21(2-41) *17(3-32) *14(2-27) *14(2-26)  *16(-13-44)
JUN-AUG
2021-2050 | 7(-1-16) 6(-1-12) 8(-5-21)  5(-2-11) 4(-2-10) 3(-4-9) 8.5
2070-2099 | *9(-5—23) 6(-6—19) 7(-3-17)  7(-5-19) *12(-6-31)  8(-11-27)
SEP-NOV
2021-2050 | 8(-1-16) 7(-1-15) 6(-4-16)  6(0-13) 4(0-8) 7(-2-15) 7.6
2070-2099 | *23(4-43) *17(2-32)  *15(-2-31) *12(2-21) *12(1-23)  *20(-6—45)
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REGION BAL
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2Z RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *13(-10—35) *12(-6-30) *11(-12—35) *10(-8—-28) *10(6-14)  *10(3-18) 9.3
2070-2099 | *31(-12—74) *26(-8-60) *18(-9-45) *16(-5-37) *29(18-40) *31(8-53)
MAR-MAY
2021-2050 | 8(-7-22) 5(-10—-21)  *11(5-17)  8(-1-16) 4(-4-13) 4(-6-15) 9.9
2070-2099 | *24(10-39) *18(5-31) *16(2-29) *11(1-20) *13(-12-38) *13(-17 —43)
JUN-AUG
2021-2050 | 0(-6-5) 1(-7-9) 0(-10—-10)  0(-5-4) 1(-10 - 11) 2(-13-9) 10.2
2070-2099 | -2(-29-24)  -2(-21-18)  1(-16-18)  -1(-13-12) 2(-28-32) -6(-39 — 26)
SEP-NOV
2021-2050 | 5(-3-13) 4(-3-10) 5(-7-16)  5(-2-12) -1(-7-5) 2(-7-11) 8.7
2070-2099 | *17(3-31) *13(-2-27) *10(-3-23) *11(2-21)  -3(-20-14) 6(-21 — 32)
REGION OST
GCM-ALFI  GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2 RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *9(-8-27)  9(-5-22) 8(-10-26) 7(-7-22)  *11(6-16)  *9(1-17) 8.9
2070-2099 | *24(-6-55) *20(-4—44) *14(-8-37) *12(-4—-27) *32(19-46) *27(4-50)
MAR-MAY
2021-2050 | 6(-10-22)  4(-11 - 20) 9(-3-21)  6(-7-19) 4(0-9) 4(-3-10) 9.2
2070-2099 | *18(1-35) *14(-1-28) *12(1-24) 8(-2-18) *13(0-26)  *11(-8-30)
JUN-AUG
2021-2050 | 3(-4-9) 3(-3-9) 2(-7-11)  2(-4-9) *24(2-47)  *10(-20-41) 86
2070-2099 | -2(-22-18) -2(-19-15)  1(-12-13) 0(-11-11) *71(5-138)  *30(-60 —120)
SEP-NOV
2021-2050 | 7(0-14) 6(0—11) 7(-2-15)  6(0-12) *12(2-22) 8(-10 — 25) 8.1
2070-2099 | *21(8-33) *15(3-26) *12(1-24) *12(3-20) *35(5-65)  *23(-28-75)
REGION ISL
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-AZ RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | 3(-8-13) 2(-9-13) 2(-13-18) 3(-6-11) — — 111
2070-2099 | 10(-14—-33)  7(-12-26) 5(-18—27) 5(-8-17) — —
MAR-MAY
2021-2050 | 6(-11-22)  3(-10-17) 3(-9-14) 4(-8-15) — — 10.8
2070-2099 | *15(-10-41) 10(-15-36) 9(-7-25) 9(-2—-19) — —
JUN-AUG
2021-2050 | 1(-7-9) 0(-11-11) 0(-11-12) -1(-11-9) — — 12.2
2070-2099 | 11(-2-23)  7(-5-19) 5(-6-15) 5(-2-11) — —
SEP-NOV
2021-2050 | 4(-9—18) 5(-12 — 23) 3(-10—16) 4(-7-15) — — 9.2
2070-2099 | *12(-4-28) *10(-3-23) 7(-8-21) 7(-2-15) — —
REGION GRO
GCM-ALFI GCM-A2 GCM-B2 GCM-B1 RCMHAD-A2 RCMEXT-AZ _ INT.VAR
DEC-FEB
2021-2050 | *9(-1-19)  *9(1-16) ¥10(2-17) *8(0-16) — — 7.6
2070-2099 | *28(7-50) *24(12-37) *19(7-32) *16(8-24) — —
MAR-MAY
2021-2050 | 7(-7-20)  *8(-2-18) 5(-7-17)  6(-8-19) — — 7.2
2070-2099 | *24(8-39) *18(8-29)  *15(0-29) *11(0-23) — —
JUN-AUG
2021-2050 | *11(1-20) *9(-2—-19)  *11(3-18) *10(3-17) — — 6.7
2070-2099 | *29(8-51) *24(4-43) *16(4-27) *15(2-27) — —
SEP-NOV
2021-2050 | *9(2-16)  *7(0-15) *7(0-14)  7(1-13) — — 6.9
2070-2099 | *26(16—36) *22(13-30) *16(8—24) *14(8-19) — —
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