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ABSTRACT

There are a number of sources of uncertainty in regional climate change scenarios. When statistical
downscaling is used to obtain regional climate change scenarios, the uncertainty may originate from the
uncertainties in the global climate models used, the skill of the statistical model, and the forcing scenar-
ios applied to the global climate model. The uncertainty associated with global climate models can be
evaluated by examining the differences in the predictors and in the downscaled climate change scenarios
based on a set of different global climate models. When standardized global climate model simulations
such as the second phase of the Coupled Model Intercomparison Project (CMIP2) are used, the difference
in the downscaled variables mainly reflects differences in the climate models and the natural variability
in the simulated climates. It is proposed that the spread of the estimates can be taken as a measure of
the uncertainty associated with global climate models. The proposed method is applied to the estimation
of global-climate-model-related uncertainty in regional precipitation change scenarios in Sweden. Results
from statistical downscaling based on 17 global climate models show that there is an overall increase in
annual precipitation all over Sweden although a considerable spread of the changes in the precipitation
exists. The general increase can be attributed to the increased large-scale precipitation and the enhanced
westerly wind. The estimated uncertainty is nearly independent of region. However, there is a seasonal
dependence. The estimates for winter show the highest level of confidence, while the estimates for summer
show the least.
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1. Introduction

Climate varies at a variety of spatial scales. Re-
gional (around 10! km) is important for many cli-
matic processes. Also, this is a scale that has a great
implication for many applications. For example, to
enable impact assessments of climate change on agri-
culture, forestry and energy production, regional cli-
mate change scenarios are needed. Such scenarios are
not readily available from General Circulation Mod-
els (GCMs) with their current resolution (a few 102
km). Therefore various techniques of downscaling
GCM scenarios have been developed (Hewitson and
Crane, 1996). Two commonly used methodologies are
statistical downscaling and nesting of regional climate
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models (RCMs) within GCMs (Murphy, 2000; Fan et
al., 2005).

Statistical downscaling has been extensively used
to derive regional climate change scenarios in addi-
tion to dynamical downscaling in Nordic countries
(Hanssen-Bauer et al., 2005). It is essential that any
future scenario include an assessment of the uncertain-
ties associated with the prediction (Giorgi and Fran-
cisco, 2000; Christensen et al., 2001). There are var-
ious techniques developed for estimating uncertainty
(Katz, 2002). When statistical downscaling is used
to derive future climate changes, uncertainties in the
regional scenarios can be caused by uncertainty as-
sociated with the driving general circulation model
(GCM), errors in the historical data used to build
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the downscaling model, the model (both GCM and
statistical model) misrepresentations (Benestad, 2001;
2002), and shortcomings of the driving forcings to
the GCM. One important source of uncertainty comes
from the uncertainty in the GCM predictions that
mainly results from the uncertain projection of future
greenhouse gas emissions, omission of other climate
forcings, stochastic fluctuations of the climate system,
and model deficiency. The last problem may to some
extent be evaluated by comparing the models’ ability
to simulate the present climate (e.g., Busuioc et al.,
2001a). However, it is difficult to assess how well a
model simulates future climate.

One way to evaluate the uncertainty in regional
climate scenarios associated with GCMs is to exam-
ine the difference between scenarios obtained by us-
ing the same predictors from different GCMs with the
same statistical downscaling model. The standardized
experiments of the CMIP2, the second phase of the
Coupled Model Intercomparison Project (Meehl et al.,
2000), provide an excellent opportunity to study the
impact of the various GCM outputs on the statistically
downscaled scenarios. This case study provides an ap-
plication of this idea to Swedish precipitation scenarios
by using a total of 17 GCMs from CMIP2.

Recently, statistical downscaling techniques have
been successfully used in Sweden to construct future
regional climate scenarios (e.g., Linderson et al., 2004).
Although the dynamical downscaling with a regional
climate model gives comparable results with that of
the statistical downscaling over Sweden (Hellstrom et
al., 2001) and the dynamical downscaling has the ad-
vantage of being physically based, the statistical down-
scaling does have the advantage of being simple and
computationally inexpensive. This feature is utilized
here to help assess the uncertainties in the precipita-
tion scenarios for Sweden that are associated with the
GCMs of the CMIP2.

2. Models and data used
2.1 The downscaling model and the data used

In this study, a regression-based model was used.
A number of large-scale variables were tested for their
usefulness to describe the relation between monthly
large-scale circulation and precipitation data and lo-
cal monthly precipitation statistics in Sweden. Multi-
ple regression was applied to establish links between
the predictors (large-scale climate variables) and pre-
dictand (local precipitation statistics). All the models
were developed using the same predictors regardless
of season or region. Monthly models were developed
to account for variations in the precipitation-forming
processes that may depend on season. The statis-
tical downscaling models link monthly precipitation
at the 42 Swedish stations shown in Fig. 1 with the
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large-scale atmospheric circulation and precipitation
over Northern Europe shown in Fig. 2. The circula-
tion is described by three indices containing informa-
tion about geostrophic wind and vorticity over Scan-
dinavia. They include the westerly (u) and southerly
(v) components of the geostrophic wind and the total
vorticity (£). Figure 2 plots the predictor region with
Sweden in the center. For a detailed description of the
definition and calculation of the indices, the reader is
referred to Chen (2000). This set of atmospheric cir-
culation indices now covers the period of 1780-2000,
which provides a useful climatology to study impacts
of large-scale atmospheric forcing on regional climate
and environment (Blenckner and Chen, 2003; Omst-
edt and Chen, 2001; Chen and Li, 2004). Many studies
have dealt with the link between circulation and sur-
face climate in the Nordic countries. The atmospheric
circulation patterns including the zonal and meridional
flows and the cyclonic/anticyclonic patterns largely
influence the temporal variability of precipitation in
Sweden (Busuioc et al., 2001b; Johansson and Chen,
2003). These studies justify the use of the three in-
dices as the vorticity describes the strength of the cy-
clonic/anticyclonic circulations. The fourth predictor,
the large-scale precipitation, is an average over the
area between 55°N and 70°N and between 10°E and
25°E (Fig. 2). In developing a statistical downscaling
model for precipitation in southern Sweden, Linderson
et al. (2004) also used the large scale precipitation
as a predictor in order to capture the eventual sig-
nal from climate change and other processes besides
the atmospheric circulation. The model development
and validation closely follows Hellstrom et al. (2001)
and Hellstréom and Chen (2003), with the only dif-
ference being that the forth predictor is precipitation
rather than humidity. We use precipitation instead
of humidity because of the data availability from the
CMIP2 project. However, the large scale precipitation
and humidity have a similar function in carrying the
climate change signals for the statistical model.

The statistical downscaling model was developed
for each month for amomalies of the monthly predic-
tors and predictant (precipitation). The NCEP re-
analysis data (Kalnay et al., 1996) were used to cre-
ate the predictors for the period 1958-1997. The pre-
cipitation data used for fitting the statistical model
and for verification of the control simulations are the
monthly time series of measurements at 42 Swedish
stations from 1958 to 1997. The data have been ho-
mogenized/corrected through the North Atlantic Cli-
matological Dataset (NACD) program (Frich et al.,
1996). The data have recently been updated and pro-
vided by the Swedish Meteorological and Hydrological
Institute (SMHI). For details of the model develop-
ment and verification, the reader is refered to Hellstrom
et al. (2001).
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Region 1

Fig. 1. The 42 precipitation stations over Sweden and the
four regions used.

2.2 The CMIP2 dataset

CMIP2 is an intercomparison of standard transient
climate change experiments by coupled atmosphere-
ocean general circulation models. Each CMIP2 exper-
iment consists of an 80-year control run with constant
(“present-day”) COq concentration and an 80-year en-
hanced greenhouse run in which CO5 increases 1% per
year compound, doubling in 70 years. In this study, 17
CMIP2 models are used: BMRC (Power et al., 1993),

Fig. 2. The map showing the predictor domain of the sta-
tistical model. The 16 points indicate the sea level pressure
data used in calculating the circulation indices which are
denoted by the wind and vorticity symbols in the figure.
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CCC (Flato et al., 2000), CCSR/NIES (Emori et al.,
1999), CERFACS (Barthelet et al., 1998), CSIRO
(Hirst et al., 2000), GFDL (Manabe et al., 1991),
GISS (Russell and Rind, 1999), IAP/LASG (Zhang
et al., 2000), LMD/IPSL (Braconnot et al., 1997),
MPI-ECHAMS3 (Voss et al., 1998), MPI-ECHAM4
(Roeckner et al., 1999), MRI (Tokioka et al., 1995),
NCAR-CSM (Boville and Gent, 1998), NCAR/DOE-
PCM (Washington et al., 2000), NCAR-WM (Wash-
ington and Meehl, 1996), UKMO-HadCM2 (Johns et
al., 1997) and UKMO-HadCM3 (Gordon et al., 2000).

The GCM-simulated changes in the predictor vari-
ables are estimated by comparing the last 30-year pe-
riod in the enhanced greenhouse runs (the doubling of
COg4 occurs 10 years before the end of this period) with
the whole period in the control runs (80-year means).
Thus, the last 30 years of the CMIP2 scenario approx-
imately represent the period when the doubling of the
present day CQO; is reached. The difference between
the future and present climates can be considered as
a response to the doubled CO5. The simulated global
mean warming at this time ranges from 1.2°C (NCAR-
PCM) to 3.4°C (NCAR-WM), with a 17-model mean
of 1.7°C, and the change in global precipitation from
—0.2% (ECHAM4) to 4.1% (GFDL) with a mean of
2.2%.

3. Results

The changes of seasonal (DJF=winter, MAM=
spring, JJA=summer and SON=autumn) mean pre-
dictors and predictant (precipitation) are calculated.
Changes in annual precipitation are then computed
based on the seasonal values.

3.1 Changes in the predictors

Once the statistical downscaling model is estab-
lished, differences in the scenarios can only be caused
by differences in the predictors. An examination of
the simulated changes in the predictors can therefore
be helpful in interpreting differences in the downscaled
precipitation. Figure 3 shows seasonal changes in the
four predictors between the enhanced greenhouse run
and the control run. The majority of models indicate
an increase in westerly wind. More advection from the
westerly direction would mean, if acting alone, higher
temperature and precipitation for Sweden (Chen and
Hellstrém, 1999; Busuioc et al., 2001b). On the other
hand, changes in southerly wind are less clear; there
are both increases and decreases, though there is an
overall decrease during summer. For the vorticity, lit-
tle if any systematic change is visible. Finally, the
large-scale precipitation displays an overwhelming in-
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Fig. 3.

Differences in the seasonal means of the predictors from the GCMs between the control and sce-

nario runs: (a) the u-wind, (b) the v-wind, (c) the vorticity, (d) the large scale precipitation. Models used:
01=CCC, 02=CERFACS, 03=CSIRO, 04=MPI/ECHAMS3, 05=GFDL, 06=GISS, 07=LMD/IPSL, 08=MRI,
09=NCAR-CSM, 10=NCAR-WM, 11=UKMO-HadCM2, 12=BMRC, 13=CCSR/NIES; 14=MPI/ECHAMA4;
15=IAP/LASG, 16=NCAR/DOE-PCM, 17=UKMO-HadCM3.

creasing trend, with exceptions almost entirely con-
fined to summer.

3.2 Changes in the downscaled precipitations

To examine the regional changes, the downscaled
station precipitation was grouped into four regions ac-
cording to Busuioc et al. (2001b) and Hellstrom et
al. (2001), as shown in Fig. 1. The changes in the
seasonal and annual means are calculated for the four
regions in Sweden and are expressed in percent of the
control climate. The mean changes for all the regions
were calculated as averages of all stations situated in
the respective regions. The mean change all over Swe-
den was computed as the average of the four regional
means. Figure 4 shows the results. A considerable
spread in the predictors, especially in the circulation
indices, is reflected as a spread in the downscaled pre-
cipitation changes. However, the differences in the sce-
narios are fairly consistent between the regions, that
is, some models indicate relatively high and some rela-
tively low changes in the whole of Sweden. The spread
of different scenarios depends much more on season
than on region.

Figure 4 shows the seasonal means of all the sce-

narios and the associated standard deviation for the
four regions and for the whole of Sweden. If of all the
GCMs can be considered to be of equal reliability, the
mean of the changes may be taken as an estimate of
the most likely change and the standard deviation as a
measure of uncertainty in this estimate. The average
change in the annual precipitation is in all regions pos-
itive and larger than the standard deviation. The in-
crease in northern Sweden is higher than in the south.
However, there is a considerable seasonal variation in
the changes. While precipitations in autumn, winter
and summer are expected to increase, the summer pre-
cipitation exhibits (on average) a decrease in the two
southern regions.

4. Discussions and conclusions

The uncertainty associated with GCMs in sta-
tistical downscaling may be evaluated by examining
the differences in the predictors and especially in
the downscaled climate changes. For standardized
GCM simulations, the difference resulting from differ-
ent forcings can be neglected, and the difference in the
downscaled variables will mainly reflect differences in
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Fig. 4. Regional changes (%) in the downscaled precipitation for the four regions and for the whole of Sweden.
Region 1=southernmost, Region 2=south, Region 3=north, Region 4=northernmost. Seasonal plots for (a) DJF,
(b) MAM, (c) JJA, (d) SON and (e) annual plot are made. The models used are the same as those indicated in
Fig. 3. The mean and the error bars (+one standard deviation) of the changes in the 17 GCMs are also plotted.

the GCMs and the natural variability in the simulated
climate. However, it should be kept in mind that dif-
ferences in GCMs are expressed only by the differences
in the predictors, and the statistical model is not a
perfect one. The first point implies that the reliability
of GCMs for this exercise is only dependent on how
well these predictors are simulated. While the simu-
lation of these predictors for the present climate may
be verified by observations, it is difficult to judge the
simulation for the future. This makes the use of all
available GCMs meaningful. The second point (defi-

ciencies in the statistical model) has implications for
the interpretation of the changes in the downscaled
variables that are determined by the combination of
predictors. These changes, and the differences in them
arising from different GCMs, can be either amplified
or reduced due to the misrepresentation of the statis-
tical model. Again, statistics from all available GCMs
should be helpful in getting closer to the reality.

For the assessment on the uncertainty for the
Swedish precipitation, the following conclusions can
be drawn from the case study:
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(1) There is an overall increase in annual precipi-
tation all over Sweden based on a majority of the 17
GCMs used. The increase is more significant in north-
ern than in southern Sweden.

(2) This overall positive trend can be attributed to
the increased large-scale precipitation and the westerly
wind.

(3) The seasonal precipitations in autumn, winter
and spring are expected to increase, whereas there is
an indication of decreasing summer precipitation in
the southern half of the country.

(4) The estimated uncertainty is nearly indepen-
dent of region. However, there is a seasonal depen-
dence. The estimates for winter show the highest level
of confidence, and the estimates for the summer season
show the least.
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