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Abstract: An assessment of the projected changes in precipitation extremes for the 21st century is
presented here for Greece and its individual administrative regions. The analysis relies on an ensemble
of high-resolution Regional Climate Model (RCM) simulations following various Representative
Concentration Pathways (RCP2.6, RCP4.5, and RCP8.5). The simulated changes in future annual
total precipitation (PRTOT) under the examined scenarios are generally negative but statistically
non-robust, except towards the end of the century (2071–2100) over high-altitude mountainous
regions in Western Greece, Peloponnese, and Crete under RCP8.5. The pattern of change in the
number of very heavy precipitation days (R20) is linked to the respective pattern of the PRTOT
change with a statistically robust decrease of up to −5 days per year only over parts of the high-
altitude mountainous regions in Western Greece, Peloponnese, and Crete for 2071–2100 under RCP8.5.
Contrasting the future tendency for decrease in total precipitation and R20, the changes in the intensity
of precipitation extremes show a tendency for intensification. However, these change patterns are
non-robust for all periods and scenarios. Statistical significance is indicated for the highest 1-day
precipitation amount in a year (Rx1day) for the administrative regions of Thessaly, Central Greece,
Ionian Islands, and North Aegean under RCP8.5 in 2071–2100. The changes in the contribution of the
wettest day per year to the annual total precipitation (RxTratio) are mainly positive but non-robust
for most of Greece and all scenarios in the period 2021–2050, becoming more positive and robust in
2071–2100 for RCP8.5. This work highlights the necessity of taking into consideration high-resolution
multi-model RCM estimates in future precipitation extremes with various scenarios, for assessing
their potential impact on flood episodes and the strategic planning of structure resilience at national
and regional level under the anticipated human-induced future climate change.

Keywords: climate change; precipitation; indices of extremes; Regional Climate Models; Greece

1. Introduction

The Mediterranean is considered one of the most sensitive and vulnerable regions on
Earth to anthropogenic climate change [1]. Average annual temperatures in the Mediter-
ranean region are now almost 1.5 ◦C higher than during the 1880–1899 period, surpassing
the current global warming trends (1.1 ◦C) [2]. The recent acceleration in temperature
increase in the Mediterranean Basin is largely due to the dominant role of anthropogenic
greenhouse gas radiative forcing in combination with the radiative role of decreasing
aerosols and near-surface soil moisture [3]. Model simulations with Global Climate Models
(GCMs) and Regional Climate Models (RCMs) project a sustained warming and drying
of the Mediterranean region mostly for the latter decades of the 21st century for several
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emission pathways [4–22]. Observed precipitation trends in the Mediterranean and Greece
are characterized by high spatial and temporal variability which can be also affected by
low frequency natural climate variability [23–27]. Yet, climate models clearly indicate a
tendency towards reduced precipitation in the coming decades, especially towards the end
of 21st century [16,18,22,28]. Furthermore, several studies focusing on changes in precipita-
tion extremes report that the duration of drought periods will increase in the Mediterranean
region in the future [7,29–31], while extreme precipitation events may intensify especially
under the RCP8.5 scenario [17].

Greece, during the last few decades, has experienced an increasing number of various
extreme events (fires, floods, heat waves, etc.), directly or indirectly related to climate
change, with the public and political awareness about climate change continuously in-
creasing. Weather extremes, such as heavy precipitation events, can induce severe floods
with devastating socio-economic impacts. For example, very recently, the Daniel storm
(4–8 September 2023) and the intense Medicane Ianos (15–21 September 2020) were such
extreme weather events that resulted in record-breaking amounts of accumulated rainfall
over parts of Greece, with an unprecedented footprint on the affected areas [32].

Governmental and non-governmental policy and decision makers, along with private
and the public sector end-users, need spatially detailed information on future climate to
determine the risks that anthropogenic climate change may pose. The GCMs involved in the
Intergovernmental Panel on Climate Change (IPCC) fifth and sixth assessment reports still
exhibit coarse spatial resolution to represent the responses of regional climate to local and
regional scale forcings, like topography and land-use. Therefore, to support local/regional
research on climate change impacts, alongside the development of regional strategies for
adaptation and mitigation, it is essential to utilize high-resolution future climate data
derived from RCMs projections. This dynamical downscaling approach is essential for the
complex topography of Greece. In the framework of the “National Network on Climate
Change and its Impacts (CLIMPACT)”, an assessment of projected climate change over
Greece for the 21st century was carried out, using an ensemble of 11 high-resolution EURO-
CORDEX RCM simulations [22]. Here, an assessment of projected climate change over
Greece for the 21st century related to indices of precipitation extremes is presented as a
follow up work.

2. Data and Methodology

The analysis is based on simulations carried out in the framework of the Coordinated
Regional Downscaling Experiment (CORDEX) research program (https://cordex.org/,
accessed on 1 March 2024). The simulations cover the EURO-CORDEX domain at a high
horizontal resolution (0.11◦ × 0.11◦) spanning from 1950 to 2100 [33–35]. The historical
period refers to 1950–2005, while the future projection period refers to 2006–2100 under the
influence of three greenhouse gas emission scenarios; the Representative Concentration
Pathways (RCPs), RCP8.5 with no further mitigation, RCP4.5 with moderate mitigation,
and RCP2.6 with strong mitigation measures [36]. Each scenario describes a future pathway
of greenhouse gas concentrations up to the year 2100 and the associated potential radiative
forcing relative to the pre-industrial period. The simulations are a product of various
Regional Climate Models (RCMs) driven by Global Climate Models (GCMs) as shown
in Table 1. The selection was based on the fact that each combination of GCM-RCM
provided a complete set of high-resolution simulations for the historical period and the
future period under all three different RCPs. Each individual RCM simulation has its own
uncertainties arising from their different parameterizations and dynamical cores as well as
lateral boundary conditions from the different GCMs. The data from the 11 simulations
were combined to construct an ensemble dataset for both the historical and the future (for
each RCP) periods. Thus, the use of different RCM simulations results in a multi-model
ensemble from which can be derived the inter-model range and uncertainty of the historical
and future projections for each scenario. Daily precipitation data from each simulation
were used to derive annual total precipitation (PRTOT) and extreme precipitation indices,
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such as R20 (number of very heavy precipitation days in a year), Rx1day (highest 1-day
precipitation amount in a year), Rx5day (highest consecutive 5-day precipitation amount in
a year), and RxTratio (ratio of Rx1day to PRTOT), as described in Table 2. The indices of
extreme precipitation were estimated for all 11 RCM simulations and then their average
was calculated to create the ensemble mean values. The projected changes in these climate
related parameters for Greece are presented for the 30-year periods of 2021–2050 (near-
future) and 2071–2100 (end-of-the-century) with respect to the 1971–2000 reference period
following the same set up in the selected periods as in the work by Georgoulias et al. [22],
Mavromatis et al. [28], and Rovithakis et al. [37] in the framework of CLIMPACT for
consistency reasons.

Table 1. List of the RCM simulations including the name of the RCM, the driving GCM and the
realization. All simulations were carried out for the historical period 1950–2005 and the future
period 2006–2100 under the influence of RCP2.6, RCP4.5, and RCP8.5. Source of RCM simulations:
https://esgf-node.llnl.gov/search/esgf-llnl/ (accessed on 1 March 2024).

RCM Driving GCM Realization

1 ALADIN63.v2 CNRM.CNRM-CERFACS-CNRM-CM5 r1i1p1

2 CCLM4-8-17.v1 CLMcom.ICHEC-EC-EARTH r12i1p1

3 HIRHAM5.v2 DMI.ICHEC-EC-EARTH r3i1p1

4 RACMO22E.v1 KNMI.ICHEC-EC-EARTH r12i1p1

5 RACMO22E.v2 KNMI.MOHC-HadGEM2-ES r1i1p1

6 RACMO22E.v2 KNMI.CNRM-CERFACS-CNRM-CM5 r1i1p1

7 RCA4.v1 SMHI.MOHC-HadGEM2-ES r1i1p1

8 RCA4.v1 SMHI.MPI-M-MPI-ESM-LR r1i1p1

9 RCA4.v1 SMHI.ICHEC-EC-EARTH r12i1p1

10 REMO2009.v1 MPI-CSC.MPI-M-MPI-ESM-LR r1i1p1

11 REMO2009.v1 MPI-CSC.MPI-M-MPI-ESM-LR r2i1p1

Table 2. Extreme precipitation indices calculated within CLIMPACT for an ensemble of 11 EURO-
CORDEX RCMs for the period 1950–2100.

Precipitation Index Definition

1 R20 (Very Heavy Precipitation Days) Number of days in a year with daily precipitation > 20 mm

2 Rx1day (Highest 1-day Precipitation Amount) The day with the highest precipitation in a year

3 Rx5day (Highest 5-day Precipitation Amount) Annual maximum consecutive 5-day precipitation

4 RxTratio (Ratio Rx1day/PRTOT) The ratio between the highest precipitation in a year and
annual total precipitation

The daily mean, minimum, and maximum near-surface temperature and PRTOT from
the historical EURO-CORDEX simulations (used in this work) were evaluated for the
reference period 1971–2000 with respect to gridded observational data at a 0.1◦ horizontal
resolution of the European Climate Assessment & Dataset (ECA&D) gridded dataset
(E-OBS) by Georgoulias et al. [22]. The E-OBS gridded dataset is based on observational
data from stations all over Europe [38,39]. The mean bias (MB: difference between the
mean values of two timeseries) and the normalized mean bias (NMB: percentage of the
difference between the mean values of two timeseries) metrics were calculated on a grid
cell basis while the statistical significance of the differences at the 95% confidence level
is indicated using an independent-samples t-test. Furthermore, the spatial correlation
between E-OBS and the EURO-CORDEX ensemble was also calculated using the spatial
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Pearson’s correlation coefficient (Rspatial). Georgoulias et al. [22] reported that the EURO-
CORDEX ensemble temperature data exhibit a reasonable agreement with the gridded
observational data (MB = −0.8 ◦C, NMB = −6.9%, Rspatial = 0.9) while the PRTOT data
show a moderate agreement as discussed below. The MB pattern of the EURO-CORDEX
ensemble PRTOT relative to E-OBS is illustrated in Figure S1 along with the calculated mean
values over the whole area of MB, NMB, and Rspatial (MB = 241 mm/year, NMB = 40%,
Rspatial = 0.6). The precipitation patterns of the ensemble and E-OBS are similar, but EURO-
CORDEX ensemble overestimates PRTOT with a tendency for stronger overestimation
over the high elevation mountainous areas. Our results are in line with previous studies.
Kotlarski et al. [40] showed that the temperature MBs over Europe of hindcast EURO-
CORDEX simulations relative to E-OBS are mostly smaller than 1.5 ◦C (−0.8 ◦C over
Mediterranean), while precipitation NMBs are typically within the ±40% range (30% over
Mediterranean). Furthermore, Katragkou et al. [41] showed similar results evaluating
hindcast EURO-CORDEX simulations against E-OBS.

The statistical robustness of the differences was checked considering the ensemble’s
inter-model variability as discussed in Georgoulias et al. [22]. In more detail, a difference
is regarded robust when at least 7 out of the 11 simulations constituting each ensemble
exhibit differences with the same sign with that of the ensemble difference and are also
statistically significant (at the 95% confidence level) following the non-parametric Mann–
Whitney test [42]. Furthermore, the analysis of the extreme precipitation indices has also
been carried out at the regional level of the administrative regions of the state of Greece,
which are shown in Figure 1. This is very important as adaptation measures are commonly
implemented at a regional level in the country, taking into account the special characteristics
of each region. For each administrative region, the average difference between the future
periods and the reference period is reported. In this case, the statistical significance is
checked at the 95% confidence level applying a two-tailed two-sample t-test considering
the inter-model variability. Each sample (future/reference) consists of 11 values depicting
the mean value for each set of RCM simulations. Mean values and standard deviation
of PRTOT, R20, Rx1day, Rx5day, and RxTratio are shown for all the 13 administrative
regions in the Supplementary Materials (Tables S1–S5, respectively) for the reference period
1971–2000 and for the two future periods (2021–2050 and 2071–2100) under the three RCPs.
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Figure 1. (a) Topography of the examined region (in kilometers above sea level—km a.s.l.). Locations
and areas of interest are also indicated along with the outline of Greece. (b) Map with the borders of
the thirteen administrative regions of Greece (EMT: Eastern Macedonia and Thrace; CMA: Central
Macedonia + Athos; WMA: Western Macedonia; EPI: Epirus; THE: Thessaly; ION: Ionian Islands;
WGR: Western Greece; CGR: Central Greece; ATT: Attica; PEL: Peloponnese; NAE: North Aegean;
SAE: South Aegean; CRE: Crete).
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3. Results

Figure 2 depicts the projected ensemble PRTOT change for the near-future and the
end-of-the-century periods for all three RCPs on an annual basis with respect to the ref-
erence period (1971–2000). The projected changes under the three scenarios are generally
statistically non-robust except at the end of the century (2071–2100) over high elevation
mountainous areas in Western Greece, Peloponnese, and Crete under RCP8.5, where a large
(up to about −300 mm year−1) statistically robust PRTOT decrease is projected.
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Figure 2. Difference for the PRTOT annual precipitation (mm year−1) in the EURO-CORDEX
ensemble for 2021–2050 and 2071–2100 with respect to the reference period (1971–2000), for RCP2.6
(a,b), RCP4.5 (c,d), and RCP8.5 (e,f). Hatched areas indicate not statistically robust differences.

The percentage changes of PRTOT for the individual administrative regions of Greece
are shown in Figure 3. Specifically, for RCP2.6, a statistically non-significant at the 95%
confidence level change ranging between −4.8% and +3.2% among the different admin-
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istrative regions of Greece for both future periods is projected with a mean estimate for
the whole Greece of −3% for 2021–2050 and +0.5% for 2071–2100. Similarly, for RCP4.5, a
non-significant change ranging between −7.9% and +0.9% among the different adminis-
trative regions of Greece is projected for 2021–2050, with a mean estimate for the whole
country of −3%. For 2071–2100, a non-significant decrease in PRTOT is projected for all
the administrative regions of Greece ranging between −11.7% and −3.1% with a mean
estimate for the whole Greece of −5.9%. Similar change patterns are found for RCP8.5
with respect to the other two scenarios for the 2021–2050 period with small non-significant
changes ranging between −7.8% and +0.5% among the different regions in Greece and
a mean estimate for the whole country of −2.7%. However, for the end of the century
(2071–2100) a statistically robust decrease of PRTOT is projected over extended parts of
Greece for RCP8.5 (Figure 2) with values ranging between −26.5% and −10.7% among
the different administrative regions and a mean estimate for the whole Greece of −16%.
Notable is the statistically significant decrease of PRTOT for the administrative regions of
Western Greece, Attica, South Aegean, and Crete (Figure 3).

Atmosphere 2024, 15, x FOR PEER REVIEW 6 of 15 
 

 

The percentage changes of PRTOT for the individual administrative regions of 

Greece are shown in Figure 3. Specifically, for RCP2.6, a statistically non-significant at the 

95% confidence level change ranging between −4.8% and +3.2% among the different ad-

ministrative regions of Greece for both future periods is projected with a mean estimate 

for the whole Greece of −3% for 2021–2050 and +0.5% for 2071–2100. Similarly, for RCP4.5, 

a non-significant change ranging between −7.9% and +0.9% among the different adminis-

trative regions of Greece is projected for 2021–2050, with a mean estimate for the whole 

country of −3%. For 2071–2100, a non-significant decrease in PRTOT is projected for all the 

administrative regions of Greece ranging between −11.7% and −3.1% with a mean estimate 

for the whole Greece of −5.9%. Similar change pa�erns are found for RCP8.5 with respect 

to the other two scenarios for the 2021–2050 period with small non-significant changes 

ranging between −7.8% and +0.5% among the different regions in Greece and a mean esti-

mate for the whole country of −2.7%. However, for the end of the century (2071–2100) a 

statistically robust decrease of PRTOT is projected over extended parts of Greece for 

RCP8.5 (Figure 2) with values ranging between −26.5% and −10.7% among the different 

administrative regions and a mean estimate for the whole Greece of −16%. Notable is the 

statistically significant decrease of PRTOT for the administrative regions of Western 

Greece, A�ica, South Aegean, and Crete (Figure 3). 

 

Figure 3. Heatmaps with the differences between the periods 2021–2050 and 1971–2000 (a) and 2071–

2100 and 1971–2000 (b) under RCP2.6 (a,b), RCP4.5 (c,d), and RCP8.5 (e,f) of PRTOT and all the 

examined extreme precipitation indices (R20, Rx1day, Rx5day, and RxTratio) for each one of the 

thirteen administrative regions of Greece (EMT: Eastern Macedonia and Thrace; CMA: Central Mac-

edonia and Athos; WMA: Western Macedonia; EPI: Epirus; THE: Thessaly; ION: Ionian Islands; 

WGR: Western Greece; CGR: Central Greece; ATT: A�ica; PEL: Peloponnese; NAE: North Aegean; 

SAE: South Aegean; CRE: Crete). Cyan color indicates positive, and brown negative, differences. 

The values in bold indicate statistically significant results at the 95% confidence level based on a 

two-tailed two-sample t-test taking into account the inter-model variability. 

Figure 4 depicts the spatial changes in R20 (number of very heavy precipitation days 

per year with daily precipitation > 20 mm) for the periods 2021–2050 and 2071–2100 with 

respect to the reference period. In general, the pa�erns of R20 change are linked to the 

respective pa�erns of the PRTOT change. In most scenarios, there are non-robust small 

changes in R20 ranging between −2 and +2 days per year. A statistically robust decrease 

up to −5 days per year appears for the frequency of very heavy precipitation days only 

Figure 3. Heatmaps with the differences between the periods 2021–2050 and 1971–2000 (a) and
2071–2100 and 1971–2000 (b) under RCP2.6 (a,b), RCP4.5 (c,d), and RCP8.5 (e,f) of PRTOT and all
the examined extreme precipitation indices (R20, Rx1day, Rx5day, and RxTratio) for each one of
the thirteen administrative regions of Greece (EMT: Eastern Macedonia and Thrace; CMA: Central
Macedonia and Athos; WMA: Western Macedonia; EPI: Epirus; THE: Thessaly; ION: Ionian Islands;
WGR: Western Greece; CGR: Central Greece; ATT: Attica; PEL: Peloponnese; NAE: North Aegean;
SAE: South Aegean; CRE: Crete). Cyan color indicates positive, and brown negative, differences.
The values in bold indicate statistically significant results at the 95% confidence level based on a
two-tailed two-sample t-test taking into account the inter-model variability.

Figure 4 depicts the spatial changes in R20 (number of very heavy precipitation days
per year with daily precipitation > 20 mm) for the periods 2021–2050 and 2071–2100 with
respect to the reference period. In general, the patterns of R20 change are linked to the
respective patterns of the PRTOT change. In most scenarios, there are non-robust small
changes in R20 ranging between −2 and +2 days per year. A statistically robust decrease
up to −5 days per year appears for the frequency of very heavy precipitation days only
over parts of high-altitude mountainous regions of Western Greece, Peloponnese, and
Crete for the 2071–2100 period under RCP8.5, which are areas also exhibiting a robust
decrease in PRTOT (Figure 4). It is noticed in Figure 3 that the changes in R20 are very small



Atmosphere 2024, 15, 601 7 of 14

and non-significant for all the administrative regions of Greece for the near future period
(2021–2050) under all the examined scenarios. The strongest but non-significant change is
revealed in Crete (decrease of −0.7 to −0.9 days per year for the three RCP scenarios). For
the period 2071–2100, the changes in R20 are similarly very small and non-robust across all
the administrative regions of Greece for all the examined scenarios. For RCP4.5, the largest
change is revealed in the administrative regions of Epirus and Crete with a decrease of
−1.0 and −1.3 days per year, respectively. The decrease in R20 becomes stronger for RCP8.5
over 2071–2100, with a decrease of roughly more than 2 days per year, in the administrative
regions of Epirus, Western Greece, Peloponnese, and Crete.
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Despite the tendency for a decrease in total precipitation and in the frequency of very
heavy precipitation events, as indicated from Figures 2 and 4, especially over the end of
the century period 2071–2100, the extreme precipitation indices Rx1day and Rx5day show
a tendency for intensification in the future, yet, with the changes being non-robust for all
periods and scenarios (Figures 5 and 6).

Atmosphere 2024, 15, x FOR PEER REVIEW 8 of 15 
 

 

Figure 4. Similar to Figure 2 but for the index R20 (number of very heavy precipitation days per 

year) in the EURO-CORDEX ensemble for 2021–2050 and 2071–2100 with respect to the reference 

period (1971–2000), for RCP2.6 (a,b), RCP4.5 (c,d), and RCP8.5 (e,f). 

Despite the tendency for a decrease in total precipitation and in the frequency of very 

heavy precipitation events, as indicated from Figures 2 and 4, especially over the end of 

the century period 2071–2100, the extreme precipitation indices Rx1day and Rx5day show 

a tendency for intensification in the future, yet, with the changes being non-robust for all 

periods and scenarios (Figures 5 and 6). 
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RCP4.5 (c,d), and RCP8.5 (e,f). Hatched areas indicate not statistically robust differences.
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Figure 6. Similar to Figure 5 but for the index Rx5day (highest consecutive 5-day precipitation
amount per year) in the EURO-CORDEX ensemble for 2021–2050 and 2071–2100 with respect to the
reference period (1971–2000), for RCP2.6 (a,b), RCP4.5 (c,d), and RCP8.5 (e,f).

It is noticed in Figure 3 that the changes in Rx1day and Rx5day are very small (statisti-
cally non-significant) but mostly positive for all the administrative regions of Greece for
the near future period for all the scenarios, with the strongest positive change projected in
North and South Aegean. Specifically for these two administrative regions, a consistent
increase from 3.6 to 6.9% in Rx1day and from 1.2 to 5.2% in Rx5day is projected for the
three RCPs. The region of Crete is an exception with the Rx5day index decreasing from
−2.3 to −4.6% under the three RCPs.

For the period 2071–2100, the changes in Rx1day and Rx5day are mainly positive
but statistically non-significant over the majority of the country’s administrative regions
under all the examined RCPs, with exceptions towards the southern latitudes (Pelopon-
nese and Crete) where negative changes are projected. It is worth pointing out that the
strongest increases in Rx1day are projected for the administrative regions of Thessaly (from
7.4 to 12.5%), Western Macedonia (from 7.3 to 11.8%), and North Aegean (from 6.4 to 10%)
for all the examined RCPs. Statistically significant increases in Rx1day are found mainly
for RCP8.5 in 2071–2100 for the administrative regions of Thessaly (12.5%), Central Greece
(10%), Ionian Islands (10%), and North Aegean (10%). It is also worth mentioning that
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the strongest (but statistically non-significant) decreases in Rx5day are projected for Crete
(−12.9%) and Peloponnese (−8.3%) for RCP8.5 in the 2071–2100 period. As an example, to
illustrate visually the inter-model variability of historical and future simulations under the
different scenarios, Figure S2 shows the timeseries (1950–2100) of the percentage difference
of Rx1day with respect to the reference period (1971–2000) for the 13 subregions of Greece.

Figure 7 shows the changes in the RxTratio (ratio of Rx1day to PRTOT) index which is
sensitive to changes in both Rx1day and PRTOT and hence should be interpreted considering
the combination of the changes discussed in Figure 2 for PRTOT and Figure 5 for Rx1day.
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Figure 7. Similar to Figure 2 but for the index 100 × RxTratio (%) (Ratio of Rx1day to PRTOT) in
the EURO-CORDEX ensemble for 2021–2050 and 2071–2100 with respect to the reference period
(1971–2000), for RCP2.6 (a,b), RCP4.5 (c,d), and RCP8.5 (e,f).

The changes in RxTratio are mainly positive but non-robust for most of Greece and all
the scenarios in the period 2021–2050 and become more positive near the end of the century
especially for RCP8.5 with robust positive changes almost all over the whole country. This
behavior with the tendency of RxTratio values getting more positive upon the latter part of
the century can be interpreted by the tendency of Rx1day and PRTOT values to increase
and decrease, respectively. Presumably, the ratio is more sensitive to the changes of the
denominator PRTOT, and this is the reason that the robust positive changes of RxTratio for
RCP8.5 are determined by the robust negative changes of PRTOT for RCP8.5.
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4. Conclusions and Discussion

The aim of this work is a multi-model assessment of high-resolution projections for
three Representative Concentration Pathways (RCP2.6, RCP4.5, and RCP8.5) over the
21st century in precipitation extremes (in terms of frequency and intensity) for Greece as
well as, for the first time to our knowledge, for its individual administrative regions.

The projected changes of the annual total precipitation (PRTOT) under the three RCP
scenarios are generally negative but statistically non-robust except at the end of the century
(2071–2100) over high-altitude mountainous regions in Western Greece, Peloponnese, and
Crete under RCP8.5. The decrease of PRTOT in the future over Greece, reported here,
is in accordance with previous RCM ensemble studies focusing over the Mediterranean
Basin [16,17,20,33] or Greece [9,12,22,28]. Coppola et al. [20], based on a 55-member ensem-
ble of high-resolution (0.11◦) RCM simulations showed negative changes of precipitation
in the Mediterranean of about −10% for 2041–2070 and −22% for 2071–2100 under RCP8.5.
Zittis et al. [17] using an ensemble of 33 high-resolution (0.11◦) RCM simulations for RCP8.5
indicated PRTOT changes in the range of 0 to −10% for 2001–2050 and in the range of
0 to −30% for 2051–2100 with the largest decreases towards the southern parts of Greece
(Peloponnese and Crete). Also, Zittis et al. [16], using ensembles of RCM simulations
(at 0.44◦ spatial resolution) for three scenarios (RCP2.6, RCP4.5, and RCP8.5) from sev-
eral CORDEX domains including the Mediterranean, showed similar estimates for the
PRTOT decrease over Greece in comparison to our estimates for the different scenarios and
future periods.

The patterns of change in the number of very heavy precipitation days per year (R20)
are linked to the respective patterns of the PRTOT change with a statistically robust decrease
of up to −5 days per year over parts of the high-altitude mountainous regions in Western
Greece, Peloponnese, and Crete for the end-of-the-century period under RCP8.5. Generally,
the changes in R20 are very small and non-significant over all the administrative regions
for both future periods and under all the examined scenarios. Among the administrative
regions of Greece, the largest decrease (roughly more than −2 days per year), is projected
at Epirus, Western Greece, Peloponnese, and Crete, for RCP8.5 over the end century period.

Despite the tendency for decrease in total precipitation and in the frequency of very
heavy precipitation days, the indices of extreme precipitation Rx1day and Rx5day show
a tendency for intensification in the future, but the changes are mostly non-robust for
all periods and scenarios. Robust increases in Rx1day are calculated mainly for RCP8.5
in 2071–2100 for the administrative regions of Thessaly (12.5%), Central Greece (10%),
Ionian Islands (10%), and North Aegean (10%). However, there are exceptions towards the
southern latitudes with worth-mentioning negative changes in Rx5day projected for Crete
(−12.9%) and Peloponnese (−8.3%) for RCP8.5 in the 2071–2100 period.

The changes in the ratio Rx1day/PRTOT (RxTratio) are mainly positive but non-robust
for most of Greece and all scenarios in the period 2021–2050 and become more positive
towards the end of the century (2071–2100), especially for RCP8.5 that indicates robust
positive changes for all the administrative regions of Greece. The contribution of the wettest
day per year to the annual total precipitation is projected to increase by roughly up to
2% throughout Greece towards the end of the century (2071–2100) under RCP8.5. This
behavior can be interpreted by the fact that Rx1day values tend to increase while PRTOT
values tend to decrease.

Our analysis is in line with the multi-model studies of Coppola et al. [20] and
Zittis et al. [17]. Coppola et al. [20] showed a pattern with positive changes in Rx1day and
Rx5ay over central and north Greece and negative values towards southern Greece (Pelo-
ponnese and Crete) for 2071–2100 under RCP8.5. Zittis et al. [17] showed also that extreme
precipitation events may intensify in the future under an RCP8.5 scenario with the 50-year
maximum daily precipitation (Rx1day) increasing by 0–50% over Greece for 2051–2100,
while the contribution of the most wet day per year to the annual total precipitation is
projected to increase from 2% to 6%.
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Overall, this analysis points towards a possibly drier future climate characterized by
a non-robust tendency with less frequent but more intense extreme precipitation events,
while statistically significant and robust results are projected only for the end-of-the-century
period under RCP8.5. This work highlights the need of including multi-model ensemble
estimates of future climate projections from various RCMs and under different scenarios on
studying precipitation extremes and the potential impact they may have on flood episodes
in accordance with the structure resilience at national and regional level under the antici-
pated anthropogenic future climate change. The above-mentioned multi-approach could be
implemented in the calculation of Intensity-Duration-Frequency (IDF) precipitation curves
for the update of flood risk management plans at catchment areas of the administrative
regions of Greece.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/atmos15050601/s1, Table S1: PRTOT (pages 3–5); Table S2: R20 (pages 6–8);
Table S3: Rx1day (pages 9–11); Table S4: Rx5day (pages 12–14); Table S5: RxTratio (pages 15–17);
Figure S1: MB (page 18); Figure S2: Rx1day (pages 19–23).
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