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ARTICLE INFO ABSTRACT

Keywords: We present an updated assessment of projected climate change over Greece in the near future and at the end of
Climate change the 21st century, focusing on near surface temperature, precipitation, and related heat (Hot Days and Tropical
Greece Nights), cold (Frost Days), and drought (Consecutive Dry Days) climate indices. The analysis is based on an
gf;iﬁr;t:z ensemble of 11 high-resolution EURO-CORDEX regional climate model (RCM) simulations covering the historical
Climate indices period 1950-2005 and the future period 2006-2100 under the influence of a strong, a moderate, and a no
EURO-CORDEX mitigation Representative Concentration Pathway (RCP2.6, RCP4.5 and RCP8.5). The statistical robustness of

climate change signal is also assessed. Our results strongly point towards a warmer future for Greece under all the
examined RCPs. Under RCP8.5, annual near surface temperature is projected to increase on average by 1.6 °C in
the near future and 4.3 °C at the end of the century. As a consequence of warming, the number of hot days and
tropical nights in a year is projected to increase significantly and the number of frost days to decrease. In
addition, the future will be possibly drier. Statistically robust results for precipitation changes are found only for
the end-of-the-century period under RCP8.5. Precipitation is generally projected to decrease under RCP8.5 by
—16% and the number of consecutive dry days in a year to increase by 15.4 days (30%) at the end of the century.

1. Introduction

Today, it is widely discussed that we live in the so-called “Anthro-
pocene”, an era where humans exert a significant impact on the Earth-
Atmosphere system. During the Anthropocene, humans are contrib-
uting to climate change in various ways, the most notable being man-
made global emissions of greenhouse gases (GHGs) (Hansen et al.,
2007). The recently released Sixth Assessment Report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC, 2021) highlights
more than ever the driving role of human activities in the observed
climate change. AR6 suggests that the global near surface temperature
has increased by ~1.1 °C relative to the late 19th century (1850-1900)
almost exclusively due to human activities. At the same time hot ex-
tremes (including heat waves) have become more frequent and more
intense across most land regions since the 1950s. Precipitation changes
are more uncertain. According to AR6, global precipitation over land has
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“likely” (probability >66%) increased since 1950 with humans
contributing to the observed change. Regionally, precipitation change
exhibits diverse patterns with areas that become drier or wetter.

The Mediterranean Basin, a widely recognized climate change hot
spot (Giorgi, 2006), along with western North America, Central Amer-
ica, Europe, the Amazon, southern Africa, China, southeast Asia, and
Australia, is one of the regions that becomes drier (Cook et al., 2020;
Spinoni et al., 2020). A series of studies the last two decades, using
global climate models (GCMs) and regional climate models (RCMs),
point towards a warmer and drier future under various emission sce-
narios (Coppola et al., 2021; Cos et al., 2021; Diffenbaugh et al., 2007;
Gao et al., 2006; Giannakopoulos et al., 2009; Gibelin and Déqué, 2003;
Giorgi and Lionello, 2008; Goubanova and Li, 2007; Lelieveld et al.,
2014; Lelieveld et al., 2012; Zittis et al., 2021; Zittis et al., 2019). The
majority of the studies are based on RCMs as dynamical downscaling
allows for a better representation of the local features, especially over
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areas with complex topography (Xue et al., 2014) like the greater area
around Greece (hereafter denoted southeastern Europe) where we focus
in this study. It is an area with steep orography from the mountainous
regions to the coast, a long and convoluted coastline, and many small
islands (Fig. 1). With a mean near surface temperature higher than ~1.5
°C relative to the preindustrial times, Mediterranean has already
reached the tough target limit set out in the Paris Agreement in 2015
(MedECC, 2020) and the Mediterranean countries already experience
the consequences of climate change. However, mitigation and adapta-
tion strategies vary from country to country due to differences in the
socioeconomic, cultural, and political status (MedECC, 2020 and refer-
ences therein).

Greece, located in the heart of the Eastern Mediterranean, is expe-
riencing the last decades an increasing number of various extreme
events, directly or indirectly related to climate change (e.g., fires, floods,
heat waves, etc.), and the public and political awareness about climate
change is continuously increasing. The local scientific community has
acknowledged the problem with several studies focusing on the coun-
try’s past, current and future climate (Anagnostopoulou, 2017; Founda
et al., 2019; Founda et al., 2004; Giannakopoulos et al., 2011; Nastos
et al., 2011; Nastos and Kapsomenakis, 2015; Nastos and Zerefos, 2009;
Politi et al., 2021; Tolika et al., 2012; Zanis et al., 2015; Zanis et al.,
2009) the last two decades. In 2011, a detailed assessment of the past,
present, and future of climate in Greece and the corresponding impacts
on key sectors (e.g., fisheries and aquaculture, agriculture, tourism,
transportation, and human health) was compiled from the Climate
Change Impacts Study Committee on behalf of the Bank of Greece
(CCISC, 2011). The cost of climate change for the period 2011-2100 was
estimated at 578 to 701 billion euros (cost with and without any miti-
gation measures) which is about 3-4 times the country’s gross domestic
product (GDP) in 2020 (Eurostat, 2021).

Under these circumstances, 11 research entities united under the
national project CLIMPACT (National Network on Climate Change and
its Impacts; https://climpact.gr) in a coordinated effort to update our
knowledge on climate change and its impacts in Greece and the sur-
rounding areas. The research presented here was implemented within
the framework of the project and constitutes the latest view into climate
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Fig. 1. Topography of the region under study (in meters above sea level - m a.s.
1.). Locations and areas of interest mentioned in the text are also indicated along
with the outline of Greece.
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change projections for Greece. It is expected to serve as a yardstick for
upcoming CLIMPACT studies mostly focusing on the impacts of climate
change on specific sectors of life, the economy, and the environment in
Greece. The analysis is based on an ensemble of state-of-the-art high-
resolution EURO-CORDEX RCM simulations. More specifically, the
manuscript is organized as follows: first, we present the RCMs and the
corresponding datasets used along with the methodology we followed.
Then, the projected changes of near surface temperature, precipitation,
and selected heat/cold and drought indices are presented for the near
future and the end of the century. The main conclusions are summarized
in the end.

2. Data and methods
2.1. Regional climate model simulations

For the scope of this research, daily mean, minimum and maximum
near surface temperature (TAS, TASMIN and TASMAX; in °C) and pre-
cipitation (PR; in mm day’l) data from 11 sets of RCM simulations
implemented within the framework of the EURO-CORDEX initiative
(https://www.euro-cordex.net/) are used. More specifically, the simu-
lations used here cover the greater European area (~27°N - 72°N,
~22°W - 45°E) at a fine horizontal resolution of 0.11° (~12.5 km)
(Jacob et al., 2020; Jacob et al., 2014; Vautard et al., 2013). The sim-
ulations are a product of various RCMs driven by various GCMs (for
details see Table 1). Each set incorporates four different simulations: a
historical (Hist) simulation for the period 1950-2005 and three simu-
lations for the period 2006-2100 under different RCPs (RCP2.6, RCP4.5
and RCP8.5) driven by a GCM. The GCM simulations, used to drive the
RCMs, were implemented within the framework of the Coupled Model
Intercomparison Project (CMIP5) project (Taylor et al., 2012) for the
needs of the Fifth Assessment Report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC, 2013). Although regional analyses from
the most recent CMIP6 AR6 GCM model projections are already pub-
lished (Almazroui et al., 2021; Almazroui et al., 2020; Cos et al., 2021),
their regionally downscaled projections within the CORDEX program
are not yet available. RCPs are GHG concentration scenarios which refer
to the radiative forcing caused by changes in atmospheric composition
(Moss et al., 2010; van Vuuren et al., 2011a). Hence, RCP2.6 corre-
sponds to radiative forcing of 2.6 W m~2 in the year 2100 relative to
preindustrial times and so on. RCP2.6 is a strong mitigation scenario
where GHG concentrations are bound to decrease by —70% within the
period 2010-2100 (van Vuuren et al., 2011b). On the contrary, RCP8.5
is a scenario without any future environmental and climate change
policies where GHG concentrations increase (Riahi et al., 2011) while
RCP4.5 is a moderate mitigation scenario, designed to be cost-efficient
to reach the radiative forcing target of 4.5 W m~2, where GHG con-
centrations start decreasing after 2040 (Thomson et al., 2011).

To gain confidence in the future projections presented here, the
ability of the control (Hist) simulations to capture the basic character-
istics of climate in Greece for the reference period 1971-2000 is
examined (detailed results presented in the electronic supplement of the
manuscript). TAS, TASMIN, TASMAX and PR from the Hist simulations
are evaluated against gridded observational data at a 0.1° horizontal
resolution from the latest release of the European Climate Assessment &
Dataset (ECA&D) gridded dataset (E-OBS version 23.1e). In general, the
E-OBS gridded dataset is constructed using observational data from
stations all over Europe as described in Haylock et al. (2008) while
details about the ensemble version used here are given in Cornes et al.
(2018). Unlike single station measurements (Hadjinicolaou et al., 2017),
the gridded observational data allow for a spatial evaluation of the high-
resolution EURO-CORDEX RCM simulations used here. Overall, our
ensemble temperature data exhibit a reasonable agreement with the E-
OBS data while the PR data show a moderate agreement following
previous EURO-CORDEX studies (Katragkou et al., 2015; Kotlarski et al.,
2014).
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Table 1
List with the 11 EURO-CORDEX sets of simulations used in the present study.
RCM Driving GCM Realization Hist RCP2.6 RCP4.5 RCP8.5

1 ALADIN63.v2 CNRM.CNRM-CERFACS-CNRM-CM5 rlilpl X X X X
2 CCLM4-8-17.v1 CLMcom.ICHEC-EC-EARTH r12ilpl X X X X
3 HIRHAMS.v2 DMIICHEC-EC-EARTH r3ilpl X X X X
4 RACMO22E.v1 KNMI.ICHEC-EC-EARTH r12ilpl X X X X
5 RACMO22E.v2 KNMLMOHC-HadGEM2-ES rlilpl X X X X
6 RACMO22E.v2 KNMI.CNRM-CERFACS-CNRM-CM5 rlilpl X X X X
7 RCA4.v1 SMHI.MOHC-HadGEM2-ES rlilpl X X X X
8 RCA4.v1 SMHI.MPI-M-MPI-ESM-LR rlilpl X X X X
9 RCA4.v1 SMHILICHEC-EC-EARTH r12ilpl X X X X
10 REMO2009.v1 MPI-CSC.MPI-M-MPI-ESM-LR rlilpl X X X X
11 REMO2009.v1 MPI-CSC.MPI-M-MPI-ESM-LR r2ilpl X X X X

2.2. Methodology

In this work, changes in climate related parameters over Greece are
reported for the near-future (2021-2050) and the end-of-the-century
(2071-2100) 30-year periods relative to the reference period
(1971-2000). The original EURO-CORDEX daily data were brought to a
standard 0.1° x 0.1° grid using bilinear interpolation focusing on
southeastern Europe (34°N - 44°N, 18°E - 30°E) with Greece being in the
center of this region (Fig. 1; locations and areas of interest mentioned in
the text are also indicated in the figure). Data from the 11 sets of sim-
ulations were merged in order to compile an ensemble dataset for the
historical period (1950-2005) and for each RCP separately that spans
from 2006 to 2100.

The projected changes for TAS and PR for the near future and the end
of the century are expressed by the difference between the two periods
and the reference period for the ensemble data. The changes are
calculated on an annual and seasonal basis for each grid cell and each
RCP separately, and the results are presented by means of maps (in the
main text and in the electronic supplement of the manuscript). The
statistical robustness of the differences is also checked taking into ac-
count the ensemble’s inter-model variability similarly to previous
studies (Jacob et al., 2014; Pfeifer et al., 2015; Spinoni et al., 2020).
Specifically, a difference is considered robust if the differences for at
least 7 out of the 11 simulations constituting each ensemble have the
same sign with the ensemble difference and are statistically significant
at the 95% confidence level according to the non-parametric Mann-
Whitney test (Mann and Whitney, 1947). In addition, in order to
generalize our results, ensemble timeseries with the difference between
the annual means and the mean for the reference period 1971-2000 for
Greece (land only areas) are also presented for the 150-year period
1950-2100 including all RCPs. The timeseries are presented on an
annual basis and for each season, separately. The ensemble mean dif-
ference of the periods 2021-2050 and 2071-2100 with the reference
period for Greece along with the corresponding median difference, the
25th and 75th percentiles and the maximum and minimum difference
values from the 11 simulations constituting each ensemble (inter-model
variability) are presented by means of boxplots and are given in Table 2.

The same analysis was repeated for a number of climatic indices
which were calculated on an annual basis from TASMIN, TASMAX and
PR and express heat, cold and drought extremes. The definition of these
indices comes from the European Climate Assessment (ECA) project.
More specifically, Hot Days (HD) expresses the number of days within a
year where TASMAX is greater than 35 °C, Tropical nights (TR) ex-
presses the number of days within a year where TASMIN is greater than
20 °C, Frost Days (FD) expresses the number of days within a year where
TASMIN is below 0 °C and Consecutive Dry Days (CDD) expresses the
number of consecutive days within a year where PR is lower than 1 mm.
The indices were calculated for each one of the RCM simulations sepa-
rately and then they were averaged to compile the ensemble mean
values.

3. Results and discussion
3.1. Projected temperature change

In Fig. 2, the projected ensemble TAS change for the near-future and
the end-of-the-century periods are shown for the three RCPs on an
annual basis. A statistically robust TAS increase is indicated over the
whole domain for both the examined periods (near future and the end of
the century) and under all the examined RCPs. An increase of 1-1.5 °Ciis
projected over the whole southeastern Europe domain in the near future
(2021-2050) relative to the reference period (1971-2000) based on
RC2.6. Similarly, an increase of 1-1.5 °C over the whole domain is also
indicated in the RCP4.5 projections reaching values up to 1.5-2.0 °C
over the Pindus Mountain Range in Greece and other high altitude areas
in the Balkan Peninsula and Turkey. In the case of RCP8.5, a TAS in-
crease of 1.5-2.0 °C is indicated over all the continental areas and over
the Black Sea and 1.0-1.5 °C over the rest of the sea areas. At the end of
the century (2071-2100), a TAS increase of 1-1.5 °C is projected over
the whole southeastern Europe domain according to RCP2.6. For
RCP4.5, the projected increase is 2.0-2.5 °C, especially over continental
areas, while, over some high altitude areas it may be up to 2.5-3.0 °C.
For RCP8.5, the projected TAS increase is larger, ranging from 3.0 to 3.5
°C, mostly over the sea, up to 4.5-5.0 °C over mountainous areas.
Generally, TAS is projected to increase by 4.0-4.5 °C over the conti-
nental areas.

Specifically for Greece (land areas only), Fig. 2g presents the
timeseries of the difference between annual TAS from the reference
period (1971-200) mean TAS for the period 1950-2100. As shown in the
boxplot (dots) embedded in Fig. 2g, for RCP2.6, an average increase of
1.2 °C and 1.4 °C is projected for the near future and the end of the
century, respectively. For RCP4.5, the projected TAS increase is 1.4 °C
and 2.3 °C, respectively, while, for RCP8.5, 1.6 °C and 4.3 °C, respec-
tively. These values along with the corresponding median difference, the
25th and 75th percentiles and the maximum and minimum difference
values from the 11 simulations constituting each ensemble (inter-model
variability) also appear in Table 2. It is quite obvious that according to
the strong and moderate mitigation scenarios (RCP2.6 and RCP4.5,
respectively), TAS either nearly stabilizes since the middle of the 21st
century or increases at a slower pace following the gradual decrease of
GHG emissions compared to the no-mitigation RCP8.5 scenario where
TAS increases steadily following the increase of GHG emissions. It merits
to be mentioned here that the skewness of the distribution of the TAS
differences between the future and reference periods appearing in
Fig. 2g is positive (mean value higher than the median). This indicates
that a minority from the RCM simulations that constitute the ensemble
drags the mean to a higher value while the majority of the simulations
have lower values. Similar conclusions can be reached for the other basic
parameter, PR, which is examined in the next section.

While TASMIN and TASMAX data are primarily used for the calcu-
lation of the climatic indices in this paper, it merits to be mentioned that
the same analysis with TAS was also applied on these two parameters.
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Fig. 2. Difference in the TAS fields from the EURO-
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The projected TASMIN and TASMAX changes (Figs. S3-S6) are pretty
similar to the TAS ones. In addition, the seasonal analysis revealed that
the TAS change patterns are pretty similar throughout all the seasons

2100

(Figs. S7-S10) with the annual change patterns (Fig. 2) but in summer
(June-July-August) the projected changes are larger, particularly under
RCP4.5 and RCP8.5. Under RCP2.6, the average projected TAS change
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Mean value for Greece (land areas only) of TAS (in °C), PR (in mm day’l), and the different climatic indices (HD, TR, FD and CDD in days) examined here from the
EURO-CORDEX ensemble for the reference period (1971-2000; Historical simulations) and for the near-future (2021-2050) and the end-of-the-century (2071-2100)
period under different RCPs. The ensemble mean difference (+16) and percentage difference (in %) of the near-future and the end-of-the-century with the reference
period is also given along with the corresponding minimum and maximum difference, the median difference, and the 25th and 75th percentiles values from the 11

simulations constituting each ensemble (inter-model variability).

Param. Mode Period Mean Mean diff. + 16 % diff. Min diff. Max diff. Median diff. Pctl25 diff. Pctl75 diff.
TAS Hist 1971-2000 13.0 0.0 +1.7 0 -1.6 2.2 -0.2 -1.0 0.5
TAS RCP26 2021-2050 14.3 1.2+1.8 10 -0.8 3.5 0.9 -0.1 2.2
TAS RCP26 2071-2100 14.4 1.4+1.7 10 -0.6 3.3 1.1 0.1 2.5
TAS RCP45 2021-2050 14.4 1.4+1.8 11 -0.4 3.5 1.1 0.1 2.3
TAS RCP45 2071-2100 15.4 23+1.7 18 0.5 4.2 2.1 1.1 3.6
TAS RCP85 2021-2050 14.6 1.6 £1.7 12 —-0.1 3.6 1.4 0.5 2.5
TAS RCP85 2071-2100 17.3 43+1.9 33 2.3 6.6 3.7 2.8 5.5
PR Hist 1971-2000 2.4 0.0 + 0.6 0 —0.6 1.2 0.0 -0.4 0.1
PR RCP26 2021-2050 2.3 —0.1 £ 0.7 -3 —0.6 1.1 -0.2 -0.5 0.2
PR RCP26 2071-2100 2.4 0.0 £ 0.6 0 -0.6 1.2 -0.1 —-0.4 0.2
PR RCP45 2021-2050 2.3 -0.1+0.6 -3 -0.6 1.2 -0.1 -0.5 0.2
PR RCP45 2071-2100 2.2 —0.1 £ 0.7 -6 -0.7 1.2 -0.2 -0.5 0.0
PR RCP85 2021-2050 2.3 —-0.1 £ 0.6 -3 -0.6 1.1 -0.2 -0.4 0.2
PR RCP85 2071-2100 2.0 -0.4+0.7 -16 -0.9 0.9 -0.5 -0.8 -0.1
HD Hist 1971-2000 5.1 0.0 + 6.9 0 —4.8 9.8 -1.7 -3.9 0.6
HD RCP26 2021-2050 10.6 55+99 108 —4.3 22.5 3.6 —-2.7 10.4
HD RCP26 2071-2100 10.2 51+9.5 99 —4.5 20.9 3.5 —-2.5 9.7
HD RCP45 2021-2050 11.9 6.7 +£10.2 132 -4.0 23.5 5.5 -2.1 11.4
HD RCP45 2071-2100 16.9 11.8 £ 13.5 232 -3.1 34.5 10.8 -0.8 23.0
HD RCP85 2021-2050 12.6 7.4 +10.9 146 —4.1 26.9 6.5 —-2.7 13.8
HD RCP85 2071-2100 34.5 29.4 +20.3 577 3.7 61.2 25.2 7.9 48.3
TR Hist 1971-2000 21.3 0.0 +£12.6 0 —13.3 14.5 -1.6 —6.3 7.0
TR RCP26 2021-2050 36.0 14.7 £ 16.5 69 -7.4 33.8 15.0 2.6 28.4
TR RCP26 2071-2100 35.9 14.6 + 16.3 69 -8.7 31.7 16.9 4.5 29.2
TR RCP45 2021-2050 38.2 16.9 + 16.1 79 -5.2 35.2 16.0 4.5 29.1
TR RCP45 2071-2100 49.8 28.5 +18.8 134 0.7 47.9 28.4 13.5 46.3
TR RCP85 2021-2050 40.9 19.7 + 16.8 92 -3.8 39.2 18.6 6.1 32.7
TR RCP85 2071-2100 79.1 57.9 + 21.0 272 26.8 80.9 61.0 34.6 76.9
FD Hist 1971-2000 45.0 0.0 + 26.0 0 —30.2 27.0 -3.4 -9.9 18.0
FD RCP26 2021-2050 35.4 —9.7 +£24.3 -21 -33.7 18.2 -11.4 -18.5 1.5
FD RCP26 2071-2100 32.6 -12.4 + 23.3 —28 -33.8 12.3 —-15.5 -21.2 -39
FD RCP45 2021-2050 33.5 —11.6 + 24.0 -26 —35.1 12.1 -14.9 -19.7 -1.8
FD RCP45 2071-2100 26.4 —18.6 + 21.6 —41 —-35.7 1.7 -21.0 —25.3 -10.5
FD RCP85 2021-2050 32.2 -12.9 4+ 23.1 -29 -33.7 9.3 -12.5 —25.2 -4.6
FD RCP85 2071-2100 16.2 —28.8 +20.7 —64 —42.0 -12.8 -29.1 —35.6 -23.7
CDD Hist 1971-2000 51.0 0.0 + 14.9 0 —-20.1 14.8 -2.0 —4.1 12.6
CDD RCP26 2021-2050 52.6 1.6 +14.7 3 -19.0 19.3 0.6 -6.3 11.1
CDD RCP26 2071-2100 51.9 0.9 +14.0 2 —18.8 13.5 -0.8 —4.8 9.5
CDD RCP45 2021-2050 55.0 4.0 £ 14.4 8 -17.6 19.8 4.0 0.5 12.6
CDD RCP45 2071-2100 56.5 5.6 £15.0 11 —18.8 19.9 6.7 -3.2 14.9
CDD RCP85 2021-2050 55.2 4.2 +14.7 8 -18.0 18.1 6.6 -3.1 12.2
CDD RCP85 2071-2100 66.3 15.4 + 18.5 30 —14.2 34.1 18.1 0.4 29.4

for Greece is ~1.0-1.5 °C for all the seasons for the near-future and the
end-of-the-century periods, being higher in summer (1.5 °C). For
RCP4.5, the projected TAS change is 1.7 °C in the near future and 2.7 °C
at the end of the century for summer. The corresponding changes are 1.9
°Cand 5.2 °C for RCP8.5 (Fig. S11). Hence, the projected TAS change in
summer is about 20% larger than the annual projected change for
RCP4.5 and RCP8.5.

Our results are in accordance to the findings of Zittis et al. (2019).
They used a multi-model and multi-domain ensemble to study the TAS
and PR future changes over the whole Mediterranean Basin under the
same RCPs with us. Other works, more focused on Greece, generally use
lower spatial resolution RCM simulations under the older generation of
IPCC’s GHG emission scenarios (Special Report on Emissions Scenarios;
SRES) (Tolika et al., 2012; Zanis et al., 2009; Zerefos et al., 2011). All
these studies suggest a warmer future, the magnitude of the projected
warming (values around 4 °C for the end of the century) largely
depending on the specific RCM simulations that were used and the
different SRES scenarios. More recently, Zanis et al. (2015) implemented
simulations at a higher resolution (10 km) with an RCM for Greece under
the A1B scenario (lies between RCP6.0 and RCP8.5) suggesting a TAS
increase over continental areas of less than 1.8 °C for the period
2021-2050 and up to 4.2 °C for the period 1971-2100 relative to

1961-1990. In agreement to our results, these studies point towards a
larger TAS increase for summer relative to the other seasons.

3.2. Projected precipitation change

Fig. 3 shows the projected ensemble PR change for the near-future
and the end-of-the-century periods for the three RCPs on an annual
basis. Following other climate change studies, the annual PR changes are
primarily expressed as percentage differences (in %). The actual dif-
ferences (in mm dayfl) are given for both the annual and seasonal PR
changes in the main text and the electronic supplement (Figs. S12-S17).
Unlike TAS, our analysis does not reveal a homogeneously distributed
change signal over the whole southeastern Europe but areas with
increasing and decreasing PR levels. The projected changes under the
examined scenarios are generally statistically non-robust except for very
limited areas over the sea and for RCP8.5 at the end of the century
(2071-2100), where large areas in Greece and Turkey are projected to
experience dryness (Figs. 3f and S12f). Concerning RCP2.6, for the near-
future period (2021-2050) a non-robust PR decrease of 0 to —9% (0 to
—1 mm day™!) is projected over a large part of southeastern Europe,
including Greece, and over the sea for latitudes below ~39°N. On the
contrary, a non-robust increase is projected over the northern Balkan
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Fig. 3. The same as Fig. 2 but for PR.
Peninsula, the northern Aegean Sea, and areas over and around the robust decrease of 0 to —6% (0 to —1 mm day ') is projected. For
Black Sea. For the end of the century, a non-robust increase of 0-12% RCP4.5, the PR change patterns for the near future are similar to the
(0-3 mm day 1) is projected over southeastern Europe except for some RCP2.6 ones for the same period. For the end-of-the-century period we
areas in Greece (e.g. Eastern Macedonia and Thrace, Peloponnese, observe a decrease of PR over Greece (especially over western Greece,
Attica), Turkey and over the sea for latitudes below ~36°N where a non- Pindus Mountain Range, Peloponnese, and Crete), over areas in Turkey
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and over the sea below 38-40°N. Over Greece, a statistically robust PR
decrease of —15% (—0.7 mm day_l) is indicated over Mount Taygetus in
southern Peloponnese and over mountainous areas in Crete (up to
—18%). RCP8.5 exhibits similar change patterns with the other two
scenarios for the near-future period, but, for the end of the century a
statistically robust decrease of PR is projected over Greece, southern
Turkey and over the sea below ~38°N. In Greece, the PR decrease rea-
ches values from —20% up to —30% (—1 mm day’l) over areas like
Pindus, western Greece, Peloponnese, and Crete and areas in northern
Greece. Over the sea, the robust decrease reaches values up to —30%
(from —0.1 up to —0.4 mm day~!). Overall, the future PR percentage
decrease exhibits a north-to-south gradient as precipitation levels are
generally lower in the South (Fig. 3f). The actual PR decrease (in mm
day 1) is more prominent over high elevation mountainous areas where
precipitation levels are higher as shown in Fig. S12f.

Specifically, for Greece (land only areas), it can be seen in Fig. 3g that
under RCP2.6 PR is projected to decrease by —3% (—0.1 mm day ') in
the near-future period and then increase reaching the same levels with
the reference period. For RCP4.5, a decrease of —3% and — 6% is pro-
jected in the near future and at the end of the century, respectively. For
RCP8.5, a PR decrease of —3% (—0.1 mm day’l) isindicated again in the
near future, but, at the end of the century a stronger decrease of —16%
(—0.4 mm day %) is projected (Figs. 3g and S12g, and Table 2).

The seasonal analysis (Figs. S13-S16) showed that the PR change
patterns are mostly driven by the winter (December-January-February)
patterns and secondarily by the spring (March-April-May) and autumn
(September-October-November) patterns. In winter, when PR levels
peak, a statistically robust PR decrease well above —1 mm day ! appears
over southern Peloponnese, Crete, and southern Turkey for the end-of-
the-century period under RCP8.5. In summer, a robust PR decrease
ranging from 0 to —1.0 mm day ! (patchy patterns) is indicated over all
the continental areas under RCP8.5. The average projected PR change
for Greece (land areas) for all the scenarios is pretty small throughout all
the seasons except for RCP8.5 for the end-of-the-century period (Fig.
S17). A clear decrease of —14% (—0.5 mm day’l) is indicated for winter,
—17% (—0.4 mm day’l) for spring, —38% (—0.3 mm day’l) for summer
and —11% (—0.3 mm day’l) for autumn. It is quite obvious that the
projected percentage decrease of PR under RCP8.5 at the end of the
century is larger in summer which is already a dry season for the area.

The decrease of PR in the future over Greece, as part of the Medi-
terranean Basin, was also seen in previous RCM ensemble studies under
the RCP2.6, RCP4.5, and RCP8.5 scenarios (Jacob et al., 2014; Zittis
et al., 2021; Zittis et al., 2019). The same stands for the general lack of
statistical robustness except for RCP8.5. More local studies, focusing on
Greece, have also reported a future PR decrease under the “old” IPCC
SRES scenarios. Zanis et al. (2009) using an ensemble of RCM simula-
tions under the A2 SRES scenario reported that PR will decrease by the
end of the century relative to 1961-1990 by —15.8%. Under the A1B
scenario, Tolika et al. (2012) suggested a PR decrease of —15.1% in
winter and —36.9% in summer by the end of the century while Zanis
et al. (2015) a decrease of —10 to —40% on an annual basis over
different areas within southeastern Europe.

It has to be noted that apart from PR, the projected changes in the
frequency of occurrence of very heavy precipitation days (days where
PR exceeds 20 mm) on an annual basis were also examined within
CLIMPACT. In general, the patterns (Fig. S18) are pretty similar to that
of the actual PR change (Fig. S12f). Over Greece, a statistically robust
change (decrease up to —4 days) appears only over high elevation
mountainous areas in western Greece, Peloponnese, and Crete for the
end-of-the-century period under RCP8.5. For the country as a whole
(land areas), an average decrease of —1.3 days (—13%) is projected for
the number of very heavy precipitation days in a year at the end of the
century under RCP8.5 (see Fig. S19). Despite the projected decrease of
PR and the frequency of very heavy precipitation events, Zittis et al.
(2021) suggest that the intensity of individual events will increase
during the second half or the 21st century under RCP8.5.
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3.3. Projected changes in Hot Days and Tropical Nights

To assess the heat-extreme changes projected under the three RCPs
examined here for the near-future and end-of-the-century periods the
HD and TR climatic indices are examined on an annual basis. It is seen in
Fig. 4 that under all RCPs and for both the examined future periods the
HD change is largely statistically robust over the continental areas and
non-robust almost everywhere over the sea. Following TASMAX, HD is
projected to increase all over the southeastern Europe in line with pre-
vious studies (Lelieveld et al., 2014; Lelieveld et al., 2012). An increase
of HD from 6 to 18 days appears over low elevation continental areas
under RCP2.6 for both the future periods. Similar change patterns are
projected for the near future under RCP4.5 while for the end of the
century larger HD changes are projected over the low elevation areas
ranging from 6 up to 36 days. For RCP8.5 the change patterns are similar
to the RCP2.6 and RCP4.5 ones for the near-future period while for the
end-of-the-century period large changes ranging from 6 up to 60 days
are projected. Over Greece, the two most important HD change hotspots
are the plains of the Thessaly and Central Macedonia (HD increase from
48 up to 60 days), with other areas in northern and western Greece and
the Peloponnese following. Our results are close to that of Zerefos et al.
(2011). In the timeseries shown in Fig. 4g for Greece, in line with
TASMAX, under RCP2.6 and RCP4.5, HD either stabilizes since the
middle of the 21st century or increases at a slower pace following the
gradual decrease of GHG emissions while under RCP8.5 HD increases
steadily following the steady increase of GHG emissions. Under RCP2.6,
HD over Greece is projected to increase on average by 5.5 days (108%)
in the near future and by 5.1 days (100%) at the end of the century. For
RCP4.5, the corresponding increase is 6.7 days (131%) for the near-
future and 11.8 days (231%; more than double relative to the refer-
ence period) for the end-of-the-century period. Under RCP8.5, HD is
projected to increase by 7.4 days (145%) in the near future and by 29.4
days (576%; almost six times that of the reference period) at the end of
the century (Fig. 4g and Table 2). Previous studies also pointed towards
an increase of HD in the future. For example, Giannakopoulos et al.
(2011) using simulations from a single RCM under the IPCC’s SRES A1B
scenario found an increase of HD for the near future period 2021-2050
relative to 1961-1990 of 10 to 20 days over different locations in
Greece. More recently, Zanis et al. (2015) reported an HD increase of 14
to 28 days for the period 2021-2050 and 49 to 63 days for the period
1971-2100 relative to 1961-1990.

For the second heat-related index examined here, TR, the change
patterns are similar for all the scenarios and future periods with HD over
land. Over the sea, a statistically robust TR increase ranging from 20-25
days (under RCP2.6 for both the future periods, and RCP4.5 for the near-
future period) to values higher than 60 days (RCP8.5 for the end of the
century) is indicated (Fig. 5). Over the continental heat extreme hot
spots, the largest TR increase appears at the end of the century under
RCP4.5 (up to 45 days) and particularly RCP8.5 (up to 80 days). Even
under the strong mitigation scenario (RCP2.6), TR is projected to in-
crease by up to 25 days for both the future periods over some areas.
Under RCP2.6, TR over Greece is projected to increase on average by
14.7 days (69%) in the near future and remain at the same levels until
the end of the century. For RCP4.5, the corresponding increase is 16.9
days (79%) for the near-future and 28.5 days (134%) for the end-of-the-
century period. Under RCP8.5, a TR increase of 19.7 days (92%) in the
near future and 57.9 days (272%; almost three times that of the refer-
ence period) at the end of the century (Fig. 5g and Table 2) is projected
in line with the findings of Founda et al. (2019). Previous studies, based
on RCM simulations under the SRES A1B scenario, also reported an in-
crease of TR over Greece up to one month in the middle of the century
and up to two months at the end of the century (Giannakopoulos et al.,
2011; Lelieveld et al., 2012; Nastos and Kapsomenakis, 2015; Zanis
et al., 2015; Zerefos et al., 2011).
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Fig. 5. The same as Fig. 2 but for TR.

changes in FD are largely statistically non-robust over the sea while over
land a statistically robust decrease is indicated (Fig. 6). The FD change

Changes in cold extremes projected over southeastern Europe for the patterns resemble those of HD and TR with a decrease of —10 up to —30
near-future and end-of-the-century periods under the three RCPs are days appearing over high elevation areas over land under RCP2.6 for
assessed here by examining the FD climatic index. For all the cases, both the future periods and under RCP4.5 for the near-future period. For



A.K. Georgoulias et al.

Ref. period
| T T [

Atmospheric Research 271 (2022) 106049

RCP8.5
E RCP4.5
RCP2.6: *
FHIST

-10

I ... e

1= T ST WY, ¢

1950 1975 2000 2025

2050 2075 2100

Year

Fig. 6. The same as Fig. 2 but for FD.

RCP4.5, a larger decrease of —25 up to —60 days is projected over
mountainous areas for the end-of-the-century period. For RCP8.5, the
change patterns (not values) are similar to the RCP4.5 ones for the near-
future period while for the end of the century a large decrease ranging
from —50 up to —80 days is projected. Specifically, for Greece, under

10

RCP2.6, FD is projected to decrease on average by —9.7 days (—21%) in
the near future and —12.4 days (—28%) at the end of the century. For
RCP4.5, the corresponding decrease is —11.6 days (—26%) for the near-
future and —18.6 days (—41%) for the end-of-the-century period. Under
RCP8.5, FD decreases by —12.9 days (—29%) in the near future and by
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—28.8 days (—64%) at the end of the century (Fig. 6g and Table 2). The 3.5. Projected changes in Consecutive Dry Days

values given here are in accordance to results from previous RCM studies

under the SRES A1B scenario that focus on Greece (Giannakopoulos Following PR, changes in the CDD index, which is examined here to

et al., 2011; Zanis et al., 2015; Zerefos et al., 2011).

assess changes in drought extremes, are statistically significant over

continental and sea areas under RCP8.5 and for the end of the century
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only (Fig. 7). Under RCP2.6 a small non-robust CDD increase/decrease
of +/-4 days is indicated over different areas in southeastern Europe for
both the future periods examined here. The largest CDD increase values
(increased drought) appear over the southeastern part of the domain.
The same stands for RCP4.5, with values up to 12 days in the near-future
period and 16 days at the end-of-the-century period. For the near-future
period, RCP8.5 changes are similar to the RCP4.5 ones for the same
period and are in accordance to previous values given from Giannako-
poulos et al. (2011) using a different reference period (1961-1990) and
the SRES A1B scenario. At the end of the century, a strong increase of
CDD from 8 up to 24 days is projected over the whole southeastern
Europe. The largest increase appears over the central-southern Aegean
Sea and continental areas around it. Specifically for Greece, Crete, and
the Greek islands along the Turkish coastline (e.g., Mytilene and Rho-
des) exhibit the highest CDD change values along with areas in the is-
land of Euboea, in Attika and Peloponnese in line with Zanis et al. (2015)
despite the fact that their analysis was based on the SRES A1B scenario
and they used a different reference period (1961-1990). On average,
over Greece, CDD is projected to increase marginally under RCP2.6 by
less than 2-3% relative to the reference period in the near future and at
the end of the century. Under RCP4.5, a small increase of 4 days (8%) is
projected for the near-future period and 5.6 days (11%) for the end of
the century. A small increase is also indicated under RCP8.5 for the near-
future period (4.2 days or else 8%). On the contrary, at the end of the
century, a significant CDD increase of 15.4 days (30%) is projected
(Fig. 7g and Table 2). Similar changes in CDD for the near future and the
end of the century were also reported by Zanis et al. (2015).

4. Conclusions

The essence of this work is the provision of an updated assessment of
high resolution projected changes in climate-related parameters (TAS
and PR) and indices (HD, TR, FD and CDD) over Greece and the sur-
rounding areas (southeastern Europe) for the near future (2021-2050)
and the end of the century (2071-2100) relative to a reference period
(1971-2000). Our results are based on an ensemble of 11 high-
resolution (0.11°) EURO-CORDEX RCM simulations covering the his-
torical period 1950-2005 and the period 2006-2100 under three IPCC
AR5 GHG concentration scenarios with strong mitigation (RCP2.6),
medium mitigation (RCP4.5), and no mitigation (RCP8.5). Our main
findings are summarized as follows:

@ A statistically robust TAS increase is projected over the whole
southeastern Europe domain both in the near future and at the end of
the century under all the examined RCPs with the level of warming
among the RCPs starting differentiating after 2030. The warming is
larger over the continental part of Greece than over the sea.

@ Over Greece, TAS is projected to increase by 1.2 °C on average in the
near future and 1.4 °C at the end of the century under RCP2.6. For
RCP4.5, TAS is projected to increase by 1.4 °C and 2.3 °C, respec-
tively, while for RCP8.5, 1.6 °C and 4.3 °C. The TAS future change
patterns are pretty similar throughout all the seasons with the annual
change patterns, the projected changes being larger in summer
particularly under RCP4.5 and RCP8.5.

@ PR is projected to increase or decrease in the future over different

areas within southeastern Europe, but the changes are generally non-

robust. A robust decrease of PR is indicated over areas in Greece,
southern Turkey and over the sea below ~38°N at the end of the
century for RCP8.5 only.

On average, PR is projected to decrease marginally over Greece by

—3% (—0.1 mm day’l) in the near future under all the examined

RCPs. At the end of the century a decrease of —6% (—0.1 mm day 1),

and —16% (—0.4 mm day!) is projected under RCP4.5 and RCP8.5,

respectively.

@ The annual PR change patterns are mostly driven by the winter
patterns with spring and autumn following. The projected decrease
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of PR under RCP8.5 at the end of the century is of particular interest
for the already dry summer season (—38% / —0.3 mm day ).

@ Over Greece, HD is projected to increase on average from 5.5 days
(108%) for RCP2.6 up to 7.4 days (145%) for RCP8.5 in the near
future. At the end of the century, HD is not projected to change
relative to the near-future period under RCP2.6. On the contrary, it is
projected to increase by 11.8 days (more than double relative to the
reference period) under RCP4.5 and 29.4 days (almost six times that
of the reference period) under RCP8.5.

@ TR is projected to increase on average by 14.7 days (69%) in the near
future and remain at the same levels until the end of the century
under RCP2.6. An increase of 16.9 days (79%) is projected for
RCP4.5 and 19.7 days (92%) for RCP8.5 in the near future. At the end
of the century the projected increase is 28.5 days (134%) under
RCP4.5 and 57.9 days (almost three times that of the reference
period) under RCP8.5, respectively.

@ FD is projected to decrease on average by —9.7 days (—21%) in the
near future and —12.4 days (—28%) at the end of the century under
RCP2.6. For RCP4.5, the projected decrease is —11.6 days (—26%)
for the near-future and — 18.6 days (—41%) for the end-of-the-
century period while for RCP8.5 it is —12.9 days (—29%) in the
near future and —28.8 days (—64%) at the end of the century.

@ CDD is projected to increase marginally by less than 2-3% in the near
future and at the end of the century under RCP2.6. A small increase
of 4 days (8%) is projected for the near-future period and 5.6 days
(11%) for the end of the century under RCP4.5. A small increase of
4.2 days (8%) is also projected under RCP8.5 for the near-future
period. On the contrary, at the end of the century, a significant
CDD increase of 15.4 days (30%) is projected.

@ Statistical robustness is largely indicated for the HD and FD future
changes over the continental areas within southeastern Europe under
all the examined RCPs. For TR robustness is indicated over the whole
region while the change of CDD is statistically robust over the largest
part of the region only for the end-of-the-century period under
RCP8.5.

Overall, our results point towards a definitely warmer and possibly
drier future, especially under RCP8.5. The produced ensemble of high
resolution projected changes can serve as a basis for climate change
impact studies for Greece. The availability of more EURO-CORDEX RCM
simulations driven by the new generation CMIP6 GCMs and the new
IPCC AR6 scenarios (Shared Socioeconomic Pathways; SSPs) would
allow for an update our results in the future most probably suggesting an
even warmer and drier future (Coppola et al., 2021).
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