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Abstract Future climate conditions for the Mediterra-

nean region based on an ensemble of 16 Global Climate

Models are expressed and mapped using three approaches,

giving special attention to the intermodel uncertainty. (1)

The scenarios of mean seasonal temperature and precipi-

tation agree with the projections published previously by

other authors. The results show an increase in temperature

in all seasons and for all parts of the Mediterranean with

good intermodel agreement. Precipitation is projected to

decrease in all parts and all seasons (most significantly in

summer) except for the northernmost parts in winter. The

intermodel agreement for the precipitation changes is lower

than for temperature. (2) Changes in drought conditions are

represented using the Palmer Drought Severity Index and

its intermediate Z-index product. The results indicate a

significant decrease in soil moisture in all seasons, with the

most significant decrease occurring in summer. The dis-

played changes exhibit high intermodel agreement. (3) The

climate change scenarios are defined in terms of the

changes in parameters of the stochastic daily weather

generator calibrated with the modeled daily data; the

emphasis is put on the parameters, which affect the diurnal

and interdiurnal variability in weather series. These sce-

narios indicate a trend toward more extreme weather in the

Mediterranean. Temperature maxima will increase not only

because of an overall rise in temperature means, but partly

(in some areas) because of increases in temperature vari-

ability and daily temperature range. Increased mean daily

precipitation sums on wet days occurring in some seasons,

and some parts of the Mediterranean may imply higher

daily precipitation extremes, and decreased probability of

wet day occurrence will imply longer drought spells all

across the Mediterranean.

Keywords Mediterranean � Climate change �
Global Climate Models � Temperature � Precipitation �
Drought � Palmer Drought Severity Index � Weather

generator

Introduction

The Mediterranean region is considered to be one of the

primary climate change hot spots (Giorgi 2006). Alpert

et al. (2008) found that the average temperature over the

Mediterranean region has increased by 1.5 �C in the last

100 years, and the precipitation across most of this area

shows a dominant negative trend in the last 50 years. As a
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result of temperature increases accompanied by decreasing

precipitation, it is not surprising that many studies have

revealed trends toward more frequent and/or more inten-

sive droughts (Brunetti et al. 2002; Piccarreta et al. 2004;

Vicente-Serrano et al. 2004). Similar to these observations,

the model simulations also indicate that the ‘‘transition’’

toward drier conditions has already started and has accel-

erated around the turn of the century (Mariotti et al. 2008).

The Global Climate Models (GCM) ensemble projections

(IPCC 2007; Mariotti et al. 2008) indicate further increases

in temperature and decreases in precipitation in the Medi-

terranean, which could further exacerbate existing climate-

related problems, especially droughts (Mariotti et al. 2008),

heat stress (Diffenbaugh et al. 2007) and wildfires (Moriondo

et al. 2006). A more detailed projection of future climate in

the Mediterranean was made by Giorgi and Lionello (2008),

who analyzed outputs from simulations by multiple GCMs

from the CMIP3 database and regional climate models

(RCMs). Their analysis shows a robust and consistent picture

of pronounced climate change over the Mediterranean,

which consists of significant increases in temperature

(maximum in summer) and decreases in precipitation

(especially in the warm season and except for the northern

Mediterranean areas in winter). These changes are explained

by an increased anticyclonic circulation that yields increas-

ingly stable conditions and is associated with a northward

shift of the Atlantic storm track. Giorgi and Lionello (2008)

also found that the global and regional model simulations are

generally consistent with each other at the broad scale, but

the precipitation change signal produced by the regional

models shows substantial orographically induced fine-scale

structure absent in the global models. In addition, these

authors showed that the change signals are robust across

forcing scenarios and future time periods, with the magni-

tude of the signal increasing with the intensity of the forcing.

Sanchez et al. (2004) used the regional climate model and

focused on the projection of extreme temperature and pre-

cipitation events across the entire Mediterranean for the

2070–2100 period and the SRES-A2 emission scenario.

They found that (1) daily temperature maxima will increase

in general more than daily temperature minima all across the

Mediterranean and for all seasons, (2) the daily temperature

ranges and extreme temperature values will increase and (3)

the extreme precipitation events will significantly change

with an increasing trend in many Mediterranean areas, par-

ticularly in summer and early autumn. Lionello and Giorgi

(2007) analyzed winter precipitation and cyclones as simu-

lated by the regional climate model and concluded that the

increases in winter precipitation on the northern Mediterra-

nean coast and the decreases on the southern and eastern

Mediterranean coast are due to the increase in the winter

cyclone activity over western Europe and its reduction inside

the Mediterranean.

This paper follows three aims not seen in previous lit-

erature: (1) introducing a new method for mapping the

multi-GCM climate scenarios, (2) presenting the future

climate scenarios in terms of Palmer Drought Indices and

(3) enhancing the future climate scenarios with climate

characteristics, which may be derived from daily outputs of

GCMs/RCMs and whose inclusion will allow for the

diurnal and interdiurnal variability in weather series. First,

the changes in seasonal temperature and precipitation are

discussed in ‘‘Climate change scenarios for precipitation

and temperature’’ section. The mapping method focuses on

an explicit inclusion of the quantitative information on the

inter-GCM variability into the maps. In addition to the

multi-GCM median, the maps show the inter-GCM

uncertainty, which allows one to assess the statistical sig-

nificance of projected changes. The mapping technique is

further used in subsequent sections. Second (‘‘Future

drought conditions in terms of the Palmer Drought Severity

Index’’ section), the focus is placed on drought, which is

one of the hot topics for the entire Mediterranean region

(Geeson et al. 2002). The future drought conditions are

represented in terms of the Palmer Drought Severity Index

(PDSI and its intermediate product, Z-index). The use of

this well-established drought index can contribute to a

better perception of the future drought risk. Third (‘‘Cli-

mate change scenarios in terms of the weather generator

parameters’’), climate change scenarios, as determined by

the change in selected parameters of the stochastic daily

weather generator (WG), are given. Inclusion of this

approach is motivated by two facts. First, WGs are a well-

established tool in disaggregating GCM/RCM-based cli-

mate projections into realistic surface weather series

required by various climate change impact models. Second,

inclusion of the changes in some WG parameters into the

climate change scenarios allows to represent changes in

diurnal and interdiurnal weather variability, which are of

crucial importance for some climate-related processes (e.g.,

in hydrology and agriculture; Mearns et al. 1996; Dub-

rovsky et al. 2000, 2004; Moriondo et al. 2011). With the

purpose of avoiding misunderstanding, it should be

emphasized that the calculation of the changes in WG

parameters is the only way of using the WG here.

Data

The present projections are based on the monthly and daily

precipitation and temperature outputs from GCM simula-

tions (the database used in IPCC’s Fourth Assessment

Report—AR4; IPCC 2007). To benefit from the larger

signal-to-noise ratio (climate change signal to natural cli-

matic variability), the GCM simulations made with high

SRES-A2 emissions were used. The GCMs involved in
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each of the three parts of the present analysis are listed in

Table 1. The future climate projection relates to the end of

the twenty-first century using the 1961–1990 period as a

baseline. Note that the database of the daily GCM series

used in ‘‘Climate change scenarios in terms of the weather

generator parameters’’ section differs from the monthly

database used in ‘‘Climate change scenarios for precipita-

tion and temperature’’ and ‘‘Future drought conditions in

terms of the Palmer Drought Severity Index’’ sections in

two aspects: (1) fewer GCMs are available with a daily

database, and (2) while 2070–2099 is used as the future

period when working with the monthly database, the

shorter period (2081–2100) was used to represent the future

in ‘‘Climate change scenarios in terms of the weather

generator parameters’’ section because of the limitedness

of the daily database. A few GCMs provide longer series,

but we preferred to use only time slices made available by

most of the GCMs. Even in this case, some GCMs (BCM2,

CNCM3, MPEH5) had shorter series, which was accounted

for by giving lower weights to these models when deriving

the multi-GCM scenarios. In the case of the CNCM3

model, whose daily series output is only available up to

2086, two additional years (2079 and 2080) were added to

get the same length as the other two above-named GCMs

(the resultant small differences in a future time period may

have only a slight effect on the scenarios, and this effect

was ignored when processing the data).

To run the PDSI model, the required soil moisture

parameter was taken from the global map of texture-based

potential storage of water developed by Webb et al. (1993),

which is made available at: http://www.ngdc.noaa.gov/

ecosys/cdroms/ged_iia/datasets/a12/wr.htm at a 18 9 18
spatial resolution.

Climate change scenarios for precipitation

and temperature

Additive changes in temperature (given in �C) and mul-

tiplicative changes in precipitation (given in percentages)

are derived by comparing average values of temperature

and precipitation during the 2070–2099 versus 1961–1990

time slices.

Figures 1 and 2 (Figures SM1 and SM2) show multi-

GCM changes in precipitation and temperature for summer

and winter (spring, autumn and whole year). The maps were

Table 1 GCM data used in the analysis. All GCM simulations were made using the SRES-A2 emission scenario from IPCC-AR4

# Model Centre Daily data for use in ‘‘Climate change scenarios

in terms of the weather generator parameters‘‘

section

N Baseline Future

1 BCM2 Bjerknes Centre for Climate Research, Norway 1 1961–1990 2081–2088

2 CGMR Canadian Center for Climate Modelling and Analysis, Canada 3 1961–1990 2081–2100

3 CNCM3 Centre National de Recherches Meteorologiques, France 1 1961–1990 2079–2086

4 CSMK3 Commonwealth Scientific and Industrial Research Organisation, Australia 1 1961–1990 2081–2100

5 ECHOG Met.Inst.Univ Bonn ? Met. Res.Inst., Korea ? Model

and Data Group at MPI-M, Germany

6 GFCM20 Geophysical Fluid Dynamics Laboratory, USA 1 1961–1990 2081–2100

7 HADCM3 UK Met. Office, UK

8 HADGEM UK Met. Office, UK

9 INCM3 Institute for Numerical Mathematics, Russia

10 MIMR National Institute for Environmental Studies, Japan

11 MPEH5 Max-Planck-Institute for Meteorology, Germany 1 1961–1978 2081–2100

12 MRCGCM Meteorological Research Institute, Japan

13 NCCCSM National Center for Atmospheric Research, USA

14 NCPCM National Center for Atmospheric Research, USA

15 GFCM21 Geophysical Fluid Dynamics Laboratory, USA 1 1961–1990 2081–2088

16 IPCM4 Institute Pierre Simon Laplace, France

Monthly series used in ‘‘Climate change scenarios for precipitation and temperature’’ and ‘‘Future drought conditions in terms of the Palmer

Drought Severity Index’’ sections were available from all listed GCMs (1961–1990 for the baseline climate, and 2070–2099 for the future

climate; only 1 realization for each GCM was included). The last three columns specify daily data used in ‘‘Climate change scenarios in terms of

the weather generator parameters’’ section (column N indicates the number of realizations). Monthly series were downloaded from the IPCC’s

Data Distribution Centre (http://www.ipcc-data.org/gcm/monthly/SRES_AR4/index.html), and the daily series were extracted from the WCRP

database (https://esg.llnl.gov:8443/index.jsp)
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created in three steps: (1) GCM-specific scenarios were

derived from each of the 16 GCMs for all GCM-specific

grids, (2) the scenarios were re-gridded into a common

18 9 18 grid and (3) the medians and standard deviations

from the 16 values were calculated for each grid. The maps

show a multi-GCM median by the color (the median was

used instead of the average to reduce the effect of outliers)

together with the inter-GCM uncertainty, which is given in

terms of the STD/MED (standard deviation to median) ratio

and is shown by the shape of the symbol. Based on the Stu-

dent test in which the median is used instead of the mean, the

change may be considered statistically significant (approxi-

mately at the 95 % level) when |STD/MED| \ 2. Because

the CMIP3-based climate projections have already been

discussed in many publications (e.g., IPCC 2007; Giorgi and

Lionello 2008), only the main points will be mentioned here,

with an emphasis on the inter-GCM variability.

a. Temperature is projected to increase in all seasons and

for all parts of the Mediterranean. The largest increase

occurs in summer, and the smallest increase happens in

winter and spring. Considering the spatial pattern, the

largest increase is projected for the Balkan and Iberian

peninsulas (above 6 �C in their interiors in summer)

and the smallest (below 2.8 �C in spring and winter)

over the Mediterranean Sea. The inter-GCM agreement

is very high in all seasons; the STD/MED is below 0.4

everywhere in all seasons (and below 0.2 in winter and

autumn nearly everywhere), which indicates a high

statistical significance of the temperature increase.

b. Precipitation change is affected by much higher

(compared to temperature) inter-GCM variability (note

that the symbol scale is different from the one used for

the temperature changes in order to adequately display

the wider range of the STD/MED values). The maps

related to the four seasons reveal the zonally posi-

tioned band of high inter-GCM uncertainty (indicating

the statistically insignificant multi-GCM changes),

which moves toward the south in winter (centered

approximately along the 428 N latitude) and toward the

north in summer (reaching Scandinavia outside the

map). Precipitation is projected to increase north of

this band (in the Mediterranean area, this applies only

Fig. 1 Multi-GCM changes in summer and winter surface temper-

ature (�C) related to SRES-A2 emission scenario and 2070–2099 (vs.

1961–1990). The color represents the median of the values from a set

of 16 GCMs; the shape of the symbol represents the inter-GCM

variability in terms of the STD/MED (standard deviation to median)

ratio. See Fig. SM1 for maps related to spring, autumn and annual

means of the temperature changes

Fig. 2 Multi-GCM changes (%) in summer and winter precipitation

sum related to SRES-A2 emission scenario and 2070–2099 (vs.

1961–1990). The color represents the median of the values from a set

of 16 GCMs; the shape of the symbol represents the inter-GCM

variability in terms of the STD/MED (standard deviation to median)

ratio. See Fig. SM2 for maps related to spring, autumn and annual

means of the precipitation changes
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to its northernmost parts during winter) and decrease

south of the band. In winter, the band of high uncertainty

(STD/MED [ 2) affects major parts of the Mediterra-

nean (minor areas of high uncertainty occur in summer

in the eastern Mediterranean). During the other three

seasons, the Mediterranean lies mostly south of this band

and experiences moderate (spring and autumn) to high

(summer) decreases in precipitation. The largest

decrease (reaching a 45 % reduction) may be expected

in summer across the southern Balkan region (and

adjacent Aegean Sea area) and southwest Iberian

Peninsula (and adjacent sea area between Spain and

Morocco). In terms of the annual change, the Mediter-

ranean area may expect to see a 5–30 % (from north to

south) precipitation decrease, and an even higher

decrease in its westernmost and easternmost parts.

The above results fit the IPCC projection (Fig. 11.5 in

IPCC 2007) well in terms of the spatial patterns and

magnitudes of median changes and also in terms of the

position of the uncertainty band. The minor differences

(including the slightly higher magnitude of changes found

in our projection) are due to differences in time slices

representing present and future, emission scenario and

number of GCMs (IPCC projection was based on

2080–2099 vs. 1980–1999 changes derived from 21 GCM

simulations run with SRES A1b emissions).

Future drought conditions in terms of the Palmer

Drought Severity Index

Introduction

Drought conditions are commonly expressed in terms of

various drought indices [see, e.g., Keyantash and Dracup

(2002) and Heim (2002) for reviews]. One of the most

commonly used indices is the Palmer Drought Severity

Index (PDSI; Palmer 1965). The algorithm has been

described previously (e.g., Quiring and Papakryiakou 2003;

Wells et al. 2004), so only a brief description will be given

here. Based on a supply-and-demand model for the amount

of moisture in the soil, PDSI values reflect how the soil

moisture at a location compares with normal conditions. A

given PDSI value is calculated by using a combination of the

current conditions along with previous PDSI values, so that a

single PDSI value is not representative of just the current

conditions, but also of prior conditions, to a lesser extent. The

Z-index is an intermediate product of the PDSI algorithm. It

characterizes the immediate monthly water balance anom-

aly; the PDSI is derived from a series of Z-index values.

The PDSI has been used in many studies (e.g., Byun and

Wilhite 1999; Zou et al. 2005), including the larger-scale

studies focused on the whole globe (Dai et al. 2004), North

America (Karnauskas et al. 2008) and Europe (Lloyd-

Hughes and Saunders 2002; van der Schrier et al. 2006). As

such, it has become a standard component of drought

monitoring efforts (e.g., Svoboda et al. 2002). Dubrovsky

et al. (2009) emphasized that the PDSI index is advanta-

geous for assessing the potential impacts of climate change

on drought (compared to just precipitation-based indices),

as it also accounts for the effect of temperature, which may

be a dominant feature, especially in those areas where the

precipitation changes are small or insignificant. Only

recently Vicente-Serrano et al. (2010) proposed a new

SPEI index (Standardized Precipitation Evapotranspiration

Index), which is also dependent on precipitation and tem-

perature and could be used to assess drought conditions

under global warming.

In this study, both indices were produced by modifying

the self-calibrated PDSI code (Wells et al. 2004) available

from the National Drought Mitigation Center and the

Department of Computer Science and Engineering located

at the University of Nebraska-Lincoln. The modification

(Dubrovsky et al. 2009), which is analogous to Mavromatis

(2010), consists of implementing an option for using two

different weather series in a two-step algorithm: in the first

step, the PDSI model is calibrated using the reference

temperature and precipitation series, and in the second step,

it is applied on the test series related to a different period or

different site. As a result, the relative PDSI (rPDSI) regime

in the test period/site is given in terms of applying the

normals from the reference period/site. The rPDSI index

was used to assess the impact of the GCM-simulated cli-

mate change on drought in the Czech Republic (Dubrovsky

et al. 2009).

Because the rPDSI is very persistent, with only small

intermonthly fluctuations of its values, the shifts in

drought conditions due to future climate change exhibit

only an insignificant annual cycle. Therefore, the rPDSI

is used here to quantify drought changes related only to

the whole year. Drought changes related to individual

seasons are expressed in terms of the Z-index, which

describes deviation of soil moisture of a given month

from the long-term mean without considering antecedent

soil moisture conditions. The analogous intermediate

product of rPDSI will be denoted as rZ. The original

self-calibrated PDSI (and also rPDSI if applied to the

weather series identical with the calibration series) clas-

sifies values within a range of \-4, ?4[ in about 96 %

of the cases. The values above/below zero indicate

wetter/drier conditions compared to the normal condi-

tions. The values below -4 and above ?4 indicate

extreme drought or extreme wet conditions. The range of

the Z values is narrower and the \-2.7, 2.7[ interval

encompasses about 96 % of Z values.

Multi-GCM projections of future
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Results and discussion

The change (2070–2099 vs. 1961–1990) in the drought risk

is shown in Figs. 3 and SM3 in terms of the annual mean

rPDSI and seasonal means of rZ. The maps were created in

the same manner as the maps presented in ‘‘Climate change

scenarios for precipitation and temperature’’ section. The

PDSI model was run for each grid of each GCM, and the

5-year spin-up period was dismissed from the output rPDSI

and rZ series (rPDSI starts from zero and takes some time to

get to the values that realistically reflect drought condi-

tions), and the means of rPDSI and rZ were derived from the

remaining 25 years. These means were re-gridded into a

common 18 9 18 grid, and the medians and standard

deviations from the 16 values were calculated for each grid.

The maps show a significant increase in drought risk,

which is a logical consequence of precipitation decreases

accompanied by temperature increases. The displayed

changes exhibit a high inter-GCM agreement, except for

small parts of the North African coast. This may be a

consequence of very small precipitation sums in this area

with large inter-GCM variability of relative precipitation

changes, which leads to a large uncertainty in rPDSI.

Figure 3 shows that the mean rPDSI values at the end of

the twenty-first century will fall below -4 everywhere

(indicating an extreme drought) and even below -8 in

many areas, which indicates that the soil moisture levels

will be significantly lower than current conditions. These

results, which look rather harsh, deserve some comments.

First, the present projection relates to the end of twenty-

first century and SRES-A2 emission scenario, which is

considered among the most extreme emission scenarios.

Therefore, the drought conditions for the near future and/or

less extreme emissions would be less alarming. Second, the

temperature–precipitation conditions in the future target

period are significantly different (in terms of both tem-

perature and precipitation) from those during the reference

period used to calibrate the PDSI model parameters. From

this point of view, the present projection should be con-

sidered as the model extrapolation, which is typically

affected by larger errors (compared to interpolation). Third,

possible overestimation of the magnitude of the rPDSI

decrease may be partly due to the fact that the presently

used PDSI model calculates potential evapotranspiration

using the Thornthwaite algorithm, which is considered less

appropriate in warmer climates than the Penman–Monteith

formula preferred by recent studies (e.g., Burke et al. 2006;

Hoerling et al. 2012; van der Schrier et al. 2013; Dai 2013).

To assess the possible effect of using different evapo-

transpiration formulas, we compared their projections

based on the HadCM3 and PDSI (using the Penman–

Monteith equation) with projections based on the present

PDSI model and the same GCM model (not shown in the

figures). The comparison revealed that both model pro-

jections are very similar in terms of the spatial pattern,

although our magnitude of change is about twice as large as

the Burke et al. (2006) results. This allows us to believe

that the present multi-GCM projection is comparable to

recommended Penman–Monteith-based PDSI if the present

magnitudes are accordingly corrected.

Concerning the annual pattern of change in drought

conditions, the rZ values show that drought risk will

Fig. 3 Annual mean of the relative Palmer Drought Severity Index and

seasonal (summer and winter) means of relative Z-index. The indices

were calibrated with 1961–1990 and applied to 2070–2099. The

multimodel median and STD/MED (standard deviation to median) ratio

are represented by color and shape of the symbols, respectively. See Fig.

SM3 for spring and autumn means of relative Z-index
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increase in all seasons, with the most significant increase

occurring in summer, which is a consequence of the largest

temperature increase accompanied by the largest precipi-

tation decrease. The most significant increase in drought

risk is projected to occur in the interiors of the Balkan and

Iberian peninsulas and Anatolia, where drought risk will

increase significantly in all seasons.

To compare the present results with results by other

authors, two studies based on multi-GCM projections will

be considered. Because individual studies differ in the

drought-related characteristic, set of models and specifi-

cation of future periods, we give only a rough comparison.

Wang (2005) analyzed winter and summer soil moisture

content in the after-stabilization period (2101–2200) in

SRES-A1b simulations with 15 GCMs from the CMIP3

database. Our maps of summer and winter means of rZ

agree well with Wang’s projection [shown in Figs. 3–4 in

Wang (2005)] in terms of both the spatial pattern of

changes toward higher drought risk and inter-GCM con-

sistency. This fit indicates that the mean GCM-simulated

soil moisture is well correlated with the soil moisture

simulated by the present PDSI model. Sheffield and Wood

(2008) analyzed the occurrence of short-term (4–6 month

duration) and long-term (more than 12-month duration)

droughts defined as extended periods of anomalous low soil

moisture. Their analysis was based on 8 GCMs from

CMIP3 and relates to 2070–2099 and 3 SRES emission

scenarios (A1b, A2 and B1). In agreement with our PDSI

worldwide simulations (Fig. 3 shows only Europe, but

simulations were made for whole globe), they found that

the Mediterranean is among the regions that show the

largest increases in long-term drought occurrence in the

future, with the Iberian and Balkan Peninsulas and Anatolia

exhibiting the most significant increases.

Climate change scenarios in terms of the weather

generator parameters

Introduction

The weather series representing future climate are often

produced by WGs (e.g., Wilks 1992; Semenov et al. 2010),

whose parameters representing the stochastic structure of

the present climate weather series are derived from the

observed station-specific weather series and then modified

in accordance with the GCM-based (or RCM-based) cli-

mate change scenarios. The scenarios commonly include

changes in the means of relevant climatic characteristics,

but optimally they should also include changes in other

characteristics that drive the interdiurnal weather variabil-

ity. These characteristics, however, cannot be derived from

the monthly GCM outputs, but rather from the daily

outputs. To address this requirement, the climate change

scenarios defined in terms of the WG parameters (hereafter

referred to as WG-friendly climate change scenarios)

derived from the GCM-simulated daily weather series are

included in the present study. The term ‘‘WG-friendly’’

relates to the fact that these scenarios are easily applicable

through changes in the WG parameters so that they rep-

resent the future climate.

In this analysis, we use M&Rfi, which is the WGEN-like

(Richardson 1981) parametric WG and a more flexible

follow-on of the Met&Roll (Dubrovsky et al. 2000; Dub-

rovsky et al. 2004). Both Met&Roll and M&Rfi are being

used in current climate change impact studies (e.g., Trnka

et al. 2004, 2011; Rötter et al. 2011). Whereas Met&Roll

was strictly a daily four-variate WG, M&Rfi may deal with

an optional number of variables and optional length of the

time step. It also allows the user to apply various transfor-

mations of modeled variables and involves other improve-

ments. In the present version, M&Rfi runs with a daily time

step and models three variables: daily precipitation amount

(PREC), daily average temperature (TAVG) and daily

temperature range (defined as the difference between daily

temperature extremes; DTR = TMAX - TMIN). Precipi-

tation is a primary variable: wet day occurrences are gen-

erated by a Markov chain model (first order is used here),

and the precipitation amount is derived from a gamma

distribution when a wet day is identified. Standardized

values of TAVG and DTR are modeled using a first-order

autoregressive model in which their averages and standard

deviations are conditioned on the precipitation amount, and

the annual cycles are smoothed by a robust locally weighted

regression (Solow 1988). The set of WG parameters thus

includes two parameters of gamma distribution, two

parameters of the first-order Markov chain and ‘‘wet day’’

and ‘‘dry day’’ averages and standard deviations of the non-

precipitation variables. More details on this type of the

generator, including the results of the validation tests, may

be found in Dubrovsky et al. (2000, 2004).

The WG-friendly climate change scenarios are deter-

mined by comparing WG parameters calibrated from the

GCM slices representing future (2081–2100) versus pres-

ent (1961–1990) climates, after the trends have been

removed (separately for individual time slices). Changes in

averages of TAVG are determined by subtracting future

minus present values. Changes in precipitation sums, wet

day precipitation amounts (being a product of the two

gamma distribution parameters), Markov chain model

probabilities, daily temperature range and standard devia-

tions of the non-precipitation variables are assumed to be

multiplicative and are determined as a ratio of the future

versus present climate values. To address the climatic

characteristics related to interdiurnal weather variability,

the WG parameters listed in Table 2 were included into the
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analysis (aTAVG and aDTR were included to complete the

picture of the scenario derived from the daily GCM

output).

Results

The WG-friendly climate change scenarios derived from

GCMs listed in Table 1 were developed for 30

Mediterranean sites (Fig. 4). Similar to the maps in Figs. 1

and 2 and SM1–SM2, the changes in WG parameters

presented in Figs. 5, 6, 7 and 8 and SM4–10 are displayed

in terms of the multi-GCM median and inter-GCM vari-

ability. In contrast to the previous maps, the changes based

on individual GCMs were not interpolated. The change

related to the closest GCM grid was instead used to

determine the GCM-specific changes in individual stations.

The reason for doing so is that the interdiurnal variability

of surface weather in interpolated GCM-based daily series

might be distorted. In discussing the results shown in the

maps, we shall focus on the following aspects: (1) mag-

nitude of change, (2) annual cycle, (3) statistical signifi-

cance of the multi-GCM change (which relates to inter-

GCM variability), (4) spatial distribution and (5) potential

consequences.

Change in daily average temperature (D[aTAVG]; Figure

SM4)

The changes in aTAVG mostly correspond to those based

on monthly series (Figs. 1 and SM1): they show a maxi-

mum increase in summer and a minimum increase in spring

Table 2 List of weather generator parameters included in the present

analysis

Acronym Definition

aTAVG,

sTAVG

Average and standard deviation of daily average

temperature

aDTR,

sDTR

Average and standard deviation of daily temperature

range (DTR = TMAX - TMIN)

Pwet Probability of wet day occurrence (parameter of the

first-order Markov chain)

Pdw Probability of wet day occurrence following the dry

day (parameter of the first-order Markov chain)

DPA Mean daily precipitation amount on a wet day (being

a product of the two gamma distribution parameters)

Fig. 4 Location of 30 sites for

which the scenarios defined in

terms of the weather generator

parameters were derived

Fig. 5 Summer and winter changes in daily temperature range,

D(aDTR) [%] (2081–2100 vs. 1961–1990). The color represents the

median derived from 9 GCM simulations, and the shape of the symbol

represents the value of the STD/MED (standard deviation to median)

ratio. See Fig. SM5 for spring, autumn and annual changes in aDTR
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and winter, along with a high agreement between the

GCMs (especially in spring and summer), although the

inter-GCM variability in WG-friendly scenarios is some-

what larger (nearly doubled) compared to the scenarios

based on monthly GCM data. These differences may be

due to the four factors. First, the two databases have dif-

ferent numbers of GCMs. Second, the shorter future time

slice in daily datasets (20 vs. 30 year available in the

monthly datasets) implies higher uncertainty in determin-

ing the changes. Third, the 6-year shift between the centers

of the 20- versus 30-year future periods implies a slight

bias in projected magnitudes of changes in WG parameters,

and this bias relates to a difference of approximately 8 % in

greenhouse gas forcing [based on the change in global

mean temperature for SRES-A2 scenario extracted from

Fig. 10.4 in IPCC (2007)]. Fourth, the statistics for a given

individual station shown in Figure SM4 were based on

temperature changes related to different geographical

locations (being the native grids of individual GCMs),

which may somehow increase variability.

Fig. 6 Summer and winter changes in standard deviation of daily

average temperature, D(sTAVG) [%] (2081–2100 vs. 1961–1990).

The color represents the median derived from 9 GCM simulations,

and the shape of the symbol represents the value of the STD/MED

(standard deviation to median) ratio. See Fig. SM6 for spring, autumn

and annual changes in sTAVG

Fig. 7 Summer and winter changes in mean daily precipitation

amount on a wet day, D(DPA) [%] (2081–2100 vs. 1961–1990). The

color represents the median derived from 9 GCM simulations, and the

shape of the symbol represents the value of the STD/MED (standard

deviation to median) ratio. See Fig. SM8 for spring, autumn and

annual changes in DPA

Fig. 8 Summer and winter changes in probability of wet day

occurrence, D(Pwet) [%] (2081–2100 vs. 1961–1990). The color

represents the median derived from 9 GCM simulations, and the

shape of the symbol represents the value of the STD/MED (standard

deviation to median) ratio. See Fig. SM9 for spring, autumn and

annual changes in Pwet

Multi-GCM projections of future
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Change in daily temperature range (D[aDTR]; Figs. 5

and SM5]

The maps show that the changes are mostly positive in all

seasons and all locations, except for several locations

mostly in the Central Mediterranean in winter and, to a

lesser extent, in autumn. The spatial and annual patterns

show that the increase should be largest in the north-central

Mediterranean in summer and the western Mediterranean

in spring and winter. The increase may reach as high as

20 %, which might result in an increase in DTR by 3 �C.

Note that the changes are loaded by much higher uncer-

tainty (compared to changes in aTAVG), as indicated by

the STD/MED ratio being mostly higher than 1 and often

even higher than 2, indicating statistical insignificance of

the change in DTR. Seemingly, the change in DTR relates

to both TMAX and TMIN. Generally, if DTR increases and

aTAVG is unchanged, the avg(TMAX) will increase and

avg(TMIN) will correspondingly decrease, which may

imply an increased probability of occurrence of tempera-

ture extremes.

Change in standard deviations of daily average

temperature and daily temperature range (D[sTAVG]

and D[sDTR]; Figs. 6, SM6 and SM7)

Apart from a few cases (including two locations in Tur-

key), changes in TAVG variability in spring, autumn and

winter are mostly statistically insignificant (STD/

MED [ 2) or only slightly significant (2 [ STD/

MED [ 1). However, even in these seasons (especially in

spring and autumn), the maps show good spatial homoge-

neity, indicated by an increase in sTAVG nearly every-

where in the Mediterranean (locations with possible

negative changes are found along the Italian coast).

Apparently, the increased temperature variability implies

an increased probability of occurrence of extremes. A

significant increase in sTAVG in the northern Mediterra-

nean in summer may imply an increased occurrence of

extremely high temperatures. Changes in sDTR are affec-

ted by even higher uncertainty (compared to sTAVG) and

may be considered statistically insignificant except for

several locations found primarily in Greece, southern Italy

and the northern coast of Africa where a statistically sig-

nificant decrease in sDTR is projected. The compact cluster

of locations in the central Mediterranean with significantly

negative changes observed in winter is worth noting. The

decrease in sDTR may partly reduce the probability of

occurrence of extreme (high or low) temperatures. Not

surprisingly, it might be found that the change in sDTR

correlates with the change in aDTR: sDTR mostly increa-

ses where aDTR increases, which may relate to the fact that

the probability distribution function of DTR preserves its

shape and changes only in its scale parameter, although this

is not a general rule.

Change in the precipitation parameters

Figures 7 and 8 and SM8–SM10 show changes in mean

daily precipitation amount on a wet day (DPA parameter),

probability of wet day occurrences (Pwet; see Technical

Note SM1 in Supplementary Materials for details on

determining wet and dry days in GCM outputs) and inter-

diurnal variability in precipitation occurrence (Pdw), which

all affect changes in short-term precipitation extremes

(including the lengths of wet and dry spells). The maps

indicate: (1) The decrease in seasonal precipitation sums

shown in Figs. 2 and SM2 turns out to be a product of

increased DPA (shown in Figs. 7 and SM8) accompanied

by a decreased (with a greater magnitude than a DPA

increase) Pwet (Figs. 8 and SM9); (2) Changes in Pdw are

approximately the same as the Pwet changes, which implies

no changes in the persistence of wet/dry day occurrence

series (lag-correlation in the first-order Markov chain is

expressed as 1 - Pdw/Pwet); (3) Lower Pwet (accompa-

nied by the preserved persistence in wet/dry day occurrence

series) results in longer dry spells; (4) higher DPA would

indicate not just higher daily precipitation means, but higher

precipitation extremes would be more likely.

Discussion

Altogether, the WG-friendly scenarios shown in the maps

indicate trends toward more extremes in both temperature

and precipitation. On the other hand, reasons exist for

taking the changes in some WG parameters cautiously. The

changes are loaded by higher uncertainty (compared to the

scenarios derived from the monthly data) because of a

shorter data time period along with greater unreliability of

daily time series simulated by the GCMs. The latter fact

manifests itself, e.g., by distorted probability distribution

functions of daily precipitation. As a result, to get the best

use of the changes in those WG parameters, which are

affected by larger uncertainty, they should be taken in the

proper context, which might include the following: (1)

averaging the changes in WG parameters over all GCMs;

and/or (2) aggregating information from a set of more

neighboring months, e.g., for seasons (instead of producing

them strictly based on month-specific scenarios) or using

the smoothed annual cycle of month-specific values; and/or

(3) applying spatial smoothing.

To compare the present results with results by other

authors, the recent study by Sanchez et al. (2004) may

serve as a reference. Although their study was based only

on a single climate model, whose results may significantly

differ from (although without being in contradiction with)
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the multimodel ensemble mean, some common features

may be found in both studies. Sanchez et al. (2004) found

that TMAX will increase in general more than TMIN all

across the Mediterranean region and for all of the seasons,

which implies increase also in the daily temperature ran-

ges. This finding only partly agrees with the maps in

Figs. 5 and SM5, which show rather significant increases in

summer (spring) in the northern (western) Mediterranean

but trend toward a lower daily temperature range in the

central Mediterranean in winter. Increased diurnal tem-

perature variability shown in Figs. 6 and SM6 may be

related to higher dispersion of extreme temperature values

found by Sanchez et al. (2004). These authors found that

the extreme precipitation events will significantly change

with an increasing trend in many Mediterranean areas,

particularly in summer and early autumn, which partly

corresponds to our finding that the mean precipitation

amount on rainy days will generally increase (particularly

in spring and winter) (Figs. 7 and SM8).

The trend toward longer dry spells implied by the

decrease in the probability parameters of the Markov chain

model is in qualitative agreement with results of other

authors. For example, Beniston et al. (2007) analyzed dry

spells (defined as continuous periods of days with no pre-

cipitation, commonly referred to as ‘‘consecutive dry

days,’’ CDD) in the Mediterranean in 2071–2100 based on

3 RCMs and 2 emission scenarios and found that the mean

maximum length of CDD in a year will increase over much

of the Mediterranean under the SRES-A2 scenario, espe-

cially in the southern Iberian Peninsula, the eastern Adri-

atic seaboard and southern Greece. The impacts are

considerably reduced in the SRES-B2 scenario. To get an

estimate of the spatial pattern of CDD changes implied by

changes in Markov chain model probabilities, we recall

that the longest dry spells occur in the dry periods, so that

the changes in CDD characteristics may be estimated from

changes in Markov chain probabilities related to spring,

summer and autumn. Having applied weights 1, 3 and 2 to

these three seasons (assuming that dry periods occur

mainly from May to October), we may find that the present

changes imply the maximum increases in length of dry

spells in the western Mediterranean (indicated by the sta-

tions located in southeastern Spain and northwest Africa)

and southern Greece, which, in fact, corresponds quite well

with the results of Beniston et al. (2007). The increase in

CDD was also found in a single-GCM study of Sillmann

and Roeckner (2007), who made their simulations with

ECHAM5/MPI-OM model run with SRES A1b and B1

emission scenarios and found an increase in CDD in nearly

all of the Mediterranean (except for the easternmost parts),

with the most significant increases in southern parts of the

Iberian and Balkan peninsulas and Turkey, which corre-

sponds with results of both Beniston et al. (2007) and our

analysis. A similar outcome indicating increasing CDD in

the Mediterranean (based on 9 GCMs from the CMIP3

database) was found by Tebaldi et al. (2006).

Conclusions

This paper has presented climate change scenarios for the end

of the twenty-first century for the Mediterranean based on a set

of SRES-A2 runs of GCMs from the CMIP3 database.

Although the CMIP3-based climate projections have already

been given a broad discussion in the literature, three aims were

formulated at the end of the introductory chapter in order to

add some new features to the existing understanding. The

results are summarized in the following points; the summary

also includes main outcomes of the temperature and precipi-

tation projections, which confirm earlier published results

(e.g., IPCC 2007 and Giorgi and Lionello 2008) and provide a

basis for the PDSI-based and WG-friendly scenarios pre-

sented in ‘‘Future drought conditions in terms of the Palmer

Drought Severity Index’’ and ‘‘Climate change scenarios in

terms of the weather generator parameters’’ sections.

1. The maps show that all parts of the Mediterranean

region may expect increased temperatures in all

seasons, with the largest increases occurring in sum-

mer and the smallest in winter. In terms of the spatial

variability, the largest increases are expected to affect

the interiors of the Iberian and Balkan peninsulas, and

the smallest increases are projected over the Mediter-

ranean Sea.

2. Precipitation change is affected by much higher

(compared to temperature) inter-GCM variability.

The zonal band, where the projected precipitation

change is not statistically significant, moves southward

in winter (being centered approximately along the 428
N latitude) and northward in summer (reaching

Scandinavia). Precipitation will increase north of the

band and decrease south of the band. The Mediterra-

nean is affected by this band of uncertainty only in

winter. The largest reduction in precipitation may be

expected in summer nearly everywhere in the Medi-

terranean, especially in the southern Balkan and

Aegean Sea areas. In terms of the annual change, the

Mediterranean area may expect a 5–30 % (from north

to south) decrease in precipitation.

3. Considering precipitation decreases together with

temperature increases, a significant increase in drought

risk may be expected in the forthcoming decades. The

changes in the drought risk expressed in terms of the

Palmer Drought Indices indicate a significant decrease

in soil moisture in all seasons, with the most significant

decrease occurring in summer. The projections based
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on individual GCMs agree in most of the Mediterra-

nean region.

4. The WG-friendly scenarios derived from the GCM

daily series provide important additional information

on future climate projections, which may be briefly

characterized as a trend toward more extreme weather.

Temperature maxima will increase not only because of

overall change in temperature means, but also because

of increases in temperature variability. The decreased

total precipitation will be a product of increased daily

precipitation sums on wet days accompanied by more

significant decreases in wet day probabilities. Impor-

tantly, the increased mean daily precipitation sums on

wet days occurring in some seasons and some parts of

the Mediterranean may imply higher daily precipita-

tion extremes, and the decreased probability of wet day

occurrence implies longer drought spells.

5. The WG-friendly scenarios are affected by higher

uncertainty because of the shorter time period repre-

senting the future along with greater unreliability of

daily series simulated by GCMs. Therefore, these

scenarios should be used with great care.

Overall, we may conclude that the trends toward the

drier and more extreme climate indicated in ‘‘Future

drought conditions in terms of the Palmer Drought Severity

Index’’ and ‘‘Climate change scenarios in terms of the

weather generator parameters’’ sections are in qualitative

agreement with projections of other authors (a quantitative

agreement was not possible to examine because of different

settings of individual experiments). These trends follow the

already-started changes, as shown in many studies dealing

with the recent trends of drought (see the introduction for

the references) and extreme climate indices (e.g., Eft-

hymiadis et al. 2011, Tebaldi et al. 2006).

The WG-friendly climate scenarios presented in ‘‘Cli-

mate change scenarios in terms of the weather generator

parameters’’ section are freely available (along with the

M&Rfi WG) for use in climate change impact studies.
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