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Abstract

Observation and model-based studies have identified the Mediterranean region as one of the most prominent climate change
“hot-spots.” Parts of this distinctive region are included in several Coordinated Regional Downscaling Experiment (CORDEX)
domains such as those for Europe, Africa, the Mediterranean, and the Middle East/North Africa. In this study, we compile and
analyze monthly temperature and precipitation fields derived from regional climate model simulations performed over different
CORDEX domains at a spatial resolution of 50 km. This unique multi-model, multi-scenario, and multi-domain “super-ensem-
ble” is used to update projected changes for the Mediterranean region. The statistical robustness and significance of the climate
change signal is assessed. By considering information from more than one CORDEX domains, our analysis addresses an
additional type of uncertainty that is often neglected and is related to the positioning of the regional climate model domain.
CORDEX simulations suggest a general warming by the end of the century (between 1 and 5 °C with respect to the 19862005
reference period), which is expected to be strongest during summer (up to 7 °C). A general drying (between 10 and 40%) is also
inferred for the Mediterranean. However, the projected precipitation change signal is less significant and less robust. The
CORDEX ensemble corroborates the fact that the Mediterranean is already entering the 1.5 °C climate warming era. It is expected
to reach 2 °C warming well within two decades, unless strong greenhouse gas concentration reductions are implemented. The
southern part of the Mediterranean is expected to be impacted most strongly since the CORDEX ensemble suggests substantial
combined warming and drying, particularly for pathways RCP4.5 and RCP8.5.
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Introduction

According to observational evidence and the vast majority of
scientific literature, climate warming is considered unequivo-
cal, while the attribution of this warming to anthropogenic
activities is regarded as extremely likely (IPCC 2013a).
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Global warming impact is expected to be largest in regions
where trends of temperature and precipitation have opposite
sign (World Bank 2013). One such “hot-spot” region is the
Mediterranean. A large number of climate reconstructions and
observation-based studies and assessments corroborate this
temperature increase, combined with changes in precipitation
patterns (Luterbacher and Xoplaki 2003, Kuglitsch et al.
2010, Philandras et al. 2011, Hoerling et al. 2012, Lionello
etal. 2012, Ulbrich et al. 2013, Cook et al. 2016, Zittis 2018).
Moreover, the region is particularly sensitive to the variability
and changes in the large-scale climate dynamics as it is located
in a transitional zone between subtropical temperate and con-
tinental climates (WCRP 2013). Particularly after the 1980s,
the rate of warming over the region has accelerated and is
higher than the global average (Zittis and Hadjinicolaou
2017; Cramer et al. 2018; Lionello and Scarascia 2018).
Global climate models suggest that if the rate of emissions
of greenhouse gases (GHGs) remain at present-day levels,
these combined warming and drying trends will continue
throughout the current century and will be further intensified
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(Giorgi and Lionello 2008; TPCC 2013b; Lelieveld et al.
2016). In addition, projected changes in the seasonal variability
of temperature and rainfall for the region support the character-
ization of the Mediterranean as one of the most prominent global
climate change hot spots (Giorgi 2006; Diffenbaugh and Giorgi
2012). Qualities of the Mediterranean Sea such as salinity, acid-
ity, temperature, and sea level are also expected to increase due
to a combination of atmospheric heating and decreased precip-
itation and river runoff in the basin (Adloff et al. 2015; Flecha
et al. 2015). On top of changes in Mediterranean mean climatic
conditions, extreme events such as heatwaves and prolonged
droughts are expected to become more frequent and severe
while some parts, particularly over the north of the region of
interest, will likely experience more intense heavy precipitation
events (Sanchez et al. 2004; Kundzewicz et al. 2006;
Diffenbaugh et al. 2007; Giorgi et al. 2014; Jacob et al. 2014;
Paxian et al. 2015; Zittis et al. 2016; Polade et al. 2017).
Considering these challenges, high-quality projections are
needed in order to assess the impacts of climate change but also
to show policy makers and societies the need for drastic miti-
gation and adaptation measures. Global earth system models
are the essential tools in providing such information; however,
due to the diverse characteristics within the Mediterranean
Basin, more regionalized information is required. Such charac-
teristics include the steep orographic and climate gradients,
many and complex coastlines, alterations in land use, and the
presence of islands and large urban centers. Moreover, regional
models are often more appropriate for such climate studies,
since local-scale processes are acting over the basin and drive
the Mediterranean circulation dynamics (Lietal. 2011). A com-
mon technique for obtaining high-resolution climate projec-
tions is regional climate modeling through dynamical down-
scaling (Giorgi and Mearns 1999). The most comprehensive
effort in coordinating regional climate projections throughout
the globe is the Coordinated Regional Downscaling
Experiment—CORDEX (http://www.cordex.org/).
Fortunately, the Mediterranean region is one of the few
regions globally that is included in several CORDEX
domains. These are the European, African, Mediterranean,
and Middle East/North Africa domains. This is of particular
importance, since the positioning of the integration domain of
a regional climate model can play a critical role in the simula-
tion of meteorological processes (Giorgi and Gutowski 2016),
while parts of the region of interest are located closely near the
boundaries of some of the tested regional simulation domains.
The objective of the present work is to use the publicly
available CORDEX archives of regional climate modelling
information for the broader Mediterranean region in order to
provide a comprehensive range of possible futures. The study
focuses on annual and seasonal near-surface temperature and
precipitation changes. This multi-model assessment provides
additional insights and complement and support the existing
information from global studies or assessments such as the 5th
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Assessment Report (ARS) of the Intergovernmental Panel on
Climate Change (IPCC). Our findings could additionally
serve the needs and support pan-Mediterranean integrated risk
assessment reports and initiatives such as the Mediterranean
Experts on Environmental and Climate Change—MedECC
(Cramer et al. 2018). Similar type of multi-model studies for
parts of the region has already been performed (Giorgi and
Lionello 2008; IPCC 2013b; Lelieveld et al. 2016; Lionello
and Scarascia 2018). However, they are based on relatively
coarse-resolution global models. In addition, the present con-
tribution is an update in terms of future scenarios, including
results for the less studied Representative Concentration
Pathway RCP2.6, which has to be implemented in order to
comply with the “first-line” Paris Agreement targets. Finally,
we also assess the significance and robustness of the climate
change signal, while climatic feedbacks that drive or enhance
the projected changes are also discussed.

Data and Methodology
Models, domains, and scenarios

For this study, we analyzed model output of regional climate
simulations performed as contributions to the CORDEX ini-
tiative (Giorgi and Gutowski 2015). As depicted in Fig. 1,
parts of the Mediterranean are included in four CORDEX
domains, namely the European: EURO-CORDEX (https://
www.euro-cordex.net/), Mediterranean: MED-CORDEX
(https://www.medcordex.eu/), African: CORDEX-AFRICA
(http://www.csag.uct.ac.za/cordex-africa/), and Middle East/
North Africa: MENA-CORDEX (http://mena-cordex.cyi.ac.
cy/). For MED-CORDEX climate projections, where some
coupled simulations (ocean and atmosphere) are available
(Ruti et al. 2016; Somot et al. 2018), we only analyzed simu-
lations from the non-coupled atmospheric models for
) Number of COFIEDEX Idomq.ins ir,cludgd in tlhe anlalysils
4—*"_‘:“' !

1 (0.1%) 2(411%)  3(19.9%)  4(38.9%)

Fig. 1 Spatial extent of the study region and number of CORDEX
domains included in the analysis. Outlines of each CORDEX domain
within the study region are highlighted
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consistency with results from the other domains. For the anal-
ysis, we considered a broader Mediterranean domain that in-
cludes most of the extent of countries that have coastlines
within the basin. This domain is defined as the area between
13.25 °W and 44.75 °E in longitude and 21.75 °N and 51.25
°N in latitude. For about 59% of the region of interest, there is
an overlap of at least three CORDEX domains while for the
remaining 41%, there is an overlap of two domains. Prior to
the uploading of files in the CORDEX data portals, a number
of grid points that make up the “sponge” buffer zone between
the lateral boundary conditions and the actual simulation do-
main has been excluded.

We focus on two of the most important meteorological
variables in terms of straightforward impacts, mean tempera-
ture near surface and precipitation. In addition to the mean
temperature, monthly averages of daily maximum and mini-
mum temperature are also analyzed. Data from CORDEX-
AFRICA, EURO-CORDEX, and MENA-CORDEX down-
scaling experiments were retrieved from the Swedish Earth
System Grid Federation (ESGF) node (https://esg-dnl.nsc.
liu.se/projects/esgf-liu/), while MED-CORDEX files were ob-
tained through the MISTRALS (Mediterranean Integrated
STudies at Regional And Local Scales) program data portal
(http://mistrals.sedoo.fr/). An extensive quality check was
performed in order to correct or exclude corrupted files (e.g.,
files with wrong units or missing time periods). The vast
majority of CORDEX Phase I simulations is in a horizontal
resolution of 0.44° (= 50 km). For consistency throughout the
domains and experiments, we only analyzed model output of
this resolution, despite the partial availability of higher
resolution simulations over some CORDEX domains (e.g.,
EUR-11 or MED-11 experiments). Moreover, for the longer-
term temporal statistics (e.g., seasonal, annual), which are of
interest for the present study, the added value in higher-
resolution simulations is not always evident in current
RCMs. For example, comparisons between 0.11° and 0.44°
EURO-CORDEX experiments indicate no systematic temper-
ature bias reduction in the high-resolution experiments, while
for precipitation, seasonal mean biases can be larger in the
higher-resolution EUR-11 set of simulations (Kotlarski et al.
2014; Soares and Cardoso 2018).

In terms of model configuration, the ensemble consists of
17 regional climate models (RCMs) and 14 global climate
models (GCMs). Most GCMs are part of the 5th Coupled
Model Intercomparison Project (CMIP5) and were also used
in IPCC’s ARS. Most simulations are from CORDEX-
AFRICA and EURO-CORDEZX, since on one hand, Africa
was the key-region of CORDEX phase I, while on the other
hand, most modeling groups are active in Europe. The GCM/
RCM matrix for these two domains is almost identical
(Table S1). Such merging of information derived from differ-
ent CORDEX domains’ simulations has been previously ap-
plied on a global scale study (Spinoni et al. 2019).

This “super-ensemble” consists of 62 combinations of
GCMs/RCMs/domains, forced under “historical” observed
GHG concentrations and three “future” representative concen-
tration pathways (RCPs) that resulted in a total of 188 simu-
lations (Table S1). Sixty-two simulations cover the historical
period 1951-2005 as defined by the CORDEX simulation
protocol. For future climate projections (2006-2100), the ma-
jority follows pathways RCP8.5 and RCP4.5 (53 and 48, re-
spectively). Only 24 simulations consider the more optimistic
RCP2.6, which has to be implemented in order to reach the
main targets set by the Paris Agreement and keep global
warming to well below 2 °C since pre-industrial times.
Noteworthy, in order to achieve the 1.5 °C target, an even
more aggressive mitigation scenario is required (Sanderson
etal. 2016). According to IPCC (2013b), there is no consensus
in the community about how to assign likelihood to different
model projections. Consequently, the different combinations
of CMIP5/CORDEX models included in this study are all
considered to give equally likely projections in the sense of
“one model, one vote.” Regional models with variations in
physical parameterization schemes are treated as distinct
models. Simulations for the selected CORDEX domains were
performed using different map projections. Therefore, in order
to compile all available information, the model output had to
be interpolated in a common grid. This was the grid of the
CRU gridded observations (Harris et al. 2014) that were also
used for a comparison with the simulated historical reference
period of the recent past (see Supplementary Material).
Although parts of the Mediterranean are often characterized
by high observational uncertainty, CRU observations are
found to be quite representative and accurate for most of the
Mediterranean (Tanahrte et al. 2012; Zittis 2018).

Definition of seasons, sub-periods, and sub-regions

Projected changes are presented for different times-scales and
future periods. Following IPCC’s AR5 (IPCC 2013a), the
years 1986-2005 are defined as our recent past reference pe-
riod, while the time-slices 20462065 and 2081-2100 are
representative for the mid and end of the twenty-first century.
This selection facilitates a direct comparison of our findings
with the latest IPCC reports. For precipitation and mean tem-
perature, annual sums and averages were calculated respec-
tively. Additionally, boreal summer (June—July—August) max-
imum temperatures and winter (December—January—
February) minimum temperatures were included in the analy-
sis in order to explore changes in a seasonal context. For
precipitation, the year was divided in the wet and dry seasons
representative for the Mediterranean. The former includes the
6-month period October to March, while the latter the period
April to September.

Annual time-series of precipitation and temperature were
calculated over four sub-regions covering the northwest

@ Springer


https://esg-dn1.nsc.liu.se/projects/esgf-liu/
https://esg-dn1.nsc.liu.se/projects/esgf-liu/
http://mistrals.sedoo.fr/

2624

G. Zittis et al.

(N.W.), northeast (N.E.), southeast (S.E.), and southwest
(S.W.) parts of Mediterranean. The boundaries of these sub-
regions are defined in Fig. S1 (top left panel). Data from
EURO-CORDEX and MED-CORDEX experiments only
were used for the construction of the time-series of the two
northern sub-domains. Only CORDEX-AFRICA and
MENA-CORDEX simulations provided data for the time-
series of the two southern sub-domains. For all cases, land-
only grid points were analyzed.

Robustness and significance

The degree of agreement between the model simulations is
assessed by using the robustness measure R as introduced by
Knutti and Sedlacek (2013). It is defined as R = 1 — A1/A2,
where A/ is defined as the integral of the squared area between
two cumulative density functions characterizing the individual
model projections and the multi-model mean projection and
A2 is the integral of the squared area between two cumulative
density functions characterizing the multi-model projection
and the historical climate. A value of R equal to one implies
perfect model agreement, near-zero values indicate that the
model spread is comparable to the climate change signal,
while negative R values indicate that the model spread is much
larger than the signal of changes. For this study, R values equal
or greater than 0.8 are considered to indicate a good agreement
(i.e., high robustness) between the members of the ensemble
set.

The significance of the projected changes of climatic vari-
ables is defined in a similar way as in [IPCC’s Atlas of Global
and Regional Climate Projections (IPCC 2013b). For a partic-
ular future period, a change is considered significant when its
signal is larger than the interannual variability of the control
historical period. Interannual variability is straightforwardly
derived from the calculation of the standard deviation for tem-
perature, while for precipitation, the coefficient of variation
(i.e., the standard deviation divided by the mean) was addi-
tionally considered.

Changes in interannual variability

The effects of global warming may not be limited to
changes in long-term mean climate properties. Changes
in the interannual variability of several meteorological
variables can also play a crucial role for natural ecosys-
tems as well as human activities (with consequences, e.g.,
for agriculture, water, and energy management etc.). In
this context, we present the percentage changes of inter-
annual variability for all variables presented in the previ-
ous sections. This metric is defined by one standard devi-
ation calculated for annual and seasonal temperature and
precipitation time-series. Changes for two future periods
(MID 2046-2065 and END 2081-2100 of twenty-first

@ Springer

century) are calculated with respect to the reference his-
torical period. These fractional changes of interannual
variability are classified similarly to Giorgi (2006). That
study concluded that changes in the occurrence of ex-
treme events closely follow the changes in interannual
variability. Therefore, such changes can be also consid-
ered as a proxy measure of seasonal weather extremes.
For precipitation, in addition to the standard deviation,
we assessed changes in the coefficient of variation, some-
times described as the relative standard deviation (Deitch
et al. 2017). This metric is often used as a proxy of the
standard deviation since it removes the dependency of the
precipitation standard deviation on the mean (Giorgi
2006). Nevertheless, both the coefficient of variation and
standard deviation are commonly applied in this type of
assessments since they can provide complementary in-
sights into the effect of climate change on interannual
variability (Rdisdnen 2002; Pendergrass et al. 2017 and
references therein).

Timing of 1.5 and 2 °C regional warming

As a final analysis step, we investigate when the
Mediterranean regional warming will reach the 1.5 and 2
°C levels that are often considered critical thresholds for
the impact in human and natural ecosystems (IPCC 2018).
Timing of global warming levels (GWLs) are often de-
fined based on a combination of the observed global tem-
perature rise since pre-industrial to present and the GCM-
projected future warming relative to present (Dosio and
Fischer 2018; Kjellstrom et al. 2018; Nikulin et al. 2018).
We apply a similar approach to define regional warming
levels (RWLs) by combining the observed regional
warming and future RCM-based projections. Here, we
consider an observed Mediterranean warming of 0.8 °C
since pre-industrial (1880-1899) to present conditions
(1986-2005) based on Cramer et al. (2018). Time-series
of anomalies are calculated for the whole Mediterranean
(9.25 °W to 40.75 °E, 26.75 °N to 46.25 °N, including
land and ocean) while the emergence years for reaching
the 1.5 and 2 °C RWLs are determined by the year when
the 5-year, 15-year, and 30-year running means cross
these temperature thresholds (Vautard et al. 2014). Time-
series are calculated for the ensemble mean of the
CORDEX simulations. As a reference for comparison,
we also provide the global time-series of the CMIP5 en-
semble mean based on the models used to drive the
CORDEX simulations analyzed in the present study.
Since in our GCM/RCM matrix the global models may
appear more than once, we have applied a weighting (no.
of times GCM used divided by the total number of GCM/
RCM pairs) in order to have comparable results between
the GCM and RCM time-series.
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Results
Model validation and inter-domain comparison

A detailed comparison between the CRU gridded observa-
tions and our CORDEX ensemble is presented in Section S1
of the Supplementary Material. This analysis indicates a good
agreement in the spatial distribution of both temperature and
precipitation. Nevertheless, local biases exist with most pro-
nounced an underestimation of temperature over the Sahara
and parts of Middle East throughout the year and an overesti-
mation of winter precipitation over southern Europe and
northern parts of the Mediterranean (Figs. S1-S3).

For the EURO-CORDEX and CORDEX-AFRICA simu-
lations, for which most of the GCM/RCM combinations are
common, we investigated the effects of the domain placement
(Figs. S5-S9 of the supplementary material). This analysis
was based on data for the 19862005 reference period, while
the CRU observations were used as reference.

Firstly, for 18 common GCM/RCM runs, we present
boxplots of the mean absolute error for annual precipita-
tion and temperature and for the overlap region of EURO-
CORDEX and CORDEX-AFRICA domains (blue-shaded
area in Figs. S5 and S6). The spread of the boxplot rep-
resents all grid points of this overlap region. Figures S5
and S6 indicate that for some sets of GCMs/RCMs, the
EURO-CORDEX domain is on average slightly more ac-
curate in simulating this region. However, some other
simulations indicate the opposite, while there is no spe-
cific or systematic pattern discernable. For example, the
EC-EARTH/RCAA4 absolute temperature bias is on aver-
age lower for the CORDEX-AFRICA domain while the
precipitation bias is on average lower for EURO-
CORDEX domain. Similarly, no specific pattern or con-
clusion can be derived for a particular GCM or RCM.

Maps presenting the difference between the mean absolute
error for each domain were also constructed. An indicative
selection of these maps is presented in Figs. S7 and S8 for
annual temperature and precipitation. Blue colors indicate re-
gions where CORDEX-AFRICA simulations outperform the
EURO-CORDEX ones (i.e., smaller mean absolute error),
while the opposite is indicated by red colors. Consistent with
the boxplot analysis, systematic differences are not evident
and no conclusions can be derived towards any specific model
configuration. For different sets of GCMs/RCMs and vari-
ables under consideration, no specific domain is found to be
most appropriate.

A third aspect was investigated by comparing monthly pre-
cipitation and temperature averaged over the overlap region,
all common GCM/RCM combinations and for the whole
19862005 reference period (Fig. S9). Similar to the previous
two comparisons, there are months that are better reproduced
by simulations over one of the two domains, while others are

not, and there are also no consistent biases between them for
temperature and precipitation.

The uncertainty related to the domain selection can partly
be attributed to the sensitivity of RCM results to the variable
boundary conditions provided by the GCMs. Moreover, some
synoptic scale processes that affect the selected regions can
overlap with the areas outside the CORDEX domains which
unavoidably have to be limited in spatial extent. The
Mediterranean is also characterized by strong horizontal
(mostly north-south) climate gradients and diverse precipita-
tion regimes, and therefore parameterization schemes that are
developed or tuned for a specific regime may not have the
same skill throughout the domain. As a result, some of the
tested models may treat the regional processes that control
Mediterranean climate differently depending on the placement
of the integration domain as well as model configuration. For
this reason, the large ensemble is expected to provide useful
information with respect to spurious variability from RCM-
specific geographies and we find more appropriate to include
information from different domains when this is available.
This sensitivity of the simulated climate to the CORDEX do-
main selection for an overlapping region could be more thor-
oughly investigated in future studies.

Annual temperature projections

Projected changes for mean annual temperature (relative to the
reference period 1986-2005) are presented in Fig. 2 for two
future periods and three RCP scenarios. Significance (upward
hatching) and robustness (downward hatching) are also indi-
cated. According to the ensemble mean of all RCP2.6 simu-
lations, near-surface temperature of the broader Mediterranean
region is projected to increase 0.5-2 °C by mid twenty-first
century. The low robustness indicates a model spread compa-
rable to the climate change signal.

Based on RCP2.6 and by the end of the century, the
projected warming is found to diminish, as a result of the
reduced GHG concentrations proposed by this scenario.
According to our definition of significance, for most of
the region, temperature changes are found to be signifi-
cant for both time slices. This is due to the fact that even
this relatively moderate warming is still greater than the
historical interannual variability of annual temperature as
the models suggest for the particular scenario (see also
Fig. 3). For the “business-as-usual” RCP8.5, the projected
changes are much more pronounced. CORDEX models
suggest a warming of up to 3.5-4 °C for the period
2046-2065. By the end of the twenty-first century, the
warming will likely intensify and exceed 3.5-5.5 °C in
most locations. This is more pronounced over the south-
ern parts of the region of interest. Future projections
forced under the intermediate RCP4.5 lie somewhere in
between. The end-century RCP4.5 pattern is very similar
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Fig. 2 Projected changes of mean
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2046-2065) and end (END 2081—
2100) of twenty-first century with
respect to the reference period
(CTL 1986-2005), for three RCP
pathways (RCP2.6: top row,
RCP4.5: middle row and RCP8.5:
bottom row). Robustness and
significance are indicated

J robust ™ s
- Signif. ~

1 Rob.g sig. }\

/- Signif, T :
| wm.&aiﬁ
v G .

e . E

=

S

2-M TEMPERATURE CHANGE END-CTL (RCP4.5)

5 Rotust e
- signit. i
Jomobasig. % il

2-M TEMPERATURE CHANGE MID-CTL (RCP4.5)

s

(in magnitude and spatial variation) to the mid-century
RCPS8.5, highlighting the importance of the choice of the
pathway in the timing of the expected temperature impact.
Interestingly, the climate change signal of annual mean
temperature is significant and robust for both RCP4.5
and RCP8.5 pathways and for both future time slices.
For these two pathways, changes are larger than two times
the standard deviation of the reference period (not
shown).

The time-series of Fig. 3 represents the annual temper-
ature anomalies with respect to the mean of the 1986—
2005 reference period. These are calculated for the four
Mediterranean sub-regions defined in “Definition of sea-
sons, sub-periods and sub-regions.” Following the forcing
pathways, the climate projections start to diverge after the
2030s—2040s. Pathway RCPS8.5 suggests an almost linear
temperature increase for the twenty-first century. For the
simulations forced by the intermediate RCP4.5, the rate
of warming slows down after the 2050s, while under the
more optimistic RCP2.6, a slight negative trend is sug-
gested after the 2050s. Also, since fewer simulations
were available for RCP2.6, the box plots of Fig. 3
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indicate a much smaller model spread. According to the
ensemble mean of CORDEX simulations, the warming
will likely be most pronounced in S.W. Mediterranean.

Seasonal temperature projections

Projected changes for summer maximum temperature are pre-
sented in Fig. S10 of the supplementary material. For all
RCPs, the summer warming is found to be much more pro-
nounced in comparison to annual temperature changes. Even
though the RCP2.6 pathway implies an average global
warming of near 2 °C by the end of the century, for parts of
the Mediterranean, summers are expected to well exceed this
threshold. In agreement with the annual mean temperature
projections, the warming is less, towards the end of the
twenty-first century, while these changes are significant only
for southern regions and robust mainly for the Middle East
part of the Mediterranean. For RCPs 4.5 and 8.5, the future
summer warming is locally expected to reach 4.5 °C and 7 °C,
respectively, by the end of the century. In the latter case, soci-
etally destabilizing conditions may be induced since summer
temperatures over parts of the region (e.g., in Middle East and
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Mean annual temperature change N.W. Mediterranean (land only)
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Fig. 3 Projected time-series of annual mean temperature anomalies with
respect to the reference period 19862005, for the historical and three
RCP simulations (RCP2.6, RCP4.5, and RCP8.5), for the four
Mediterranean sub-regions. Thin lines denote individual ensemble mem-
bers and thick lines the CORDEX multi-model mean. Box plots indicate

north Africa) are already very high (Lelieveld et al. 2016; Pal
and Eltahir 2016). For both scenarios, changes are significant
since they exceed the historical interannual variability range.
Robustness is generally high, particularly for RCP8.5 and the
2081-2100 future period. According to RCP4.5 and RCP8.5
simulations, summer maximum temperature warming will be
intensified over regions that will likely experience a strong
drying (see the following section). Such regions include parts
of Maghreb, Iberia, Alps, Italy, Balkans, and the Anatolian
Plateau. There, land-atmosphere interactions and the effect
of decreased soil moisture and evapotranspiration, induced
by the projected rainfall decrease, can accelerate the warming
(Zittis et al. 2014 and references therein).

In comparison with summer maximum and annual temper-
ature, the warming of winter minimum temperature is less
pronounced for most sub-regions along the Mediterranean
coast (Fig. S11). Interestingly, this is not the case for the
northeastern part of our domain where winter warming is
found to be stronger. Snow-albedo feedback (Winter et al.
2017) is likely contributing to this outcome since in a warmer
future, smaller areas are expected to be covered by snow dur-
ing winter and for shorter periods. Winter warming is charac-
terized by low levels of significance and robustness for sce-
nario RCP2.6, while the climate change signal is limited to an
additional 0.5-1.5 °C to the 19862005 average. In contrast,
winter temperature changes are projected to be both robust

R T TV B B

Mean annual temperature change S.W. Mediterranean (land only)

Mean annual temperature change N.E. Mediterranean (land only)

74| = RCP85 (28) = 7
RCP4.5 (23) || ¥ il
6| —— RrcP26(10) | | | 6
5| = Historical {32) | L
a -4
O3- 3
T2 -2
1 : E
o+t i 0
- |-1

1950 1970 1990 2010 2030 2050 2070 2090

Mean annual temperature change S.E. Mediterranean (land only)

74| = RCP85 (25) | . i L7
RCP4.5 (25) | "
6| =——— RCP26(14) | == fi: 6
5 — HIS(O!ICGI[SU}E.. I L5
sl A I
Tad !
o
2 4
1 4
0+4- L+ - o N IR L
-1 it -1
] Ly

1950 1970 1990 2010 2030 2050 2070 2080

the minimum, 25th, 50th (median), 75th percentiles of the ensemble set
distribution of 20-year mean anomalies (2081-2100). Vertical dashed
lines indicate the last year (2005) of the historical simulation data. The
sub-region is indicated in the title of each plot and depicted in the respec-
tive quadrant.

and significant for the end of the century under pathways
RCP4.5 and RCPS.5. For the former scenario, changes range
between 2 and 4 °C, while for the latter, winter warming
ranges between 3 and 6 °C. Additional hot spots for winter
warming are snow-covered regions such as the Alps and
Armenian Highlands, suggesting that the snow-albedo feed-
back explains these warming peaks. A winter warming hot
spot is also suggested for the southern boundaries of our
Mediterranean domain. This pattern could potentially be re-
lated to changes and displacement of the Hadley Cell circula-
tion that needs further investigation.

The patterns and magnitude of seasonal warming are gen-
erally consistent with studies based on global models (IPCC
2013b; Lelieveld et al. 2016; Lionello and Scarascia 2018).
However, the strong summer warming by the end of the
twenty-first century appears less profound in IPCC’s Atlas
of Global and Regional Climate Projections. In the latter re-
port, where only RCP4.5 results are presented, winter and
summer warming are found to be more uniform.

Annual precipitation projections
Although the CORDEX ensemble suggests an overall drying
for most of the Mediterranean Basin, these changes are found

to be neither significant nor robust according to our definitions
(Fig. 4). One exception is a strong drying signal for pathway
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Fig. 4 Same as Fig. 2 for annual
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RCP8.5 and towards the end of the century. According to the
ensemble mean of the CORDEX simulations, this significant
drying is affecting most of the Mediterranean coast and par-
ticularly Iberia, parts of Maghreb, southern Italy, Balkans,
southern Turkey, and the Levantine. It is projected to reach
— 30%, while for some parts of southern Mediterranean, the
rainfall decrease will reach or exceed — 40% of annual precip-
itation of the reference period, if this scenario becomes a re-
ality. For southern Europe and the Mediterranean, our results
are qualitatively and quantitatively in good agreement with a
high-resolution EURO-CORDEX ensemble study (Jacob
et al. 2014). In that study, precipitation changes were found
to be both significant and robust; however, the authors used
different definitions for these two metrics.

For the northern boundaries of our domain and extended
regions in central and east Europe, CORDEX models suggest
a precipitation increase of about 10%, which is however not
significant since it is found to be within the range of the nat-
ural interannual variability of the reference period. This agrees
with many modeling studies with a global or European focus
(e.g., Jacob et al. 2014) and can be explained by changes in
water-holding capacity of the atmosphere, governed by the
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Clausius-Clapeyron equation (Trenberth et al. 2003), com-
bined with a poleward shift of wintertime mid-latitude storm
tracks (Ulbrich et al. 2009; Lelieveld et al. 2012; Lehmann
et al. 2014). Notwithstanding the absence of robustness or
significance, there is an increasing north to south gradient
towards drier conditions from RCP2.6 to RCP8.5 and from
mid to end century.

The time-series of precipitation anomalies (with respect to
1986-2005 means) indicate much larger interannual variabil-
ity for the southern part of the Mediterranean, which is evident
for both the historical and future scenario simulations (Fig. 5).
A stronger drying over this part of the basin is also suggested
by the CORDEX simulations. There are models that suggest
up to — 60% precipitation decrease for RCP8.5 by the end of
the twenty-first century. On average, the more moderate
RCP2.6 scenario indicates a much smaller drying (5-10%)
in the southern Mediterranean, while for the northern parts, a
weak precipitation increase is suggested (related to the north-
ward migration of storm tracks); however, again, the signal is
much smaller than the natural interannual variability.
Intermediate scenario RCP4.5 suggests a drying for all sub-
regions. In terms of percentage decrease, it is expected to
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Fig. 5 Same as Fig. 3 for annual precipitation anomalies

reach 20% for southern Mediterranean where stronger drying
is suggested.

Seasonal precipitation projections

Changes in precipitation during the wet half of the year are
presented in Fig. S12. As is the case for annual precipitation,
robustness and significance levels are generally low.
CORDEX projections indicate a change in different directions
for the northern and southern parts of Mediterranean. For the
southern Mediterranean, strong decreases of precipitation are
projected. These estimates are amplified towards the end of
the century and also for the transition towards pathways
RCP4.5 and RCPS.5. For the business-as-usual scenario
(RCP8.5), wet season precipitation decrease will likely exceed
30—40% in the southern Mediterranean area and Europe’s
southernmost regions. This signal is locally found to be sig-
nificant and robust. The winter-time decrease of precipitation
under climate change conditions can be attributed to changes
in atmospheric circulation and a poleward shift of the mid-
latitude westerly zonal winds and associated storm tracks
(Zappa et al. 2015; Shaw et al. 2016). This results in the
wetting of the northernmost part of our domain which is be-
coming stronger in the CORDEX simulations towards the end
of the twenty-first century, and under the stronger radiative
forcing scenarios. These precipitation increases (up to 10—
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20%) are locally found to be significant as they are higher
than the natural interannual variability of the historical refer-
ence period. They could potentially have important conse-
quences such as torrential rains and flooding associated with
extreme events. Although these regions are not directly
Mediterranean, winter season precipitation increases could af-
fect the hydrological cycle further downstream of rivers that
influence the basin.

During the dry part of the year, the pattern of changes is
different (Fig. S13). Over the already arid southern
Mediterranean, the summer drying is projected to be much
smaller in comparison with the wet season. Further, the
models suggest an increase in summer precipitation in some
regions located in the southern parts of the domain. These
increases however are very small in actual rainfall amount
and could potentially be explained by the northward displace-
ment of the inter-tropical convergence zone during this season
(Evans 2010). Conversely, southern Europe and the northern
Mediterranean are expected to experience stronger precipita-
tion reductions in the dry season. This drying becomes more
pronounced for the end of the century and RCPs 4.5 and 8.5.
Particularly for RCP8.5, this change is significant for parts of
the Iberian Peninsula, southern France, Italy, western Greece,
and central/northern Turkey. According to climate models,
there is a strong effect of global warming on sea level pressure
that is apparently controlling the summer drying. As future
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climate projections suggest, an intensification of the Azores
anticyclone could lead to a reduction of weather regimes pro-
ducing precipitation events in the northern part of the basin
during summer (Lionello and Scarascia 2018). The summer
drying over the eastern part of the Mediterranean could also be
augmented by increasing subsidence due to the influence of
South Asian Monsoon in the eastern Mediterranean summer
circulation, a dynamical feedback that is evident in the present
(Tyrlis et al. 2013) and could change in the future.

The patterns of seasonal precipitation changes agree and
complement previous studies based on global climate models
(e.g., Lelieveld et al. (2016). Although the IPCC Atlas of
Global and Regional Climate Projections (IPCC 2013b) pro-
vides much coarser resolution information, the magnitude of
changes and their significance level is generally in agreement
with the CORDEX simulations presented here. The differen-
tial climate responses of the northern and southern
Mediterranean and the northward (southward) displacement
of the strong drying zone during the dry (wet) season were
also highlighted in Lionello and Scarascia (2018). This feature
is likely related to a seasonally dependent poleward expansion
of the northern hemisphere Hadley Cell descending branch
(Kang and Lu 2012).

Changes in interannual variability

Interestingly, for near-surface temperature, CORDEX sim-
ulations suggest a tendency for decreased interannual var-
iability under pathway RCP2.6 (Table 1). This decrease is
stronger for the southern Mediterranean and during the
summer season and could be an indication of fewer sea-
sonal temperature extremes in future. This highlights the
additional benefits of the implementation of such a path-
way and aggressive mitigation options. Changes in annual
and seasonal temperature interannual variability for
RCP4.5 simulations are found to be less profound.
Conversely, the business-as-usual RCP8.5 scenario indi-
cates an increase of temperature interannual variability for
all sub-regions and seasons under investigation. This
could be an indication of the increased occurrence of hot
weather events. An exception is the minimum temperature
in the northern Mediterranean region, where decreased
temperature variability is projected, likely contributing to
a decrease in cold spells.

Regarding precipitation variability in absolute terms
(standard deviation), the impacts can be different for the
northern and southern Mediterranean climate regimes. For
the northern part, interannual variability is projected to
increase under all pathways. This is becoming more evi-
dent towards the end of the twenty-first century.
Relatively strong increases of the interannual rainfall stan-
dard deviation are projected for the wet season, which
could be critical for ecosystems, agriculture, and surface
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and underground water resources. Besides the overall dry-
ing trends, such increases in the interannual variability for
the northern Mediterranean could drive seasonal or multi-
annual droughts or on the other hand favor preconditions
for floods during abnormally dry or wet periods, respec-
tively. For the southern Mediterranean, interannual vari-
ability of precipitation is projected to decrease during all
seasons.

Projected changes of the relative standard deviation or
coefficient of variation mostly indicate strong increases
which are most pronounced towards the end of the 21st
century and under pathway RCP8.5. This is related to the
fact that the mean annual/seasonal precipitation is
projected to change more strongly than the respective
changes of standard deviation, leading to higher future
coefficients of variation. This is an indication of increas-
ing relative extremes (extreme wet or dry seasons) in a
future climate that could potentially affect the adaptive
capacity of humans and natural ecosystems.

Timing of 1.5 and 2 °C regional vs. global warming

The ensemble mean of CORDEX simulations is in good
agreement with the observed trends (Cramer et al. 2018)
and corroborates that the Mediterranean is already entering
the 1.5 °C climate warming era (Fig. 6—Ileft panel). The
simulated years of emergence of the 1.5 °C regional
warming level are an indication that we are currently more
on the track of the RCP 8.5 pathway in terms of GHG
concentrations and emissions. The regional warming since
pre-industrial is projected to reach the 2 °C well within
two decades, unless strong GHG concentration reductions
are implemented. According to this CORDEX “super-en-
semble,” for the running century, the 2 °C climate
warming in the region cannot be avoided under any of
the investigated scenarios. The fact that under pathway
RCP2.6 the Mediterranean is expected to reach the 1.5
°C warming level faster than RCP4.5 is consistent with
the GHG concentrations considered under this “optimis-
tic” scenario that apparently for the near future are
projected to be higher than projections under RCP4.5
(Riahi et al. 2007).

The right panel of Fig. 6 depicts a similar analysis based on
the output of the global CMIP5 models that were used to drive
the CORDEX RCMs analyzed in this study. A comparison
with the Mediterranean analysis indicates that the region is
indeed expected to warm at a faster rate than the global aver-
age. For the end of the twenty-first century, the Mediterranean
is projected to experience an additional warming of up to 0.5
°C. According to the CMIP5 models, the global warming
levels of 1.5 and 2 °C will be reached later than what the
CORDEX simulations suggest for the Mediterranean.
Noteworthy, the 2 °C threshold for global mean temperature
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Table1 Percentage change of interannual variability (Avar), expressed
as difference of the 20-year standard deviation for mid (MID 2046-2065)
and end (END 2081-2100) of twenty-first century with respect to the
reference historical period (CTL 1986-2005), under three future RCP

pathways for temperature (TAS) and precipitation (PR). Negative
(positive) values are highlighted in blue (red). For precipitation, the per-
centage change of the coefficient of variation is also presented

Metric Variable Sub-region RCP2.6 MID RCP2.6 END RCP4.5 MID RCP4.5 END RCP8.5 MID RCP8.5 END
NW Med. 6.1 10.2 0.0 -3.6 12.7 18.2
5 TAS NE Med. 7.6 -10.6 7.5 1.5 8.8 5.9
T | (ANNUAL)  SE Med. -14.0 -18.0 4.0 -12.0 16.0 14.0
E SW Med. -17.5 -19.3 -35 -1.8 10.5 15.8
E NW Med. 2.1 2.1 -6.1 -3.1 -3.1 -6.1
g TASMIN  NE Med. 2.1 7.9 -10.6 7.0 8.5 -14.9
& (DJF) SE Med. 2.6 7.7 2.6 1.3 13.0 15.6
“S SW Med. 2.2 8.8 0.0 3.4 7.9 7.9
(=]
= NW Med. 0.8 7.4 1.6 2.4 0.8 5.7
S | TASMAX  NE Med. -1.6 -11.4 1.6 0.8 1.6 4.8
e (JJA) SE Med. 17.7 -12.7 -3.8 -8.8 6.3 5.1
SW Med. -13.0 5.4 5.2 -10.3 2.1 1.0
NW Med. 3.5 0.4 0.9 3.5 0.7 1.8
5 PR NE Med. 3.8 7.4 6.6 10.8 3.5 7.8
% | (ANNUAL)  SE Med. 3.5 2.1 5.5 4.3 5.3 -10.6
§ SW Med. 0.5 7.3 3.6 2.0 4.9 7.4
g NW Med. 6.0 4.2 3.5 12.3 2.3 6.7
B NE Med. 4.1 7.7 9.9 15.5 7.4 11.7
c
g |PRVWED)  SE Mea. 0.3 1.9 -3.5 2.2 2.2 7.2
5 SW Med. 1.6 7.0 3.2 0.6 -10.9 -15.2
(]
g NW Med. 29 2.3 0.4 2.4 71 7.1
S NE Med. 0.3 1.4 2.6 6.0 4.2 -3.0
o
° | PR(DRY
= BRY) " SE Med. -8.0 -11.9 -5.4 9.1 6.8 -15.3
SW Med. 3.7 4.6 1.7 4.3 1.2 6.4
c NW Med. 3.2 26 29 5.6 105 20.0
-.% PR NE Med. 3.0 47 8.2 116 7.0 21.6
© | (ANNUAL)  SE Med. 1.6 14 6.9 12.8 10.6 21.9
©
2 SW Med. 6.5 37 11.1 15.5 17.2 33.0
]
5 NW Med. 1.2 14 05 54 59 13.2
K NE Med. 1.6 29 6.3 9.0 7.6 173
g PROVET)  SE Med. 7.3 29 57 15.8 143 23.1
o SW Med. 10.6 8.5 174 20.5 185 38.2
]
§, NW Med. 7.5 24 6.4 1.7 129 29.7
© NE Med. 3.5 36 52 8.9 85 26.5
<
S PRORY) " SEMed. 0.6 05 10.4 14.2 115 314
° SW Med. -0.1 0.6 9.1 16.5 12.9 29.3
Avar (%) | <45 [-15,10) [-10,5) [-5,5] (5,10] (10,15] > 15

rise since pre-industrial times will not be reached under
RCP2.6. Our findings regarding the timing of reaching the
1.5 and 2 °C RWLs cannot be directly compared to other
studies, since different scenarios, number of models, or refer-
ence periods are used. Nevertheless, there are strong indica-
tions that the Mediterranean will continue to warm more
strongly than the global average which is expected to reach
these warming levels some years later (Vautard et al. 2014;

Dosio and Fischer 2018; Lionello and Scarascia 2018; Nikulin
et al. 2018).

Besides the 5-year moving averages which are presented in
the time-series of Fig. 6, the timing of reaching the warming
levels of 1.5 and 2 °C was also investigated by using 15- and
30-year running means. However, results were found to be
very similar to the ones presented in Fig. 6 since positive
temperature anomalies of the years ahead the center of the
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Fig. 6 Time-series of mean annual temperature anomalies since pre-
industrial (1880-1899) for the Mediterranean (left panel) and global av-
erages (right panel) based on three RCP pathways. Regional and global

moving average are stronger and act as an offset, regardless
the order of the moving average (not shown).

Discussion and conclusions

We present a unique collection of climate change projections,
based on a multi-model, multi-domain, and multi-scenario
ensemble of CORDEX simulations for the Mediterranean re-
gion. In similar previous studies, based on global models,
projected changes are found to be rather uniform, as relatively
small-scale climate features and feedbacks are smoothed due
to the coarse resolution of GCMs. Our results could be con-
sidered as a complementary update of the IPCC Atlas of
Global and Regional Climate Projections (IPCC 2013b) for
the Mediterranean. In that report, only seasonal changes are
presented, and maps (based on 2.5 x 2.5° data) only illustrate
RCP4.5 results, while time-series represent averages over a
very large domain that covers different climatic regimes and
also includes a very large area of northern Africa.

‘We find that the vast majority of CORDEX RCMs suggests
a significant temperature increase throughout the region in the
twenty-first century, and we provide details for four
Mediterranean sub-regions. In agreement with previous stud-
ies, the projected regional warming is found to be more pro-
nounced in comparison with the global trends. Warming is
even significant under the strong RCP2.6 mitigation pathway;
however, it is more evident during the warm period of the year
and for the stronger radiative forcing scenarios (RCP4.5 and
RCPS8.5). Societal impacts may be relatively large, since the
warming combines with a general drying tendency. However,
the significance levels for precipitation changes are much low-
er than for temperature, since precipitation is characterized by
strong interannual variability, both during the historical refer-
ence period and in the future projections. Although RCMs are
expected to better resolve regional processes that drive precip-
itation, the consistency between the models and the robustness
of results are still rather low. This could partly be related to the
fact that precipitation processes are still parameterized at
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warming levels of 1.5 and 2 °C based on 5-year moving averages are
highlighted by solid and dashed lines respectively

current RCM resolutions, while most models included in this
study are using different types of parameterization schemes.
Nevertheless, in our ensemble set, we find future precipitation
trends to be of consistent sign for most models, with the ex-
ception of some outliers for RCP2.6 and RCP4.5 simulations.

Our sub-regional analysis highlights a different response to
global warming for the northern and southern Mediterranean.
The more vulnerable southern Mediterranean regions, with a
typically lower adaptive capacity, are projected to experience
strong warming, mainly in summer, combined with pro-
nounced drying, mainly during the wet period. Northern re-
gions are projected to experience a somewhat lower warming
combined with a less pronounced precipitation decrease that
will occur mainly during the driest half of the year.

Pathway RCP2.6 did not receive much attention in previous
studies or references of Mediterranean climate change, since it
was often considered unrealistic. However, it is the only RCP
scenario that could comply with the 2015 Paris Agreement main
targets, even though it may be difficult to achieve. Our synthesis
of CORDEX simulations suggests that a future pathway similar
to RCP2.6 could limit regional warming to levels that the region
could cope with; nevertheless, it will likely imply rainfall reduc-
tions that might be critical for the arid and hyper-arid regions of
southern Mediterranean.

Although changes in extreme events were not explicitly
assessed here, the fact that interannual variability of tempera-
ture is projected to strongly increase throughout the
Mediterranean under RCP8.5 could be an indication of in-
creasing hot weather extremes, especially under that pathway.
This is also the case for winter precipitation but only for the
northern Mediterranean regions.

Current results can be considered as representative climate
projections for the Mediterranean Basin, until the added value
of higher-resolution and coupled RCMs become more evident
and until finer-resolution CMIP6 GCMs become available for
dynamical downscaling. Our results suggest that convection
permitting RCMs at relatively high resolution are wanted in
the future to achieve larger robustness in the projection of
precipitation trends.
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