Statistical downscaling for climate change projections
in the Mediterranean region: methods and results

Jucundus Jacobeit - Elke Hertig - Stefanie Seubert -
Karin Lutz

Abstract Besides dynamical downscaling by regional
climate models, statistical downscaling (SD) is a major tool
to derive climate change projections on regional or even
local scales. For the Mediterranean area, an increasing
number of downscaling studies based on different statisti-
cal techniques have been published in the last two decades
with a broad range of sometimes differing results relating
to different variables and regional domains. This paper
gives a short review of these Mediterranean downscaling
studies mainly considering the following two aspects: (1)
what kind of progress has been realized in this field since
the early 1990s? The review addresses the inclusion of
extremes in downscaling assessments, the development of
probabilistic approaches, the extension of predictor sets,
the use of ensembles for both dynamical model simulations
and statistical model assessments, the consideration of non-
stationarities in the predictor—predictand relationships, and
some advances related to synoptic downscaling. (2) What
are the main regional climate change signals in the Medi-
terranean area, considering agreed and controversial points
also with respect to dynamical models? Best accordance
among future projections can be found in seasonal tem-
peratures with lower rates of warming in winter and spring,
and, in most cases, higher ones in summer and autumn.
Different results are obtained for the intra-annual range of
extreme temperatures, but high-temperature conditions are
generally expected to increase. Regarding seasonal
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precipitation, predominant reductions are indicated for
spring, summer, and autumn. For winter, however, pro-
jections are distinctly different (GCMs: rainfall decrease;
RCMs: increase only in the northernmost parts of the
Mediterranean region; SD: widespread increases in the
northern and western parts in several studies). Different
results are obtained for rainfall extremes, but the entire
precipitation distribution tends to shift towards higher and
lower values. Apart from some sub-regional deviations,
there is a predominant increase in future dry period dura-
tions. For near-surface winds, only a few studies are
available, and they project some decline mainly for the
winter season.

Keywords Statistical downscaling - Regional climate
change - Mediterranean area

Introduction

Despite a considerable advance in computing capacities,
global climate model simulations are still characterized by
horizontal spatial resolutions (mostly around 100 km)
which are too coarse for obtaining useful and reliable
information about future climate change on regional or
local scales. Particular downscaling techniques are there-
fore required for this kind of information, which is most
relevant for natural ecosystems and human societies. In
general, two main types of downscaling approaches can be
distinguished: a first one known as dynamical downscaling
is based on high-resolution regional climate models driven
by boundary conditions from a global climate model; thus,
simulations of regional climate change with spatial reso-
lutions down to a few kilometres can be obtained. In this
paper, we focus on the second general approach known as
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statistical downscaling, which is characterized by com-
puting demands distinctly lower when compared to
dynamical modelling. A particular advantage consists in its
capability of even providing local climate change assess-
ments, which are required for many aspects of climate
impact research, for example.

Statistical downscaling is defined as an estimation of
regional or local climate variables derived from larger-
scale predictor variables. Deterministic and stochastic
approaches may be distinguished depending on whether or
not an additional noise term for random variability is
explicitly included (Maraun et al. 2010). In the context of
climate change assessments, this kind of downscaling,
which is based on relationships derived between observed
predictors and predictands, is applied to predictors from
dynamical model simulations representing climate change
projections. This can be done subject to the following
conditions: the large-scale predictors capture major effects
of climate change, these effects are realistically simulated
by the dynamical model, and some stationarity in the
observed relationships between larger and smaller scales
can be assumed (see below for further aspects on this
topic). Different techniques for statistical downscaling are
described in several textbooks and review publications
(e.g. Hewitson and Crane 1996; Wilby and Wigley 1997,
Benestad et al. 2008; Maraun et al. 2010; Wilks 2011). A
general overview with examples from Mediterranean
studies is given in the electronic supplementary material.

Referring to the Mediterranean region, there are special
conditions requiring a state-of-the-art downscaling of
future climate change projections: this region is considered
as one of the hot spots of climate change (Giorgi 2006),
characterized by highly varying attributes of the earth’s
surface due to land—sea distribution and orographic fea-
tures, and affected by strong impacts of climate change,
e.g. concerning water budget, vegetation and land use,
geomorphological processes, and ecosystem stability. In
fact, an increasing number of downscaling studies related
to the Mediterranean area or some of its sub-regions have
been published during the last two decades, including
different statistical approaches.

The primary aim of this paper is to give a short review
of Mediterranean downscaling studies focusing on those
that are based on statistical techniques. We do not include
studies on model output statistics, which may be a further
step following dynamical climate modelling. Firstly, a
general outline of the particular progress in statistical
downscaling since the early 1990s, when first studies
relating to the Mediterranean region became available (von
Storch et al. 1991), will be given in section two. Subse-
quently, we will focus on main results of climate change
projections for the whole Mediterranean area, as well as for
various sub-regions. In this context, the applied techniques,

the predictor variables, and the dynamical models provid-
ing the predictor projections will be specified as a general
background for the statistical assessments. No detailed
evaluation, however, will be performed with respect to
dependencies of results on particular configurations of the
entire downscaling procedure (this would require a sepa-
rate, more comprehensive, and methodically elaborated
paper). Main results of climate change projections will be
summarized for precipitation (section three), dry periods
(section four), temperature (section five), and near-surface
wind (section six), before several conclusions will be given
in the last section.

Progress in statistical downscaling

Initial studies had focused on mean temperature or pre-
cipitation totals based on observed relationships with some
large-scale predictors. After validating these relationships
within another sub-period independent from the calibration
period, future projections for mean temperature or precip-
itation totals have been derived from these relationships by
using predictor output from one or a few global climate
model simulations. In later studies, statistical downscaling
has also been applied to extremes of a broader range of
predictand variables and to estimates of probability density
functions (PDFs) for mean as well as extreme values, based
on extended sets of predictors and particular ensembles for
both dynamical model simulations and statistical model
assessments.

Extreme conditions, which are of particular importance
in the climate change context, are defined by various
percentile thresholds in most cases and may be analysed in
different ways. A basic approach uses particular extremes
indices defined for individual stations or grid boxes on
monthly or seasonal scales. To give an example for
extreme precipitation, these indices describe the frequency
of daily events above a prescribed percentile threshold
(e.g. the 95th percentile of an appropriate reference per-
iod), the total amount, the mean intensity, and the per-
centage of total precipitation due to such events (see
Moberg et al. 2006). Statistical downscaling from large-
scale predictors is then performed for these indices on
monthly or seasonal scales (e.g. Hertig et al. 2012a, 2013).
A further approach is related to particular PDFs fitted to
predictand time series downscaled by one of the tech-
niques mentioned in the electronic supplementary mate-
rial. Generalized Pareto distributions are often used to
model extreme values (e.g. Paeth and Hense 2005; Seubert
et al. 2013). An even better representation of local vari-
ability and extremes may, however, be achieved by ran-
domizing downscaling results with respect to complete
distributions (Maraun et al. 2010). In this context, Vrac



and Naveau (2007) have designed mixed models with
different functions for both normal and extreme values
(for instance Gamma and generalized Pareto distributions,
respectively, in the case of precipitation). Conditional
mixture models built on neural networks (Carreau and
Vrac 2011) are a further extension with model parameters
as functions of predictor variables. They include a discrete
component for the occurrence process, and a mixture of
continuous densities for the intensity process.

Concerning predictor variables, more recent studies (e.g.
Xoplaki et al. 2003, 2004; Busuioc et al. 2008; Hertig et al.
2013) have begun to include not only those ‘classical’ ones
mostly related to the large-scale atmospheric circulation
(SLP, geopotential heights, horizontal wind components),
but also others describing thermodynamic conditions being
likewise relevant to the predictand’s variability (e.g.
thickness of atmospheric layers, humidity, SST, convective
indices). This also allows the derivation of separate
downscaling models for predictor variables linked to cir-
culation dynamics on the one hand and to thermodynamic
conditions on the other hand, thus indicating their specific
contributions to the total effect on the predictand (see
Hertig et al. 2013 and some examples in “Precipitation”
and “Dry periods” sections).

A particular downscaling approach linking the same
variable between different scales (thus not linking local
predictands to other large-scale predictor variables) has
been further developed by means of transfer functions
linking its cumulative distribution functions (CDF) on
different spatial scales (Michelangeli et al. 2009; Vrac
et al. 2012). Thus, local-scale values are not directly
assessed (as in ‘classical’ downscaling techniques), but
result from downscaled CDFs. This probabilistic approach,
which can also be applied to the analyses of extremes (e.g.
Kallache et al. 2011), may be primarily considered as a
bias-correction method. However, since corrected large-
scale distributions are used to model local-scale ones, a
change of spatial scales is involved (Vrac et al. 2012), thus
characterizing this novel approach as a particular technique
of statistical downscaling.

Since global climate model simulations have been
extended to ensemble simulations with individual members
representing slightly different initial conditions, statistical
downscaling results can now be specified in terms of pre-
dictand ranges due to the internal variability of the global
climate model from which predictors are extracted. To give
an example, the projected rising temperature trend towards
the end of the twenty-first century for an eastern Mediter-
ranean sub-region was different (exponential, linear, loga-
rithmic) for predictors from different ensemble members
(Hertig and Jacobeit 2008b). This underlines the impor-
tance of assessing uncertainties in climate change
projections.
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Uncertainties further arise from the statistical down-
scaling estimates themselves. They can be quantified in
several ways. Concerning the CDF approach mentioned
above, particular scores (e.g. Kolmogorov—Smirnov score
or Cramer-von-Mises score) are used to measure the dis-
tance between simulated and observed CDFs. This is pri-
marily a goodness-of-fit test, which, however, can also be
used as a “proxy of uncertainty” (Lavaysse et al. 2012).
Vrac et al. (2012), referring to the probability of rejecting or
accepting the null hypothesis, when comparing simulated
and observed CDFs, speak about an “assessment of the
degree of confidence into the downscaling method” being
associated with the assessment of uncertainty. Thus, par-
ticular measures of the quality of downscaling approaches
are used as indicators for the corresponding uncertainty.
Direct assessments of uncertainty can be obtained in the
context of transfer-function downscaling, most easily by
confidence intervals for the climate change signal, e.g. in
terms of the lower and upper interval limits for spatial
predictand fields. This may be based on pre-assumed normal
distributions (e.g. Hertig and Jacobeit 2008a) or, on a more
sophisticated level, on bootstrapping techniques for deriv-
ing confidence intervals (e.g. Hertig et al. 2012b, 2013). As
for uncertainty quantifications of downscaled climatic time
series, Vasiliades et al. (2009) have followed the approach
of stochastic time series modelling for residuals from a
regression-based downscaling of GCM predictors. This
modelling is repeated 100 times and provides uncertainty
ranges for the predictand time series. Finally, uncertainties
associated with statistical model configurations have been
addressed by Garcia-Bustamante et al. (2012): they consider
variations in the large-scale domain size, in the predictors or
predictor combinations, in the number of EOFs and coupled
CCA patterns, as well as in the cross-validation subset size,
and derive a particular metric of related uncertainties
(temporally averaged differences between maximum and
minimum predictand values for each time step). Thus, they
indicate the range of downscaling estimates depending on
different model configurations.

A major improvement in statistical downscaling was
made by not only using a single validated statistical model
for future assessments, but a whole model ensemble
derived from multiple calibration and validation periods.
The general background for this extension is the fact that
many relationships between large-scale predictors and
small-scale predictands are affected by non-stationarities
(Wilby 1998), thus compromising the implicit condition of
stationarity for transferring statistical relationships from
one period (e.g. a recent reference period) to a different one
(e.g. a future projection period). If multiple calibration (and
validation) periods are used, different variants in the rela-
tionships may be recorded and thus be considered in a
range of future projections. Figure 1 presents an example
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Fig. 1 Smoothed time series (Gaussian low-pass filter period
11 years) and cubic trend of statistically modelled January/February
temperatures of the western part of the Mediterranean region based on
six different calibration periods within the second half of the
twentieth century (the corresponding validation periods are specified
below). CCA downscaling models were applied with predictor values
of 1000 and 500 hPa geopotential heights from an ECHAM4/0OPYC3
model run under SRES B2 scenario assumptions (modified after
Hertig and Jacobeit 2008b)

referring to the development of winter temperatures up to
the end of the twenty-first century in the western part of the
Mediterranean region (Hertig and Jacobeit 2008b): ten
different calibration periods have been used, each of them
leaving out another 5-year period for validation, thus pro-
viding multiple variants for the future projection (in this
case only 6 different ones, since no valid models could be
derived for the remaining periods). There is obviously a
considerable range in the temperature assessments as a
result of the ensemble approach. The fact that all variants
in Fig. 1 reproduce similar decadal-scale variability
superimposed onto the long-term trend is probably due to
the large overlaps of the different calibration periods.
However, reducing these overlaps would imply both a
shortening of the calibration periods and a reduction in the
number of ensemble members. Therefore, a systematic
evaluation of non-stationarities and a strategy for defining
statistical ensembles focused on particular periods with
significantly differing relationships are urgently required.
Some approaches have been initiated and will be developed
further within the framework of the recent COST Action
VALUE (Validating and Integrating Downscaling Methods
for Climate Change Research, see www.value-cost.eu).
The method developed by Hertig and Jacobeit (2013) based
on running calibration periods, for instance, identifies non-
stationarities by non-overlaps of the bootstrap confidence
interval of the mean model performance (derived by
averaging the performances of all calibration/validation
periods) and the bootstrap confidence intervals of the
individual model performance (so far applied to bias and
correlation coefficient between modelled and observed
daily precipitation). Remarkably, the uncertainty range in

future projections arising from different statistical models,
which can be derived in the case of non-stationarities, may
be up to twice as large as the range resulting from the
application of predictors from different GCM ensemble
members. This kind of non-stationarity analysis, of course,
has to be further extended to GCM data in order to achieve
a substantiated selection of statistical models for future
assessments.

In terms of synoptic downscaling, major progress has
come from the improvements in classification techniques
and from systematic evaluations of circulation type clas-
sifications with respect to regional or local predictand
variables, as recently performed in the context of the COST
Action “Harmonisation and Applications of Weather Type
Classifications for European Regions” (e.g. Philipp et al.
2010; Beck and Philipp 2010). This, for example, allows
selecting particular classifications of increased perfor-
mance in explaining the predictand’s variance, which
depends on target variables and study domains. However,
relating large-scale circulation types to at least daily
resolved predictands still includes serious drawbacks (e.g.
unrealistic distribution functions of these predictands in a
downscaling context, see Maraun et al. 2010). More simple
techniques, such as the analogue method (Zorita and von
Storch 1999), are therefore still preferred in climate pro-
jections (Frias et al. 2006; Seubert et al. 2013).

Some improvement in downscaling models based on
circulation-type classifications can be made by including
the predictand as a covariate into the classification of the
predictors, i.e. the latter will be conditioned on the former.
An example referring to Jerusalem January precipitation is
given in Fig. 2 (Lutz et al. 2012): it is based on a particular
cluster classification of mean SLP fields comprising sim-
ulated annealing and diversified randomization techniques
(for details see Philipp et al. 2007). This is extended to a
conditioned cluster analysis by including the precipitation
time series multiplied by a percentage weight reflecting the
relative influence of precipitation within the SLP classifi-
cation. This procedure has been done for different weights
and in each case for statistical model ensembles (for details
see Lutz et al. 2012). According to Fig. 2, model perfor-
mance in terms of correlation coefficients between
observed and modelled precipitation is increasing up to a
weight of 5 %. No significant change in performance is
achieved for further increasing weights. Beyond 20 %, the
difference in correlation coefficients between calibration
and validation periods even increases. Additionally, the
variability between the ensemble members (blue line in
Fig. 2) is lowest for weights between 5 and 20 %, thus
confirming this range as being optimal for an improvement
of the synoptic downscaling technique. This, of course, has
to be proved by further studies, especially concerning the
Mediterranean region. Another approach has been
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Fig. 2 Ensemble mean correlation coefficients (R) between observed
and synoptically modelled Jerusalem January precipitation for
different precipitation weights (x-axis). The orange line depicts the
differences between correlation coefficients for calibration and
validation periods. Std (val) denotes the standard deviation of the
statistical ensembles with respect to the different validation periods
(modified after Lutz et al. 2012)

developed by Vrac and Yiou (2010) with respect to
weather regimes maximizing their correlation with local
climate variables.

Following this outline on the progress related to prin-
cipal methods and particular techniques, the next sections
will focus on main results obtained from statistical down-
scaling studies for regional climate change projections in
the Mediterranean area. Most results are based on SRES
scenarios (Nakicenovic and Swart 2000) unless otherwise
indicated.

Precipitation
Annual and seasonal precipitation

A first statistical downscaling study became available in
1991 (von Storch et al. 1991) and was published in an
international journal 2 years later (von Storch et al. 1993).
It referred to Iberian winter (DJF) precipitation, which was
linked to the large-scale North Atlantic sea-level pressure
by canonical correlation techniques. Future projections
were made for two GCM experiments with an early version
of the ECHAM model, an instantaneous CO, doubling and
a transient simulation according to the former IPCC sce-
nario A (“business as usual”). Iberian winter rainfall
insignificantly increased in the first experiment, but
decreased in the second (area-averaged by 7 mm/month for
a 100-year model period). Corte-Real et al. (1995) get —12,
7 mm/month for a 54-year model period (confined to
Portugal), based on SLP output from a transient UK Met
Office simulation and a multivariate regression approach.
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Likewise based on an early version of the ECHAM
model and on the business-as-usual scenario, assessments of
seasonal precipitation changes were made for the whole
Mediterranean area (as far as station data were available) by
Jacobeit (1994a, b, 1996, 2000). The applied technique of
multiple regression analyses used PCA-derived centres of
variation for the large-scale predictor variables (500 hPa
geopotential heights, SLP, horizontal wind components,
and relative vorticity at the 500 hPa level). The projected
rainfall changes for the last decade of the twenty-first cen-
tury, summarized for the whole rainy period from autumn to
spring, indicate dominating rainfall decrease in the southern
and eastern Mediterranean area, but also some rainfall
increase in the northern and north-western regions (Jacobeit
2000), largely caused by corresponding changes during the
winter season (Jacobeit 1994a). This pattern is largely
reproduced by directly downscaling GCM-simulated rain-
fall changes (Palutikof and Wigley 1996). Some years later,
this pattern has generally been confirmed and further
specified by Hertig and Jacobeit (2008a) in an extended
study using gridded rainfall data (0.5° x 0.5° resolution),
CCA as statistical downscaling technique, further predictors
(specific humidity besides geopotential heights), statistical
model ensembles (see “Progress in statistical downscaling”
section), and multi-model ensembles from more recent
versions of coupled GCMs (ECHAM4/OPYC3 and Had-
CM3). For winter, there are once again rainfall increases in
the northern and western regions, whereas in other regions
and, generally, in the other seasons, decreases are dominant
(SRES B2 scenario in this case for the last three decades of
the twenty-first century).

A renewed analysis of future precipitation changes in
the Mediterranean area has been carried out by Hertig et al.
(2012b) using gridded rainfall data of a higher resolution
(0.25° x 0.25°), generalized linear models (GLM) as a
statistical downscaling technique, extended predictor sets
including thermodynamic variables (see below), and
ECHAMS/MPI-OM ensemble simulations for SRES A1B
scenario assumptions. In addition to the seasonal results of
this study, separate assessments are added in Fig. 3 for
atmospheric circulation predictors (700 and 500 hPa geo-
potential heights, 850 hPa horizontal wind components),
and for thermodynamic predictors (850 and 700 hPa spe-
cific humidity, convective inhibition (Myoung and Nielsen-
Gammon 2010) and an index following Showalter (1953)
as measures for convective activity). The inclusion of both
predictor groups takes into account that Mediterranean
precipitation is generally due to large-scale advection
brought about by the atmospheric circulation or to smaller-
scale convective activity. The separate assessments for
these predictor groups have not been published so far
concerning seasonal precipitation (with respect to indices
of extreme precipitation see Hertig et al. 2013). Therefore,
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Fig. 3 Changes in seasonal precipitation totals (2070-2099 in
relation to 1961-1990) according to generalized linear downscaling
models using predictors from ECHAMS/MPI-OM simulations (SRES
A1B scenario). Predictors include variables describing the large-scale
atmospheric circulation (700 and 500 hPa geopotential heights,

850 hPa zonal and meridional wind components) as well as thermo-
dynamic conditions (850 and 700 hPa specific humidity, convective
inhibition, Showalter Index). Assessments are made separately for the
two predictor groups and also for both of them. a Spring, b summer,
¢ autumn, d winter



a more detailed description seems necessary including
methods and results. It can be found in the electronic
supplementary material.

Summarizing the results for the Mediterranean area as a
whole, the statistical assessments point to predominating
rainfall reductions in spring, summer, and autumn, whereas
in winter, some differences occur compared to the well-
known IPCC projections by global climate models indi-
cating a general rainfall decrease in the Mediterranean area
for this season, too (Solomon et al. 2007). Statistical
downscaling results, however, also include widespread
increases in rainfall up to the end of the twenty-first century
for the Mediterranean winter season. Regional climate
models, on the other hand, indicate higher winter rainfall
only for the northernmost parts of the Mediterranean area
(Gao et al. 2006; Giorgi and Lionello 2008; Giorgi and
Coppola 2009), probably due to an increased cyclone
activity in this region (Lionello and Giorgi 2007). The
eastern Mediterranean area reveals another seasonal pattern
in statistical downscaling assessments by showing precip-
itation increases in summer and autumn in contrast to
rainfall decreases in winter (Fig. 3). Comparing these
results with recent model simulations based on a 6-member
ensemble (Planton et al. 2012) yields both agreements as
well as some differences: in the dynamical approach, all
seasons are dominated by rainfall reductions with maxima
in spring, in summer, and—concerning the southern
regions—in winter. Some precipitation increases are indi-
cated for summer and autumn in the south-eastern part of
the Mediterranean area and for winter in north-east Spain,
in the northern parts of Italy and the Tyrrhenian Sea, and in
the Adriatic region. Compared to Fig. 3, there is some
agreement with respect to the seasonal character of rainfall
increases, the spatial extensions, however, are different (in
the dynamical approach less widespread in winter, and
more confined to the south-eastern part in summer and
autumn). Remarkably, a study by Murphy (2000), includ-
ing both dynamical and statistical downscaling (regression
techniques with SLP flow patterns and regional wind,
temperature, humidity, and vorticity values as predictors),
also points to wetter conditions for January 2080-2100
(based on HadCM2 predictor output) in the north-western
part of the Mediterranean area. Dynamical CCLM projec-
tions for Portugal additionally indicate an increase in
winter precipitation over the north-eastern part of this
region as the most important exception with regard to an
overall drying trend (Costa et al. 2012).

Further projections of rainfall changes based on statis-
tical downscaling techniques have been performed with
respect to particular sub-regions of the Mediterranean area.
Palatella et al. (2010), for instance, refer to four sub-
domains in Spain, Italy, and Turkey using CCA models
with the large-scale SLP as predictor, three GCMs (Csiro-
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Mk2, HadCM3, CGCM2), and two scenarios (SRES A2
and B2). They achieve spatially varying results: spring and
autumn rainfall in the Po Valley are reduced, as is summer
precipitation in the Ebro Valley. There is, however, an
increase in summer over Apulia and the Antalya region
(including autumn for the latter). Increased summer rainfall
is also indicated in the South Italian Agri catchment by
Palutikof et al. (2002), who applied a conditional weather
generator and a particular circulation weather typing (based
on SLP data, model predictors from HadCM2); autumn and
winter, however, are projected to get drier.

Several studies have focused on the Iberian Peninsula
following the initial approach of von Storch et al. (1991,
1993) as mentioned earlier. Sumner et al. (2003) used an
Analogue approach for downscaling precipitation in Spain:
19 characteristic regional atmospheric patterns were
derived from 925 and 500 hPa geopotential heights and
compared between the periods 1971-1990 and 2080-2099
(according to the earlier business-as-usual scenario, pre-
dictors from ECHAM4-OPYC3). They identified decreases
for all westerly and two northerly patterns, but increases for
most of the easterly near-surface flow types. Consequently,
a reduction in annual precipitation results for Andalusia
and the upland parts of Catalonia, whereas an increase is
indicated for the northern part of the Mediterranean coast.
In terms of winter precipitation, Gonzalez-Rouco et al.
(2000) obtained an increase for most of the Iberian Pen-
insula (except for the northern coast) based on a CCA
model with large-scale SLP as predictor (projections from
HadCM?2 following the earlier business-as-usual scenario).
The opposite trend concerning Iberian winter precipitation
(a decrease by the end of the twenty-first century to around
60 % of that of the twentieth century) is obtained by Frias
et al. (2006). They also use SLP as predictor and CCA
modelling, however, based on the stronger SRES A2 sce-
nario and output from ECHAM4/HOPE-G. These differ-
ences in future rainfall trends are probably related to
diverging model projections of the NAO, which is nega-
tively correlated with Iberian winter precipitation.

Again based on HadCM2 SLP output, and using artifi-
cial neural networks, Trigo and Palutikof (2001) compared
half-century periods (2041-2090 vs. 1941-1990) of Iberian
precipitation: in winter, most regions experience an
increase, once again, being more intense towards the west;
spring reveals positive changes in the western part and
negative ones in the eastern part; autumn depicts a decrease
throughout most of the Iberian regions. Focusing on south-
east Spain, Goodess and Palutikof (1998), who used a
circulation-type approach (SLP classification according to
an automated version of the Lamb weather type classifi-
cation scheme), a conditional weather generator and the
last 10 years of a transient UK Met Office simulation
(corresponding to an equivalent CO, doubling), had



1898

already obtained fewer rain days in spring, but an increase
in summer.

Referring to the French Mediterranean region, Lavaysse
et al. (2012) follow a transform approach of CDF (see
“Progress in statistical downscaling” section) with respect
to various meteorological parameters. Concerning precip-
itation, they project a decrease in rainfall occurrence
between 20 and 40 % for the 2081-2100 period compared
to 1981-2000 (SRES A2 scenario), based on large-scale
output from three different GCMs (ECHAMS, IPSL,
CNRM).

Finally, Tolika et al. (2007) referring to winter and
spring precipitation in Greece, use an artificial neural net-
work to assess changes in these variables from projections
of 500 hPa geopotential heights, surface specific humidity,
and raw precipitation data taken from the atmospheric
model HadAM3P for 2070-2100 (SRES A2 scenario).
They calculate decreases in the predictands for spring, but
different results for winter: it is increased precipitation,
when only using 500 hPa geopotential heights as predic-
tors, but some opposite changes, when using all the pre-
dictors mentioned above. Again, this underlines the crucial
impact of predictor variables, which have to be selected
carefully.

Precipitation extremes

Particular attention in downscaling studies is paid to pre-
cipitation extremes, which might change differently to
seasonal or annual means. This is mostly indicated by
regional climate modelling for the Mediterranean basin,
e.g. by Goubanova and Li (2007) with reduced mean pre-
cipitation in winter, spring, and summer, but increased
rainfall extremes in all seasons except summer. Inverse
changes of mean and extreme precipitation are also
reported by Planton et al. (2012) for the French Mediter-
ranean region, where the most heavy rainfalls (beyond the
96-99.9th percentiles) in most cases increase by 5-10 %
outside the winter season, concurrently with a general
decrease in total precipitation (comparing the last three
decades of the twentieth and twenty-first centuries). This is
not generally confirmed by statistical downscaling studies:
Hertig et al. (2012b), for instance, referring to the whole
Mediterranean area based on ECHAMS/MPI-OM or Had-
CM3 predictor output and on generalised linear models for
seasonal mean precipitation as well as rainfall totals from
events beyond the 95th percentile, get all combinations of
total and extreme precipitation changes (both increasing or
decreasing, or both inversely changing) until the end of the
twenty-first century with the above-mentioned case
(decrease in total and increase in extreme precipitation) not
being the predominant one. It should be emphasized that
these results have been obtained by statistical models not

only considering large-scale circulation predictors, but also
thermodynamic predictors influencing smaller-scale con-
vection (as discussed in context of Fig. 3). The main results
of this study point to seasonal and regional differences in
the assessed rainfall changes: thus, opposite signs prevail in
the western and central northern Mediterranean areas
compared to parts of the eastern Mediterranean region
during summer and autumn (decreases/increases in total
and extreme precipitation in the former/latter area), as well
as during winter (inverse distribution in changes). Only in
spring, there are mostly similar changes over the entire
Mediterranean area (decreases in total and extreme
precipitation).

Another study by Hertig et al. (2012a) tries to compare
performances of statistical (in this case based on canonical
correlation analyses) and dynamical downscaling approa-
ches (in this case based on the REMO model): concerning
the frequency of extreme precipitation events, the statisti-
cal approach seems to provide a better representation than
the dynamical one. But as for extreme rainfall intensity, the
opposite seems to be true. However, note that the statistical
models used by Hertig et al. (2012a) did not yet include
predictors describing smaller-scale convection (as for
instance in Hertig et al. (2012b, 2013), see also Fig. 3).

Beaulant et al. (2011) combine statistical and dynamical
components of downscaling. The former is based on
500 hPa geopotential height clustering and the inclusion of
low-level moisture transport in order to regionally char-
acterize heavy precipitation (Nuissier et al. 2011). They
detect a significant increase for the 2070-2100 period
(SRES A2 scenario, ARPEGE Climate/OPAMEDS pre-
dictors) in the number of days with large-scale circulation
patterns favourable for heavy precipitation in the French
Mediterranean area, along with a slight increase in rainfall
maxima and an increase in the spatial variability of high-
precipitation events. Quintana-Segui et al. (2011) per-
forming a weather typing approach (besides MOS tech-
niques) with SLP and surface temperature discriminating
for precipitation, estimate rainfall amounts beyond the 95th
percentile for the Mediterranean basins of France—based
on the SRES A2 scenario and output from a coupled
regional climate model including the Mediterranean Sea.
For the mid-twenty-first century, there are predominantly
increases (except the Alps) with French Mediterranean
maxima towards the borders with Spain and Italy. In a
similar region, Lavaysse et al. (2012) obtain slight
increases in the 95 % quantile for precipitation in winter,
but mostly smaller values in summer for the 2081-2100
period (SRES A2 scenario, 3 different GCMs, transform
approach of CDF). Another study by Tramblay et al.
(2012) focuses on southern France in autumn (ENSEM-
BLES multi-model output, SRES AIlB scenario
2070-2099) and shows an increase in the number of heavy



rainfall events based on extreme value modelling, includ-
ing the humidity flux from the Mediterranean Sea (which is
projected to increase) as a model covariate. Seubert et al.
(2013), however, obtain other signals for neighbouring
regions at least in autumn: based on ECHAMS/MPI-OM
SLP data and a synoptic downscaling approach using an
Analogue method with subsequent extreme-value fitting by
generalised Pareto distributions, they obtain a strong
reduction in 30-year rainfall return-values for north-west
Iberia and the northern central Mediterranean area; these
assessments, however, have been made for SRES B1 sce-
nario assumptions. They are confirmed by indications of a
reduction in southerly displaced deep North Atlantic
cyclones in autumn according to changes of circulation
types associated with precipitation extremes (Seubert et al.
2013).

Despite considerable differences in the assessments of
precipitation extremes, an overall tendency might become
apparent for a general shift of the whole precipitation
distribution towards higher and lower values, in accor-
dance with the results from regional climate modelling
(e.g. Gao et al. 2006). This might further be confirmed
when looking at dry period characteristics (see next
section).

Dry periods

As an opposite extreme to heavy precipitation, the length
of dry periods is similar important in the climate change
context. This is especially true in the Mediterranean area,
which is generally characterized by a dry summer season
and high rainfall variability on both inter-annual and intra-
seasonal time scales. Vasiliades et al. (2009) refer to dry
conditions as described by the Standardized Precipitation
Index (SPI between —1.5 and —1.99 for severely dry and
below —2 for extremely dry conditions). Based on multiple
large-scale predictors (SLP, 2 m wind speed, precipitation,
surface temperature, 500 hPa geopotential height,
500/1000 hPa thickness), they apply a multiple regression
approach for monthly local precipitation and an additional
stochastic time series modelling for rainfall residuals.
Based on 9-month SPI time series and SRES A2 scenario
assumptions (output from the Canadian model CGCMa2),
they arrive, for example, at a median increase in the
number of severely (extremely) dry months of 44 %
(55 %) in the Lake Karla watershed (Thessaly, Greece) for
the period 2070-2100.

A commonly used index for describing changes in dry
period durations is the maximum number of consecutive dry
days (CDD, see Moberg et al. 2006) within a base period
(seasonally defined, for instance). A recent study on the
whole Mediterranean area, applying GLMs for downscaling
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local variables from large-scale predictors (Hertig et al.
2012b), also includes assessments of CDD changes between
the periods 2070-2099 and 1961-1990 according to SRES
AI1B scenario assumptions and ECHAMS/MPI-OM pre-
dictors. Beyond the seasonal results from this study, sepa-
rate assessments are added in Fig. 4 for atmospheric
circulation predictors and thermodynamic predictors (as
already done for seasonal precipitation in Fig. 3, see
“Precipitation” section). The separate assessments for these
predictor groups have not been published so far concerning
CDD. This is why a more detailed description seems nec-
essary (see electronic supplementary material).

Another study including CDD analyses (Quintana-Segui
et al. (2011), see “Precipitation” section) is related to the
Mediterranean basins of France and displays mainly noisy
anomalies for the mid-twenty-first century (even for the
strong SRES A2 scenario), with some increase indicated
for the Mediterranean coast. Further results on consecutive
dry days are based on regional climate modelling and will
only be mentioned for comparison. Costa et al. (2012) get
strong increases in the dry spell lengths for autumn and
spring in the period 2071-2100 in Portugal indicating an
extension of the dry season from summer into the transi-
tional seasons. Changes in a similar direction are obtained
for Cyprus by Hadjinicolaou et al. (2011), although the
increase in consecutive dry days refers to their annual
number and to the earlier period of 2026-2050. Results
from Fig. 4 for the last three decades of the twenty-first
century mostly indicate an increase in consecutive dry days
for Cyprus, too, but for Portugal, this is only valid mainly
for autumn and, in the southern part, for summer. Espe-
cially during spring time, results are different for statistical
and dynamical downscaling approaches.

For the River Jordan region, regional climate modelling
indicates a prolongation of droughts for 2031-2060 (SRES
A1B scenario) of between 22 and 46 days (compared to
1961-1990). The frequency of droughts is projected to
decrease for moderate ones, but to increase for severe and
extreme ones by a factor of 2 for the latter (T6rnros 2010).
Figure 4 (without appropriate models for summer in this
region) addresses a later period (2070-2099), but points to
a similar direction for winter and spring; for autumn,
however, results from statistical and dynamical downscal-
ing disagree.

Temperature
Annual and seasonal temperatures
Concerning seasonal temperatures, the entire Mediterra-

nean area is affected by increases in projected downscaling
assessments. The study of Hertig and Jacobeit (2008b)
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Fig. 4 Changes in the seasonal maximum number of consecutive dry
days (2070-2099 in relation to 1961-1990) according to generalized
linear downscaling models using predictors from ECHAMS/MPI-OM
simulations (SRES AI1B scenario). Predictors include variables
describing the large-scale atmospheric circulation (700 and 500 hPa

geopotential heights, 850 hPa zonal and meridional wind compo-
nents) as well as thermodynamic conditions (850 and 700 hPa specific
humidity, convective inhibition, Showalter Index). Assessments are
made separately for the two predictor groups and also for both of
them. a Spring, b summer, ¢ autumn, d winter



based on canonical correlation analyses and linking 1000
and 500 hPa geopotential heights with gridded Mediterra-
nean temperatures, indicates temperature increases mostly
between 2 and 4 °C for the 2071-2100 period (SRES B2
scenario assumptions), compared to the 1990-2019 period,
with some differences in mountainous areas of the north-
eastern region between ECHAM4/OPYC3 and HadCM3
predictors. In winter, the lowest temperature rise of
1-1,5 °C occurs in the western part of North Africa,
whereas the largest values of up to 3—4 °C are found in the
eastern half of the Mediterranean area. Temperature rise is
more uniform in the transitional seasons with values
around 3 °C in spring and 4 °C in autumn. In summer,
temperature increase remains at small values around 1 °C
only in the eastern half of Mediterranean North Africa,
whereas stronger increases (some in excess of 4 °C) are
indicated in early summer for the western Mediterranean
area, and in late summer also for the northern and eastern
Mediterranean regions (Hertig and Jacobeit 2008b). The
statistical downscaling results are in general agreement
with regional climate modelling (e.g. Giorgi and Lionello
2008; Planton et al. 2012), especially concerning the sea-
sonal differences with lower values in winter and spring
and higher values in summer and autumn. Absolute
amounts of temperature change may vary according to
different scenarios and reference periods (thus, modelling
results in Planton et al. (2012) are for SRES A1B in rela-
tion to 1961-1990).

Further results have been published for particular sub-
regions of the Mediterranean area. For example, Palutikof
et al. (2002) refer to the Guadalentin Basin in south-east
Spain, developing linear transfer functions based on mul-
tiple regression analyses for daily maximum and minimum
temperatures, separately for dry and wet days, with SLP,
500 hPa geopotential heights, and 500/1000 hPa geopo-
tential thicknesses as predictors. Assuming a 1 % per year
increase in equivalent CO, concentrations from 1990
onward (HadCM2 GCM), they get temperature increases
for the last decade of the twenty-first century (compared to
the 1970s) peaking during autumn (5.9-6.8 °C), with the
other seasons lower at between 2.9 and 3.9 °C. In summer
and autumn, Ty,,x rises stronger than 7,,;, in contrast to the
opposite conditions for winter. The study of Lavaysse et al.
(2012) on the French Mediterranean region (already men-
tioned in the “Precipitation” section) indicates stronger
quantile increases for higher daily temperatures (SRES
scenario A2, 2081-2100 vs. 1981-2000), rising from 2 °C
for the 5 % quantile to 4 °C for the 50 % quantile, and to
6 °C for the 95 % quantile (no major seasonal differences).

Tomozeiu et al. (2007) refer to the Emilia-Romagna
region in Italy, deriving statistical models based on
canonical correlation analyses. With SLP, 500 hPa geo-
potential heights, and temperatures at the 850 hPa level as
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predictors, they get temperature increases for the
2070-2100 period (SRES A2 scenario, HadAM3P predic-
tors) ranging between 2 and 2.5 °C for T, with less
intense changes in spring than in the other seasons. T}, iS
projected to increase by 5 °C in summer, 3 °C in spring,
and around 2 °C in winter and autumn. Thus, the latter
season does not reveal such an outstanding extent of
change as indicated for SE Spain.

Statistical relationships between large-scale predictors
and regional temperatures have also been derived for
Greece. However, CCA models by Xoplaki et al. (2003)—
used to study recent inter-annual variability—as well as
regression, CCA, and neural network models by Kosto-
poulou et al. (2007) focusing on methodical aspects, do not
include future projections.

Temperature extremes

Some statistical downscaling studies have a special focus
on extreme temperatures, mainly in terms of percentile-
based indices or heat wave parameters. Hertig et al. (2010)
have derived multiple regression models for the 5th per-
centile of minimum temperatures in winter, and for the
95th percentile of maximum temperatures in summer.
These are based on daily station time series from the
Mediterranean area, using 500 hPa geopotential heights
(representing the atmospheric circulation) as well as
500/1000 hPa thickness fields (representing tropospheric
temperatures) as large-scale predictors. In the book chapter
of Planton et al. (2012), this approach has been added to by
the use of CCA models based on gridded temperature data
from the E-OBS data set (same predictors). Comparing the
2071-2100 period under SRES A1B scenario conditions
(ECHAMS/MPI-OM predictors) to the reference period
1961-1990 points to a decrease in the intra-annual extreme
temperature range in the eastern Mediterranean region,
because extreme minimum temperatures in winter will
increase more strongly (up to 1 °C) than extreme maxi-
mum temperatures in summer (up to 0.5 °C). This is in
accordance with the general trends from global climate
models, but disagrees with dynamical findings for the
Mediterranean area with a simulated increase in this
extreme temperature range (Tebaldi et al. 2006). Outside
the eastern part of the Mediterranean area, however, the
statistical assessments do not entirely agree (e.g. some
increase in this range for CCA models and gridded surface
data, but some decrease for regression models and station
data in the central part of the Mediterranean area). For parts
of the western Mediterranean region, even slight decreases
in the temperature percentiles for both seasons (winter and
summer) are indicated. Regional climate modelling, on the
other hand, provides an overall increase in temperature
extremes across the Mediterranean area (e.g. Giorgi and
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Lionello 2008) with extreme daily maximum temperatures
rising stronger than mean T),.,x, and extreme daily mini-
mum temperatures rising weaker than mean T, thus
implying a higher dispersion of extreme temperatures by
the end of the twenty-first century (Sanchez et al. 2004).

The study of Seubert et al. (2013) based on daily max-
imum temperatures projected for 2070-2099 (SRES Bl
scenario, ECHAMS/MPI-OM SLP data) by an Analogue
approach and on corresponding extremes fitted by gen-
eralized Pareto distributions identifies the most distinctive
changes for the autumn season with a pronounced increase
of Tpax extremes in south-west Iberia, central and south-
eastern Mediterranean regions. Further, sub-regional
results from statistical downscaling studies mentioned
above should be added: according to Lavaysse et al.
(2012), analysing the French Mediterranean region, the
95 % quantile of the 1981-2000 period roughly corre-
sponds to the 80 % quantile of the 2081-2100 period. The
future projections for Emilia-Romagna (Tomozeiu et al.
2007) provide general increases in the 10th percentile of
minimum temperatures, highest in winter (around 4.5 °C)
and lowest in autumn (around 1 °C). The 90th percentile of
maximum temperatures is also increasing, between 4 °C in
summer and less than 1 °C in winter. The heat wave
duration index indicates the largest increase in spring (up to
10 days). Enhanced high-temperature conditions are also
projected for SE Spain: Palutikof et al. (2002) get a fivefold
increase in the number of hot days (7T,.x > 35 °C) com-
paring 2090-2099 to the 1970s.

Near-surface wind

Few statistical downscaling studies deal with regional or
local wind conditions near the earth’s surface. Garcia-
Bustamante et al. (2012), referring to the north-eastern
Iberian Peninsula, link the regional wind field to the large-
scale atmospheric circulation by Canonical Correlation
Analysis (850 hPa geopotential height and 500/850 hPa
thickness as predictors). However, they do not perform
future projections, but instead reconstruct back in time by
several centuries. In a subsequent paper (Garcia-Busta-
mante et al. 2013), downscaling refers to wind power
production, directly linked to the large-scale atmospheric
circulation or, by transfer functions, to downscaled wind
values. The study of Martin et al. (2011) also refrains from
future projections and focuses on coupled modes (derived
by singular value decomposition) between monthly mean
wind conditions at Iberian stations and large-scale circu-
lation patterns of the 1000 hPa level. Thereby, the impor-
tance of the well-known Scandinavian, NAO, and East
Atlantic patterns for regional wind conditions in the Iberian
Peninsula has been confirmed.

With respect to southern France, Salameh et al. (2009)
do not find discriminating power of North Atlantic weather
regimes for downscaling surface winds, but they are able to
relate not only station wind speed, but also horizontal wind
components to explanatory variables (such as surface
pressure gradients, large-scale winds, geopotential heights,
and relative vorticity at various levels) by means of gen-
eralized additive models. Future assessments are again
included in two further studies: the paper by Lavaysse et al.
(2012) (already mentioned in “Precipitation” and “Tem-
perature” sections) indicates a decrease in mean and
extreme wind speeds by 1-2 m/s (mainly caused by
changes during winter) for the French Mediterranean
region in the 2081-2100 period (compared to 1981-2000)
according to SRES A1B scenario assumptions (GCM data
from ECHAMS, IPSL, and CNRM). Najac et al. (2011) use
a combined approach defining wind classes based on zonal
and meridional wind components of the 850 hPa level, and
subsequently simulating randomly selected individual days
from each wind class by a meso-scale atmospheric model
down to 3 km horizontal resolution over the Mediterranean
area of France. 10-m wind distributions at particular sta-
tions for the projection period 2046-2065 (SRES Al1B
scenario, output from 14 CMIP3 models) are obtained from
frequency changes of the wind classes and indicate a sig-
nificant decrease by nearly 6 % of the mean daily 10 m
wind speed in the French part of the Mediterranean area for
the extended winter season from October to March. This is
associated with a decrease in westerly, north-westerly, and
northerly winds in this region in accordance with less
frequent negative phases of the NAO.

As for the Adriatic Sea area, regional surface wind fields
(0.25° resolution) have been downscaled from ECHAM-4
SLP fields (T106 resolution) by CCA techniques with PCA
pre-filtering (Lionello et al. 2003). This has been done for
two 30-year time-slice experiments representing present and
doubled CO, conditions. The downscaled wind fields have
also been used to force a storm-surge and a wave height
model for the Adriatic Sea leading to remarkable improve-
ments compared to larger-scale forcings. No substantial
change in the extreme surge level and a decrease in the
extreme wave height have been identified for the future
scenario. However, systematic underestimations for both
variables have to be taken into account (Lionello et al. 2003).

Conclusions

The short reviews of “Precipitation”, “Dry periods”,
“Temperature”, and “Near-surface wind” sections have
shown that there are considerable differences among future
climate change projections in the Mediterranean area,
concerning both the amount of projected changes in



regional climate as well as the spatial distribution patterns
of climate change. Here, we summarize the main climate
change signals, highlight consensus, and discuss contro-
versial points, also considering general results from
dynamical modelling studies.

The best agreement in future projections can be found
for seasonal temperatures, which will increase with
enhanced greenhouse gas forcing. There is also a general
consensus between statistical downscaling and regional
climate modelling for the seasonal differences with lower
rates of warming in winter and spring, and higher ones in
summer and autumn (except the latter season according to
a statistical study for the smaller Emilia-Romagna region).
Absolute amounts of temperature change, however, may
vary depending on different scenarios and reference peri-
ods. Different results are obtained for the intra-annual
extreme temperature range: global climate models provide
an increase for the Mediterranean area, regional climate
modelling indicates a higher dispersion of extreme tem-
peratures, whereas statistical downscaling points to a
decreased range at least in the eastern Mediterranean area
(varying changes in other sub-regions). But high-tempera-
ture conditions are generally expected to increase.

Future projections are more complex for precipitation,
including differences between dynamical and statistical
modelling. For the Mediterranean area as a whole, both
assessments point to a predominance of rainfall reductions
in spring, summer, and autumn, whereas in winter, some
important differences occur: global climate models indicate
a general rainfall decrease for this season, whereas several
statistical downscaling results include widespread increases
in rainfall for the northern and western parts. In contrast,
the eastern Mediterranean area, where rainfall decreases in
winter, shows some precipitation increases in summer and
autumn. Regional climate models also indicate some sea-
sonal rainfall increase, the spatial extent, however, being
different: the area with wintertime increase is confined to
the northernmost parts of the Mediterranean region, and the
rainfall increase during summer and autumn is rather
concentrated on the south-eastern part. Sub-regional stud-
ies also point to predominant rainfall reductions, but again
include some cases with seasonal increase (in western
Iberia during spring, in south-eastern Spain, parts of Italy
and Turkey during summer, in parts of Iberia during win-
ter). A synthesis is even more difficult for rainfall
extremes: the combination of decreased total and increased
extreme precipitation, in most cases indicated by dynami-
cal studies, is not the predominant signal, according to
statistical assessments, among all the combinations occur-
ring (total vs. extreme rainfall change). Nevertheless, a
general shift of the whole precipitation distribution towards
higher and lower values may be seen as a corresponding
signal of change.
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Concerning future dry period durations in the Mediter-
ranean region, the predominant climate change signals
point to an increase. However, there are also indications for
sub-regional decreases in the maximum number of con-
secutive dry days, e.g. in parts of the northern and western
area in spring, in the Ionian and Aegean Sea in summer, in
the north-central and eastern area in autumn, and in the
western part in winter. These statistically derived assess-
ments do not always agree with dynamical downscaling
results, e.g. for Portugal in spring, or for the River Jordan
region in autumn, where regional climate modelling points
to a prolongation of dry periods.

Finally, only a few studies are available concerning
near-surface winds. For the French Mediterranean region,
a decrease in mean and extreme wind speeds is projected
for the future, especially for the winter season. For the
Adriatic Sea, no substantial change in the extreme wind
surge level and a decrease in the extreme wave height are
projected depending on downscaled regional wind fields.
These sub-regional examples might indicate some reduc-
tion in the Mediterranean atmospheric circulation
strength.

In summary, there are agreements as well as some
considerable differences in regional climate change pro-
jections. This is why we have to deal with the aspect of
reliability concerning statistical downscaling assessments.
This is directly linked to the broad field of uncertainties
connected with these techniques. They arise from GCM
deficiencies transferred via the predictor input, from sce-
nario assumptions and from constraints inherent to the
statistical models themselves, due to, for example, the
predictor selection, restricted model performance, or non-
stationarities in the predictor—predictand relationships. So
far, these uncertainties have not yet been analysed suffi-
ciently (see below for further requirements), thus leaving
substantial doubts in the reliability of some of the available
downscaling assessments. As far as different predictands
and the degree of correspondence between different
assessments are concerned, one might conclude (from the
Mediterranean studies discussed in this paper) that tem-
perature-related estimates are more reliable than those
related to rainfall, and estimates of mean conditions are
more reliable than those of extremes. Furthermore, the
degree of correspondence between different assessments
seems to be lower for the highest possible resolution
(individual grid boxes or stations) than for (sub-) regional
aggregations (benefit of spatial smoothing).

Statistical downscaling assessments will obtain an
improved reliability, if uncertainties (especially those
inherent to the statistical models) are adequately quantified
and if appropriate strategies are developed to reduce them.
In this context, the following proceedings are particularly
relevant:
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1. Inclusion of an appropriate set of predictors: with
regard to the Mediterranean region, this should not
only imply large-scale atmospheric circulation predic-
tors, but also regional oceanic and land-surface data
(e.g. soil moisture) as well as thermodynamic variables
describing, for instance, smaller-scale convection (in
the case of rainfall predictands).

2. When using distribution functions in downscaling, the
application of mixed models with different functions
for normal and extreme values should be preferred.

3. Multi-GCM ensembles should be used not only for
determining a particular uncertainty range of climate
change projections, but also for developing specific
weights for the downscaling results according to the
different performance of the GCMs (e.g. with regard to
regionally important dynamical conditions, whatever
appropriate criteria for this might be). This would help to
reduce uncertainties arising from the GCM scale, thereby
enhancing the reliability of downscaling assessments.

4. Statistical model ensembles should be used not only
for determining another range of uncertainty, but
especially for considering different predictor—predict-
and relationships due to corresponding non-stationa-
rities. This requires a sound identification of such
non-stationarities in both observation and model data
sets, subsequently allowing the derivation of specific
downscaling assessments of enhanced reliability.

Considering the above-mentioned aspects, future assess-
ments of regional climate change would be much more
reliable including well-founded quantifications of remain-
ing uncertainties. Such a level of performance would imply
that statistical downscaling will take and maintain an
important position besides dynamical downscaling in
future projections of regional climate change.
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