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8.1 Introduction

Future climate change over the Mediterranean is investigated by means of climate
model simulations covering the twenty-first century. These simulations follow differ-
ent emission scenarios of gases that are linked to human activities and are known to
have an impact on climate through the greenhouse radiative effect (CO,, CHy4, N,O,
and other trace gases). In addition, the scenarios take into account the emission of
aerosols (airborne solid or liquid particles) that influence the climate through reflec-
tion and absorption of solar radiation and by changing cloud radiative properties.
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The emission scenarios are those prescribed by the Intergovernmental Panel on
Climate Change (IPCC) Working group III (WGIII), which is in charge of the assess-
ment of options for mitigating climate change (IPCC SRES, 2000). Emission sce-
narios are images of possible future developments, but they are not predictions, since
they are based on many aspects of social systems that are unpredictable at a multi-
decadal timescale (e.g., population growth, socioeconomic development, and tech-
nological progress). Starting from an ensemble of 40 emission scenarios developed
by six modeling groups, the WGIII proposed four scenario families referred to as
SRES Al, A2, Bl, and B2, the first being itself divided into subgroups A1FI, AlT,
and A 1B according to their technological emphasis. A short description of the SRES
emission scenarios is given in the “Summary for Policymakers” of the IPCC WG
Fourth Assessment Report (IPCC-AR4) (IPCC, 2007). Approximate CO, equivalent
concentrations corresponding to the computed radiative forcing due to anthropogenic
greenhouse gases in 2100 for the SRES B1, B2, A1B, and A2 scenarios referred in
this chapter are about 600, 800, 850, and 1250 ppm, respectively.

The climate-change simulations are first performed with general circulation mod-
els (GCMs), coupling the atmosphere, land areas, and the ocean at the global scale
(also designated as AOGCMs). These models may include other components of the
climate system (e.g., sea-ice and continental hydrology) and some biogeochemical
processes (€.g., stratospheric ozone and carbon cycle). Starting from initial condi-
tions for the atmosphere and the ocean that are representative of the present climate,
each model is integrated to calculate climate evolution until the end of twenty-first
century. In each simulation, concentrations of greenhouse gases and aerosol load are
prescribed in agreement with a particular SRES emission scenario for the future. At
the international level, the Working Group on Coupled Modelling from the World
Climate Research Program, coordinates the Coupled Models Intercomparison
Project (CMIP), which gives a common framework for the climate-change simu-
lations performed by different climate research groups. The third phase of CMIP
(CMIP3) involved 16 groups in 11 countries with 23 global AOGCMs and served
as a basis of AR4. Some results from this ensemble of simulations concerning the
Mediterranean area are reported in this chapter.

For the analysis of regional climate change, the AOGCM simulations may be
downscaled dynamically by means of limited area regional climate models (RCMs)
and varying resolution atmospheric general circulation models (AGCMs) or statis-
tically using appropriate techniques. Over the Mediterranean domain, RCMs may
be only atmospheric models (ARCMs) or atmospheric models coupled with a high-
resolution Mediterranean Sea model (AORCMs). Several European projects have
produced coordinated ensembles of simulations with several RCMs. Within the
context of the PRUDENCE project (Christensen and Christensen, 2007), 4 high-
resolution atmosphere-only GCMs and 10 RCMs were used in different combina-
tions and two different SRES scenarios (A2 and B2) but downscaled climate-change
simulations from only three different AOGCMs. As part of the ENSEMBLES project
(Goodess et al., 2009), the combination of different models was much wider, since it
included 8 AOGCMs and 16 RCMs. At the end of the CIRCE project (2007-2011),
a new ensemble of several AORCMs will become available. Some results obtained
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from these ensembles of simulations are detailed in this chapter. Different statisti-
cal techniques have also been applied to downscale AORCMs projections over
the Mediterranean area. One of the most recent applications is that of Hertig and
Jacobeit (2008) using a multiple-regression analysis and a canonical-correlation
analysis (CCA). Further details of some results from this study are given below.

In addition, we also consider a few scenario simulations aimed at analyzing the
impact of climate change on the Mediterranean Sea itself, using a high-resolution
model of the sea constrained with the outputs of some high-resolution atmosphere-
only climate-change scenarios. We will report some results from one of these simula-
tions performed recently.

8.2 Investigating Methods

There are three main ways to develop methods that are used for climate-change assess-
ment at the regional scale. The first concerns the resolution of the RCMs and the var-
ying resolution of AGCMs. It was commonly ~50km over the Mediterranean area at
the beginning of the 2000s (see PRUDENCE project, Christensen and Christensen,
2007), but now reach resolutions of ~20km over the whole domain (sec ENSEMBLES
and Climate Change and Impact Research: the Mediterranean Environment [CIRCE]
projects) or even ~10km over some specific part of the region. The second way is the
improvement of RCMs and downscaling techniques. One domain of development of
RCMs concerns the coupling of different components of the climate system at the
regional scale. The first step was the coupling of a Mediterranean Sea model with an
RCM (see CIRCE project), with optionally coupling to include a river-routing compo-
nent. The third method of development is the construction of multimodel ensembles of
simulations within the context of scientific projects aiming at a better characterization
of the uncertainties of the projections. The PRUDENCE, ENSEMBLES, and CIRCE
projects are examples of such constructions, with an increasing number of GCMs and
RCMs within the two first and an investigation of coupled atmosphere—Mediterranean
Sea high-resolution models for the third one. In this section, we present some results on
the impact of model resolution and of high-resolution coupling on the simulated climate
change. The application of ensembles of simulations for the evaluation of the uncertain-
ties of the projections over the Mediterranean region will be presented in Section 8.5.

8.2.1 Impact of Resolution

Some results on the impact of RCM resolution have been reported by Gao et al.
(2006) by the application of the RegCM model at two different horizontal resolu-
tions (50 and 20km) for present climate conditions (1961-1990) and for a 30-year
period at the end of this century (2071-2100) under the SRES A2 scenario. They
show the impact of resolution on the structure of the mean precipitation change sig-
nal that presents fine-scale structures linked to the topography more pronounced dur-
ing the cold season. For instance, in winter, the increase of southwesterly winds over
the Alps induces an increase in precipitation south of the Alps and no change in the
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north. The same kind of topographical influence is also reported for maximum dry-
spell length and maximum 5-day precipitation.

Apart from these small-scale changes in the fine structure of the precipita-
tion field, the results of the CMIP3 (GCMs) and PRUDENCE and ENSEMBLES
projects (RCMs), summarized in the IPCC-AR4, show that qualitatively in most
cases the impact of the model resolution does not dramatically change the climate-
change impact over the Mediterranean area. Large-scale spatial pattern and seasonal
changes are mostly in agreement between GCMs and RCMs over the Mediterranean
area for wind, temperature, and precipitation variables. Sanchez-Gomez et al.
(2009) compared the CMIP3 GCMs and the ENSEMBLES RCMs regarding the
Mediterranean Sea water-budget evolution under the SRES AIB scenario. The
results obtained are generally similar for most of the water-budget terms, except for
the river-discharge response that seems to be unrealistic in GCMs. Despite these dif-
ferences found in the river-discharge terms, they concluded that the total freshwa-
ter deficit for the period 2070-2099 related to 1950-1999 presents a mean increase
of +40% for both RCMs and GCMs (see also section 8.4.2).

Elguindi et al. (2010) also tackled the issue of the impact of the horizontal reso-
lution but using a completely different method. They used the same global AGCM
ARPEGE-Climat, but with different spatial resolutions and keeping the rest of the
model setup unchanged (e.g., the physical parameterizations are unchanged). They
explored three resolutions: TL63 (1.9 X 1.9°), TL159 (1.125 X 1.125°), and TL359
(0.5 X 0.5°) for time slices in the present (1979-2002) and future (20462070, A2)
climates. Their work is really a unique opportunity to isolate and study the effects
of resolution on simulating the Mediterranean climate and its response to climate
change. In addition, the low-resolution (LowRes) model corresponds to the former
CNRM-CM model used for CMIP3, the medium-resolution (MedRes) model to
the ERA40 reanalysis resolution, and the high-resolution (HighRes) model to the
state-of-art RCMs used for the forthcoming CORDEX (COordinated Regional cli-
mate Downscaling EXperiment) simulation exercise. They mainly looked at the
near-surface temperature, the precipitation, and the Mediterranean Sea water-budget
components. For the present climate, the model performance improves significantly
u_m_h xflcreased resolution, especially in regions with mountainous terrain for pre-
cipitation and for the river discharge. But only the HighRes is able to simulate
Mediterranean Sea water budget in agreement with the observations; the two other
models show significant underestimation, However, the impact of the resolution on
the 2m‘temperalure bias is weak. Concerning the response to climate change, the
ch_ange in resolution does not qualitatively alter the impact of climate change on the
climate variables. It is worth noting that for temperature, the LowRes model shows
the most extreme response for the future climate. Changes in precipitation over land
do not show a f:lear signal of the impact of the resolution. However, the resolution
does' ghm_w an impact on the net evaporation changes over the sea (evaporation—
precipitation (E — P)), for which an increased resolution leads to an enhanced
increased net evaporation in future climate, from +15% in LowRes to +22% in
nghRes. In addition, as in Sanchez-Gomez et al. (2009), the resolution also shows
an impact on the Mediterranean river discharge, for which the decrease is stronger
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when the resolution is lower, going from —11% in HighRes to —28% in LowRes. If
we add the contribution of the Black Sea freshwater input to the Mediterranean riv-
ers, the HighRes shows a 15% decrease in total freshwater input, whereas LowRes
shows a 37% decrease enhancing the model spread. The MedRes results are between
those of the two other models. The effect of the resolution on the evaporation (the
higher the resolution, the stronger the change in evaporation) compensates for the
effect on the river discharge (the higher the resolution, the weaker the decrease in
river discharge), and the overall Mediterranean Sea water budget does not show a
clear signal of the resolution (about —40% in both LowRes and HighRes).

8.2.2 Impact of Regional Coupling

After some preliminary investigations—in which a coupled atmosphere—ocean-wave
model was implemented in the Mediterranean Sea and demonstrated the sensitiv-
ity of the short-scale evolution of the system to the coupling mechanisms (Lionello
etal., 2003a) and the consequent improvement of the SST annual cycle, in 2005—a
first high-resolution and fully interactive atmosphere—ocean RCM dedicated to the
study of the Mediterranean climate and sea variability was set up (Somot, 2005).
This model, already mentioned in the first Mediterranean Climate Variability and
Predictability (MedCLIVAR) book (Li et al., 2006), was published following the
study of a SRES A2 scenario performed with this new numerical tool (Somot et al.,
2008). In this study, the authors evaluate the impact of the regional air-sea coupling
comparing the AORCM simulation with a twin ARCM simulation.

Note that in this AORCM, the regional atmosphere is coupled to a complex
land-surface scheme ISBA, but the river discharge produced by this surface scheme
is not coupled to the regional ocean. It is an atmosphere—land—ocean regional cou-
pled climate model but without the land-to-ocean coupling. The external forc-
ings of such a model are, consequently, the sea-surface temperature (SST) outside
the Mediterranean area, the temperature—salinity (T—S) characteristics of the near-
Atlantic Ocean, and the river discharge that comes from a previously run uncoupled
regional atmosphere model.

From a first analysis, we observe that the climate-change. However, the AORCM
significantly amplifies the climate-change signal over large parts of Europe at thf:
end of the twenty-first century (2070-2099 versus 1961-1990); the warmn_ng is
higher in all seasons and in many areas of Europe (up to 25% of the signal), winters
are wetter over northern Europe, and the summers are drier over southern and eastern
Europe (up to 50% of the signal). These differences are highly significant, and the
authors concluded that the choice between coupled and noncoupled regional mod-
els could be an additional source of uncertainty when evaluating the c.:limale-change
fesponse over Europe. Among other factors, the response of thc? Mediterranean SST
to climate change, better simulated by the high-resolution Mediterranean Sea mgdel
of the AORCM, seems to be the predominant factor responsible for the described
differences. The pioneer work with a high-resolution coupled AOR('ZM'for the
Mediterranean area opened the way for the European CIRCE project,' which includes
six different AORCMs dedicated to the study of the Mediterranean climate change.
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8.3 Projections of Future Climate

8.3.1 Mean Climate

Giorgi and Lionello (2008) made a review of climate-change projections over the
Mediterranean region based on a large ensemble of 17 global climate-change sim-
ulations extracted from the MGME (Multi Global Model Ensemble) stored at the
Program for Climate Model Diagnosis and Intercomparison (PCMDI; http://www-
pcmdi.llnl.gov), an ensemble of simulations analyzed in the AR4. A robust and large
warming is projected, with a maximum in the summer season. Figure 1.20 (top)
shows the ensemble temperature increase of the 2071-2100 period with respect to
the 1961-2100 period for the A1B scenario. In summer (JJA), values reach 34°C
over the sea, grow further to 4-5°C in inland areas, and have maxima higher than
5°C in the Sahara and Middle East. Also, other seasons present substantial tempera-
ture increases—2-3°C in winter and spring, and 3-4°C in autumn. With respect to
A1B, changes would be about half a degree higher for the A2 scenario and 1 degree
lower for the B1 scenario. Climate change would affect land areas more than the sea,
with differences between the Mediterranean Sea and the surrounding lands between
0.4°C and 0.6°C, reaching 0.9°C in summer. Figure 1.20 (bottom) shows the ensem-
ble change of precipitation for the same periods and scenario as for temperature.
The reduction in precipitation is smallest in winter, where it varies from no change
in the northern Mediterranean to a 40% reduction in the south. In spring and fall,
the reductions of precipitation vary between 10% and 40%. The average value of
the large summer reduction is in the range 25-30%, but some areas in the northeast
and the south show a decrease that is larger than 50%. For most model simula-
tions, the mean annual precipitation decrease, when averaged over the whole basin,
is larger over sea than over land, except in winter. As for temperature, precipitation
changes for the B1 (A2) scenario are smaller (larger) than for the A1B scenario.
When averaged over the whole Mediterranean region in the A2 scenario, precipita-
tion reductions reach 20-30% during the intermediate seasons and up to 30-40%
in summer. Both signals in precipitation and temperature are projected to become
progressively more severe during the twenty-first century.

Beside changes of mean values, climate projections also include important
c.hanges of variability. Both temperature and precipitation distributions present
simultaneously a considerable shift and deformation, becoming broader in future cli-
mate scenarios. Increased interannual variability, especially in summer, along with
the mean warming, would lead to a greater occurrence of extremely high tempera-
ture events. Similarly, for precipitation, the decrease of mean precipitation and the
increased frequency of large negative anomalies would increase the intensity and fre-
quency of droughts (Giorgi and Coppola, 2009).

A substantial consensus exists among climate simulations carried out with both
RCMs and GCMs, as well as between the more recent analysis and previous gef-
erations of model projections (se¢ Christensen and Christensen (2007) and Giorgi
and Coppola (2009) for PRUDENCE RCM simulations). Here, we present new
results obtained with an ensemble of RCM simulations performed in the context
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Figure 8.1 Seasonal (DJF, MAM, JJA, SON) map of temperature climate change (K) as
resulting from an ensemble of RCMs. The maps show the differences between the 2071-2100
period of the A1B scenario and the reference period 1961-1990.

of the ENSEMBLES project (Figures 8.1 and 8.2). For this study, an ensemble has
been selected with simulation domains covering the whole Mediterranean basin. The
ensemble consists of six members: RACMO, RCA, REMO, RegCM driven by the
ECHAM-r3 global model, CLM, and HadRM3 driven by HadCM3. In order to bal-
ance the effect of the two GCMs, a double weight has been give to the RCMs driven
by HadCM3. For precipitation, Figure 8.2 shows differences expressed as a percent-
age of the mean value of the reference period.

In agreement with the above-mentioned studies and with the results reported in
Section 8.2.1, there are broad similarities between temperature and precipitation
changes simulated by GCMs (Figure 1.20) and by the ENSEMBLES RCMs (Figures
8.1 and 8.2). Over land, the warming for RCMs is roughly within the range of 2.5-
3.5°C in winter and 4-5°C in summer. Over the sea, the warming is roughly within
the range of 2-3.5°C with a lower seasonal dependence. Precipitation changes simu-
lated by RCMs also generally agree with those simulated by GCMs, with a substantial
future drying in all seasons and areas of the Mediterranean region, except in winter in
the northern part. The actual meaning of a further summer reduction when precipita-
tion is very low (if not absent) should probably not be emphasized.
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Figure 8.2 Same as Figure 8.1, except that it shows climate change for the precipitation
signal (percent of the value in the reference period).

The main conclusion from this comparison RCM with GCM is that warming
and drying of the Mediterranean region at the end of the twenty-first century is very
likely, but actual values and their detailed spatial distribution remain uncertain, as
they depend on the modeling tools (see Section 8.2).

A statistical downscaling approach has been applied to investigate climate change
over the Mediterranean domain (Hertig and Jacobeit, 2008). Figure 8.3 shows its
results for Mediterranean precipitation changes in the period 2071-2100 in rela-
tion to the period 1990-2019 for the main rainy season from October to May. They
are derived from statistical downscaling models (based on CCA techniques) linking
highly resolved gridded data of Mediterranean precipitation to large-scale atmos-
pheric predictors (1000 and 500hPa geopotential height fields as well as 1000hPa
specific humidity).

For the SRES B2 scenario, the assessments indicate a shortening of the wet sea-
son and at the same time an increase in rainfall amount during high winter for the
western and northern Mediterranean regions. Thus, for these regions, precipitation
decreases dominate in autumn and spring. In contrast, the eastern and southern parts
of the Mediterranean area reveal mainly negative precipitation changes through-
out the period from October to May. In this context, circulation dynamics point to
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technique used was CCA. Transverse hatching: signal:noise ratio >1 (confidence level,
68.3%); cross hatching: signal:noise ratio >1.96 (confidence level, 95%).

Source: Adapted from Hertig and Jacobeit (2008).
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enhanced anticyclonic conditions over the study area as a main reason for precipita-
tion decreases in the transitional seasons during the course of the twenty-first century.

In the scope of assessments of future climate change, the consideration of uncer-
tainties is highly important. Beyond the uncertainties related to the future emission
scenarios, uncertainties arise from the derived statistical models as well as from
GCMs providing future predictors for the downscaling relationships. To take some
of these uncertainties into account, Figure 8.4 shows a regional example of down-
scaling results from a 10-member statistical ensemble (including different calibra-
tion and verification periods) for five different GCM simulations. As can be seen
in Figure 8.4, all the different assessments include a long-term positive trend for
high-winter precipitation in this case. While this long-term progression is in general
agreement, short- and medium-term variations and the particular trend characteristics
may differ from one assessment to another.

8.3.2 Atmospheric Water Cycle

Mariotti et al. (2008) also studied Mediterranean water-cycle changes associated
with modifications in radiative forcing based on an ensemble of multimodel cou-
pled simulations from CMIP3; unless otherwise stated, the results below are from
Mariotti et al. (2008). Twentieth-century simulations, using observed radiative forc-
ings (both natural and anthropogenic), give a progressive “forced” decrease in rain-
fall in the Mediterranean region during this century of 0.007mm/day per decade
(2.5mm/yr per decade; trend is based on the ensemble mean; see Figure 8.5). The
simulated twentieth-century precipitation trend is somewhat higher than that derived
from Global Historical Climatology Network (GHCN) or DAI observational data
(see Chapter 6). In contrast, the comparison between observed and CMIP3-simulated
*“forced” precipitation anomalies over the period 1958-2006 (see Figure 8.5) shows
that the amplitude of ensemble-mean CMIP3 anomalies during this period is about
five times smaller than observed (note that the latter includes the effects of inter-
nal climate variability, so differences are to be expected). CMIP3 simulations also
show a tendency for Mediterranean Sea evaporation and E — P water budget to
increase toward the end of the twentieth century in response to the radiative forcings.
Observational evaporation and E — P results for the period since 1960 (see Section
6.4.2) are broadly consistent with those from the CMIP3 simulations, with an overall
tendency for Mediterranean evaporation and E — P to increase during 1958-2006
(see Figure 8.5). However, CMIP3 evaporation and E — P anomalies are about one
order of magnitude smaller than observed.

Based on an ensemble of CMIP3 twenty-first-century SRES A1B emission
scenario simulations, Mariotti et al. (2008) showed that the above-mentioned simu-
lated twentieth-century precipitation decrease would be followed by a rapid drying
from 2020 onward (precipitation decrease is 0.02mm/day per decade or 7.2 mm/yr
per decade). This amounts to roughly 15% less precipitation in 2070-2099 as com-
pared with 1950-2000, and an 8% decrease already by 2020-2049 as the “forced”
response to increased greenhouse gases (these results are in the ballpark of those
from other studies, such as Giorgi and Lionello, 2008 and IPCC, 2007).
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Figure 8.4 Smoothed time series (Gaussian low-pass filter period, 11 years) fil?d C_ubiC trends
of a 10-member statistical downscaling ensemble of December-January precipitation 1990-
2100 for five different GCM simulations: (A) ECHAM4/OPYC3; (B-D) ECHO-G ensemble
members; (E) HadCM3 under SRES B2 scenario assumptions for a region shown by 'the
filled-out area of the bottom-ri ght map. The downscaling technique is CCA. The cubic trend
is derived from the statistical model with the highest correlation between statistically modeled
and observed precipitation.

Source: Adapted from Hertig and Jacobeit (2008).
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Figure 8.5 Mediterranean water-cycle anomalies over the period 1900-2100 relative to
1950-2000. Area-averaged evaporation (brown), precipitation (blue), and precipitation
minus evaporation (black; P—E) are based on an average of CMIP3 model runs. For P—E,
the envelope of individual model anomalies and the 1 standard deviation interval around
the ensemble mean are also shown (light gray and dark gray shading, respectively). Data
are 6-year running means of annual mean area-averages over an area broadly defining the
Mediterranean region: (A) land only; (B) sea only. Focus periods are highlighted in yellow.

(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this book.)

Source: Adapted from Mariotti et al. (2008).

The amplitude of the mean precipitation anomaly foreseen by 2020-2049
(~0.1 mm/day or 36 mm/yr) is comparable to that of the driest decadal spells expe-
rienced by the Mediterranean region during the twentieth century. Since the multi-
model ensemble average has internal variability with reduced amplitude, actual
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variability would be larger than that depicted by the ensemble mean. As precipitation
is the main driver of the land-surface hydrological cycle, other major hydrological
indicators would also change correspondingly. Soil moisture would decrease pro-
gressively, as would runoff and river discharge, reducing the water available for irri-
gation and other uses. Evapotranspiration would also decrease because of the drier
land surface, but, as increased surface temperature favors higher evaporation, the rate
would be half that of precipitation. By 2070-2099, the projected effective precipita-
tion (P — E) decrease over land is about 0.09 mm/day (0.01 mm/day per decade or
3.6mm/yr per decade).

While the “forced” drying found by Mariotti etal. (2008) over land is large, pro-
Jected changes for the Mediterranean Sea are even more dramatic. Unlike the sur-
rounding land region, where evaporation decreases, the projected precipitation
reduction over the sea is accompanied by a roughly equally strong increase in evap-
oration due to increased SST (ultimately due to more energy input from greenhouse
warming). As a result, a 0.4mm/day (or 146mm/yr) increase in the loss of fresh-
water (E — P) at the sea surface is projected toward the end of the twenty-first cen-
tury. This change is large, roughly equal to what is typically received in total by the
Mediterranean Sea on an annual basis as discharge from neighboring land and as
inflow from the Black Sea (Mariotti et al., 2002). Currently, a main freshwater source
to the southeastern Mediterranean, the Black Sea inflow may also change, as it would
receive less freshwater at the surface. As a result, the freshwater deficit that already
characterizes the Mediterranean Sea would significantly increase according to these
Projections, with a cumulative freshwater deficit by 2100 of 1.54 X 10®m? (trend is
~0.045mm/day per decade or —16mm/yr per decade). This would be further exacer-
bated by the decrease in river discharge from surrounding regions (cumulative decrease
is 2.54 X 107m%). As in the past, these changes, if they materialize, can have impor-
tant implications for the Mediterranean Sea (Rohling and Hilgen, 1991). Overall, the
increase in the sea’s freshwater deficit would contribute to increase salinity. The degree
of the salinity increase would also depend on the strength of the freshwater input from
the Atlantic Ocean at the Gibraltar Strait (see Section 8.4).

Climate-change projections typically suffer from major intermodel discrepan-
cies, with models often not even agreeing on the direction of change (IPCC, 2007).
In contrast, a qualitative model consistency regarding “forced” twenty-first-century
Mediterranean water-cycle changes is among the highest globally (quantitative inter-
model differences exist; see below for a discussion on caveats and uncertainties asso-
ciated with these projections). Based on Mariotti et al. (2008), most models in this
ensemble show a decrease in P — E already by 2020-2049, and in all by 2070-2099
(Figure 8.5). . L

By 2070-2099, all models in this ensemble show a decrease in precipitation
and an increase in evaporation over the Mediterranean (a high degree of inte'r-
Model consistency of Mediterranean precipitation projections was also reported in
IPCC, 2007); most models under consideration show a more moderate decrc?ase in
evaporation on land. The increase in the projected forced freshwater deficit over
the Mediterranean is estimated at between —0.25 and —0.55mm/day (or —91
and 200mm/yr, respectively). Uncoupled RCM simulations in the framework of
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the ENSEMBLES project also provide broadly similar results (Sanchez-Gomez
etal., 2009). A suite of fully coupled RCM simulations from the CIRCE project
allows the evaluation of the impact of coupled processes on these projections (see
Section 8.4.2).

The projected twenty-first-century Mediterranean water-cycle changes described
above would result from a general increase in moisture divergence across the sub-
tropical dry zones, a consequence of mean climatological moisture divergence
and rising humidity; the northward expansion of the Atlantic Hadley Cell (Held
and Soden, 2006; Lu et al., 2007; Seager et al., 2007), and, to a large extent, a
positive trend of the northern hemisphere Annular Mode (Previdi and Liepert,
2007). Projected water-cycle changes could have substantial consequences for the
Mediterranean region. For land areas, soil moisture and river discharge decreases
could impact water resources, ecosystems (e.g., natural vegetation cover, as dis-
cussed in Anav and Mariotti, 2011), and socioeconomic activities. It may be specu-
lated that increases in Mediterranean Sea surface freshwater deficit could potentially
increase salinity and impact circulation and sea level.

Although there is a high degree of intermodel consistency among the CMIP3
models regarding Mediterranean climate projections, uncertainties need to be care-
fully evaluated. These include general uncertainties associated with CMIP3 projec-
tions due to model errors (e.g., limited model resolution or the parameterization of
physical processes), the effects of “internal” variability (from purely atmospheric
modes or modes of coupled interactions within the ocean—atmosphere—land system),
and uncertainties in future emission paths and natural radiative forcings (e.g., future
volcanic eruptions). The uncertainty in emission paths is likely to play a larger role
later in the twenty-first century, when differences among scenarios become larger. In
addition to the above-mentioned general uncertainties, there are also region-specific
uncertainties, including potential errors and limitations in the CMIP3 models’ repre-
sentation of regional climate variability, Mediterranean Sea circulation, and regional
climate feedbacks (see also Section 8.5).

The role of “internal” variability on future water-cycle variations can be best
understood by looking at past regional water-cycle variability and comparing this
with the results from the CMIP3 twentieth-century simulations. Observational analy-
ses of twentieth-century water-cycle variability in this region show long-term trends,
including a tendency for increased surface aridity and increased Mediterranean Sea
evaporation. These changes are not inconsistent with the “forced” changes depicted
by the CMIP3 simulations as a result of increases in greenhouse-gas concentrations
during this century. However, observational precipitation and evaporation records
also include decadal variations that have a much larger amplitude than the above-
mentioned simulated long-term trends (e.g., for precipitation, observed decadal
anomalies are about two orders of magnitude larger than the simulated trend). As
much as both observational errors and model errors can contribute to this discrep-
ancy, this also highlights the important role of internal variability in determining
observed decadal anomalies. One investigation, also based on CMIP3 projections,
suggests that in the Mediterranean, “forced” changes are likely to become distin-
guishable from the “noise” created by internal decadal variations in decades beyond
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2020-2030 (Giorgi and Bi, 2009). Hence, at least in the short term (roughly, 10-30
years), regional decadal anomalies and any potential for decadal predictability are
likely to be critically dependant on the regional impacts of decadal modes of vari-
ability “internal” to the climate system.

The development of next-generation climate projections in the framework of
CMIP5 (Coupled Model Intercomparison Project, phase 5; Taylor et al., 2009) will
allow further evaluation of the uncertainties in regional climate outlooks. The analysis
of these projections for the Mediterranean should be accompanied by efforts to better
understand the role and predictive potentials of internal climate variability for regional
decadal predictability and by continuing efforts to monitor Mediterranean water-cycle
characteristics so as to be able to detect future long-term changes early on.

8.3.3 (limate Extremes

The European heat wave of summer 2003 has received considerable attention because
of its potential link to both the larger-scale warming patterns (e.g., global warming)
and the large non-harvest-related loss of life associated with it (Fouillet et al., 2006;
Zaitchik et al., 2006). Several studies found that this regional heat wave was unique
in comparison with the instrumental climate record. In fact, it has been suggested that
such an extreme event could be explained by an increased variability, which in turns
made heat waves more likely, ruling out the hypothesis that heat waves like the one
in Europe in 2003 can occur by chance (Schir et al., 2004). Understanding and quan-
tifying how anthropogenic climate change is affecting the intensity and frequency of
extreme events has become a priority in climate studies (Kharin and Zwiers, 2000,
2005; Meehl et al., 2000; McGauffie et al., 1999; Vitolo et al., 2009).

The 2003 heat wave represents the archetype of an extreme event that, recently,
has been widely analyzed in the Mediterranean, where the impact of global warm-
ing on human activities and natural ecosystems is of major concern (Rosenzweig
etal., 2007; Bleu, 2009). Some EU projects (PRUDENCE, ENSEMBLES) h‘av'e
made available a large number of RCM scenario simulations facilitating‘ statisti-
cal analysis of extremes in surface fields (temperature, rainfall, wind) with more
robust estimates (Fowler et al., 2007, Coppola et al., 2010). Using an ?nsemble of
RCMs (Baettig et al., 2007; Beniston et al., 2007; Frei et al., 2006) or single RCMs
(Gao et al., 2006; Goubanova and Li, 2007; Sanchez et al., 2004; Semmler aqd
Jacob, 2004), a general increase in temperature, rainfall, and drought extremes is
projected for the end of the twenty-first century in A2 and B1 scenarios. An increase
in the extremes of cyclone intensity over the Mediterranean Sea, clearly associ-
ated with the formation of tropical cyclones, has also been simulated (Gaertner
etal, 2007). However, the robustness of these results, in 'lerms of changes
of rainfall distribution extreme tails, for the Mediterranean regnqn has been ques-
tioned by Boberg et al. (2009) and Buonomo et al. (2007). In addition to the changes
in CO, content in the atmosphere, which is not the only anthrf>pogemc paramgler
affecting the extremes in the future, an afforestation-deforestation study has high-
lighted the relevance of the land-use change in determining surface extremes (Anav
etal, 2010).
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In order to examine changes in extreme statistics of near-surface climate
parameters, such as the heat waves, long simulations of the present and future
Mediterranean climate conditions are needed. An alternative approach to the studies
mentioned in the previous paragraph is using a grand ensemble of climate simula-
tions. The term grand ensemble is borrowed from statistical mechanics and is used
to indicate a perturbed physics (parameter values), perturbed boundary conditions,
and perturbed initial condition ensemble. Here, we apply extremes value theory to
simulation results from the climateprediction.net (CPDN) project that is the first dis-
tributed computing climate project of its kind (Allen, 1999). In particular, we refer to
the first distributed computing experiment, known as the “slab-model experiment.”
The initial ensemble was composed, at the time of writing of this study, of roughly
54,000 individual climate-change experiments, reduced to roughly 50,700 after qual-
ity control. Each experiment is comprised of three slab-model simulations. This
data set is an expanded version of the one used by Piani et al. (2005) and described
therein. Individual experiments are composed of three separate 15-year climate
simulations conducted with the slab version of the United Kingdom Meteorological
Office Unified Model described in detail by Pope et al. (2000). The first of the three
simulations is done to calibrate the model. The second is a control run, with prein-
dustrial levels of CO, concentrations. The last is a 2 X CO, simulation. For all the
available simulations, we extract the last 5 years of the 15-year runs (preindustrial
and 2 X CO, conditions) in order to have stationary time series. We collect all
selected 5-year intervals. Considering more than 50,000 simulations, we have a very
large number of intervals, enough to avoid small-sample instability of the statistical
analysis. Maxima (minima) of daily maximum (minimum) temperature are extracted
from each S-year interval. This process is performed for the Mediterranean region as
defined by Giorgi (2002).

Here, we analyze the probability density function (PDF) of all the time series
and of the extreme’s time series. An efficient method for displaying a statistical data
summary is a box plot graph. The box plot in Figure 8.6 summarizes the following
statistical measures: median, upper, and lower quartiles, and the minimum and maxi-
mum data values.

The box itself contains the middle 50% of the data. The upper edge (hinge) of
the box indicates the 75th percentile of the data set, and the lower hinge indicates
the 25th percentile. The range of the middle two quartiles is known as the interquartile
range. The line in the box indicates the median value of the data. If the median
line within the box is not equidistant from the hinges, then the data are skewed. The
ends of the vertical lines, or “whiskers,” indicate the minimum and maximum data
values, unless outliers are present. In this case, the whiskers extend to a maximum
of 1.5 times the interquartile range. The points outside the ends of the whiskers are
outliers or suspected outliers.

The box plots of all time series (Figure 8.6A) show a significant shift of the
bulk of the PDF in the case of future climate (2 X CO,) with respect to present-
day climate data (1 X CO,). Both, the minima and maxima show a shift of about
:?"C. The scenario box plots show a large number of outliers representing a change
in the tails of the distribution. A rough idea of the behavior of the tails could be
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Figure 8.6 Box plot graph for the maximum (1 and 2 in abscissa) and minimum (3 and 4 in
abscissa) temperatures, both in the present climate (1CO,, 1 and 3) and scenario (2C0O;, 2 and 4)
Tuns over the Mediterranean region. (A) All time series. (B) The extremes for block lengths of
5 years,

obtained by analyzing the box plot of the extremes (minima and maxima) for a spe-
cific block length. The distribution of temperature extremes computed over a S-year
interval is shown in the bottom panel of Figure 8.6. The main point rising from a
visual inspection is not only the shift of the extremes PDF to higher values but also
its broadening.

The statistical downscaling approach of Hertig and Jacobeit (2008) also allows
for the investigation of the impact of climate change on temperature extremes
(Hertig et al., 2010). In Figure 8.7, we report statistical assessments of changes
of the 5th percentile of minimum temperatures in winter and of the 95th percen-
tile of maximum temperatures in summer, comparing the period 207%—.2100 under
AIB scenario conditions with the reference period 1961-1990. Minimum tem-
Perature changes in winter are related to the question of whethetr the frost hazard
risk will be modified under future climate change, whereas maximum temperature
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Figure 8.7 Changes of the (A) 5th percentile of minimum temperatures in winter (December—
February) and 95th percentile of maximum temperatures in summer (June-August)

(B) according to statistical downscaling assessments using ECHAMS5/MPI-OM predictors
(1000hPa/500hPa thickness and 500hPa geopotential heights) under SRES A1B scenario
assumptions; differences of the seasonal extremes indexes between the periods 2071-2100
and 1961-1990 in °C. Statistical downscaling techniques include multiple-regression analysis
in the case of station-based assessments (local symbols) and CCA for grid-based assessments
(colored areas). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this book.)

changes in summer refer to the question whether of the hottest days will get even
hotter. The downscaling assessments are based on station data as well as on highly
resolved gridded temperature data for the Mediterranean area. As large-scale predic-
tors, 500hPa geopotential heights (representing the atmospheric circulation) as well
as 1000hPa/500hPa thickness fields (representing tropospheric temperatures) have
been considered.

Obviously there are mainly increases of both extremes indexes (see red areas in
Figure 8.7). The station-based assessments indicate that there will be widespread
increases of the 5th percentile of minimum temperatures in winter, with the largest
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warming rates up to 1°C in the eastern Mediterranean area as well as in the cen-
tral-northern Mediterranean region (Figure 8.7A). This general result is largely con-
firmed by the grid-based assessments, but some regions also show slight decreases
of extreme minimum temperatures in winter, most pronounced for the southern parts
of the Iberian Peninsula and the western parts of Mediterranean North Africa. For
the 95th percentile of maximum temperatures in summer (Figure 8.7B), both sta-
tion-based and grid-based assessments project increases in the central and eastern
Mediterranean area, with values up to about 0.5°C, but slight decreases over parts of
the Iberian Peninsula. Comparing the results for winter and summer, we partly get
an indication that the intraannual extreme temperature range will decrease until the
end of twenty-first century under enhanced greenhouse warming conditions—mainly
in the eastern Mediterranean area—because extreme minimum temperatures in win-
ter will experience greater increases as compared with extreme maximum tempera-
tures in summer. For other areas in the central-northern and western Mediterranean
region, a mixed picture arises regarding changes of extreme temperatures for parts
of the Iberian Peninsula, possibly even including slight decreases of the correspond-
ing percentiles. In general, however, the results indicate that changes in tempera-
ture extremes do not follow a simple shift of the whole temperature distribution to
higher values, implying nonsymmetric changes in the frequency distributions of
Mediterranean temperatures.

Precipitation extremes have also been analyzed over the Mediterranean region
of France using a high-resolution ARCM. Three simulations were carried out over
the twenty-first century, following the IPCC scenarios Bl, A1B, and A2, using the
RCM ALADIN-Climate at a 12-km resolution on a domain centered over France.
The RCM was constrained at its lateral boundary by corresponding global projec-
tion results performed with ARPEGE-Climat. The domain of integration is re!atiye]y
small because of the heavy computational cost of the high resolution, but this limi-
tation is not detrimental to the representation of intense precipitation, whereas the
increase of resolution significantly improves the representation of these extremes.

All the climate scenarios show a decrease of the mean precipitation in the
Mediterranean region of our domain between the beginning and the end of the
period, except during winter (DJF) in the A2 scenario (not shown). However, over
this Mediterranean region, the heaviest rainfalls tend to be stronger. The quantile—
quantile diagrams of Figure 8.8 illustrate this finding. They represent the change of
the daily precipitation’s spectrum averaged over a Mediterranean box (see Figure
89A) during autumn (SON). Each of the three curves on the two plots reproduces
the values of the quantiles in the distribution of daily precipitation simulated over
the period 2070-2100 with one of the three IPCC scenarios, versus the values
of the same quantiles in the daily precipitation distribution simulated in the cqnfrol
simulation over the 19702000 period. It appears on these plots that the precipita-
tion decreases in the future—especially in the A2 scenario—under the lhreshold_ of
30mm/day but increases in the tail of the distribution in the AIB and A2 scenarios.
This result reflects a broadening of the precipitation distribution with climate change
and thus an increase of the proportion of total rainfall from heavy falls.
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Figure 8.8 Quantile—quantile plots—control simulation versus scenarios—of daily
precipitation quantiles (mm/day) in autumn (SON). Quantiles are averaged over the box
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2000, are sorted along the x-axis, quantiles of the scenarios over the period 2070-2100 are
sorted along the y-axis. Solid line: B1; dashed line: A1B; dotted line: A2.

Figures 8.9 and 8.10 offer a global view of the “inverse” behavior of the mean
and of the higher extremes. For each grid point we consider, there is an inversion
in the sign of the precipitation’s evolution when the following conditions are satis-
fied: (1) The mean difference in precipitation between 2070-2100 and 1970-2000 is
negative (decrease of precipitation in the future). (2) There is a quantile of precipita-
tion exceeding 2mm/day over which the mean difference of precipitation between
the same periods is positive (increase of the heavy rainfall), and under which it is
negative. Figure 8.9A-C indicates for the autumn season (SON) the order of this
inversion quantile, if there is any, and Figure 8.9D-F its value. Mean differences
of autumn precipitation between 2070-2100 and 19702000 are drawn on Figure
8.10A-C, and the corresponding mean relative differences (in %) of precipitation
exceeding the inversion quantile are shown on Figure 8.10D-F.

These maps show that an inversion, as defined above, occurs over a large extent
of the Mediterranean region in all three scenarios, particularly in A1B and A2. The
order of the inversion quantile is generally quite high: it ranges from 96% to 99.9%,
which correspond to amounts of precipitation between 30 and 100mm/day. They are
higher in the A2 scenario, which is the one leading to the most enhanced drying in
terms of mean precipitation. However, the increase of the precipitation exceeding
the inversion quantile remains moderate. They are mainly between +5% and + 10%,
except in some mountainous areas (Alps and Cévennes), where they reach +20%.
The same features can be found in spring (MAM) and summer (JJA), although
they are weaker, and no distinct pattern was detected in winter (DJF) regarding the
extremes of precipitation. Considering the high values of the inversion quantile’s
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Figure 8.9 Inversion quantiles of autumn (SON) daily precipitation between 1970-2000 and
20702100 (colored areas). (A, B, and C) Order of the quantile (0.95 means the 95th centile) for
B1, A1B, and A2 scenarios, respectively. (D, E, and F) Value of the inversion quantile (mm/day)
for B1, A1B, and A2 scenarios, respectively. See text for details. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this book.)

orders and the rather small differences in the precipitation over this relative thresh-
old, it would be suitable to complete this work with an appropriate testing of the
statistical significance of the results.

8.4 Future Projections for the Mediterranean Sea

8.4.1 Temperature, Salinity, and Ocean Circulation

Many studies have been published about the Mediterranean regional climate
change dealing with mean state changes, variability, seasonality, or extreme events.
From these studies and from an oceanographic point of view, we conclude that the
Mediterranean climate would become warmer and drier in the twenty-first cen-
tury. This could have an impact on the salinity and temperature of the surface—xyalgr
masses and on their density and surface circulation. The influence on the densu)f is
then unknown (saltier and warmer waters) as well as on the deep-water formation
process and the Mediterranean outflow water that enters the Atlantic Ocean after
overflowing at the Strait of Gibraltar. However, until recently., in the context of lhe
CIRCE project, very few studies were focused on the Mediterranean Sea and its
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Figure 8.10 Difference of autumn (SON) daily precipitation between 1970-2000 and 2070
2100. (A, B, and C) Mean difference of daily precipitation (mm/day) for B1, A1B, and A2
scenarios, respectively. (D, E, and F) Relative difference (%) of daily precipitation exceeding
the “inversion” quantile of Figure 8.9.

possible evolution in the twenty-first century, and none of them were coordinated
efforts to tackle the uncertainty issue.

Concerning the methodology, these studies generally underlined some key points
when constructing climate-change scenarios of the Mediterranean Sea: (1) tak-
ing into account the various Mediterranean Sea forcings, such as heat, water and
momentum fluxes, river discharge, Black Sea inputs, and near-Atlantic Ocean char-
acteristics; (2) performing a control or present climate simulation long enough to
reach the stability of the ocean model; (3) reaching a realistic present climate state of
the Mediterranean thermohaline circulation (MTHC) representing the various water
masses and their interactions; and (4) performing transient climate simulations in
order to solve the problem of the initial conditions under future climate conditions.

Recently, CMIP3 GCMs were used to access the uncertainty range of the
response of the Mediterranean water temperature, salinity, and sea-level change in
the twenty-first century (M. Marcos, personal communication). This study mainly
demonstrated that, because of their too-low spatial resolution, the GCMs are not able
to simulate a realistic Mediterranean Sea in present climate and that their climate-
change results are consequently doubtful.

A pioneer work using a high-resolution Mediterranean model was done by
Thorpe and Bigg (2000) simulating a transient 2 X CO, scenario with a 1/4°-res-
olution ocean model forced by the air-sea fluxes of a low-resolution IPCC model
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(2.5 X 3.5°). Later, Somot et al. (2006) performed a similar study using a higher-res-
olution ocean model (1/8°) forced by fluxes coming from a dynamical downscaling
(50km) of an A2 IPCC simulation. Both studies conclude that there is an increase in
the SST and sea-surface salinity (SSS) leading to a strong weakening of the MTHC
and a change in the characteristics of the Mediterranean waters outflowing at the
Strait of Gibraltar. The later study took into account the climate-change impact com-
ing from all the various forcings of the Mediterranean Sea (air—sea fluxes, Atlantic
characteristics, river discharge, and Black Sea impact) concluding that all of them
could be important contributors to the possible evolution of the sea characteristics.

Another example using a Mediterranean Sea model constrained with the out-
puts of a high-resolution atmosphere-only climate-change scenario, consists of an
ocean climate-change scenario (SRES A2) simulation performed by means of the
NEMOMEDS Mediterranean Sea model, a regional adaptation of the NEMO global
ocean model (Sevault et al., 2009). In order to carry out this experiment from 1960 to
2099, atmospheric fluxes obtained from the resolution-varying version of ARPEGE-
Climat model have been used to force the regional ocean model. Results from the
simulation show convection processes becoming less important by the end of the
twenty-first century. Winter (DJF) mean mixed-layer depth diminishes significantly
in the Gulf of Lions, Adriatic Sea, Aegean Sea, and Levantine basin. This decrease is
reasserted by the reduction of the yearly maximum mixed-layer depth estimated for
the main Mediterranean deep-water formation areas, particularly in the Guif of Lions
(Figure 8.11).

Under this SRES A2 emission scenario, a general increase of temperature and
salinity over the Mediterranean Sea is obtained from 2000 to 2099, both at the sea
surface and in the deeper layers. Salinity presents an increment of +0.06psu per
decade at the sea surface and +0.035 psu per decade in the deeper layers during the
twenty-first century. Concerning temperature, an average increase of 0.108°C per
decade is deduced for the total water column, being more pronounced in the surface
layer up to 150m, in agreement with estimated SST trends of +0.26°C per decade.

According to the results of this simulation, the net water transport at the Strait of
Gibraltar would vary from +0.05Sv for the present climate results up to +0.07Sv
in 2099, basically due to a rise in water inflow during this period. This increment
balances the increase of evaporated water simulated over the Mediterranean basin
at the same time. In addition, the simulation presents a mean intensification of the
Mediterranean circulation as well as a slight change of its pattern.

For the first time, Somot et al. (2008) used an AORCM coupling the regional
atmosphere model and the regional ocean model of the Somot et al. (2006) study.
A 140-year scenario was carried out using this model (SRES A2,_ 1960—2099? along
with a twin control simulation (same length, no climate-change signal) repeating the
1960-1980 forcing. The results from this simulation can be directly compared with
those of the SRES A2 climate-change simulation performed by Somot et al. (2006),
since they used exactly the same Mediterranean Sea model and since the forcing
of the stand-alone ocean simulation comes from the coupled one. .Some results
of this comparison are reported in Table 8.1, where the corresponding results of
Thorpe and Bigg (2000) have also been included. The results of the coupled and
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Figure 8.11 Time series of yearly maximum mixed-layer depth between 1961 and 2099, obtained from NEMOMEDS ocean-model
simulation, under SRES A2 climate-change scenario conditions. The dotted line represents the exponential fit for the different time series.
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Table 8.1 Mediterranean Sea Spatial Averaged Changes at the End of the Twenty-First
Century as Compared with the Present Climate

Thorpe and Bigg Somot et al. (2006)  Somot et al. (2008)
(2000)
Heat loss (W/m?)/  Decrease/increase/ +4.4/+0.4/decrease  +2.7/+0.4/decrease
water loss (mm/ decrease
day)/wind
Mediterranean Sea  +4°C/- +2.5°C/+0.33 psu +2.6°C/+0.43 psu
SST/SSS
MTHC Strong weakening, Strong weakening, Slight weakening,
warming and warming and warming and
saltening of the deep  saltening of the deep  saltening of the
layers layers deep layers
Strait of Gibraltar ~ No change (1Sv) Almost no change Almost no change
water transport (—4%) (—2%)
Mediterranean Saltening (+0.12psu), Saltening (+0.45psu), Saltening (+0.36psu),
outflow water warming (+0.8°C), warming (+2.5°C), warming (1.8°C),
shallowing (from no change in density  lightening
1400 to 600 m) (—0.1kg/m?)

The comparison is among the three studies published as of this writing.

associated uncoupled simulations are very similar as far as the SST is concerned.
However, the MTHC remained stable in this coupled simulation, illustrating either
the role of the coupling or the role of the MTHC present climate state in such a sce-
nario simulation of the Mediterranean Sea. The warming and salinification of the
Mediterranean Sea that is projected by the Somot et al. (2006) model is dominated
by the increase in temperature, which in turn leads to an increasingly more stable
water column. There is very little warming or salinification at levels below 2000 m.
In the coupled simulation, the changes are dominated by changes in the Adriatic
Sea and the increased formation of intermediate waters there (Tsimplis et al., 2008).
Similar characteristics and changes of temperature and salinity have been found
in the Mediterranean sections of global AOGCMs (Marcos and Tsimplis, 2098).
However, these authors find that diffusion alone cannot account for the warming
rates of the deeper waters; thus, some dense-water formation is still important for
the models such as those in the regional coupled simulation. In addition, note that the
reduction of dense-water formation is not, at least during the past decade, supported
by observations either in the western Mediterranean or in the Adriatic Sea. ‘

To go further in the analysis of this coupled simulation, we present here a dlSCU.S-
sion of some results of the oceanic component, those concerning the atmospheric
component being discussed in Somot et al. (2008). In the AORCM simulation, the
external forcing are the greenhouse gases and aerosols concentrations (SRES A2), the
SST outside the Mediterranean area, and the Atlantic characteristics from the AOGCM
CNRM-CM, and the rivers and Black Sea freshwater inputs coming from an ARCM
simulation. This scenario is the first dedicated to the study of the Mediterranean Sea
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for which no constraint is applied at the air—sea interface. This means that the low-
level atmosphere variables, the air-sea fluxes, the SSTs, and the SSSs are completely
free to adapt to the external forcing and are consistent with each other, contrary to the
forced-mode scenarios (Thorpe and Bigg, 2000; Somot et al., 2006).

We first present the results spatially averaged over the entire Mediterranean Sea
for the end of the twenty-first century (2070-2099 versus 1961-1990). The total
surface heat-loss decreases by 2.7 W/m?, explaining parts of the sea warming (the
remaining part comes from the Atlantic Ocean); the total surface-water loss increases
by 0.4mm/day, leading to an increase in surface and volume-integrated salin-
ity. The wind intensity slightly decreases, too. The SST increases (Figure 8.12) by
2.6°C, which is in very good agreement with Somot et al. (2006), showing that an
uncoupled scenario can deliver the right value for the Mediterranean averaged SST
change. However, the average SSS increase of 0.43 psu is a significantly larger value
than that in Somot et al. (2006). As a result of these changes, the surface density
decreases because the SST effect is slightly stronger than the SSS effect. In addi-
tion, the warming appears earlier (around 1980) than the SSS increase (around
2040) (see Figure 8.12). Consequently, the deep layers of the Mediterranean Sea
warm and become saltier during the twenty-first century, with a slight weakening of
the MTHC. At the Strait of Gibraltar, the net water transport does not change sig-
nificantly, but the Mediterranean Overflow Water (MOW) layer that flows outside
the Mediterranean Sea into the Atlantic becomes more salty (+0.36psu), warmer
(1.8°C), and lighter (~0.1kg/m>). This could affect the position and the characteris-
tics of the Mediterranean Waters flowing into the Atlantic Ocean and consequently
the Atlantic Meridional Overturning Circulation (AMOC). However, this effect

388

38.6
21

38.4

38.2
19

38
18

—_—1 P PN SN SO B
1960 1980 2000 2020 2040 2060 2080 2100

Figure 8:12 Year.ly mean time series of the Mediterranean Sea average SST in red (in °C)
and SSS in blue (in psu). The dashed lines are quadratic fits. Temperature and salinity curves
are scaled by a factor of 5 so that their variations represent an equivalent density change. (For

interpretation of the references to color in this figure legend, the reader is referred to the web
version of this book.)
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cannot be studied with the current model, as the Atlantic Ocean is considered as an
external forcing only. Also note that the description of the Strait of Gibraltar is per-
haps not adequate to well simulate how the Mediterranean changes propagate toward
the Atlantic Ocean (see Sannino et al., 2009, on the issue of the resolution of the
Strait of Gibraltar).

The spatial pattern of the warming and of the increase in salinity is very inhomo-
geneous in the coupled model at the end of the twenty-first century (Figure 8.13A
and B). These patterns are driven by many ocean features represented only in a high-
resolution ocean model. Few among them are as follows:

* The transport from the Atlantic: the Atlantic waters show warming and saltening minima.

* The change in the circulation: the Ionian Sea shows a strong change of its main jet that is
deflected to the South, leading to a cyclonic anomaly in the circulation and a local maxi-
mum increase in SSS.

* The deep formation process: the Gulf of Lions area is an area of minimum warming, as the
whole thermal inertia of the water column can play a damping role for the surface.

* The effect of the change of river discharge: the Adriatic and Aegean seas show a more pro-
nounced increase in salinity than everywhere else as a consequence of a strong decrease in
the Po and Black Sea freshwater inputs. This also leads to a local maximum increase in SST.

The seasonal cycle of the warming is relatively weak, with the maximum warm-
ing occurring in summer (range from +2.5 to +4°C) when the maximum climate
warming also occurs over the land, and when the mixed-layer depth (and the ocean
inertia) is the weakest. The minimum warming occurs in winter (+2 to +3°C) when
the atmosphere also presents the minimum warming and the mixed layer is the
deepest. Note that the maximum sea warming at the end of the twenty-first century
- (<+4°C) is from far lower than the climate warming in the surrounding land areas
(Southeast Europe, >+6°C), increasing the land-sea contrast (Somot et al., 2008).
This also underlines the negative feedback of the Mediterranean Sea thermal inertia
and the positive feedback of the summer drying effect of the land.

In addition to SST and SSS, Figure 8.13 shows the warming and the saltening
at a 100m depth (Figure 8.13C and D) and at a 1000-m depth (Figure 8.131; and
F). The 100m depth signal still corresponds to the surface signal, with maximum
values in the Aegean, the Adriatic, and the Ionian Sea. A deeper climate-chgnge sig-
nal has been filtered, and it is mainly dominated by the water-mass formation proc-
ess and the advection of the abnormal water masses. In our simulation, the l‘OOOm
signal comes mainly from the Adriatic Sea, which is the only subbasin keeping an
intense deep-water formation process and helping the ventilation of th.e deep lay-
ers through advection. Consequently, the maximum anomalies are driven by the
Adrialic-originated waters that flow over the Otranto Strait and cascad'e at least up
to 1000m. These waters then invade the Ionian and Levantine basins in a cyclonic
circulation attached to the bathymetry and invade the Tyrrhenian Sea after cascad-
ing over the Sicilian Strait. Part of the warmer and saltier waters even reached the
Strait of Gibraltar before the end of the twenty-first century. At that dep(l? and for
the Mediterranean Sea, the convection—advection process seems to domufale the
vertical diffusion to propagate the climate-change anomalies. It is wor:h noting that
even the areas far from the main path of advection warm by at least 0.8°C at 1000m.
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Figure 8.13 Differences in temperature (A, C, and E) and in salinity (B, D, and F) between

the future climate (2070-2099) and the present climate (1961-1990) for the surface (A and B),
at 100m (C and D), and at 1000 m (E and F).

The Aegean maximum values of warming and saltening seem to be trapped in their
basin of origin and do not export the signal toward the rest of the Mediterranean Sea.
In the future, at least in this particular simulation, the Mediterranean Sea does not
switch to a mode for which the Aegean Sea would become the main source of the
eastern Mediterranean Sea deep water. This mode was already observed in the 1990s
during the so-called eastern Mediterranean Transient (Roether et al., 1996), and its
possible repetition in the future is a key issue for the scientific community.
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Based on these A2 simulations, some climate-change impact studies have also
been published—on the Gulf of Lion cascading process (Herrmanp et al., 2008),
on the Gulf of Lion biogeochemistry (Herrmann, 2007), on the Mednterrapean Sea-
level change (Tsimplis et al., 2008), on the geographical habitat of Mediterranean
endemic fishes species (Ben Rais Lasram etal., 2010), and on the wave-ﬁgld
response (Lionello et al., 2008). Except on the sea level and the waves for which
the results show that the Mediterranean Sea is not a hot spot of the climate change,
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the other three studies show a large impact of the Mediterranean physical changes.
However, they do not really address the question of the uncertainty, using only one
climate-change scenario and one set of regional climate and ocean models.

To complete this state-of-the-art of the Mediterranean Sea scenario for the
twenty-first century, we would like to mention the ongoing projects from which new
results should become available before the IPCC-ARS report. The CIRCE project is
proposing, for the first time, a strongly coordinated modeling effort, including the
regional ocean component of the Mediterranean Climate System. Ending in 2011,
it will allow access to the response of the Mediterranean Sea to climate change over
the period 1950-2050 and under the A1B emission hypothesis using six different
AORCMs. We should also mention other ongoing or starting efforts using regional
ocean forced by air-sea fluxes (the European SESAME project, the VANIMEDAT-II
project in Spain) or regional fully coupled climate system models (MedCORDEX,
HyMeX).

8.4.2 Water Budget

The impact of global warming on the water resources in the Mediterranean region is
one of the main concerns for the scientific community. The Mediterranean basin is
considered to be a hot spot for climate change because of its vulnerability, so major
changes in the hydrological cycle are expected to occur over the twenty-first cen-
tury. From an analysis of CMIP3 simulations using GCMs, Mariotti et al. (2008)
showed that at the end of twenty-first century, the average of the models simulates
a significant increase in the freshwater loss over the Mediterranean Sea (see Section
8.3.2). Moreover, there is a high consistency among the models toward an increase
in evaporation and a decrease in precipitation and river discharge. The robustness
of these results has been investigated by using higher-resolution models such as the
ARCMs from the ENSEMBLES project and the AORCMs from the CIRCE project
(see Table 8.2).

In the ENSEMBLES project, Sanchez-Gomez etal. (2009) investigate the
changes in the Mediterranean Sea water budget from 12 ARCM experiments that
were performed for the period 1950-2050 over the Furopean—Mediterranean domain
at 25km horizontal resolution. Some experiments have been pursued until 2100
(seven models). Different GCMs SRES AIB scenario simulations have driven the
ARCMs. The SST forcing the ARCMs are issued from the same GCMs experiments.

In addition, in the CIRCE project, the change of the water budget is determined
from five AORCM experiments that were also performed for the period 1950-
205Q. In this case, the model’s horizontal resolution is ~50km over the European—
Mediterranean domain, with an interactive ocean model. Three of the AORCMs are
coupled with a global ocean model, allowing for representation of the interaction
and feedbacks of the Mediterranean Sea onto the large-scale circulation. For all the
AORCMs, the transport through the Strait of Gibraltar, resulting from the nudging of
the Mediterranean sea component in the near-Atlantic, is time dependent.
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Table 8.2 Summary of the Different Model Components and Resolutions for Each of the
CIRCE Models Used in the Water-Budget Analysis

Atmospheric Model Mediterranean Sea Model Global Ocean Model

CNRM  ARPEGE-Climat NEMOMEDS 1/8° (9-12km), OPA9 2°(0.5°
TL159c2.5 (SOkm),  LA3 equator), L31
L31

ENEA  RegCM3 30km, L18 MITgem 1/8° (9-12km), 1L.42

INGV ECHAMS T159 (80km), OPA9 1/16° (7km), L71 OPA8.2 2° (0.5°
L31 equator), L31

MPI REMO 25km, L3I MPI-OM 1/8° (9-12km), L30

LMD LMDz 30km, L19 NEMOMEDS 1/8° (9-12km), QPA9 2° (0.5°equator),

L43 L31

For each model, in the second and third column, the second line corresponds to the model horizontal resolution in the
Mediterranean Sea domain, followed by the number of vertical levels (Ln). When a global ocean model is mentioned, this
means that it is coupled to the two other components.

Following Mariotti et al. (2002), the water budget (WB) over the Mediterranean
Sea, here a freshwater deficit, is represented by:

WB~E—-P—-R—B

where E is the evaporation, P the precipitation, R the river discharge, and B the
Black Sea discharge in the Mediterranean Sea.

Sanchez-Gomez et al. (2009) performed a validation study for the period 1950
1999 for both ARCMs and AORCMs and also for GCMs from CMIP3 integrations.
They showed that ARCMs, AORCMs, and GCMs underestimate the E — P (evapora-
tion minus precipitation) difference as compared with observational data sets over
the Mediterranean Sea surface. These data sets are the evaporation field from the
National Oceanography Centre of Southampton (NOCS) data set (Josey et al., 1999),
the precipitation from the Hamburg Ocean Atmosphere Parameters and Fluxes from
Satellite Data set (HOAPS) (Andersson et al., 2007), and the river discharge pre-
sented by Ludwig et al. (2009) and the Black Sea freshwater discharge by Stanev
etal. (2000). Sanchez-Gomez etal. (2011) performed an exhaustive analysis of
Mediterranean water- and heat-budget estimates provided by state-of-the-art obser-
vational data sets in which the above-mentioned are included. The GCMs, though
running with a coarse resolution, provide E — P values that are close to those of the
regional models. The regional models clearly improve the representation of R and B
with respect to GCMs, indicating that the finer resolution represents more accurately
the river discharge, which depends on small-scale processes. ’

Table 8.3 shows the uncertainty intervals associated with the future changes in the
Mediterranean water budget for both ARCMs and AORCMs and also for CMIP3 inte-
grations. The values indicate the percentage of change represented by anomalies of two



Table 8.3 Percentages of Area-Averaged Mean Changes in the Mediterranean Sea for Evaporation (E), Precipitation (P), E — P, River
Discharge (R), Black Sea Discharge (B), and Total Water Budget (WB) for the Periods 2020-2049 and 2070-2099 as Compared with 1950
1999 (for the ARCMs) and 1953-1999 (for the AORCMs)

E P E-P R B WB
ARCMs (2020-2049) [0, +8] [—14, +4] [+6, +17] [—24, +3] [—42, +17] [+8, +35]
Ensemble mean +4 -5 +12 -10 -13 +22
AORCMs (2020-2049) [+1, +4] [-12, -7] [+8, +10] [-22, —10] [—10, +2] [+15, +26]
Ensemble mean +3 -10 +9 -16 -4 +20
ARCMs (2070-2099) [+6, +18] [-28, —4] [+15, +35] [—43, —=5] [—102, +25] [+20, +60]
Ensemble mean +12 -16 +25 -24 —-40 +40
CMIP3 (2070-2099) [+6, +9] [—23, +2] [+11, +25) [-87, —56] [—85, —63] [+34, +42]
Ensemble mean +7 -10 +18 =71 -74 +38

Nonsignificant changes are in italics and significant changes in bold. CMIP3 values are from Mariotti et al. (2008). The ARCMs values are from Sanchez-Gomez et al. (2009). See
text for details.
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30-year periods, 20202049 and 2070-2099 (only for the ARCMs), as compared with
the 1950-1999 period (1953-1999 for the AORCMS). To estimate the uncertainty inter-
val, we consider the 90th percentile for the significance level to compute the lower and
upper levels. The ARCMs show already significant changes for the 2020-2049 period,
indicating an increase of E — P and total freshwater deficit. The AORCMs show signifi-
cant changes for all fluxes except the Black Sea discharge. The strongest significant alter-
ations of the Mediterranean hydrological cycles appear at the end of twenty-first century.
The amplitude of the mean changes shown by CMIP3 and ARCMs for 2070-2099 is
equivalent for all the terms in the water budget, except for B and R, whose representation
by CMIP3 is not very realistic. The ARCM and AORCM experiments show a signifi-
cant decrease of R, which corresponds to a decrease in terrestrial water resources, and an
increase in salinity in the Mediterranean Sea. The AORCMs are coupled, but it is worth
noting that in some of the models, the land-surface runoff is not interactive, and thus
changes in the river discharge are not taken into account in the fluxes sent to the ocean.

The ensemble means for the AORCMS simulate an increase of freshwater deficit
of 22% by 2050 and for both ARCMs and GCMs ~40% by 2100. The uncertainty
associated with these changes is larger for ARCMs than for CMIP3, indicating that
for ARCMs there is an additional source of uncertainty in the choice of the driv-
ing GCMs (Déqué et al., 2005). The uncertainty associated with these changes is
reduced by the AORCMs as compared with ARCMs. The time series of water-budget
components and freshwater loss averaged over the Mediterranean Sea show signifi-
cant trends (Figures 8.14 and 8.15), indicating that global warming induces changes
in the hydrological variables starting from around 2050, and that these changes
become even stronger at the end of twenty-first century, according to Giorgi and Bi
(2009) and Giorgi and Lionello (2008).

What is important to highlight here is that the future evolution of the water-budget
components is oriented to an increase in the freshwater loss—i.e., an increase of
evaporation, and decrease of precipitation, river discharge, and Black Sea discharge.
Both CMIP3 and RCMs simulate a progressive drying of the Mediterranean region,
nevertheless a large uncertainty still remains in the future climate projections.

8.4.3 Heat Budget

Under global-warming conditions, the surface temperatures simulated by cli-
mate models show an increase; thus, this induces changes in surface fluxes. The
Mediterranean Sea, because of its semi-enclosed basin, should have, over long
periods of time, a balance between the net surface heat flux and the heat transport
through the Strait of Gibraltar (supposing that the Mediterranean heat content doc?s
not significantly vary under climate-change conditions). Over the past perjlod this
hypothesis is verified because the heat content over the Mediterranean has increase
by only 0.4W/m? over the 19502000 period (Rixen et al., 2005). Therefore, a
strong constraint is imposed on the basin mean heat loss at the Mediterranean Se?
surface, since it should compensate the net positive heat transport through the Sqan
of Gibraltar (of approximately 5W/m? from mooring measurements). This con§umnt
provided by the Strait of Gibraltar is the so-called heat-budget closure hypothesis.
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Figure 8.14 Time series of anomalies averaged over the whole Mediterranean Sea for the
water-budget components, E-P, and total water budget from the ENSEMBLES project
(“runoff” here stands for river discharge). The anomalies have been computed for the period
1950-2099 as compared with 1950-1999. From 1950 to 2050, 12 ARCMs were available,
whereas only 7 ARCMs were available until 2099. The solid line represents the multimodel
ensemble mean (for 12 and 7 ARCMs) filtered to remove periods shorter than 5 years. The
colored shading indicates the levels of uncertainty.

Source: From Sanchez-Gomez et al. (2009).

The surface fluxes have been analyzed by Ruiz etal. (2008) from a high-
resolution data set issued from a dynamical downscaling performed with the RCM
REMO, forced at its boundaries by the NCEP/NCAR reanalysis (the so-called
HIPOCAS data set, Sotillo et al., 2005). They showed that the heat-budget estimates
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Figure 8.15 Same as in Figure 8.14. The anomalies have been computed for‘ the period 1.953—
2049 as compared with 1953-1999 from five AORCM:s from the CIRCE project. The solid
line represents the multimodel ensemble mean filtered to remove periods shorter than S years.
The colored shading indicates the levels of uncertainty.

from HIPOCAS satisfied the closure hypothesis better than the NCEP/N(fZAR
reanalysis. In addition, Sanchez-Gomez et al. (2011) found, for the ARCMs from

the ENSEMBLES project, very large discrepancies among the models for the heat-
budget estimates. They vary from —40W/m? to +21 W/m?, with an ensembles mean
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of —9W/m2. Moreover, most of the models do not satisfy the closure hypothesis. In
the CIRCE project, the models are coupled to the Mediterranean Sea; therefore, the
strong constraint of a positive net heat transport at the Strait of Gibraltar imposes a
negative net heat budget at the surface.

The heat budget (HB) over the Mediterranean Sea, here a heat loss, follows the
equation:

HB = SW — LW — SENS — LAT ~ HTg;, 0

where SW is the shortwave, LW the longwave, SENS the sensible heat flux, LAT the
latent heat flux, and the heat transport through the Strait of Gibraltar. The HT Gipranar
is ~5W/m?.

Table 8.4 shows the uncertainty intervals associated with the future changes in the
Mediterranean heat budget inferred from simulations performed with AORCMs in
the framework of CIRCE project. The AORCMs show already significant changes for
the 20202049 period, indicating a decrease in the heat loss. It is important to high-
light that the uncertainty about the total heat loss is smaller than for each individual
term, and the change for each individual term is not significant by 2049. The ensem-
ble mean for AORCMs shows a decrease of heat flux of about 77% for 2020-2049.

Figure 8.16 displays the time series of heat-budget components and total heat loss
averaged over the Mediterranean Sea. The net LW and the sensible heat flux show a
reduction over the Mediterranean Sea for the period 2020-2049 as compared with the
1953-1999 period. The latent heat flux is increasing over the same period that is linked
with an increase in the evaporation over the sea. To conclude, the net total heat loss
over the same period is decreasing, which indicates a warming of the Mediterranean
water, considering that the flow at the Strait of Gibraltar remains constant.

8.4.4 Waves and Storm Surges

Climate projections for the Mediterranean region suggest significant changes in sea-
level atmospheric pressure (SLP) and surface winds during the twenty-first century
(Giorgi and Lionello, 2008). These changes would have a direct impact on wind waves
and storm surge in the Mediterranean Sea. Waves are generated by the winds, and their
growth depends on the wind intensity along the fetch. Storm surges are the sea-level

Table 8.4 Percentages of Area-Averaged Mean Changes in the Mediterranean Sea
for Shortwave (SW), Longwave (LW), Sensible Heat Flux (SENS), Latent Heat Flux
(LAT), and Total Heat Budget (HB) for the Period 2020-2049 as Compared with

1953-1999
SwW LW SENS LAT HB
AORCMs (-2, +4] [-6,+2] [-23, +4] [-1,+7] [-133,-21]
(2020-2049)
Ensemble mean +1 -2 -9 +3 -71

Nonsignificant changes are in italics and significant changes in bold. See text for details.
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Figure 8.16 Time series of anomalies averaged over the whole Mediterranean Sea for the
heat-budget components and total heat budget. The anomalies have been computed for the
period 1953-2049 as compared with 1953-1999. Five AORCMs were available from the
CIRCE project. The solid line represents the multimodel ensemble mean filtered to remove
periods shorter than 5 years. The colored shading indicates the levels of uncertainty. (For
interpretation of the references to color in this figure legend, the reader is referred to the web

version of this book.)
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response to the joint action of SLP and wind stress. Under steady conditions, low SLP
induces a sea-level increase (the so-called inverse barometric effect). Furthermore,
wind stress can push water against the coast, inducing local sea-level rise.

Future scenarios of wind waves suggest a moderate decrease of the mean signifi-
cant wave height (SWH), linked to a decrease in the mean wind intensity. Lionello
et al. (2008) forced a wave model of the whole Mediterranean with the results of the
RegCM atmospheric model (~50km resolution) for the period 2070-2100 under the
B2 and A2 scenarios. Their results indicate a reduction of the SWH over the whole
Mediterranean, except in the Alboran Sea, where it increases. The changes are espe-
cially significant during the winter season. The expected decrease is larger under
the A2 scenario than under the B2 scenario, being moderate (~10-15% of reduc-
tion in the seasonally averaged SWH) in some regions but barely significant over
most of the domain. A similar study was carried out for the western Mediterranean.
In that case, the wave model was forced with the results of the ARPEGE-Climat
atmospheric model (~50km resolution) for the whole twenty-first century in the Bl,
AlB, and A2 SRES scenarios. The SWH shows a slight decrease over the whole
Western Mediterranean, except in the Alboran Sea, where it increases in all scenar-
ios. Changes would again be more intense with larger greenhouse-gas concentrations
(A2 and A1B scenarios) and would occur almost monotonically during the century.
However, it is important to note that both studies highlight the fact that interannual
and interdecadal variability are in any case larger than the expected changes due to
anthropogenic factors.

Another important issue in wave climate is the occurrence of extreme events.
These are generated by strong winds, usually linked to intense cyclones (Lionello
et al., 2006). In this case, there is no consensus about the impact of climate change
on Mediterrancan wave extremes. Lionello et al. (2008) suggest that extreme wave
events would decrease because of a reduction in the frequency of intense cyclones.
However, new results show an increase in the extreme wave events. This discrepancy
is probably linked to the use of different atmospheric models. Gaertner et al. (2007)
have shown a large spread in the number of cyclones generated by different RCMs,
which would imply a large spread in the number of extreme wave events.

Projections of storm surge indicate small changes in the sea-level response to
the mechanical atmospheric forcing except during the winter period (Jorda etal.,
2012). A forced barotropic model of the Mediterranean Sea with the results of the
ARPEGE-Climat model (Herrmann and Somot, 2008) exhibits changes in the sea-
level PDF under all scenarios and over the whole domain, namely, an increase in
the frequency of negative events and a decrease in the frequency of positive events
(Marcos et al., 2011). These changes are induced by a decrease in the winter mean
sea level and a slight increase in summer sea level (Figure 8.17). The maximum win-
ter decrease would reach 8cm at the end of the century in the A2 scenario, while the
summer increase would be only 1cm. Spring and autumn can be considered as tran-
sitional seasons with intermediate changes. Differences from the present climate are
larger in the central and western Mediterranean, while in the Levantine basin they
are negligible. This result is directly linked to changes in the SLP patterns. In this
case, the ARPEGE-Climat model simulates an increase in the winter SLP, especially
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Figure 8.17 Seasonal sea-level trend (in centimeters per decade) induced by changes in the
SLP under different climate-change scenarios: B1 (left), A1B (center) and A2 (right).

over the central Mediterranean, and a small decrease in summer SLP. This projec-
tion is in good agreement with many other RCMs (Giorgi and Lionello, 2008) and is
related to the projected positive trend of the NAO (North Atlantic Oscillation) index.
The consistency among different atmospheric models increases the confidence on the
projected sea level.

A different issue is the projected change in storm-surge extreme events. In that
case, return levels increase in the western basin and decrease in the Aegean and
the Adriatic Seas under all the considered scenarios. Larger values are obtained in
the northwest basin under the A2 scenario (Marcos et al., 2011). In all cases, vari-
ations are small, ranging between 0% and 15%. The northern Adriatic has been the
target of some specific studies because of the vulnerability of its shallow northern
coast (Lionello et al., 2003b, 2005, 2010). This set of studies also accounted for
sea-level rise and has been based on scenarios and winds from two different RCMs.
Results failed to suggest any clear future change of extreme surge levels, the intrin-
sic variability of the events being larger than the climate-change signal. However, as
pointed out above, extreme events of storm surge are linked to the passage of intense
cyclones, which is sensitive to the RCM used to force the ocean model. Therefore,
the conclusions must be made with caution.

The wind wave and storm-surge projections obtained so far are a good starting
point. However, it is important to note that they are based on a very limited number
of experiments. Different authors (Gaertner et al., 2007) have pointed out the spread
in the results of different RCMs and their sensitivity to changes in the forcings.
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Therefore, it is compulsory to enlarge the ensemble of ocean models in order to have
a reasonable estimation of the uncertainty of the projections.

8.4.5 Sea Level

Sea-level estimates for the future cannot be based only on either models of the
Mediterranean Sea or AOGCMs and AORCMs. The reason for this deficiency is that
models provide estimates of only one part of sea-level change. Thus, the steric and
circulation-caused changes as well as the parts related to atmospheric pressure redis-
tribution over the globe can be estimated (Marcos and Tsimplis, 2008). However,
the component of sea-level change caused by mass addition is not included in the
models and has to be added separately. In fact, this second component has the high-
est uncertainty because the nonlinear processes leading to ice-sheet breaking are not
well understood.

In addition, regional sea-level projections for the twenty-first century with
Mediterranean sea models or AORCMs are very preliminary. Below, as a comple-
ment to the estimate of the steric component of Mediterranean Sea-level change
given in Section 1.16, we give some results of published regional sea projections
that include in some cases an estimate of the contribution of mass changes. We also
describe with more detail one recent estimate of the contribution to Mediterranean
Sea-level change from Mediterranean Sea incurred temperature and salinity changes
calculated with an AORCM. For this specific study, steric or mass changes come
from the nearby Atlantic, thus accounting for continental ice melting, are not
included in the overall estimate of the trends.

The results of the simulation consisting of the forcing of the NEMOMEDS
Mediterranean Sea model with the outputs of a high-resolution atmosphere-only
climate-change SRES A2 scenario reported in Section 6.4.1 (Sevault et al., 2009)
was also used to infer a projected sea-level change. First, the terms due to the steric
and dynamics effects have been calculated from the temperature- and salinity-sim-
ulated changes. These contributions, which are revealed to be negative on average
over the Mediterranean Sea, have been added to the global rise linked to continental
ice melting, estimated as (+0.40, +2.00) cm per decade (IPCC, 2007). Thus, the
obtained total sea-surface height trend for the Mediterranean Sea is expected to be
between —0.08 and +1.52cm per decade during the twenty-first century.

The results of the AORCM SRES A2 climate-change simulation presented in
Section 8.4.1 (Somot et al., 2008) were also analyzed in terms of steric sea-level
change (Tsimplis et al., 2008). The main finding is a mean steric sea-level rise of
~13cm over the twenty-first century but with a significant spatial variability, with
higher values in the western part of the basin. When the maximum value of the sea-
level rise is 25cm, coastal values are generally smaller than the mean. When add-
ing estimated contributions from the atmospheric pressure change (—2cm), melting
of glaciers and ice sheets (—7cm to +18cm), and circulation effects (—6cm to
+6cm), the resulting upper limit of mean sea-level rise over the twenty-first century
given by this scenario is 35cm. The authors of the study point out that a range of
climate-change scenarios has to be considered to improve the uncertainty estimate.
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This need is confirmed by Marcos and Tsimplis (2008), who found a range of
values based on AOGCM simulations that are much larger. It can be up to 60cm if
the halosteric changes that they consider uncertain because of the modeling of the
Strait of Gibraltar are ignored. When the halosteric changes are included, values in
the range —0.4 to +0.5m are found. We have reproduced in Figure 8.18 (AOGCM
curves) their calculated range of sea-level change over the twenty-first century with
the SRES A2 scenario for the thermosteric, halosteric, and steric components. The
authors give more weight to the thermosteric component and consider the halos-
teric component more uncertain because of the deficient way of parameterizing the
exchange of salt at the Strait of Gilbraltar.

Another estimate for the steric component of Mediterranean Sea-level change is
obtained from a climate simulation performed with a regional ocean—atmosphere-
coupled model and is also shown in Figure 8.18 (AORCM curves). The coupled
system used here is composed of the RegCM3 atmospheric regional model (Giorgi
etal., 1993) and the MITgcm ocean model (Marshall et al., 1997a,b; Sannino et al.,
2009) coupled via the OASIS3 driver at 6h intervals. The coupled model represents
an improved version of that presented by Artale et al. (2010). The improvements
regard the use of the natural boundary conditions for the freshwater flux in the oce-
anic component and the interactive calculation of the river discharges, including also
the net inflow from the Black Sea, in the atmospheric component.

A 100-year simulation has been performed for the period 1951-2050. Lateral bound-
ary conditions for the atmospheric component are extracted from the global coupled
simulation performed by ECHAMS5/MPI-OM model for the IPCC Fourth Assessment.
The global climate model consists of the ECHAM5 AGCM (Roeckner et al., 2003) cou-
pled to the ocean model MPI-OM (Marsland et al., 2003). The integration is performed
at a resolution of T63L.32 for the atmosphere and 1 X 1° of horizontal resolution and
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&
© 0.0 Steric (\OGCMs)
“ —— Steric (\ORCM)
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0.5 ~—— Halosteric (N\ORCM)

19.60 19lBO 20I00 2020 2040 2060 2080

Figure 8.18 Various projections for sea-level change in the Mediterranean Sea. The AOGCM
curves correspond to the thermosteric, halosteric, and steric components calculated by Marcos
and Tsimplis (2008) for the SRES A2 scenario. The AORCM curves correspond to the same
components calculated with a regional ocean-atmosphere-coupled model for the S.R'ES AlIB
scenario. These results must be adjusted upward for the highly uncertain mass addition. See

text for further details.
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41 vertical levels for the oceanic component. For the first 50 years, the global simulation
considers concentrations of CO,, CH,, and N,O specified at observed values, while for
the period 2001-2050 the SRES A1B scenario has been used.

Climatological monthly means of temperature and salinity (Levitus, 1982) have
been adopted as lateral boundary conditions for the first 50 years of simulation in the
ocean component of the RCM. For the scenario simulation, temperature and salin-
ity monthly anomalies computed from the global simulation have been added to the
Levitus monthly means.

Sea-level anomalies have been computed separately for the steric, thermosteric,
and halosteric components. Values shown in Figure 8.18 (AORCM curves) are com-
puted on the whole depth and averaged over the entire Mediterranean basin. The
analysis of the present climate part of the simulation has shown a linear trend of tem-
perature higher than that observed in a reference regional coupled simulation, where
ERA40 data were used as boundary conditions. Considering this trend as a drift of
the coupled system, the linear trend computed on the present climate simulation has
been subtracted to the entire 100-year period. Figure 8.18 shows an increase of the
steric component of the sea level during the scenario period due to the warming of
the Mediterranean Sea and partially balanced by salinification.

The difference between the steric sea level computed over the last and the first
5 years of the scenario simulation (2001-2050) has a mean value on the basin of
l.4cm. The sea level increases in the easternmost Mediterranean, the Aegean Sea,
and the central basin, with a maximum of ~16cm reached in the southern Adriatic
basin. Large negative zones cover both the western and the eastern basins. Salinity
contribution is everywhere negative, while temperature change implies an increase of
sea level in most of the basin, with the exception of the western Mediterranean.

As compared with the AOGCM curves reported in Figure 8.18, the AORCM
results give a lower range of variability. Apart from the fact that the SRES scenarios
are different, this might also possibly be due to the lack of the global thermal expan-
sion in the AORCM evaluation.

The model sea-level change estimates that are presented in this section and in the
Introduction show that the steric effect of the temperature and salinity changes in the
Mediterranean Sea over this century can yield positive or negative sea-level trends
depending on whether temperature or salinity dominates. The trends are also spa-
tially dependent, with regions where this steric component might be either positive
or negative, whatever the sign of the mean trend. However, most part of the uncer-
tainty on sea level change comes from the evaluation of the mass-change compo-
nent. This includes sea-ice melting, but also to mass exchange between the nearby
Atlantic and the Mediterranean Sea through the Strait of Gilbraltar. These terms are
not estimated with the models and they are particularly uncertain because the contri-
bution of continental ice melting is poorly known. As an overall conclusion for this
section, the negative halosteric effect is generally much smaller than the currently
predicted value of the positive contribution due to ice melting. Uncertainties need
further investigation by understanding the exchange characteristics at the Strait of
Gibraltar. Better characterization of the land ice-melting component and the circula-
tion effects is also needed.
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For the sea-level projections from models to become useful for coastal planning
purposes, the mass addition of water from ice sheets needs to be resolved. This is
an issue for the global sea level, and Mediterranean studies cannot add much to this.
Also, land movements play a dominant part in sea-level change around the basin;
thus, they need to be integrated in any projections for regional or local changes. The
difficulties in understanding the dominant mechanisms by which ice sheets provide
water to the oceans has led to the development of statistical modeling of sea-level
change. These are based on an assumption that the response of sea level to changes
in global atmospheric temperature are going to be linear in part of the transition
period (Rahmstorf, 2007; Vermeer and Rahmstorf, 2009), which led to estimates
of sea-level change of up to 1.8 m for the twenty-first century. Such global estimates
have been combined for the Mediterranean Sea with land movements by Lambeck
etal. (2010). While at present it is impossible to disprove the validity of such
estimates, it must be very clear that they are statistical estimates based on a very sim-
ple relationship between atmospheric temperature and sea level and ignore the com-
plex physics of air—sea interaction. Thus, their validity is strongly disputed (IPCC,
2010).

8.5 The Uncertainties of the Projections

Three main sources of uncertainties are impacting the assessment of climate-change
projections. The first is related to the natural climate variability that remains unpre-
dictable at the decadal and higher timescales. One way to deal with this uncertainty
is to perform ensembles of simulations with varying initial conditions in order to
sample the chaotic behavior of the climate system. The second one is associated with
the modeling of the climate but can be of different origins. It can come from the
so-called structural uncertainty that is related to the way processes are represented
within models because some are lacking, others are poorly known, or because they
are represented through imperfect equations. But modeling error can also come
from input parameters and data that need to be specified, in particular in the param-
eterization of subgrid scale processes (e.g., cloud optical properties and land cover).
One way to deal with modeling uncertainty consists of using multimodel ensembles
that cover a sufficiently wide range of modeling hypotheses over key aspects of cli-
mate variability that are particularly uncertain. A method consisting of generating
ensembles of simulations through a perturbation of input parameters has also been
developed (Murphy et al., 2004). In this case, the ensemble was generated by per-
turbing uncertain physical parameters within plausible ranges but in a single model.
The third main source of uncertainty is related to the choice of the emission sce-
nario, since, as stated above, families of anthropogenic emission scenarios have been
proposed by IPCC WGIII, encompassing a wide range of hypotheses. Qne way to
deal with this type of uncertainty is, of course, to perform simulations with different
€mission scenarios.

But, in the case of regional climate modeling using RCMs, as part of }he ‘struc-
tural uncertainty it might be convenient to try to separate the relative contribution of
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the structural uncertainty of the RCMs and the one associated with the choice of the
AOGCMs used to prescribe their boundary conditions. Such an attempt was made by
Déqué et al. (2007), who evaluated the four sources of uncertainties using the ensem-
ble of PRUDENCE simulations through a variance analysis focusing on the climate
change between 2071-2100 and 1961-1990. As a result, they found that the contribu-
tion of each source varies according to the climate variable, the region, and the season.
However, one robust finding was that the role of the boundary conditions on the uncer-
tainty is always dominant, whereas the contribution of climate variability is the weakest.
This emphasizes the need to complete as much as possible the matrix using as entries
different RCMs on one hand and different associated forcing AOGCMs on the other.

This was the case with the wider combination of RCMs and AOGCMs used in
the ENSEMBLES project. Within the context of this project, a new analysis of the
relative contribution of the different sources of uncertainty confirmed the depend-
ence of the results according to the variable, the region, and the season (Goodess
et al., 2009). For the Mediterranean area, and climate change between 2021-2050
and 1961-1990, the contribution of the forcing AOGCMs is generally similar to
the contribution of the RCMs, with the exception of winter precipitation where
AOGCMs dominate. This is different from the PRUDENCE results, but this could be
at least partly due to the fact that these results concern the end of the century when
the anthropic signal is stronger. The third contribution to the uncertainty comes from
internal climate variability.

The wider matrix of the regional climate-change simulations of the ENSEMBLES
project also allowed several evaluations of PDFs of temperature and precipitation
changes. Some of them were constructed by taking into account a weighting of
model results according to a metric developed within the framework of the project. A
Gaussian kernel method was in particular applied to the ensemble of projections at a
location close to Madrid (Goodess et al., 2009). It is here also applied using the same
ensemble of simulations in Rome (Figure 8.19) and in Athens (Figure 8.20).

By construction, these PDFs include not only a representation of model structural
uncertainties but also part of the uncertainty due to internal climate variability through
a specific procedure using the daily values of the reference period 1961-1990. As
demonstrated by Déqué and Somot (2010), the method is revealed to be relatively
insensitive to the choice of the weighting procedure. As we can see in Figures 8.19
and 8.20, the sign of the precipitation change is uncertain in winter at the two loca-
tions and in autumn for Athens. Even in summer, the probability of observing an
increase of precipitation is far from being negligible, as the spread is relatively large.
On the contrary, the sign of the temperature change is always positive.

Other methods for constructing PDFs have also been proposed using differ-
ent ensembles of simulations. One method, reported by Goodess et al. (2009), is an
extension of the reliability ensemble averaging approach (Xu et al., 2010) applied to
CMIP3 ensemble. It produces, in particular, a bimodal autumn rainfall change over
the Mediterranean for 2071-2100. Another is based on the combination of 10,000
simulations obtained with the above-mentioned method consisting of perturbing the
physical parameters of one climate model (Murphy et al., 2009). It was, in particular,
applied within the framework of the ENSEMBLES project to some impact studies
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Figure 8.19 Bivariate PDFs for temperature and precipitation response (2021-2050 minus
1961-1990; A 1B scenario) in Rome for DJF (A), MAM (B), JJA (C), and SON (D). Contours
indicating densities are plotted for 5, 20, 40, 60, 80, and 100 of 10~%°C/mm/day.

over the Mediterranean area (Morse et al., 2009). Another approach applied to the
PRUDENCE simulation ensemble method is based on a Bayesian approach (Buser
etal., 2009). This variety of methods translates into an emerging research subject
with a determination of probabilistic projections at the regional and even the local
scale that is permitted by the development of a large ensemble of simulations. But
it also draws attention to the fact that it is important to consider these constructed
PDFs only as uncertain estimates of the true PDFs.

Apart from the use of large ensembles of simulations, an alternative approach of
the uncertainty issue is also the one proposed by Rowell and Jones (2006) and then
by Kendon et al. (2009) that consists of a mechanistic approach. The basic idea here
is to determine the main mechanisms responsible for the simulated climate changes
and then to attribute some subjective level of confidence on the projection according
to the level of confidence we have for each of these dominant mechanisms. Through
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Figure 8.20 Same as Figure 8.19 for Athens.

an analysis of sensitivity experiments performed with an RCM of the Hadley Centre,
Kendon et al. (2009) isolated in particular the contribution of warming, large-scale
changes, spring soil-moisture decline, and summer soil-moisture feedback in driving
precipitation change over Europe. They conclude in particular that in winter, warm-
ing is the dominant mechanism over much of Europe and that in summer, a decrease
in mean precipitation over the Mediterranean area is also dominated by the warm-
ing mechanism but reinforced by the soil-moisture mechanisms. The important con-
fidence in the warming mechanism thus reinforces the confidence we can have in the
mean climate change over the region.

8.6 Conclusion

The level of confidence of future projections is of course dependent on the ability
of models to reproduce the past and present climates. It is, however, a challenge
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to define reliable metrics such as the one proposed within the framework of the
ENSEMBLES project (see Section 8.5), since the link between a score based on the
comparison of models to observations and the future climate change simulated by
these models is far from being trivial. The development of process-oriented metrics
for the processes that seem to play a dominant role in climate projections (like the
cloud feedback on radiation budget) is a promising research activity. The application
of models in the study of the detection and the attribution of climate change to differ-
ent forcings is another one.

Detection is the process of demonstrating that climate has changed in some
defined statistical sense, without providing a reason for that change. Attribution of
causes of climate change is the process of establishing the most likely causes for the
detected change with some defined level of confidence (IPCC, 2007). In practice, the
responses to external forcing being calculated by models, a consistent detection, or
attribution of different forcings in observations using different models tends to give
some more confidence in the future climate simulated by these models.

Some studies conducted over southern Europe and over the Mediterranean region
give some more insights on this issue. Stott et al. (2004) detected human influence
on the temporal pattern of averaged summer temperatures over southern Europe, a
region close to the Mediterranean area. Zhang et al. (2006) detected a spatiotemporal
pattern of greenhouse and sulfate aerosol forcing on annual mean temperature over
the same region and for the two periods 1900—1949 and 1950-1999. More recently,
a formal analysis using new statistical methods (Ribes et al., 2009, 2010) allowed an
extension of these previous results, since an anthropogenic signal is now detected not
only for annual mean temperature over the Mediterranean area but also for summer
and winter. In addition, some of the models of the CMIP3 database simulate a spatial
pattern of change due to anthropogenic effects that is detected in the observation of
the past few decades, even when this pattern is centered (i.e., when the temperature
area mean is subtracted from the calculated signal). In addition, the application of a
pattern similarity method developed in the context of the analysis of winter precipi-
tation trends in northern Europe (Bhend and Von Storch, 2008), confirms the ability
of the most part of CMIP3 models to reproduce the trends of temperature change
over the domain over the 1979-2009 period and all the seasons, but with a slight
underestimate in summer. This increases our confidence in temperature projections
for those models that give the best agreement with observed temperature trends, and
particularly their spatial pattern. )

Unfortunately, this conclusion cannot be drawn for precipitation due to specific
difficulties in detecting a signal of climate change on this variable. Fuﬁher progress
on this topic would require an improvement of the data sets of long series qf homog-
enized observations and an improvement of the representation of hydrological proc-
esses in climate models. )

Increasing our confidence in model projections implies also a specn'ﬁc atten-
tion to extreme climate events, since, as shown in this chapter, results might be to
some extent contradictory, particularly in the case of storms. ‘This -implies that some
progress should be accomplished in modeling such events with climate models and
also in downscaling the results of model projections in order to reach a scale of
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representation that is more suitable to reproduce this kind of events. The develop-
ment of methods that rely on the nesting of a hierarchy of models of different levels
of complexity, including nonhydrostatic models of a few kilometers of resolution,
appears to be promising. But it is also challenging, considering the complexity of
scale interaction and the requirement for high computing capacities that this implies.
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