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Climatic changes over theMediterranean basin in 2031–2060,when a 2 °C globalwarming ismost likely to occur,
are investigated with the HadCM3 global circulation model and their impacts on human activities and natural
ecosystemare assessed. Precipitation and surface temperature changes are examined throughmeanand extreme
values analysis, under theA2 and B2 emission scenarios. Confidence in results is obtained via bootstrapping.Over
the land areas, the warming is larger than the global average. The rate of warming is found to be around 2 °C in
spring andwinter, while it reaches 4 °C in summer. An additional month of summer days is expected, alongwith
2–4 weeks of tropical nights. Increase in heatwave days and decrease in frost nights are expected to be a month
inland. In the northern part of the basin the widespread drop in summer rainfall is partially compensated by a
winter precipitation increase. One to 3 weeks of additional dry days lead to a dry season lengthened by a week
and shifted toward spring in the south of France and inland Algeria, and autumn elsewhere. In central
Mediterranean droughts are extended by amonth, starting aweek earlier and ending 3weeks later. The impacts
of these climatic changes on human activities such as agriculture, energy, tourism and natural ecosystems (forest
fires) are also assessed. Regarding agriculture, crops whose growing cycle occurs mostly in autumn and winter
shownochangesorevenan increase inyield. In contrast, summer crops showa remarkable decrease of yield. This
different pattern is attributed to a lengthier drought period during summer and to an increased rainfall inwinter
and autumn. Regarding forest fire risk, an additional month of risk is expected over a great part of the basin.
Energydemand levels are expected to fall significantlyduring awarmerwinter period inland,whereas they seem
to substantially increase nearly everywhere during summer. Extremely high summer temperatures in the
Mediterranean, coupledwith improved climate conditions in northern Europe,may lead to a gradual decrease in
summer tourism in the Mediterranean, but an increase in spring and autumn.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The global warming predicted by climate models for the 21st
century is a threat to most natural systems at every latitude and
region. Since its implications are characterised by strong latitudinal
variations (IPCC, 2001a, 2007), regional studies are proving to be an
essential tool for scientists and decision-makers. The present paper
investigates climate changes and associated sectoral impacts in the
Mediterranean at the time of 2 °C global warming. A global mean
temperature change of 2 °C is considered to be a critical level beyond
which dangerous climate change occurs. For rising temperatures
beyond 2 °C, increasing risks of extreme events, distribution of climate
impacts or aggregated effects on markets are becoming a growing
reason for concern (Smith et al., 2001). In addition, strong positive
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carbon cycle feedbacks are increasingly likely (Friedlingstein et al.,
2003; Jones et al., 2003a,b), which would lead to even more climate
change beyond the direct effect of anthropogenic emissions.

While observations limit climatic analyses to local scales (e.g. Fontaine
et al.,1999; Founda et al., 2004), this deficiencywasovercomebyclimate
models,whichprovidedataonawide rangeof temporal and spatial scales.
Regionalization of global models has been performed by three different
techniques over the last decade. Statistical downscaling has been applied
(Wilby et al., 1998), high-resolution “time-slice” atmospheric general
circulation models (Gibelin and Déqué, 2003; Giorgi and Bi, 2005) and
most recently nested regional climatemodels (Gao et al., 2006) have been
developed. However, up to date, they have all focused on the 2071–2100
period as can be seen in the recent EU-funded projects PRUDENCE (Chris-
tensen et al., 2002; Räisänen et al., 2003; Giorgi et al., 2004; Deque et al.,
2005) andMICE (Hanson et al., 2007), or they focus on an indeterminate
period when a doubling of CO2 concentration occurs (Giorgi et al., 1992;
Jones et al., 1997; Déqué et al., 1998). Efforts to overcome this temporal
nd associated impacts in the Mediterranean resulting from a 2 °C
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limitation are underway through the European FP6 ENSEMBLES project
(http://ensembles-eu.metoffice.com).

The closer time of a 2 °C global warming deserves attention, since a
general drying has already been detected over most of the Mediter-
ranean (IPCC, 2001b; Giorgi, 2006; Gao and Giorgi, 2008). The region's
sensitivity to drought and rising temperature are of prime interest
for agriculture, tourism, water resources and policy makers. Summer
temperatures are likely to increase by more than 2 °C, with a corres-
ponding increase in the frequency of occurrence of severe heatwaves
(Diffenbaugh et al., 2007). The 2003 heatwave in Europe (Beniston,
2004; Schär et al., 2004) has dramatically illustrated the need to
provide projections of climate change for a time period earlier than
2070. Such a study has been performed by New (2005) for the Arctic.
This might be beneficial mainly to stakeholders, policy makers and
impacts people since they require shorter timescales for their policy
planning ahead.

Since the time of a 2 °C global warming is expected between 2026
and 2060 (Section 2), at the time of the experimental runs for this
paper, only General Circulation Models (GCMs) were available to
assess the climatic characteristics in the Mediterranean during this
period. AlthoughGCMspresent a range of sensitivity to greenhouse gas
and aerosol forcing, which in turn depends on emission scenarios for
future estimates, only data from one model, the HadCM3, have been
used in the present study. As discussed in Section 2, the results are
representative of the currently available global climate models for the
considered time period. Climatic changes are determined through
comparison between control (1961–1990) and future (2031–2060)
years. Means and extremes are used to describe future changes. Sea-
sonal and yearly parameters are considered. The confidence in the
estimated changes for each parameter is important and determined
with the bootstrap method.

2. Method and the 2 °C global warming

2.1. Climate model data and the 2 °C warming

New (2005) carefully addresses the time of 2 °C global warming
predicted by GCMs. Considering 21 climate change simulations from
six GCMs and four IPCC emissions forcing scenarios, series of global
mean temperature-anomalies, defined as difference with pre-indus-
trial value, havebeen calculated. The timeof 2 °C globalwarming found
by New (2005) is between 2026 and 2060, depending on the sensi-
tivity of the model to greenhouse gas forcing and to future scenarios.
The various series are reproduced in Fig. 1. Model comparison studies
Fig. 1. Globalmean annual temperature anomalies relative to control climatology, smoothed
with a 21-yearmoving average. Vertical lines indicate the range in time atwhich the 21-year
global mean temperature anomaly exceeds +2 °C. The two black circles (squares) indicate
the HadCM3-A2 (B2) temperature at this range limits. Numbers on the right show the time
at which the 21-year mean global temperature anomaly exceeds +2 °C for each GCM-
scenario combination. (adapted from New (2005)).
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have shown that results from different models for the 2026–2060
period agreewith one another fairlywell, whilemost of the divergence
takes place in the latter part of the century (2070–2100) (IPCC, 2001b).
The same conclusion is drawn from Fig. 1, particularly if the outlier
series cgcm1/2 IS92aGG (scenario with greenhouse gas only) is dis-
regarded. The range of simulation results starts to really spread after
2060. To study the 2026–2060 period, considering 20 simulations, or
just onewith an average response, to forcing scenarioswill give similar
results although spatial differencesmay still be present amongmodels.
The advantage of using one model resides in the knowledge of its
weaknesses and shortcomings, which can prove important in inter-
preting results.

In the present study, output from theHadCM3model (Gordon et al.,
2000; Pope et al., 2000) driven by SRES A2 and SRES B2 scenarios
are used. The model couples an atmospheric GCM to an ocean GCM.
Unlike earlier atmosphere–ocean GCMs, flux adjustment (i.e., addi-
tional artificial heat and freshwater fluxes at the ocean surface) is
not required to produce a simulation. The high ocean resolution of
HadCM3 is a key factor in this improvement. The atmospheric com-
ponent of HadCM3 has 19 levels with a horizontal resolution of 2.5° of
latitude by 3.75° of longitude, which produces a global grid of 96 by
73 grid cells. This is equivalent to a surface resolution of about 417 km
by 278 km at the Equator, reducing to 295 km by 278 km at 45° of
latitude (comparable to a spectral resolution of T42). Hence, themodel
geography is much simpler than the real-world geography. As an
example, only two grid cells cover Greece, one land (northern Greece)
and one sea (southern Greece) grid cell. When discussion is made
about coastal areas in the text, reference is made to the model coast
areas (transition areas between land and sea grid boxes), which may
not fully coincide with real coast areas. Panel 1 displays the land–sea
mask of HadCM3 over the Mediterranean. The oceanic component
of HadCM3 has 20 levels with a horizontal resolution of 1.25 by 1.25°.
At this resolution it is possible to represent important details in oce-
anic current structures. Mediterranean water is partially mixed with
Atlantic water across the Strait of Gibraltar as a simple representation
ofwatermass exchange, since the channel is not resolved in themodel.

HadCM3 has been run for over a thousand years, showing little
drift in its surface climate. The control run is basically the GCM being
run for 240 years at 1961–1990 atmospheric concentrations. Any
variation in the control run should stem from natural variability. The
last 30 years of the control run, 1961–1990, are used here as reference
for comparison with future predictions. The control run is unforced
and thus common to any scenario that may apply after 1990. Here we
considered the A2 and B2 emissions scenarios. These depend on
several drivers such as population growth, economic and technolo-
gical development, natural resources etc (Nakicenovic et al., 2000).
With a population of 15 billion by 2100, the A2 world undergoes a
greater rate ofwarming than the B2worldwith itsmedium10.4 billion
population projection and its focus on local solutions to economic,
social and environmental sustainability.

Indication of HadCM3 average response to forcing scenarios is pro-
vided by its transient climate response (TCR). The TCR is commonly
used to compare model responses to a same standardised forcing. The
TCR of HadCM3 is 2 °C, which occupies an average position within the
range of TCRs (1.4 °C–3.1 °C) of the 19 GCMs assessed in the IPCC Third
Assessment Report (IPCC, 2001b). Characteristics for both scenarios
are shown in Fig. 1. A pair of black squares (circles) indicates the
temperature anomaly according to HadCM3 under A2 (B2) scenario
in 2026 and 2060. The HadCM3 clearly exhibits an average response
for A2 and a conservative one for B2, with respect to the time of
2 °C global warming between 2049 and 2060. Regarding changes
in climatic means and extreme values, results from both scenarios are
so similar for the period considered here that they are collected
together to improve their confidence levels (see Section 3).

Based on daily model outputs, each annual parameter (an extreme,
a mean or accumulated value) is computed and averaged over future
and associated impacts in the Mediterranean resulting from a 2 °C
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Panel 1. Land–sea mask of HadCM3 over theMediterranean. The squares represent the size of the HadCM3 grid cell. Grey colour denotes land andwhite denotes sea as represented in
the model.
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(2031–2060) and control (1961–1990) years. Note that the 2026–
2060 period of Section 2 is reduced to 2031–2060, because the same
number of years is required to bootstrap the differences. The differ-
ence between both averages is examined using a confidence estimate.
With respect to the difference, the control period is subtracted from
the future, except in one instance clearly noted below. Thus positive
values indicate an increase in the future. The confidence in estimated
changes is obtained by bootstrapping (Mudelsee and Alkio, 2007)
the differences between the two periods. The method resamples the
annual difference parameter 1000 times with replacement and cal-
culates the mean of each sample. The 95-percentile confidence limits
are computed based on the resulting series. In the resampling process,
each sample consists of 30 values.

In our study, A2 and B2 scenario simulation results are considered
together, so that the sample population is doubled to 60 and confi-
dence limits are higher. The procedurementioned above is repeated to
get A2/B2 average results and this method (difference, bootstrapping,
and A2/B2 averages) is applied to all studies that follow.

2.2. Impact models

2.2.1. Crop productivity
CROPSYST model (Cropping Systems Simulation Model) (Stockle

et al., 2003) and HadCM3 data (Tmin, Tmax, rainfall and global radia-
tion) were used for simulating crop productivity under the selected
present and future climate scenarios.

CROPSYST is a multi-year, multi-crop, daily time-step crop growth
simulation model, which simulates the soil water budget, the soil–
plant nitrogen budget, crop canopy and root growth, crop phenology,
dry matter production, yield, residue production and decomposition,
and erosion. Themodel allows the user to specifymanagement param-
eters such as sowing date, cultivar genetic coefficients, soil profile
Panel 2. Grid cells of Had CM3 selected for
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properties, fertilizer and irrigation management, tillage and atmo-
spheric CO2 concentration. As for most crop simulation models, CROP-
SYST does not include the direct effect of extreme temperatures on
crop development and growth, thus only changes in mean climate
conditions are considered to affect crop yields.

HadCM3 data for hotspot cells were selected to provide a homo-
genous cover of Mediterranean basin and to study the areas where
changes in precipitation and temperature patterns are expected to be
substantial, according to HadCM3 model simulations. More specifi-
cally 13 grid cells (called ‘hot spots’) of theHadCM3have been selected
(Panel 2).

For each hotspot, five types of agricultural crops, having different
characteristics based on i) photosynthesis pattern (C3 and C4 crops),
ii) growing period (winter and summer seasons), iii) food composi-
tion (protein, e.g. legumes and carbohydrates, e.g. tuber crops), were
selected on the basis of their relative importance (Table 1), as have
been reported in the FAOSTAT database (http://faostat.fao.org/).

At first, CROPSYST model was calibrated to fit as much as possible
the data reported on the FAOSTAT database (http://faostat.fao.org/).
The calibration showed that CROPSYST outputs match quite closely
with the statistical crop productivity data collected by FAO, withmean
absolute errors ranging from 1% to 14%. Next, for each ‘hot spot’ and
crop type the annual values of development stages and yields were
calculated for the two time-slices (1961–1990 and 2031–2060). In par-
ticular, for the present climate the simulation runs were done sett-
ing the atmospheric concentration of CO2 at 350 ppm; whilst the
simulation runs for the future climate scenarios were performed with
increasing CO2 (470 ppm under scenario B2 and 520 ppm under
scenario A2). Accordingly, crop responses (e.g. changes in radiation
andwater use efficiencies) under elevated CO2 were set on the basis of
metadata analyses made by Kimball et al. (2002), Ainsworth and Long
(2005). Finally, the CROPSYST model was rerun introducing
the impact assessment on agriculture.

nd associated impacts in the Mediterranean resulting from a 2 °C
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Table 1
Type of crop simulated in each of the selected grid cell.

Grid cell
number

Country C4 summer
crop

C3 summer
crop

Legumes Tuber
crops

Cereals

1 Portugal Maize Sunflower Bean Potato Wheat
2 Spain Maize Sunflower Lentil Potato Barley
3 France Maize Sunflower Soybean Potato Wheat
4 Italy Maize Sunflower Soybean Potato Wheat
5 Serbia Maize Sunflower Soybean Potato Wheat
6 Greece Maize Sunflower Bean Potato Wheat
7 Turkey Maize Sunflower Lentil Potato Wheat
8 Jordan Maize Sunflower Lentil Potato Barley
9 Egypt Maize Sunflower Bean Potato Wheat
10 Libya Maize Sunflower Bean Potato Wheat
11 Tunisia Maize Sunflower Bean Potato Wheat
12 Algeria Maize Sunflower Bean Potato Wheat
13 Morocco Maize Sunflower Bean Potato Wheat
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adaptation management strategies (e.g. changes in sowing dates,
cultivar, etc.) that may reduce the negative impact of climate change
or enhance positive impacts. In all simulations, the C4 summer crops
and tuber crops were considered as “irrigated crops”, whereas the rest
of the crops were considered as “rain-fed crops”. Nitrogen was
considered not limiting for all the crops.

2.2.2. Energy demand
Energy demand is linked to climatic conditions (Giannakopoulos

and Psiloglou, 2006) and the relationship of energy demand and tem-
perature is non-linear. The variability of ambient air temperature is
closely linked to energy consumption, whose maximum values corre-
late with the extreme values of air temperature (maximum or mini-
mum). In the Mediterranean region, during January, the maximum
values of energy consumption are related to the appearance of the
lowest temperatures. During the transient season of March–April,
energy consumption levels are kept nearly constant until about May,
while air temperatures are constantly rising. From mid-May onwards,
Fig. 2. Left column: difference in the average annual (a) maximum, (b) mean, and (c) mini
ponding 95% confidence range.
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and throughout the summer period, any increase in air temperature
corresponds to an increase in energy consumption mainly due to the
extensive use of air conditioning systems. An exception is found for
August when most local people tend to take their summer holidays,
and hence the demand for air conditioning is reduced especially in
large Mediterranean cities. Another transient period exists during
September and October where energy demand and consumption are
kept at constant levels. This transient period is followed by a period of
continually increasing energy demand with a peak before the Christ-
mas festive period. Therefore, it is anticipated that warmer climate
conditions will lead to decreased demand in winter, while increased
demand should be typical during summer time (Valor et al., 2001;
Giannakopoulos and Psiloglou, 2006). Moreover, the effect of higher
temperatures in summer is likely to be considerably larger on peak
energy demand than on net demand, suggesting that there will be a
need to install additional generating capacity over and above that
needed to cater for underlying economic growth.

Since the energy–temperature relationship is non-linear and has
two branches, it would be more convenient to separate these two
branches. The easiest way to achieve this is to use the idea of Degree-
Day, which is defined as the difference of mean daily temperature
from a base temperature. Base temperature should be the temperature
where energy consumption is at its minimum. If this temperature is
chosen, then the degree-day index is positive in the summer branch
and negative in the winter branch. Instead of having both positive and
negative values for this index, the definition of two indices is used:
heating (HDD) and cooling degree days (CDD).

For the calculation of the HDD and CDD indices, the following equa-
tions were used:

HDD = max T4 − T;0ð Þ ð1Þ

CDD = max T − T44;0ð Þ ð2Þ

where T⁎ and T⁎⁎ are the base temperatures for HDD and CDD
respectively, which can be either the same or different and T is the
mum temperature (°C) between 2031–2060 and 1961–1990. Right column: the corres-

and associated impacts in the Mediterranean resulting from a 2 °C
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mean daily temperature calculated from the daily data of HadCM3 for
both the reference and the future periods.

HDD (CDD) is a measure of the severity of winter (summer) con-
ditions in terms of the outdoor dry-bulb air temperature, an indica-
tion of the sensible heating (cooling) requirements for the particular
location. Kadioğlu et al. (2001) used different base levels of 15 °C and
24 °C for the calculations of HDD and CDD respectively in Turkey. In
our study we use 15 °C for the calculation of HDDs and 25 °C for the
calculation of CDDs. We identify the changes in energy demand levels
by showing differences in the cumulative numbers of CDDs and HDDs
between the reference and the future period.

2.2.3. Forest fire risk
One of the potential detrimental impacts of anthropogenic climate

change is increasedwildfire occurrence.Mediterranean Europe, in par-
ticular, has been identified as likely to suffer potentially increased fire
risk (Pinol et al., 1998; Moriondo et al., 2006). The contribution of
meteorological factors to fire risk is simulated using various non-
dimensional indices of fire risk. Viegas et al. (1999) validated a number
of fire indices in the Mediterranean against observed fire occurrence,
Fig. 3. Left column: difference in mean (a) winter, (b) spring, (c) summer and (d) autumn te
confidence range.
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and the Canadian Fire Weather Index (FWI, van Wagner, 1987) was
among the best performers. Viegas et al. (2001) demonstrated that
in summer, the slow response of live fine fuel moisture content to
meteorological conditions is well described by the Drought Code sub-
component of the FWI system. In addition, FWI is one of the most
widely used indices of fire risk. Therefore, output from climate model
simulations of the coming decades was used to the FWI model to
examine potential changes in Mediterranean fire.

The Canadian Fire Weather Index system is described in detail in
vanWagner (1987). Briefly, it consists of six components that account
for the effects of fuel moisture and wind on fire behaviour. These
include numeric ratings of the moisture content of litter and other
fine fuels, the average moisture content of loosely compacted organic
layers of moderate depth, and the average moisture content of deep,
compact organic layers. The remaining components are fire behaviour
indices, which represent the rate of fire spread, the fuel available for
combustion, and the frontal fire intensity; their values rise as the fire
danger increases. Fire risk is low for FWIb15, and increases more
rapidly with FWIN15 (Good et al., 2008). A threshold of FWIN30 was
selected as a measure of increased fire risk.
mperatures between 2031–2060 and 1961–1990. Right column: the corresponding 95%

nd associated impacts in the Mediterranean resulting from a 2 °C
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3. Changes in climate

3.1. Temperature changes

The Mediterranean basin will experience an average 2 °C warm-
ing at the same time as the average globe. Because of the latitudinal
variation in the amount of warming at the time of a 2 °C global warm-
ing, we first look at changes in annual mean temperatures. The left
column of Fig. 2 shows maps of changes in annual mean of daily
maximum (Tmax), mean (Tmean) and minimum (Tmin) tempera-
tures. The confidence range in the right column is the difference be-
tween the upper and lower confidence limits. It is mainly a practical
way to present these limits into one plot. Dividing the confidence
range by two gives the value to add or subtract from the mean dif-
ference in the left column to get the limits. For example, we are 95%
confident that the rise in Tmean along the Mediterranean rim will be
between 1.8 and 2.2 °C (2 °C±0.2 °C). This is a 10% uncertainty in the
prediction. Due to the thermal inertia of the Mediterranean Sea, the
daily mean temperature rise (Fig. 2b) is between 1–2 °C (±0.15) along
Fig. 4. Left column: increase in the number of (a) summer days, (b) hot days, (c) heatwave da
2060 and 1961–1990. Averaged annual numbers are considered and units are weeks. Right

Please cite this article as: Giannakopoulos, C., et al., Climatic changes
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the coast, and 2–3 °C inland (±0.25). It is slightly larger in daytime
(Fig. 2a), exceeding +3 °C in the Balkans. In the south of France and
the Iberian Peninsula, the rise is slightly lower at night (Fig. 2c).

Seasonal changes, shown in Fig. 3 for the daily mean, are more
pronounced, and have more uncertainty. The rise occurs mainly in
summer (Jun/Jul/Aug), when it reaches 4 °C inland on average. It rises
above this value in the Balkans, Turkey, north Italy, and Spain, with a
confidence of about ±0.75 °C (18%). Autumn (Sep/Oct/Nov) has the
second largest warming in absolute terms: mean temperatures rise
above 2 °C (±18%). Winter (Dec/Jan/Feb) is likely to be warmer by 1–
2 °C with an uncertainty of 25% (±0.25–0.5 °C). Spring (Mar/Apr/
May) has a very similar pattern, but with slightly morewarming in the
Asian side. Since Tmax and Tmin present the same seasonal variations
as Tmean, they are not shown here. However, a smaller summer in-
crease at night (Tmin) and a larger daytime increase (Tmax), both by
about 1 °C, are found inland but not along the coast.

Better insight into the future Mediterranean climate can be
gathered from extreme values of temperature.We have chosen indices
of extremes with fixed thresholds appropriate for the Mediterranean
ys, and (d) tropical nights, and (e) decrease in the number of frost nights between 2031–
column: the corresponding 95% confidence range in weeks.

and associated impacts in the Mediterranean resulting from a 2 °C
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climate as fixed threshold values aremore appropriate for an areawith
similar climatic characteristics and are easier for impacts people to
understand and use. The following annual indices of temperature
extremes have been calculated:

■ Number of summer days (Fig. 4a), defined by TmaxN25 °C.
■ Number of hot days (Fig. 4b), defined by TmaxN30 °C.
■ Number of heatwave days (Fig. 4c), defined by TmaxN35 °C.
■ Number of tropical nights (Fig. 4d), defined by TminN20 °C.
■ Number of frost nights (Fig. 4e), defined by Tminb0 °C.

Note that units are inweeks, and the convention used in this paper
is exceptionally broken in Fig. 4e, where the difference between both
periods is obtained by subtracting the future period from the control.
The largest increases are found in summer days and tropical nights at
coastal areas, especially in the East part of the Mediterranean). These
indices (Fig. 4a and d) are moderate extremes. The Mediterranean Sea
does not temper their increase, as opposed to themore extreme indices
(Fig. 4b, c, and e).

Overall, about one additional month of summer days is expected
(Fig. 4a). Summer days increase more in the milder northern part of
the basin, up to 6 (±1) weeks inland, and less in the Maghreb and the
land areas to the easternmost of the region. The longer summers are
accompanied by additional tropical nights (Fig. 4d), again along the
coasts. However, the north/south dichotomy is inverted: the increase
mainly affects land areas of the Southern Mediterranean, while lots of
nights in the northern part remain below the 20 °C threshold, despite
the night-timewarming (Fig. 2d). To summarise, we have defined two
distinct land regions:

– the northernwith more than a month of summer and half a month
of tropical nights,

– the southern and easternmost part with about one extra month of
summer and more than a month of tropical nights

Increases in the number of hot (Fig. 4b) and heatwave (Fig. 4c)
days, as well as decrease in the number of frost nights (Fig. 4e), have a
similar spatial pattern with slightly different magnitudes depending
on the location. Increases range from 2 weeks (±0.5) along the coasts
to about a month (±0.5–1 week) inland. Owing to its proximity to the
Atlantic Ocean, only one land grid cell runs across the Pyrenean chain,
and hence the south of France appears less sensitive to high extreme
changes. On the contrary, three model land grid cells separate the
ocean from the sea across the Iberian Peninsula, where the ocean
proximity is not felt in extreme indices.
Fig. 6. Left column: differences in annual (a) number of dry days and (b) length of longest
corresponding 95% confidence range in weeks.
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3.2. Precipitation changes

The second part of the study focuses on the precipitation regime.
As shown in Fig. 5e (centre), annual total rainfalls mainly decrease.
The spatial variation (Fig. 5e-left) is relatively small. It is less than 10%
in the major part of the Basin, and between 10 and 20% in the already
drier southern part. Uncertainties (Fig. 5e-right) are a lot larger than
for temperature changes. Theyare above±50% of the expected change
everywhere (Pyrenees and southern Turkey are the only exception
with an uncertainty between 25 and 50%). They are roughly in the 75–
150% range where the future changes are significant (~ N20 mm).
These large uncertainties might stem from large intra- and inter-
annual variabilities. The intra-annual variability can be perceived in
seasonal variations pictured in Fig. 5a–d and discussed below. The
inter-annual variability of precipitation is well known (Bolle, 2003;
Lionello et al., 2006) and reproduced in the simulations.

The difference between emission scenarios does not significantly
contribute to the uncertainties. The largest differences between A2
and B2 are found over Portugal. The B2 scenario predicts some in-
crease (occurring mainly in winter), while A2 predicts a decrease in
precipitation. However, both cases include huge uncertainties in these
areas (above ±200%). The uncertainty associated with Portugal in
Fig. 5e (right) is only due to intra- and inter-annual variability. In other
words, the differences between the two scenarios are not statistically
significant when other uncertainties are taken into account. Finally,
better confidence is gained by piecing together the two simulation
results.

The picture of a globally drier Mediterranean Basin conceals sea-
sonal variability as shown in Fig. 5a–d. Themain features are thewinter
and summer changes in the north of the Basin. The latter becomes
wetter in winter (about +10%), but this is largely compensated by a
drier summer (−30%). Autumn (Fig. 5d) is the season with the fewer
changes. On the other hand, the southern Mediterranean is projected
to endure an almost evenly distributed small decrease in precipitation
all year round.Note that the drier north is themost reliable expectation
with less than ±50% uncertainty. Autumn reveals the largest uncer-
tainty that rises above 200% in most of the area, but the changes are
small in absolute terms. In summary, a globally 10% drier Mediterra-
nean region is expected.

Further insight is gathered in investigating the number of dry days
and spells, and the annual maximum running total rainfall over 3 days.
We have chosen the three-day total in order to catch the total rain
amount accumulated over this short time period that may have the
dry spell averaged over 2031–2060 and over 1961–1990, in weeks. Right column: the
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Fig. 8. Top: averaged difference in annual maximum running total rainfall over 3 days
between2031–2060 and 1961–1990 inmm.Bottom: corresponding 95% confidence range.

9C. Giannakopoulos et al. / Global and Planetary Change xxx (2009) xxx–xxx

ARTICLE IN PRESS
potential to cause localised flooding. Days are qualified as dry if daily
precipitation (RR) amounts to less than 0.5 mm, a typical threshold
value in modelling studies (Hanson et al., 2007). The change in the
number of these days is shown in Fig. 6a (units are inweeks). The 2 °C
global warming is characterised by 1–3 weeks (±5 days) of additional
dry days. The spatial pattern follows the temperature increase with
smaller changes (~1 week) in the already dry southeast basin and
along the coast, and larger ones inland. The Iberian Peninsula, the
Balkans, Turkey and the south of France feature the largest increases
(above 3 weeks).

Similar results are obtained if the daily precipitation threshold is
raised to 1 mm. The number of wet days (RRN10 mm) and very wet
days (RRN20 mm) feature ±3 days of change for the former and none
for the latter. We conclude that the increase of dry days is concomitant
to a decrease of rainy days (not shown) within the 1–10mmRR range.
Not surprisingly, the longest wet spells show little change in their
length. However, the longest droughts (Fig. 6b) lengthen by about a
week. It is worth noting that the spatial pattern of droughts is similar
to the pattern of the increase in summer days (Fig. 4a).

Although they are not strictly extreme indices, the average shifts of
start (Fig. 7a) and end (Fig. 7b) of the longest drought are worth
examining, because of their interest for agriculture and the tourism
industry. In Fig. 7, a positive value means a shift toward the year-end.
The general tendency is a small shift (slightly larger under B2 than A2
scenario) towards autumn, with the exception of the south of France
and inland Algeria where the longest droughts start and end 2 weeks
earlier on average. These estimates are associated with a ±1 week
uncertainty. The annual maximum running total rainfall over 3 days
is an extreme index, shown in Fig. 8. The rain intensification seen on
the northern half is a direct consequence of precipitation increase
during winter (Fig. 5a). On the contrary, the steady small precipitation
decrease all year long in the southern half leads to lower highest ac-
cumulated rainfall. The uncertainties range between ±100%.

4. Impact assessment

4.1. Crop productivity

The results of the CROPSYST simulation run for the different crop
types and for the present and future climate scenarios are summarised
in Fig. 9. The irrigated crops considered in this study (i.e. summer C4
and tuber crops), showed a prevalent reduction of yield in the hot spots
located in the African and Asian Mediterranean countries whereas in
the European hot spots, yields showed a consistent increase.
Fig. 7. Averaged shift of (a) start and (b) end of the longest dry spell between 2031
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The yield of rainfed crops sown in spring was generally depressed
by a warmer and drier climate over the entire basin, with a few excep-
tions. Legumes showed a general reduction of yield in all the hot spots
with the exception of those on Spain, Turkey and Greece. C3 summer
crops showed a general reduction of yields in the hot spots located on
northern and southwestern parts of theMediterranean basin, whereas
in those located in the southern or eastern parts, yields remained un-
changed. By contrast, cereals presented a prevalent increase in yields,
which was more evident in the southern and eastern parts.

In summary, the effect of climate change on agriculture is likely
to be more severe in the southern Mediterranean areas than in the
northern temperate areas. In the warmer southern Mediterranean,
increases in CO2 help reduce the loss in yield arising from a warmer
and drier climate, but are not able to completely recover the losses. In
the cooler northeastern Mediterranean, CO2 increases associated with
climate change result in little net effect on most crops, provided that
the increase in water demands, especially for irrigated crops, can be
met (Table 2).

Introduction of adaptation strategies to copewith impacts of global
change show that early sowing date associated with the shortening of
growing season (due to high temperatures) may reduce the negative
impacts of climate change or even enhance positive impacts allowing
–2060 and 1961–1990, in weeks. Right: corresponding 95% confidence range.

nd associated impacts in the Mediterranean resulting from a 2 °C
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Fig. 9. Impact of climate change on crop productivity for: a) C4 summer crop, b) legumes, c) C3 summer crop, d) tuber crops, e) cereals. The changes in the figure are expressed as
percentage differences between future (both A2 and B2 scenarios) and present yields.
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Table 2
Percentage changes of crop yields for the main Mediterranean regions: N-W=Portugal,
Spain, France and Italy, N-E=Serbia, Greece and Turkey, S-E=Jordan, Egypt and Libya,
S-W=Tunisia, Algeria and Morocco.

C4 summer Legumes C3 summer Tubers Cereals

A2-A B2-A A2-A B2-A A2-A B2-A A2-A B2-A A2-A B2-A

N-W 4.2 8.8 −14.4 −4.9 −12.4 −2.8 4.9 7.5 −0.3 4.7
N-E −0.6 0.2 −7.2 0.9 −5.4 0.9 −9.3 4.4 4.4 12.5
S-E −7.9 −6.7 −23.3 −30.1 3.7 −0.4 −4.3 −5.7 −4.9 −10.1
S-W −9.4 −6.4 −23.9 −18.5 −10.3 −4.3 −13.3 −1.5 −3.4 −3.8
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crops to escape higher temperature andwater stress. The use of longer
growing cycle cultivars proved to be a worthy adaptation strategy in
future scenarios, where higher temperatures trigger increase of devel-
opment rate (Fig.10). Both options, however, would require additional
water for irrigation. In particular, the effective use of long cycle cul-
tivars can demand 25–40% more water, which may be not available or
not cost effective in the future (Table 3).

4.2. Energy demand

In general, more energy is required for cooling. Over the years
the increase in CDD is large in the South Mediterranean (from Gib-
raltar to Lebanon), i.e., in the Middle East and the North African part
of Mediterranean region (Fig. 11). In the northern side, the main in-
crease is in the South Iberian Peninsula, North-Italy–Balkans–Greece,
and South Turkey. The seasonal changes in CDDs have also been ex-
amined (not shown). As expected the main contribution is from sum-
mer, with no increase in winter, and a very small increase in autumn
and spring. The only land regions to escape any significant increases in
cooling energy demand are south of France, northern part of Turkey
(in the proximity of Black Sea), and the northwestern part of Spain.
Fig. 12 presents another view on the increase of energy demand by
showing the number of days when this demand is needed to cool
more than 5 °C. In the southern part of the Mediterranean Sea, from
the south of the Iberian Peninsula and North African coast to Syria, an
additional month of heavy cooling is required.

In general, less energy is required for heating. Fig. 13 shows the
spatial distribution of the general decrease in HDDs. It can be empha-
sised that:

■ The largest decrease occurs in the northern side of the region, from
Turkey to North Italy.

■ Spain and France see a smaller but still noteworthy decrease.
■ The southeast Mediterranean exhibits the lowest decrease, mainly

because it is already a warmer region.

Note also the cooling effect of the sea along the coasts. Unlike the
CDD rise, theHDDdecrease is spread throughout the year (not shown),
although this probably depends to some extent on the choice of base
temperature. Naturally, winter is the season thatwill requiremuch less
heating. The largest changes occur along and above the axis of North
Italy–Balkans–Greece–Turkey. As shown in Fig. 14, the decrease in the
number of days that require energy to warmmore than 5 °C (HDDN5)
varies from about 2 weeks along the coast to a month inland.

4.3. Forest fire risk

The monthly changes of average FWI from May till October be-
tween the future and the control period have been examined (not
shown). We note that:

■ The increase is higher during the summer, with the maximum
increase in August in the North Mediterranean inland.

■ Balkans, Maghreb, North Adriatic, central Spain, and Turkey seem
to be the most vulnerable regions.
Please cite this article as: Giannakopoulos, C., et al., Climatic changes a
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■ South of France is as strongly affected as Spain, but only in August
and September.

■ The southeast Mediterranean (from Lebanon to Libya) sees no par-
ticular increase or decrease.

■ The results are very similar under B2 scenario (not shown).

Fig.15 shows the increase in the number of days with fire risk (top)
and extreme fire risk (bottom).

According to this figure, the increase in the mean FWI is translated
into:

■ 2–6 additional weeks of fire risk (i.e. more than a month) over all
land areas.

■ A significant proportion of this increase in fire risk is actually
extreme fire risk (FWIN30).

■ South of France, and coastal areas of the rest of Mediterranean
Region: significant increase in the number of days with fire risk (1–
4 weeks), but not in the number of extreme fire risk.

5. Conclusions and wider implications

The climate change in the Mediterranean at the time of a 2 °C
global warming has been examined. The basin will experience an
average 2 °C warming at the same time as the average globe. The
spatial pattern is characterised by larger warming over land areas and
slightly lower warming along coastal areas. This fine scale structure is
also found with regional models by Giorgi et al. (2004) and Räisänen
et al. (2004), both with greater magnitude since their studies cover
the later decades in the century (2070–2100).

Strong seasonal dependence is apparent with an average warm-
ing up to 4 °C in summer, above 2 °C in autumn and below 2 °C in
spring and winter. Studies of European impacts of a CO2 concentration
doubling (Giorgi et al., 1992, Déqué et al., 1998) give similar values.
The feature of maximum summer warming in the centres of the
Balkans and the Iberian Peninsula appears to be common in climate
change simulations (Déqué et al., 1998; Giorgi et al., 2004). The lower
in winter and larger in summer temperature anomaly is also a robust
finding documented in IPCC reports (IPCC, 2001b, 2007). It is common
to both GCMs and RCMs as shown for example by Gibelin and Déqué
(2003) for the B2 scenario in 2070–2100 (Hanson et al., 2007; Chris-
tensen and Christensen, 2007; Déqué et al., 2007).

The analysis of annual indices of temperature extremes divided the
study region in three sub-regions. The northern basin has an addi-
tional month of summer and half-month of additional tropical nights.
The southern basin has an additional month of both summer and
tropical nights. The number of heatwave days (frost nights) increases
(decreases) by up to a month inland, but by only 2 weeks along the
coast.

Simulated precipitation regimes depict a globally drier Mediterra-
nean in 2030–2060, with a 10–20% drop in annual rainfall. The drop
results from a large summer decrease partially balanced by a winter
increase in the northern part of the region. The precipitation changes
in the intermediate seasons are less pronounced than in winter and
summer. In the southern part, the seasonal dependence is smaller.
Following the winter precipitation increase in the northern basin, the
annual maximum running total rainfall over 3 days shows intensifi-
cation. Increase in precipitation intensity has been reported in other
regions, even in regions where the mean precipitation decreases
(Giorgi et al., 2004). The widespread summer negative trend is a com-
mon feature of regional climate change simulations (e.g. Jones et al.,
1997; Giorgi et al., 2004; Räisänen et al., 2004). However, precipita-
tion changes present large uncertainties, and differences with other
simulations are expected.

Nevertheless, our conclusion of a drier Mediterranean in 2031–
2060 translates into about 1 week of additional dry days along the
coast and in the already dry southeast basin. Over land areas in
the northern part, up to and over 3 weeks of additional dry days
nd associated impacts in the Mediterranean resulting from a 2 °C
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Fig. 10. Impact of different crop adaptation options on crop responses under climate change for: a) C4 summer crop, b) legumes, c) C3 summer crop, d) tuber crops, e) cereals. The
changes reported in the figures were expressed as % and obtained as differences between the mean yields of the two futures and the present yields.
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Table 3
Mean percentage changes of water supply for irrigated crops under future scenarios for
different adaptation options and geographical regions.

Region Treatment C4 summer Tubers

A2A-A B2A-A A2A-A B2A-A

N-E BAU 1.0 −2.7 −9.7 −3.0
Shorter cycle −23.8 −30.2 −60.9 −46.4
Longer cycle 20.1 19.4 46.5 30.8
Early sowing 0.8 −3.7 −11.0 −3.5
Late sowing 2.7 0.0 38.0 −2.2

N-W BAU 14.4 12.7 29.9 13.7
Shorter cycle −12.9 −16.1 −23.9 −33.5
Longer cycle 38.7 38.5 72.7 61.2
Early sowing 14.4 12.2 29.5 14.4
Late sowing 15.2 13.2 42.3 16.4

S-E BAU −6.3 −4.7 4.5 12.8
Shorter cycle −31.3 −30.3 −14.8 −11.7
Longer cycle 17.6 19.4 28.7 34.7
Early sowing −6.8 −6.5 6.5 6.9
Late sowing −2.2 0.6 8.1 17.3

S-W BAU −1.5 1.8 −4.6 5.7
Shorter cycle −23.2 −20.5 −25.0 −17.5
Longer cycle 19.4 24.5 17.2 30.6
Early sowing 2.3 5.0 6.9 13.5
Late sowing 2.8 3.4 −9.3 4.9

Legend: N-W=Portugal, Spain, France and Italy, N-E=Serbia, Greece and Turkey,
S-E=Jordan, Egypt and Libya, S-W=Tunisia, Algeria and Morocco.
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are projected. No supplementary wet or very wet days are expected.
The dry season tends to shift toward autumn, with the exception of
the south of France and Algeria where it starts and ends 2 weeks
earlier on average. The shift and lengthening of the dry season call for
more accurate seasonal analysis through a study on their monthly
variations.
Fig. 12. Changes in the number of days with large cooling de

Fig. 11. Changes in average yearly cumulative C

Please cite this article as: Giannakopoulos, C., et al., Climatic changes a
global warming, Glob. Planet. Change (2009), doi:10.1016/j.gloplacha.2
Our study has showed that the increases in temperature and
reduction in precipitation projected for both future climate scenarios
(A2 and B2) leads to a substantial reduction of yields for all the crop
types in all the ‘hot spots’ grid cells, through the reduction of the
length of the growing period and the water available for crop growth.
For rainfed crops, reductions in yields are more severe in the warmer
southern Mediterranean than in the cooler northern Mediterranean,
even when the fertilizing effect of increased CO2 was taken into
account. However, a different fitting capacity to climate change de-
pending on the specific growth cycle may be highlighted. The higher
impacts are generally observed for those crops growing during the
summer period (i.e. legumes and C3 summer crops) where the tem-
perature anomaly is up to 4 °C and drought periods are longer. By
contrast, winter–autumn crops (cereals) partially escaping the sum-
mer higher temperatures and drought, present a prevalent increase in
yields.

Awarmer climate and its associated increase in CO2 result in small
positive impacts on yields of irrigated crops (i.e. C4 and tuber crops) in
the northern Mediterranean. However, this trend is followed by an
increasedwater demand, especially for tubers crop in NorthWest area
(Table 3). Strategies such as early sowing dates or cultivar with slower
development rates may be considered as advisable options to reduce
some of the reductions in crop yield determined by the changes in
climate conditions. However, for irrigated crops, such options could
require up to 40% more water for irrigation, which may or may not be
available in the future (Table 3). Moreover, according to recent studies
on the effects of tropospheric pollutants such as ozone on crop yields,
there is reason to believe that our estimates of yield losses under a
future scenario may be conservative. Current and increased concen-
trations of ground level ozone have been shown to lead to decreases
in plant biomass and yield (Gitay et al., 2001; Morgan et al., 2003).
mand (CDDN5) between the future and control period.

DD between the future and control period.

nd associated impacts in the Mediterranean resulting from a 2 °C
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Fig. 13. Changes in average yearly cumulative HDDs between the future and control period.

Fig. 14. Changes in the number of days with large heating demand (HDDN5) between the future and control period.

Fig. 15. Changes in the number of weeks with fire risk (top) and extreme fire risk (bottom) between the future and the control period.
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Independently of climate change, but exacerbated by it, surface ozone
concentrations are expected to increase globally. Thus, if the effects of
ozone are to be included in an assessment of crop yields in the Medi-
terranean under a future climate scenario, the results are likely to be
greater yield reductions than presented here.

As expected, the northern Mediterranean region is likely to reduce
energy use in the winter due to reduced heating demands. However,
during summer, substantial increases in energy demand are expected
everywhere, especially in the south. The peak in energy demand hence
falls in the dry season, which is expected to become even drier in the
future. A low water supply reduces energy production from hydro-
electric plants, as well as from conventional power plants, which re-
quire water for cooling and for driving the turbines. As a result, energy
demands may not be able to be met in the warm period of the year.
Additional capacitymay need to be installed unless adaptation ormiti-
gation strategies are to put into place. On the other hand, conditions
for renewable energy production, such as solar and wind energy, may
improve under climate change. The energy demand for cooling is likely
to continue to rise as a society becomes richer and increased incomes
allow the population to afford more comfort. More air conditioning
facilities could be installed. In turn, the heat generated by air condi-
tioning units could raise temperatures further and further increase the
demand for cooling.

Rising temperatures over the Mediterranean region in 2031–2060
may well affect the tourism industry, which is of great economic
importance for the region. More specifically, the thermal comfort of
tourists and their ability to acclimatise to a region prone to high
temperatures and heatwaves may be heavily affected. As a result, a
gradual decrease in summer tourism in the Mediterranean but an
increase in spring and autumn may be expected (Alcamo et al.,
2007).

To get a truly additional insight into climatic changes and ass-
ociated impacts, regional models that account for the topography
at regional scales, and particularly coastline features, are required.
This is of great importance especially for precipitation patterns that
already showhigh regional variability in the contemporaneous climate
and particularly in areas with contrasted topography near coastland
(Türkeş, 1998; Romero et al., 1999; Xoplaki et al., 2000; Kostopoulou
and Jones, 2005). Finally, weighted multi-model ensembles of simu-
lations would provide a more robust assessment of climatic changes.
The ENSEMBLES EU-project allows this type of study to be repeated
usingmultiple Regional ClimateModels (www.ensembles-eu.org), thus
producing a more thorough and robust assessment of climate changes
and impacts in the Mediterranean basin.
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