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Abstract
The paper presents the analysis of a sub-set of high-resolution bias-adjusted simulations from the EURO-CORDEX initiative, in
order to examine the changes in the mean climate and the extremes in three Mediterranean islands, namely, Sicily, Crete and
Cyprus, in the near future (2031–2060) compared to the present climate (1971–2000), under two future scenarios, i.e. RCP4.5
and RCP8.5. The analysis entails commonly used climatic indices of interest related to the islands’ agricultural sector. The results
indicate robust increases for both the mean maximum and minimum temperatures on a seasonal basis, as well as for the
temperature related extremes under both climate scenarios. On the contrary, the changes in precipitation are less pronounced
as the changes in the seasonal precipitation are not found statistically significant for the three islands under both scenarios. The
projected warming combined with the projected unchanged precipitation pattern in the future, especially in spring and summer,
might expose the crops to conditions with a negative impact on the plants’ phenology, leading to implications on crop production
and quality. The results presented here might be the basis for the development of an adaptation strategy specifically targeted on
the three islands but also replicable to other Mediterranean islands.
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Climate indicators

Introduction

The Mediterranean area is considered one of the “Hot Spots
for Climate Change”, meaning that the climate in the area is
especially susceptible to climate change (Giorgi 2006).

Hence, in the past 15 years, it has been the target of a signif-
icant amount of studies examining the impacts of climate
change with the major findings indicating that the future
warming in the area will be higher than the global mean by
25% and 40% in the annual and the seasonal timescales
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(mostly summer), respectively (e.g. Lionello and Scarascia
2018). In addition, this warming is expected to be associated
with an increase of high-temperature and heatwave events,
reduced total precipitation but increased extreme precipitation
events, with the actual magnitude of the changes varying de-
pending on the particular region across the Mediterranean, as
well as the regional climate modelling experiments conducted
(Cramer et al. 2018 and references therein). These changes
may adversely affect public health as well as vital economic
sectors, such as agriculture and tourism, which provide food,
services and resources, and guarantee the livelihood of the
communities in the area.

The most recent studies on the climate change impacts in
the Mediterranean area using the latest state-of-the- art model-
ling experiments from the EURO-CORDEX initiative exam-
ine the impacts on the wider European and/or Mediterranean
domain (e.g. Vautard et al. 2013; Jacob et al. 2014; Dosio
2016; Dosio and Fischer 2018; Zittis et al. 2019). However,
in these studies, an overall picture of the impacts over the
Mediterranean area can be found, while the localized climato-
logical information needed to enable climate change impact
studies and develop adaptation strategies on a national or re-
gional level is very difficult to be extracted.

In this study, we examine the change in the mean and
extreme climate in the near future focusing over three
Mediterranean islands, i.e. Sicily, Crete and Cyprus, using
an ensemble of high-resolution, bias-adjusted regional climate
model (RCM) simulations from EURO-CORDEX. Previous
studies analysing observational data have shown that the three
islands are already experiencing changes in climate. In partic-
ular, Kostopoulou and Jones (2005) analysing observational
data during the period 1958–2000 over the Eastern
Mediterranean found statistically significant positive trends
for both the minimum and maximum summer temperatures
as well for an index related to heatwave duration over Sicily
and Crete. The warming over Sicily and Crete identified by
Kostopoulou and Jones (2005) was also verified by the recent
studies of Viola et al. (2014) and Founda et al. (2019), respec-
tively. In particular, Viola et al. (2014) attributed the statistical
significant temperature trend over Sicily during the period
1924–2006 to the rise of temperatures in the last years of the
past century, while Founda et al. (2019) post-processing ob-
servational data from Crete and Cyprus for the last 60 years
found a significant lengthening in the period of hot extremes
with the more significant changes related to the extremes
associated with minimum temperatures. Regarding
precipitation, Cannarozzo et al. (2006) examining precipita-
tion trends on an annual and seasonal basis from 247 stations
in Sicily during the period 1921–2000 found a statistically
significant negative trend in the western and southwestern part
of the island with the trend however not being statistically
significant over the period 1961–1990. Philandras et al.
(2011) based on observations from 40 stations in the

Mediterranean area found no statistically significant trends
for both the annual total precipitation and the annual number
of rain days for locations in Sicily during the period 1965–
2010 and in Crete and Cyprus during the period 1951–2010.
In addition, Varouchakis et al. (2018) used data from 52
weather stations in Crete for the period 1981–2014 and sug-
gested that the annual rainfall remained stable for the period
examined.

Although a number of studies have assessed the climate
change impacts in the area covering the three islands (e.g.
Zanis et al. 2009; Giannakopoulos et al. 2011; Hadjinicolaou
et al. 2011; Kostopoulou et al. 2014; Zittis et al. 2016), these
studies have been conducted using RCMs with a horizontal
resolution of about 25 km with the future period simulations
driven by the previous SRES emission scenarios. It should be
mentioned that recently Zittis et al. (2020) performing simula-
tions with the WRF model, optimized over Cyprus, found
trends towards a drier and warmer climatic regime with the
most prominent changes evident by the end of the twenty-first
century under the new representative concentration pathway
scenario 8.5 (RCP8.5). To our knowledge, this is the first study
quantifying the climate change impacts over the three islands
using a high-resolutionmulti-model bias-adjusted ensemble ap-
proach. In addition, it should be noted that this study is related
to the LIFE-ADAPT2CLIMA project (LIFE14 CCA/GR/
000928) in which the main goal is to increase knowledge on
the vulnerability of the Mediterranean agricultural sector to cli-
mate change and to support decision-making for adaptation
planning. Therefore, the results presented in the current study
are discussed for the specific sector.

Data and methods

We employ daily maximum (TX) and daily minimum temper-
atures (TN), as well as daily precipitation (RR) for the three
islands of interest from a sub-ensemble of five RCMs
(Table S1) from the EURO-CORDEX modelling experiment
(http://www.euro-cordex.net) with the model sub-ensemble
used in this study being similar to the five-member sub-en-
semble identified and proposed in Bartók et al. (2019). The
horizontal resolution of the models is 0.11°, while the simu-
lated data in this study cover two periods: the 1971–2000
which is used as the reference period and the period 2031–
2060 under two representative concentration pathway (RCP)
scenarios, the RCP4.5 and RCP8.5 (Moss et al. 2010; van
Vuuren et al. 2011). The future period has been chosen spe-
cifically for the needs of the stakeholders and policy-makers
involved in the project to assist them in long-term adaptation
planning.

It should be noted that the evaluation analysis regarding the
models performance against E-OBSv20 (horizontal resolution
0.1°, Cornes et al. 2018) during the period 1971–2000
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revealed, depending on the island and the model, both cold
and warm, as well as dry and wet, biases for the examined
temperatures and precipitation, respectively. In particular, the
models seem to capture quite well the mean gridded observa-
tional seasonal pattern of the daily TX and TN and to a lesser
extent that of RR on each island (Fig. S1). The root mean
square error (RMSE) and the mean absolute error (MAE) for
TX are in the range of 1.2 to 3.4 °C and 1.1 to 3.4 °C, respec-
tively, while lower values are shown for TN of about 0.3–
3.7 °C for both the statistical measures. For RR the normalized
mean square error (NRMSE) ranges from about 10 to 50%
with the highest deviations shown for Crete. Therefore, we
opted to perform bias adjustment to each model’s “raw” out-
put based on E-OBSv20 using the empirical quantile mapping
(EQM) method (Iturbide et al. 2019; Casanueva et al. 2020a,
b). More specifically, EQM works by matching the simulated
and observed empirical cumulative distributions by establish-
ing a quantile-dependent correction function between them
during the reference period. The calibration is carried out in-
dependently for each model and each day of the year with a
moving window of 91 days, considering the full period 1971–
2000, for each one of the grid points covering the three
islands. The correction functions are then applied to the his-
torical period (1971–2000) and the future period (2031–
2060). For more details on the EQM method and its
implementation, the reader is referred to the studies of
Iturbide et al. (2019) and Casanueva et al. (2020a, b). It is
noted that prior to bias adjustment, the RCM’s daily output
for the examined variables are remapped on the E-OBS grid
by choosing the closet grid point to the grid points of E-OBS
on each one of the islands (Fig 1).

To examine the changes in the mean climate and in the
extremes over the three islands, a number of absolute and
threshold indices (Table S2) on a seasonal basis (winter
(DJF), spring (MAM), summer (JJA), autumn (SON)) are
analysed. The indices presented in this study are a selection
of indices from the Expert Team on Climate Change

Detection and Indices (ETCCDI) (Zhang et al. 2011), as well
as indices defined by the technical committee and then mod-
ified by the experts of the three steering committees of the
ADAPT2CLIMA project. The majority of the indices selected
are related to the different phenological stages of the plant,
crop production and quality for the most important cultiva-
tions (in terms of total revenues) in the islands, namely, pota-
toes, tomatoes, olives, grapes, wheat and barley (http://
adapt2clima.eu/uploads/2017/ADAPT2CLIMA_DEL_C.3_
Final_3.pdf).

For each of the indices, in each (land) grid point over the
three islands, the change between the future and the reference
period is considered robust, when the changes in at least three
out of five models are found statistically significant and when
the change in the same models is of the same sign. The first
criterion is examined by using the 95th percentile confidence
intervals as derived by bootstrap (Giannakopoulos et al. 2011;
Varotsos et al. 2019). If only one of the criteria is met, the
change at the specific grid point is not considered significant.

Results and discussion

Present climate simulations

In Fig. 2 the results of the ensemble mean for the daily max-
imum temperatures (TX) averaged over the period 1971–2000
are shown. From the figure, it is evident that Sicily and Crete
exhibit similar mean values (over the grid points covering the
two islands) for all seasons, ranging from about 12.5 °C in
DJF to about 27 °C in JJA, while for Cyprus the mean values
are about 4–4.5 °C higher per season. In all seasons, the
highest temperatures for Sicily are shown for the eastern,
southern and western near the coast areas, for Crete in the
northwestern, northeastern and southern areas, while for
Cyprus in the central and northeastern areas. The lowest
values over the three islands are shown for the mountainous

Fig. 1 E-OBS elevation over Sicily (left panel), Crete (middle panel) and Cyprus (right panel). The number of land grid points covering the islands is 258
for Sicily, 77 for Crete and 88 for Cyprus
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areas. As far as the number of days with daily maximum
temperatures higher than 25 °C (SU, Fig. S2) is concerned,
in Sicily and Crete, the highest average number of days (~
70 days/season) is calculated for JJA, with many areas pre-
senting even higher numbers (~ 90 days). In MAM and SON,
about 5 and 22 days/season are calculated on average,

respectively, for both islands with the highest values reaching
about 16 days/year in MAM and about 35–40 days/year in
SON. For Cyprus, the averaged SU values are higher for all
seasons reaching 25, 90 and 52 days/season for MAM, JJA
and SON, respectively. The highest number of hot days (days
with daily maximum temperatures > 30 °C, HD, Fig. S3) is

Fig. 2 Mean seasonal daily maximum temperatures (TX) for the five-member model sub-ensemble and the period 1971–2000. In each panel, M denotes
the spatial average over the grid points covering each island. Units are the same as in the colourbar
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calculated for JJA over the three islands with the average
number of days/season being about 18, 14 and 67 for Sicily,
Crete and Cyprus, respectively. Nevertheless, the highest
values reach about 45–55 days/season in the eastern near
coastal areas of Sicily, 35–45 days/season in the northwestern
and northeastern areas of Crete, while for Cyprus the central,
northern and northeastern areas experience hot days during
the whole summer season. In MAM the three islands exhibit
much lower values for the specific index with the maximum
values simulated for Sicily and Crete being lower than 5 days/
season, while for Cyprus the highest values are not higher than
20 days/season for the same areas. Higher values than MAM
are shown for SON with the highest number of days for Sicily
and Crete being less than 15 days/season while for Cyprus
being about 40 days/season. Regarding the number of very
hot days (days with daily maximum temperature > 35 °C,
VHD, Fig. S4), the significant values of the index are found in
JJA with the highest number of days being about 12 days in
eastern Sicily, 5 days in the northwestern Crete and 57 days in
central north Cyprus. A much lower number of days are found
only in Cyprus in MAM and SON about 2 and 8 days, respec-
tively (not shown). As far as the maximum daily maximum tem-
peratures are concerned (TXx, Fig. S5), which can be seen as an
indicator of hot extremes temperature events (Dosio and Fischer
2018), the results indicate a west to east increase for the islands of
interest in all seasons except for JJAwhere Sicily exhibits similar
average values to Crete. Overall, the lowest values of the index
are shown in DJF, about 18, 19.5 and 21 °C for Sicily, Crete and
Cyprus, respectively, while in JJA, the values reach 34.5 °C for
Sicily and Crete and about 37 °C for Cyprus.

The average daily minimum temperatures (TN) follow a
similar spatial pattern to the one shown for TX over the three
islands as far as the highest and lowest values of the index are
concerned (Fig. S6). The lowest average values are evident in
DJF reaching about 6 °C in Sicily and Cyprus and 7 °C in
Crete, while the highest evident in JJA reach about 18, 19 and
20 °C in Sicily, Crete and Cyprus, respectively. Regarding the
number of days with daily minimum temperatures < 13°C
(Fig. S7), the highest values of the index, as expected, are
found in DJF with similar average values over the three
islands of about 90 days/season. Lower average values are
evident for MAM (SON) about 70 (35) days/season for
Crete and Cyprus and about 80 (40) days/season in Sicily. It
should be mentioned that the number of days in the lower
elevation areas are lower than the maximum number of days
found in the mountainous areas of the islands by about 10–
20 days/season and 40 to 50 days/season in MAM and SON,
respectively. In JJA, the highest number of days is shown in
the mountainous areas of the three islands. By using a lower
temperature threshold, i.e. 8 °C, the highest number of days is
confined in DJF andMAM seasons over the three islands (Fig.
S8). The average values in DJF reach about 65 days/season in
Sicily and Cyprus and 55 in Crete, while inMAM, the average

values are lower thanDJF by about 30 days in Sicily and Crete
and 40 days/season in Cyprus. In SON, the highest values of
the indices are confined in the mountainous areas, while in
JJA no such days exist over the three islands (not shown). As
far as the number of days with daily minimum temperatures >
20 °C (TR) is concerned (Fig. S9), the highest average number
of days is evident in JJA reaching about 24, 36 and 46 days/
season in Sicily, Crete and Cyprus, respectively. The highest
values of the index are simulated in the southern coastal areas of
Sicily; the northwestern, southern and northeastern coastal areas
of Crete; and the northern and northeastern areas of Cyprus. A
much lower number of days are simulated in SON over the three
islands, whereas a maximum value of about 2 days/season is
simulated only for Cyprus in MAM (not shown). The simula-
tions indicate that for the average maximum daily mini-
mum temperatures (TNx), the values of the index in Sicily
range from about 12 to 23.5 °C in DJF and JJA, respec-
tively, in Crete from 13 to 23.5 °C and in Cyprus from 12
to 24.5 °C for the same seasons, respectively (Fig. S10).

In Fig. 3, the seasonal total precipitation (RR) is shown for
the three islands, while for the rest of the precipitation indices,
the results are shown in the Supplementary information. The
highest amount of precipitation is simulated in DJF reaching,
on average, about 170, 270 and 215 mm in Sicily, Crete and
Cyprus, respectively. Lower values are simulated for MAM
and SON, while the lowest values are simulated in JJA in the
range of 10–15 mm/season. Regarding the number of rain
days (RR1, Fig. S11), in DJF, about one month/season is
simulated on average over the thee islands, while in MAM
and SON, the averaged values do not exceed 15 and 17 days/
season, respectively. Averaged simulated heavy precipitation
days (days with precipitation > 10 mm, RX10) do not exceed
10 days/season with the highest values being evident in DJF
(Fig. S12). In MAM, the averaged values of the index are
about 2–3 days/season, while in SON, the values reach 3–
5 days/season. In JJA, the highest values are lower than
2 days/season and are mostly confined in the mountainous
areas of the islands. Finally, regarding the average maximum
daily precipitation (RX1-day), the highest average values of
about 20–30 mm/season are simulated in DJF and SON de-
pending on the island. In MAM, lower values than DJF and
SON are simulated, about 15–22 days/season, while in sum-
mer, the average values are less than 8 days/season (Fig. S13).

Changes in the mean climate

In Fig. 4, the results of the ensemble mean changes between the
near future (2031–2060) and the reference period (1971–2000)
under both RCP scenarios (RCP4.5 and RCP8.5) are shown for
the seasonal TX. The results indicate robust increases for the total
number of grid points covering the three islands. In particular,
under RCP4.5 for Sicily and Crete, the highest (lowest) average
increases are projected for JJA (MAM) reaching about 1.9 °C (~
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1.2 °C and 1.5 °C for the two islands, respectively) for both
islands, while for Cyprus in all seasons, the increase is about
1.6–1.7 °C. Under RCP8.5, for Crete and Cyprus, spatially aver-
aged changes higher than 2 °C are calculated for all seasons with
the highest reaching about 2.5 °C in JJA for Crete and about
2.2 °C in MAM and SON for Cyprus. For Sicily, the highest

simulated increase of about 2.1 °C is projected for the JJA season,
while for the rest of the seasons, the increase is about 1.6–1.7 °C.
The areas that are most heavily impacted by the TX increases are
the southern coastal areas of Sicily; the northwestern, southern
and northeastern coastal areas of Crete; and the northern and
northeastern areas of Cyprus.

Fig. 3 Mean seasonal total precipitation (RR) for the five-member model sub-ensemble and the period 1971–2000. In each panel, M denotes the spatial
average over the grid points covering each island. Units are the same as in the colourbar
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Fig. 4 Mean seasonal absolute changes in the daily maximum
temperatures (TX) for the five-member model sub-ensemble between
the near future (2031–2060) and the reference period (1971–2000) under
both RCP scenarios (RCP4.5 and RCP8.5). In each panel, M denotes the

spatial average change over all the grid points covering each island with
the units being the same as in the colourbar. Black dots indicate a robust
change at the grid point scale, while N denotes the percentage of grid
points where robust changes are found
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Average spatial TN increases higher than 1.2 °C are
found over the three islands for both RCPs (Fig 5). The
increases in Sicily range from about 1.2 °C (MAM) to
1.9 °C (JJA) and from about 1.5 °C (DJF) to 2.2 °C
(JJA) under RCP4.5 and RCP8.5, respectively. For the is-
land of Crete, the highest TN increases of about 1.8 °C and
2.2 °C under RCP4.5 and RCP8.5 are calculated in JJA,
while the lowest are about 1.3 °C (MAM) and 1.7 °C (DJF)
for the same scenarios, respectively. As far as Cyprus is
concerned, the increases under RCP4.5 range from 1.5 °C
(DJF) to 1.6 °C (MAM and JJA) and from 1.9 °C (DJF) to
2.2 °C (SON) under RCP8.5. The areas that are most
heavily impacted by the TN increases are the western areas
of Sicily; the northwestern, northern and northeastern
coastal areas of Crete and the northern; and northeastern
areas of Cyprus.

Regarding the precipitaions seasonal chnages, non signifi-
cant changes are calculated for all seasons and under both
scenarios, over the three islands due to the non-statistically
significant changes calculated for at least three of the five
RCMs (Fig 6).

Changes in the extremes

The seasonal increases shown in the previous section for both
the daily maximum and minimum temperatures are accompa-
nied by increases in the rest of temperature examined indices. In
particular, from Fig. S14, it is evident that an increase is
projected for the SU index over the three islands for the
MAM, JJA and SON periods, with the highest increases for
Sicily and Crete shown in JJA (10 to 12 extra days/season) and
SON (7 to 13 extra days/season) depending on the scenario.
Similar increases in magnitude are evident for Cyprus with the
highest increases projected in MAM and SON with robust
changes covering the whole island. It should be mentioned that
the highest JJA increases are projected for the areas with fewer
than 80 days/season during the control period. For the HD
index (Fig. S15), the highest increases of 11 (Cyprus RCP4.5)
to 24 days/season (Crete RCP8.5) are shown for JJA. Lower
increases are also shown for MAM (1–2 days/season in Sicily
and Crete and 6–8 days/season in Cyprus) and SONperiods (3–
4 and 1–2 days/season in Sicily and Crete, respectively, and 6–
9 days/season in Cyprus) with the highest increases calculated
under RCP8.5. The highest increases for the VHD index (Fig.
S16) are shown in JJA, 56 extra days/season for Sicily, 5–8
extra days/season for Crete and 15–19 extra days for Cyprus,
under RCP4.5 and RCP8.5, respectively. Regarding TXx sig-
nificant increases are calculated over the three islands under
both scenarios. The spatial pattern of the warming over the
three islands follow the one of the average daily maximum
temperatures with the simulations indicating the highest overall
average warming about 4 °C in Crete (Fig. S17).

Decreases are shown for the TN indices below a relatively
low temperature threshold over the three islands due to the
increases in the seasonal TN. More specifically, for the num-
ber of days TN < 13 °C (Fig. 7), the highest decreases are
shown for MAM and SON, ranging from 9 (Sicily RCP4.5)
to 16 (Cyprus RCP 8.5) fewer days/season and from about 10
(all three islands under RCP4.5) to about 14 less days/season
(all three islands under RCP8.5), for MAM and SON respec-
tively, while for the number of days TN < 8 °C, the highest
decreases are shown for DJF and MAM ranging from 13
(Sicily RCP4.5) to 21 (Cyprus RCP8.5) fewer days/season
and from about 9 (all three islands under RCP4.5) to 12 (all
three islands under RCP8.5) fewer days/season, respectively
(Fig. S18). Regarding the number of tropical nights (TR, Fig.
S19), the highest increases are shown over the islands mostly
in JJA and SON. The increases over the three islands range
from 19 (Cyprus RCP4.5) to 26 (Sicily and Crete under
RCP8.5) extra days/season in JJA and from 8 (Sicily and
Crete under RCP4.5) to 14 (Cyprus RCP8.5) extra days/
season in SON, with the highest increases in both seasons
calculated under RCP8.5 In addition, for Cyprus, an increase
of 1–2 extra days/season is shown for theMAM period. As far
as TNx is concerned, the increases range from 1.4 °C (Crete in
MAM under RCP4.5) to 2.8 °C (Sicily and Crete in JJA under
RCP8.5) (Fig. S20).

Regarding the precipitation extremes, the results indicate
non-significant changes for the majority of the indices follow-
ing the non-significant seasonal changes over the three
islands. However, a few exceptions exist. In particular, in
Sicily, robust decreases are projected in the number of rain
days (RR1) in MAM under both scenarios by about 3–5 days/
season (Fig. S21). Nevertheless, the percentage of grid points
that the changes are found robust is about 9% and 38% under
RCP4.5 and RCP8.5, respectively. Robust decreases of about
2 days/season are also shown in MAM under RCP8.5 for
Crete and Cyprus for a lower percentage of grid points 6%
and 3%, respectively. For Crete, robust decreases of similar
magnitude to the MAM season are simulated in SON under
RCP8.5 for a low percentage of grid points (~ 9%) in the
central parts of the island. For the heavy precipitation days
(RX10), no significant changes are simulated over the three
islands for all seasons and under both RCPs (Fig. S22).
Finally, for the maximum daily precipitation (RX1-day) ro-
bust relative increases of about 20–30% are shown for Sicily
in SON for a low percentage of grid points, less than 10%, for
both RCP4.5 and RCP8.5 (Fig. S23).

Comparison with other studies

The results presented in this study can be compared to the
ones from earlier studies mostly in a qualitative way. The
reasons behind this statement are related to the different meth-
odologies used: (1) The majority of the most recent studies
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Fig. 5 Mean seasonal absolute changes in the daily minimum
temperatures (TN) for the five-member model sub-ensemble between
the near future (2031–2060) and the reference period (1971–2000) under
both RCP scenarios (RCP4.5 and RCP8.5). In each panel, M denotes the

spatial average change over all the grid points covering each island with
the units being the same as in the colourbar. Black dots indicate a robust
change at the grid point scale, while N denotes the percentage of grid
points where robust changes are found
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using the EURO-CORDEX use the time sampling approach
(James et al. 2017), i.e. analysing the climate change signal
from simulations at the time global temperature is found to
exceed 1°, 2° or 3° instead of using specific future periods
(e.g. Vautard et al. 2014; Dosio and Fischer 2018; Zittis
et al. 2019), while the ones that exist in the literature using
fixed future periods focus at the end of the century (Jacob et al.
2014; Dosio 2016); (2) the majority of recent studies have
used RCMs with a horizontal resolution of about 25 km with
the models’ future simulations forced by the older SRES emis-
sion scenarios (e.g. Zanis et al. 2009; Giannakopoulos et al.
2011; Hadjinicolaou et al. 2011; Kostopoulou et al. 2014;
Zittis et al. 2016); and (3) the reference period differs among
the studies, with the earlier studies using as reference period
the period 1961–2000 (most of the studies in the previous
category), later studies the period 1971–2000 (Jacob et al.
2014; Vautard et al. 2014), while a few studies use the period
1981–2010 (Dosio 2016; Dosio and Fischer 2018; Zittis et al.
2020). However, despite the methodological differences be-
tween the studies and the actual changes in magnitude of
temperature and precipitation mean climate and extremes,
common and similar to this study, conclusions can be
extracted. Primarily, the warming in the area is high and
robust with a relatively strong increase in the warm
extremes, and secondly, less robust or even no significant
are the results for precipitation. Regarding the latter,
Hadjinicolaou et al. (2011) examining the climate change im-
pacts over Cyprus with the use of an ensemble of six RCMS
from the ENSEMBLES project (horizontal resolution about
25 km) between the 2026 and 2050 (under A1B) and the
1976–2000 periods found no statistically significant changes
in the majority of the precipitation indices examined. Similar
results are also found in this study as well as in other recent
studies (Dosio and Fischer 2018; Zittis et al. 2019). On the
contrary, Zittis et al. (2020) performing simulations with the
WRF model, optimized over Cyprus, reported a decrease in
the annual total precipitation of about 10–15% between the
2031 and 2060 period (under RCP8.5) and the 1981 and 2000
period, an increase of about 5 to 10 days in the annual con-
secutive dry days and a decrease of about 10 days in the
number of rain days. However, as stated in their study, the
simulations performed were found to be in the dry end of the
EURO-CORDEX ensemble.

Implications for the agricultural sector
of the islands

In this section, the impacts of the robust projected increases of
temperature means and extremes as well as possible changes
in precipitation on the crops of potatoes, olives, wheat, barley,
tomatoes and grapes which are the main cultivars of the three
islands are discussed. Regarding the first crop, the potato plant

is characterized by specific temperature requirements and de-
velops best at about 15–20°C. A recent study examining the
impact of increased day and night temperatures, higher than
35oC and 25°C respectively, during the summer (growing)
season found that for temperatures above 20°C, potato pro-
ductivity is reduced and the earlier the heating occurs, the
more negative is the impact on the growth and total yield of
the crop (Rykaczewska 2015). Combined with the results pre-
sented in the previous section about VHD and TR in JJA, as
well as the indices extension toMAM and SON, it is plausible
that the specific crop may be negatively affected from the
warming projected over the three islands.

For the olive tree, the impact of a warming climate is more
complex. The decreases in the number of days with TN < 8 °C
and TN < 13 °C in DJF and MAM may have a positive effect
on trunk growth and the vegetative state and fruit growth
respectively, while the increased TX and TN temperatures in
MAM may lengthen the growing season (Pérez-López et al.
2008; López-Bernal et al. 2020). However, the increase of HD
during MAM and JJA (anthesis and veraison period) may
affect negatively the fruit set (Moriondo et al. 2019; López-
Bernal et al. 2018) and fruit size (Benlloch-González et al.
2019). Moreover, the decreases in the number of chilling days
(days with 8 °C > TN > 0 °C) in DJF may have a negative
impact on flowering bud differentiation that requires a period
of low temperatures for its completion (Ozdemir 2016; Brito
et al. 2019). In addition, the increase in SU in JJA and SON
period may produce favourable conditions for increased olive
fly infestations, which reduces final yield and quality (Ponti
et al. 2014). Finally, the warming projected in this study may
have an impact on the quality of the olive oil since it is one of
its quality drivers (Ozdemir 2016).

For extreme events occurring at anthesis, cardinal temper-
atures that may reduce the final yield generally coincide for
the considered crops (MAM period). For wheat, higher tem-
peratures at anthesis have been demonstrated to have a detri-
mental effect on floret fertility and therefore on yield (Porter
and Gawith 1999), which onsets when daily maximum tem-
peratures exceed to 30 °C. For barley, though a few docu-
ments report the relevant cardinal temperatures, 30 °C may
be still retained as the temperature threshold for optimal fruit
set according to Oshino et al. (2011), who reports that maxi-
mum temperatures above 30 °C arrest cell division in anthers
leading to a poor pollen germination and therefore lower final
yield. Daily temperature above 30 °C at anthesis have also a
negative impact on final yield of tomato, inducing abortion
and abscission of developing floral buds (Warner and Erwin
2001). For grapes, Leolini et al. (2018) found that for optimal
fruit set, the temperature at anthesis should be limited in a
range between 25 and 30 °C, while for temperature, exceeding
these thresholds fruit set progressively decreases.

Finally, the impact of climate change on crop yield depends
on the combination of warmer temperatures, reduced rainfall
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Fig. 6 Mean seasonal relative changes in total precipitation (RR) between
the near future (2031–2060) and the reference period (1971–2000) under
both RCP scenarios (RCP4.5 and RCP8.5). In each panel, M denotes the
spatial average change over all the grid points covering each island with

the units being the same as in the colourbar. Black dots indicate a robust
change at the grid point scale, while N denotes the percentage of grid
points where robust changes are found
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Fig. 7 Mean seasonal absolute changes in the number of days with daily
minimum temperatures lower than 13 °C for the five-member sub-ensem-
ble between the future (2031–2060) and the reference period (1971–
2000) under both RCP scenarios (RCP4.5 and RCP8.5). In each panel,

M denotes the spatial average change over all the grid points covering
each island with the units being the same as in the colourbar. Black dots
indicate a robust change at the grid point scale, while N denotes the
percentage of grid points where robust changes are found
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rates and the growing season of the considered crop. When
considering the Mediterranean region as a whole, increasing
temperatures coupled with the limited rainfall amounts simu-
lated for the future generally follow a seasonal trend. The
highest increases of temperature are observed in summer peri-
od, while these effects are less pronounced in autumn and
spring, whereas for rainfall, a mixed pattern with non-
significant changes is simulated. As a matter of fact, summer
crops such as tomato, grapevine and olive tree whose growing
cycle covers spring and summer period are more exposed to the
impact of climate change with respect to winter crops, such as
barley and wheat whose growing cycle takes place during a
favourable period (Moriondo et al. 2011; Webber et al. 2018).
The impact of such a change on crop yield is especially due to
the combined effect of warmer temperatures, which increase
the evapotranspirative demand of the crops and the reduction
of available water that prevents this demand from being fully
satisfied. Changes in dry and wet spell, though not robust in our
results, may play an additional role in worsening or reducing
the impact of climate change on crops. In the last years, western
Mediterranean experienced a low reduction in total yearly ac-
cumulated rainfall with respect to the baseline (Kostopoulou
and Jones 2005), and this was associated to an increase in dry
spell implying an increase in extreme rainfall events and that
not all rain becomes water available to plants. This trend, if
projected for the future period, will further increase the impact
of climate change on crops.

Summary

In this study, the impact of climate change on both the mean
climate and the extremes over the islands of Sicily, Crete and
Cyprus using a sub-set of bias-adjusted EURO-CORDEX
simulations for the 2031–2060 future period under two RCP
scenarios, namely, RCP4.5 and RCP8.5, was examined. The
analysis revealed robust increasing changes between the peri-
od 2031 and 2060 and the reference period for both the mean
maximum and minimum temperatures on a seasonal basis, as
well as for the temperature related extremes examined under
both different scenarios. On the contrary, the changes in the
total precipitation were found less pronounced under both the
RCP4.5 and RCP8.5 compared to the reference period. In
addition, a qualitative assessment of the projected warming
was made based on literature for the main crops cultivated in
the three islands. The analysis revealed that the projected
warming mostly in spring and summer might expose the crops
to conditions likely to have an adverse impact on the pheno-
logical stages of the plants which, as a consequence, may
affect the plants’ production and crop quality.

Uncertainties related to this study are mostly associated to
the projections of future climate themselves where despite the
scientific effort, the overall uncertainty has not been

significantly reduced (Qian et al. 2016). It should be noted
that the quality of the observational dataset used to bias-
adjust the models output affects the quality of the bias-
corrected data. However, E-OBS is constantly improving
(Cornes et al. 2018) and is considered a state-of-the-art
gridded interpolated product for the European domain, which
despite its uncertainties (Kotlarski et al. 2014 and references
therein) has been broadly used in many studies (e.g. Dosio
2016; Dosio and Fischer 2018; Varotsos et al. 2019). It should
also be mentioned that for a quantitative assessment of the
climate change impact on the different crops cultivated in
the three islands, the high-resolution bias-adjusted simulations
could be used as input to drive crop model simulations that
describe the biophysical interactions between climate and the
agricultural systems.

Despite the uncertainties related to this study, the method-
ology and results obtained here can be used as part of a climate
change risk and vulnerability assessment that can contribute to
the development of an adaptation strategy on the three islands
or in a more localized level. This could be done not only in the
agricultural sector as presented in the current study but also in
other sectors, such as human health and tourism. Given the
results presented in this study regarding the projected changes
in temperature for Sicily, Crete and Cyprus are of the same
magnitude or higher than the projected changes shown in
earlier studies for the central and northwestern Europe, under
RCP4.5, for the end of the century (Jacob et al. 2014), the
characterization “hot spots for climate change” in Europe
can be supported.
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