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Abstract: This study presents an updated assessment of the projected climate change over Greece
in the near future (2021–2050) and at the end of the 21st century (2071–2100) (EOC), relative to the
reference period 1971–2000, and focusing on seasonal crop-specific climatic indices. The indices
include days (d) with: a maximum daily near-surface temperature (TASMAX) > 30 ◦C in Spring,
a TASMAX > 35 ◦C in Summer (hot days), a minimum daily near-surface temperature (TASMIN)
< 0 ◦C (frost days) in Spring, a TASMIN > 20 ◦C (tropical nights) in Spring–Summer and the daily
precipitation (PR) > 1 mm (wet days) in Spring and Summer covering the critical periods in which
wheat, tomatoes, cotton, potato, grapes, rice and olive are more sensitive to water and/or temperature
stress. The analysis is based on an ensemble of 11 EURO-CORDEX regional climate model simulations
under the influence of a strong, a moderate, and a no mitigation Representative Concentration
Pathway (RCP2.6, RCP4.5 and RCP8.5, respectively). The indices related to TASMAX are expected to
increase by up to 11 days in Spring and 40 days in Summer, tropical nights to rise by up to 50 days,
frost days to decrease by up to 20 days, and wet days to decline by up to 9 days in Spring and
Summer, at the EOC with an RCP8.5. The increased heat stress and water deficit are expected to have
negative crop impacts, in contrast to the positive effects anticipated by the decrease in frost days.
This study constitutes a further step towards identifying the commodities and/or regions in Greece
which, under climate change, are or will be significantly impacted.

Keywords: crop climatic indices; crop temperature thresholds; vital crop periods; climate change;
EURO-CORDEX simulations; Greece

1. Introduction

The agricultural sector in Greece provides food, services and resources, guaranteeing
the livelihood of 12–13% (in 2010) of the total labor force in Greece and contributing 4% of
the national gross domestic product (GDP), almost double the European average. Exports
of agricultural products account for one third of the total exports in Greece [1]. Agricultural
land accounts for about 36% of Greek land (where 24% of this is irrigated, at least once a
year) [2].

Agriculture is one of the most climate- and weather-dependent socio-economic sec-
tors (and this will continue in the future), since most of the agriculture productivity and
quality are directly dependent on different climatic factors [3–5]. Climate change’s (and
particularly the combined effects of changes in temperature, rainfall and atmospheric CO2
concentrations) direct and indirect impacts on the agriculture sector are differentiated
across the European regions [6]. Direct impacts relate to temporal shifts in phenology and
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calendars, the displacement of cultivation areas and soil loss, changes in the water supply
and irrigation demand, and the direct effects of increased CO2 on crop growth. Indirect
impacts arise as a result of the direct effects, further aggravating the negative impacts on
agricultural production, including increases in pests and diseases, invasive species and
extreme events (such as very strong winds, hailstorms, intense heat and frosts) [6,7].

According to the American Meteorological Society (AMS) (https://glossary.ametsoc.
org/wiki/Agroclimatic_index, accessed on 16 December 2022), an agroclimatic index is a
climate measure or indicator that has specific agricultural significance. Most indices are
focused on drought, phenology, frost, and heat stress [8]. To date, there have been only a
limited number of published studies dealing with changes related to agroclimatic indices
for specific crops in Greece [9–12]. Positive trends were found for the thermal indices
of the growing degree Days and heat stress index, using a gridded (25 × 25 km2) daily
air temperature (maximum and minimum) from the Agri4Cast dataset of the JRC MARS
Meteorological Database, during 1978–2020 [9]. These results suggest a clear expansion
ability of maize and wheat to the northern and higher altitude areas in the Balkan Peninsula
and an increased risk of heat-caused plant injuries. The free-of-frost period of a year (i.e.,
the number of days between the last and first frost day of the year), in the same area during
the above-mentioned baseline, increased (positive trends were found) as a result of an
earlier last Spring frost and a delayed first Autumn frost, and the frost days (TASMIN
≤ 0 ◦C) are expected to be reduced in the future [9,13]. Refs. [11,12] categorized Greek
wine-grape areas with the use of the agroclimatic indices and investigated the relationships
between their harvest dates and berry composition (e.g., potential alcohol and acid levels)
with the climate during critical periods of the vegetative cycle.

Last but not least, [14] presented an updated assessment of the projected climate
change (for specifics of the regional climate model (RCM) ensemble and the Representative
Concentration Pathway (RCP) emission scenarios used, see Section 2.1) over Greece in the
near future (NF) (2021–2050) and at the end of the 21st century (EOC) (2071–2100), focusing
on the near-surface temperature, precipitation, and heat (hot days and tropical nights),
cold (frost days) and drought (consecutive dry days)-related climate indices. A warmer
future for Greece, ranging from 1.2–1.6 ◦C in the NF to 1.4–4.3 ◦C at the EOC, was found
no matter which RCP was used. As a result, the number of hot days and tropical nights in
a year is projected to increase significantly and the number of frost days to decrease. The
precipitation is projected to decrease by up to 16% and the number of consecutive dry days
in a year to increase by 15.4 days (30%) at the EOC under RCP8.5.

However, most of these studies provide only a general picture of the effect of climate
change on the agroclimatic conditions during a growing season [13,14] without focusing
on the critical periods (during which most crops are more sensitive to water and/or
temperature stress) that the quality and quantity of specific crops are affected. A recent
survey in Pakistan revealed that the closer to harvest time extreme weather events occur, the
greater the climate-induced damages to wheat are expected [5]. In this context, this study
presents, for the first time to our knowledge, a multi-model assessment of the projected
climate change over Greece (Figure 1) in the NF and at the EOC, focusing on crop-specific
temperature- and precipitation-related indices during critical time periods. Understanding
the specific impacts of temperature and the precipitation threshold frequency changes on
a number of major Greek commodities is a necessary step in providing policy makers,
agronomists and growers with the decision-making tools to manage and adapt to climate
change [15]. This analysis is based on the same regional climate model simulations used
by [14].

https://glossary.ametsoc.org/wiki/Agroclimatic_index
https://glossary.ametsoc.org/wiki/Agroclimatic_index
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Figure 1. Topography of the study region (in meters above sea level—m a.s.l.). Locations and areas 
of interest mentioned in the text are also indicated along with the outline of Greece. 

The paper is structured as follows. Section 2.1 describes the data from the RCM sim-
ulations. Section 2.2 discusses the critical crop periods for a number of significant-for-
Greece crops and the seasonal crop-specific climatic indices used in this study, while Sec-
tion 2.3 presents the methodology adopted for the analysis. Section 3 presents and dis-
cusses the main results for the maximum temperature-related indices (Section 3.1), the 
minimum temperature-related indices (Section 3.2), and the precipitation-related indices 
(Section 3.3), while Section 4 summarizes the key findings of the study. 

2. Data and Methods 
2.1. Regional Climate Model Simulations 

Daily near surface maximum and minimum air temperatures (i.e., TASMAX and 
TASMIN, respectively; in °C) and precipitation (PR; in mm day−1) from 11 regional climate 
model (RCM) simulations at a horizontal resolution of 0.11° (~12.5 km), derived from the 
EURO-CORDEX initiative (https://www.euro-cordex.net/, accessed on 16 December 2022) 
[16–18], were used. The simulations are a product of various RCMs driven by various 
global climate models (GCMs) (Table 1). For each member of the ensemble, data from four 
different simulation runs were used: a historical simulation during 1950–2005 and three 
simulations for the period 2006–2100 under three different RCPs (RCP2.6, RCP4.5 and 
RCP8.5). RCP2.6 is a strong mitigation scenario where greenhouse gas (GHG) concentra-
tions are bound to decrease by −70% during 2010–2100 [19]. RCP8.5 is a high-end scenario 
without any future environmental and climate change policies applied with GHG concen-
trations contentiously increasing [20]. It should be noted that high-end scenarios (such as 
in RCP8.5) can be very useful to explore the high-end risks of climate change but the rapid 
development of renewable energy technologies and emerging climate policy have made 
it considerably less likely that emissions could end up as high as in RCP8.5 [21]. The 
RCP4.5 is a moderate cost-efficient mitigation scenario designed to reach the radiative 

Figure 1. Topography of the study region (in meters above sea level—m a.s.l.). Locations and areas
of interest mentioned in the text are also indicated along with the outline of Greece.

The paper is structured as follows. Section 2.1 describes the data from the RCM
simulations. Section 2.2 discusses the critical crop periods for a number of significant-
for-Greece crops and the seasonal crop-specific climatic indices used in this study, while
Section 2.3 presents the methodology adopted for the analysis. Section 3 presents and
discusses the main results for the maximum temperature-related indices (Section 3.1), the
minimum temperature-related indices (Section 3.2), and the precipitation-related indices
(Section 3.3), while Section 4 summarizes the key findings of the study.

2. Data and Methods
2.1. Regional Climate Model Simulations

Daily near surface maximum and minimum air temperatures (i.e., TASMAX and
TASMIN, respectively; in ◦C) and precipitation (PR; in mm day−1) from 11 regional climate
model (RCM) simulations at a horizontal resolution of 0.11◦ (~12.5 km), derived from
the EURO-CORDEX initiative (https://www.euro-cordex.net/, accessed on 16 December
2022) [16–18], were used. The simulations are a product of various RCMs driven by various
global climate models (GCMs) (Table 1). For each member of the ensemble, data from
four different simulation runs were used: a historical simulation during 1950–2005 and
three simulations for the period 2006–2100 under three different RCPs (RCP2.6, RCP4.5
and RCP8.5). RCP2.6 is a strong mitigation scenario where greenhouse gas (GHG) con-
centrations are bound to decrease by −70% during 2010–2100 [19]. RCP8.5 is a high-end
scenario without any future environmental and climate change policies applied with GHG
concentrations contentiously increasing [20]. It should be noted that high-end scenarios
(such as in RCP8.5) can be very useful to explore the high-end risks of climate change but
the rapid development of renewable energy technologies and emerging climate policy have
made it considerably less likely that emissions could end up as high as in RCP8.5 [21].
The RCP4.5 is a moderate cost-efficient mitigation scenario designed to reach the radiative

https://www.euro-cordex.net/
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forcing target of 4.5 W m−2, with GHG concentrations starting to decrease after 2040 [22].
Details regarding how the original EURO-CORDEX daily data were brought to a standard
0.1◦ × 0.1◦ grid using a focus on southeastern Europe (34◦ N–44◦ N, 18◦ E–30◦ E) with
Greece being in the center of this region (Figure 1), are given by [14].

Table 1. List with the EURO-CORDEX RCMs whose simulations were used in the present study. The
corresponding driving GCMs and the specific realizations are also shown.

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

2.2. Critical Crop Periods—Crop- and Seasonal-Specific Climatic Indices

Critical to water and temperature stress periods are those during which insufficient
soil moisture causes an irreversible loss of yield or quality. A review of the literature was
undertaken to document these critical periods for a number of significant-for-Greece crops
(Table 2).

In Greece, wheat (Triticum aestivum L.) covers 25% of the cultivated land, i.e., about
10 million hectares. Winter wheat is a crop that can tolerate cold temperatures during the
early phases of its growth and development. From its early developmental stages (through
tillering), this small grain can easily withstand temperatures of down to −11 ◦C; however,
as Spring progresses and the wheat growth progresses from boot to flowering, it becomes
more susceptible to injury (e.g., moderate to severe yield decreases were identified) by
freezing temperatures and its cold tolerance is reduced by −2 to −1 ◦C [23] (the threshold
of 0 ◦C was selected for this study). This is because the growing point (meristem) is pushed
above the soil surface and is no longer protected by the soil. On the other hand, below
average yields were found when the TASMAX > 30 ◦C at anthesis due to pollen sterility,
lower carbon dioxide (CO2) assimilation and increased photorespiration [24]. A high
nighttime temperature (≥20 ◦C) from booting to maturity was also found to decrease the
spikelet fertility, grains per spike, and grain size [25]. Drought stress on Winter wheat
during Spring shooting and booting results in premature heading and early maturity and,
thus, a shortened growth period and yield loss [26].

Olive (Olea europaea) trees cover 20% of the cultivated land (approximately 130.000.000
trees in an area of 6900 km2 (https://olivetreeroute.gr, accessed on 16 December 2022)). At
lower than −7 ◦C, leaves are lost, and slender branches dry up, resulting in severe yield
losses [27]. At −10 ◦C and below the death of the entire tree occurs. Above 35 ◦C, the
stomata start closing up, thereby negatively affecting the growth [28], and at 40–45 ◦C,
photosynthesis completely stops [29]. Olive production is negatively affected by Summer
drought when its fruit formation and development occur [30].

Greece is by far the primary cotton (Gossypium hirsutum)-productive country in the
European Union (EU) [31]. Although it is considered a warm season crop, temperatures
greater than 30 ◦C result in a reduction in the fruit retention which can delay the crop
maturity and reduce the overall lint yield and quality [32]. Cotton is also frost sensitive, and
its germination percentage and seedling establishment is damaged when the temperature
drops to −2–−1 ◦C [23] (the threshold of 0 ◦C was selected for this study).

A 43% area of western and central Greece, and the Peloponnese, and 30% of Macedonia
and Thrace (see Figure 1) are given over to potato (Solanum tuberosum L.) production. The

https://olivetreeroute.gr
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most heat-vulnerable stages of potato growth and development are at tuber initiation
and tuber bulking. At a temperature higher than optimal (i.e., haulm growth is fastest
in the temperature range of 20–25 ◦C), a reduction or complete inhibition of tuberization
and the intensified development of the aboveground parts of the plants take place [33].
Heat stress (TASMAX > 35 ◦C) severely reduces the tuber formation and tuber weight
by disrupting the tuberization signal as well as reducing the accumulation of carbon into
starch in the tuber [34]. Potato is also frost sensitive, and severe damage may occur when
the temperature drops below 0 ◦C [35]. The most sensitive to water stress stage of potato
growth generally occurs when its storage organs enlarge; however, major reductions in
yields occur from severe water stress only [26].

Tomato (Lycopersicon esculentum) is the most widely cultivated vegetable in the world.
The two-week period up to anthesis is the most critical developmental phase for this crop.
Under heat stress (the critical temperature varies from 29 ◦C for sensitive cultivars to 32 ◦C
for more heat-tolerant ones [36]—the threshold of 30 ◦C was selected for this study), the
fruit is set without adequate pollination, the internal fruit segments contain few seeds, and
the tomato is flat sided and puffy. Reference [37] suggested that Summer temperatures
above 35 ◦C values would most likely reduce tomato production. Conversely, freezing
injury due to a springtime early frost (TASMIN < 0 ◦C) can also substantially reduce the
final yield [23]. Tomatoes are most sensitive to drought stress at flowering and during its
fruit and seed development. Moreover, the fruit set on this crop can be seriously reduced if
water is limited [26].

The average annual wine production in 2020 was 2.3 million hl (with 1.7 million hl for
2021), which ranks Greece as the 17th largest wine-producing country in the world [38].
Early Spring frosts (TASMIN < 0 ◦C) damage plant tissue by the rupturing of cells, enzyme
reductions caused by dehydration, and the disruption of membrane function. At the other
end of the spectrum, Summer temperatures that exceed +35 ◦C negatively impact wine
grape production by “shutting down the vines” through an inhibition of photosynthesis and
a reduction in the color development and anthocyanin production [39]. Ample precipitation
during the early vegetative stage is beneficial to initial growth; however, during bloom
it can reduce or retard flowering, and during berry growth it can enhance the likelihood
of fungal diseases. During maturation, rainfall can increase the fungus occurrence and
growth, dilute the berries (which reduces the sugar and flavor levels), and severely limit
the yield and quality [39].

Seventy percent of all Greek rice (Oryza sativa L.), approximately 26.000 ha of land
located primarily on river estuaries and coastal areas, is grown mostly in Central Macedonia
(see Figure 1). It is well documented that even a short-term exposure to high temperatures
(>34–35 ◦C) can result in rice growth and yield losses due to spikelet degradation or pollen
sterility [40–42]. High night temperatures of 22 ◦C (the threshold of 20 ◦C was used in this
study) were shown to be comparatively more deleterious than high day temperatures to
the early and mid-stages of grain filling causing a reduction in the final grain weight and
growth rate of rice [43].

Most of the crop specific indices used in this study (Table 2) were recommended by
the Expert Team on Sector-Specific Climate Indices (ET-SCI) for the agriculture and food
security sector (https://climpact-sci.org/indices/, accessed on 16 December 2022). The
impacts of drought and temperature stress on the critical stages of specific crops are also
shown in the same table.

https://climpact-sci.org/indices/
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Table 2. The crop specific indices used in this study. The impacts of drought and temperature stress
on critical crop-specific stages are also shown.

Crop Indices Related to
Temperature Season Impact of Temperature Stress

1 Wheat 1, Tomatoes 5, Cotton 8 Days with TASMAX > 30 ◦C Spring
Yield decrease (Wheat); fruit
setting (Tomato); reduction in fruit
retention (Cotton).

2 Wheat 2, Cotton 2, Potato 3,
Tomatoes 3, Grapes 7

Days with TASMIN < 0 ◦C
(frost days) Spring

Yield decrease (Wheat, Tomato,
and Potato); plant issue damage
(Grape); damage in germination
percentage and seedling
establishment (Cotton).

3 Wheat 9, Rice 11 Days with TASMIN > 20 ◦C
(tropical nights) Spring–Summer

Decrease in grains per spike and
grain size (Wheat); reduction in
grain weight and growth rate
(Rice).

4 Potato 4, Tomatoes 6, Grapes 7,
Rice 10, Olive 12

Days with TASMAX > 35 ◦C
(hot days) Summer

Tuber formation and yield
(Potato); fruit setting (Tomato);
yield decrease (Grape); growth
rate decrease (Olive); growth rate
and yield losses (Rice).

1: [24]; 2: [23]; 3: [35]; 4: [34]; 5: [36]; 6: [37]; 7: [39]; 8: [32]; 9: [25]; 10: [40]; 11: [43]; 12: [28].

Crop Indices Related to
Precipitation Season Impact of Water Deficit

1 Wheat 1, Tomatoes 1, Grapes 2 Days with PR > 1 mm
(wet days) Spring

Flowering (Potato); shortened
growth period and decreased yield
(Wheat); early flowering (Grapes).

2 Potato 1, Tomatoes 1, Grapes 2,
Olive 3

Days with PR > 1 mm
(wet days) Summer

Reduced fruit (Tomato) and tuber
size (Potatoes); yield and quality
decreases (Grapes); fruit formation
and development (Olive).

1: [26]; 2: [39]; 3: [30].

2.3. Methodology

Once the indices (shown in Table 2) were calculated on a grid cell basis for each of the
11 sets of simulations (Table 1) separately on an annual basis, they were averaged in order
to compile an ensemble mean dataset for the historical period (1950–2005) and for each
RCP separately that spanned from 2006 to 2100. The changes in these indices over Greece
are reported for the NF (2021–2050) and the EOC (2071–2100) 30 year periods relative to the
reference period (1971–2000) and the results are presented by means of maps. Following
recent studies [16], a difference between two climate projections was considered statistically
robust here if the differences for at least 7 out of the 11 simulations constituting each
ensemble had the same sign with the ensemble difference and were statistically significant
at the 95% confidence level according to the non-parametric Mann–Whitney test [44]. In
addition, timeseries with differences between the indices of the annual mean and the mean
for the reference period for Greece (also mentioned as anomalies) are presented for the
period 1950–2100 for all the RCPs following [14].

3. Results and Discussion
3.1. Maximum Temperature-Related Indices

Figure 2 shows the projected ensemble change in the number of days with a TASMAX
> 30 ◦C in Spring, for the NF and the EOC periods under the three RCPs. The pattern
of change in the number of days with a TASMAX > 30 ◦C was similar in the NF (under
all scenarios) and in the EOC, with an RCP2.6, exhibiting insignificant increases (except
for limited areas in Macedonia and Thessaly where robust increases of up to 4 days/yr
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were found). With the moderate mitigation scenario of an RCP4.5 in the EOC, the areas
presenting substantial increases (reaching maximum values of up to 7 days/yr) were
extended even further.
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Figure 2. (a) Difference in the frequency of days with TASMAX > 30 ◦C (heat days) in Spring from
the EURO-CORDEX ensemble between the near-future (2021–2050) and the reference period (1971–
2000) for southeastern Europe for RCP2.6. (b) The same as (a) but for the difference between the
end-of-the-century (2071–2100) and the reference period, (c,d) the same as (a,b), respectively, but
for RCP4.5, (e,f) the same as (a,b), respectively, but for RCP8.5. Hatching indicates areas where the
differences were not statistically robust.

For RCP8.5, significant increases (up to 11 additional days/yr with a TASMAX > 30 ◦C
relative to the historical period) at the end of the century are expected all over Greece. The
annual timeseries of the difference in the frequency of days in Spring with a TASMAX
> 30 ◦C from the reference period (1971–200), for the three emission scenarios, during
1950–2100, are also shown for Greece in Figure 3a.
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in Summer and (c) the same as (a) but for the days in Spring with TASMIN <0 °C. 

Figure 3. (a) Timeseries (1950–2100) with the difference in the frequency of days with TASMAX >
30 ◦C (heat days) in Spring for the reference period (1971–2000) for Greece (land only; boundaries
shown in the figure). Error bars denote the ±1σ from the 11 EURO-CORDEX simulations’ annual
means and are plotted every 5 years. The boxplot on the right shows the mean difference (dot) of
the periods 1971–2000, 2021–2050 and 2071–2100 with the reference period. The middle lines in each
box represent the corresponding median difference, the boxes indicate the range between the 25th
and 75th percentiles and the whiskers the maximum and minimum difference values from the 11
EURO-CORDEX simulations (inter-model variability), (b) the same as (a) but for TASMAX > 35 ◦C in
Summer and (c) the same as (a) but for the days in Spring with TASMIN < 0 ◦C.
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As shown in the embedded boxplot (dots), for the RCP2.6, a marginally lower average
increase was projected for the EOC relative to the NF (of about 0.9 days/yr vs. 1.0 days/yr,
respectively). For the RCP4.5, the projected increase was 0.9 days/yr for the NF and
1.8 d/yr for the EOC, on average. For the RCP8.5, the respective increases were about
0.9 days/yr and 4.8 days/yr. The gradual increase in the last 50 years under the high-end
RCP8.5 scenario is highlighted, following an increase in GHG emissions, relative to the
stabilization projected for the other two emissions scenarios (particularly for RCP2.6) in the
same period.

The stronger magnitude and spatial coverage increase with an RCP8.5 compared to an
RCP4.5, relative to the historical period 1995–2014, in the frequency of extreme temperature
events (i.e., days with daily temperature > 30 ◦C on annual basis) in 2081–2100 and with
respect to 2046–2065, using an ensemble of 11 CMIP6 climate model simulations, was
confirmed for southeastern Europe by [45,46] using an ensemble of 12 EURO-CORDEX
simulations. They found the annual number of days with a daily TASMAX ≥30 ◦C (a) were
to continue to increase only for an RCP8.5 (in contrast to RCP2.6) from 2030 onwards and
(b) increased in frequency by at least 10 additional heat days/yr in southern Europe with
the RCP8.5 in relation to the RCP2.6.

The pattern of change in the number of days with a TASMAX > 35 ◦C in Summer was
similar in the NF (under all scenarios), and in the EOC with the RCP2.6 exhibiting significant
increases (except for the higher latitude areas in Pindus, Macedonia, and Peloponnese) up to
16 days/yr (Figure 4). With an RCP4.5 at the EOC, the areas presenting substantial increases
extended even further (while only the mountain areas in Pindus stood out presenting no
robust changes), reaching maximum values of up to 24 days/yr. For the RCP8.5, increases
in the EOC by up to 40 additional days/yr with a TASMAX > 35 ◦C, in relation to the
historical period, are expected all over Greece. The timeseries of this index were similar
to that of the TASMAX > 30 ◦C, with a gradual increase in the last 50 years under the
RCP8.5 scenario compared with a stabilization projected for the RCP2.6 and RCP4.5 in the
same period (Figure 3b). The almost parallel course and consistent difference (larger than
that of TASMAX > 30 ◦C) between those two scenarios is noticeable. As for the previous
index, a marginally lower average increase was projected for the EOC relative to the NF
under the RCP2.6. For the RCP4.5, the projected increase was 6.1 days/yr for the NF and
10.5 days/yr for the EOC, on average, while for the RCP85 the respective increases were
about 6.7 days/yr and 25.2 days/yr.

3.2. Minimum Temperature-Related Indices

The decreases in the number of days with a TASMIN < 0 ◦C (frost days) in Spring were
largely statistically robust (except for the low elevation land areas in the NF for RCP2.6
and RCP4.5) for the NF and the EOC periods under the three RCPs (Figure 5). While in
the NF, maximum decreases of up to 12 days were projected to appear only in the higher
elevation parts of Pindus under the RCP8.5, by the EOC, similar magnitude reductions
in this index initiated from the strong mitigation scenario (RCP2.6) and decreases of up
to 20 days covering the high elevation land areas were projected under the RCP4.5 and
RCP8.5 scenarios. The timeseries of frost day differences in Spring displayed a gradual
decrease (steeper in the case of the RCP8.5 and weaker for the RCP2.6) with time (Figure 3c).
For RCP2.6, the projected decrease from 2.8 days/yr, on average, for the NF was further
increased by only ~1 day/yr (3.9 days/yr) in the EOC. The respective changes between the
two future periods were 2 days/yr (from 3.3 to 5.3 days/yr) for an RCP4.5 and 3.6 days/yr
(from 3.7 to 7.3 days/yr) for an RCP8.5.
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Average decreases in the frequency of frost days in Spring of 1.3 days/yr for RCP2.6
and 14.3 days/yr for RCP8.5, for the period 2071–2099 relative to the 1981–2010 reference
period, were found for Greece from the European Climate Adaptation Platform Climate-
ADAPT (https://climate-adapt.eea.europa.eu, accessed on 1 December 2022), when an
ensemble of five global climate model simulations from the EURO-CORDEX initiative was
used. A more pronounced reduction in the number of frost days at a higher elevation was
also observed from a spatiotemporal analysis of the frost regime in the Iberian Peninsula in
the context of climate change [47].

The pattern of change in the number of days with a TASMIN > 20 ◦C in Spring–
Summer was similar in the NF (under all scenarios), and in the EOC with the RCP2.6,
exhibiting significant increases (except for the higher latitude areas in Pindus) up to
25 days/yr (Figure 6). While the spatial distribution of change remained the same with
the RCP4.5 in the EOC, maximum values of up to 35 days/yr were found. For the RCP8.5,
increases in the EOC by up to 50 additional days/yr with a TASMIN > 20 ◦C, in relation to

https://climate-adapt.eea.europa.eu
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the historical period, are expected all over Greece. The response of the timeseries in this
index exhibited a gradual increase in the last 50 years under an RCP8.5 compared with a
stabilization projected for an RCP2.6 and RCP4.5 in the same period (Figure 7a). The similar
course and consistent difference between those two scenarios are visible. For an RCP2.6, a
marginally lower average increase was projected for the EOC (12 days/yr) relative to the
NF (12.3 days/yr). For an RCP4.5, the projected increase was 14.1 days/yr for the NF and
22.8 days/yr for the EOC, on average, while for an RCP8.5, the respective increases were
16 days/yr and 44.2 days/yr.

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 20 
 

also observed from a spatiotemporal analysis of the frost regime in the Iberian Peninsula 
in the context of climate change [47]. 

The pattern of change in the number of days with a TASMIN > 20 °C in Spring–Sum-
mer was similar in the NF (under all scenarios), and in the EOC with the RCP2.6, exhibit-
ing significant increases (except for the higher latitude areas in Pindus) up to 25 days/yr 
(Figure 6). While the spatial distribution of change remained the same with the RCP4.5 in 
the EOC, maximum values of up to 35 days/yr were found. For the RCP8.5, increases in 
the EOC by up to 50 additional days/yr with a TASMIN > 20 °C, in relation to the historical 
period, are expected all over Greece. The response of the timeseries in this index exhibited 
a gradual increase in the last 50 years under an RCP8.5 compared with a stabilization 
projected for an RCP2.6 and RCP4.5 in the same period (Figure 7a). The similar course 
and consistent difference between those two scenarios are visible. For an RCP2.6, a mar-
ginally lower average increase was projected for the EOC (12 days/yr) relative to the NF 
(12.3 days/yr). For an RCP4.5, the projected increase was 14.1 days/yr for the NF and 22.8 
days/yr for the EOC, on average, while for an RCP8.5, the respective increases were 16 
days/yr and 44.2 days/yr. 

 
Figure 6. The same as Figure 2 but for TASMIN > 20 °C in Spring–Summer. Figure 6. The same as Figure 2 but for TASMIN > 20 ◦C in Spring–Summer.



Sustainability 2022, 14, 17048 13 of 20Sustainability 2022, 14, x FOR PEER REVIEW 13 of 20 
 

 
Figure 7. The same as Figure 3 but for the days with (a) TASMIN >20 °C in Spring–Summer, (b) PR 
> 1 mm in Spring and (c) PR > 1 mm in Summer. 

For Greece, the projected average increases in this index during Spring–Summer 
from the European Climate Adaptation Platform Climate-ADAPT (https://climate-
adapt.eea.europa.eu, accessed on 1 December 2022) were 15.1 days/yr for the RCP2.6 and 
42.9 days/yr for the RCP8.5 for the period 2071–2099 relative to the 1981–2010 ERA5 ref-
erence period. Their respective numbers for the period 2041–2070 (16.1 days/yr for RCP2.6 

Figure 7. The same as Figure 3 but for the days with (a) TASMIN >20 ◦C in Spring–Summer, (b) PR >
1 mm in Spring and (c) PR > 1 mm in Summer.

For Greece, the projected average increases in this index during Spring–Summer
from the European Climate Adaptation Platform Climate-ADAPT (https://climate-adapt.
eea.europa.eu, accessed on 1 December 2022) were 15.1 days/yr for the RCP2.6 and
42.9 days/yr for the RCP8.5 for the period 2071–2099 relative to the 1981–2010 ERA5
reference period. Their respective numbers for the period 2041–2070 (16.1 days/yr for
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RCP2.6 and 27.3 days/yr for RCP8.5) were also in agreement with those from the present
study (13.3 days/yr for RCP2.6 and 26.2 days/yr for RCP8.5).

3.3. Precipitation-Related Indices

The analysis regarding the change patterns of the number of days with a PR > 1 mm
(wet days) in Spring and Summer (Figures 8 and 9, respectively), revealed non-robust
decreases that became statistically robust (up to 8–9 days) all over Greece only under an
RCP8.5 in the EOC. Specifically, similar spatial patterns of non-robust decreases in wet days
(up to 4 days/yr) were projected for some parts of Greece for all three scenarios in the NF.
In the EOC, the decrease in wet days extended over the whole of Greece and would become
slightly larger (up to 5 days/yr) for an RCP4.5 and significantly larger (up to 9 days/yr) for
an RCP8.5. The projected changes were robust in the EOC, for some parts of Greece (i.e.,
Peloponnese and Crete) in an RCP4.5, and for almost the whole of Greece for an RCP8.5.
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The response of the timeseries in this index exhibited a gradual decrease in the last 50
years under an RCP8.5 in relation to a stabilization projected for the RCP2.6 and RCP4.5
(Figure 7b). Marginally lower and higher decreases (less than 0.6 days/yr on average) were
projected for the EOC in relation to the NF for the RCP2.6 and RCP4.5, respectively. In the
case of the RCP8.5 in the EOC, 2.5 fewer wet days, on average, were projected.

A similar analysis in Spring (Figure 9) revealed non-robust decreases (up to 4 days) in
the NF. Statistically robust decreases (up to 5 days) appeared with the RCP4.5 and were
projected all over Greece (up to 8–9 days) with the RCP8.5. The response of the timeseries
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in this index (Figure 7c) also exhibited a gradual decrease in the last 50 years under the
RCP8.5 scenario in relation to a stabilization projected for the RCP2.6 and RCP4.5. While
no decreases were projected for the EOC in relation to the NF with an RCP2.6, 1.5 and 5
fewer wet days in Spring every year in the EOC in Greece, on average, were projected with
the RCP4.5 and RCP8.5, respectively.

A comparison of 15 regional climate model (RCM) simulations (under the RCP4.5
and RCP8.5) from the EURO-CORDEX initiative with 14 RCM simulations (under the A1B
emission scenario) from the EU-ENSEMBLES project [48] found the following outcomes. (i)
In the NF (the period 2020–2049 was used with respect to 1981–2010), a seasonal agreement
over the Mediterranean region, in Spring (with robust decreases of 6% in the probability of
wet days (≥1 mm), on average, and with ENSEMBLES vs. 4% with an RCP4.5 and 5% with
an RCP8.5) and Summer (with robust decreases of 9% in the probability of wet days, on
average, with ENSEMBLES vs. 9% with an RCP4.5 and 10% with an RCP8.5) between the
two initiatives and (ii) while in the EOC (the period 2070–2099 was used with respect to
1981–2010), the reductions in the fraction of wet days for the RCP4.5 of EURO-CORDEX
runs so as to be not as pronounced as for the EU-ENSEMBLES (e.g., −11% vs. −20% in
Spring and −14% vs. −33% in Summer, respectively) and for the RCP8.5 to be similar (e.g.,
−19% vs. −20% in Spring and −32% vs. −33% in Summer, respectively) [49].

4. Conclusions

This study presents an assessment of the projected climate change over Greece in the
NF (2021–2050) and at the EOC (2071–2100), focusing on crop-specific temperature- and
precipitation-related indices during the critical time periods for wheat, tomatoes, cotton,
potato, grapes, rice and olive. The analysis is based on an ensemble of 11 high-resolution
EURO-CORDEX regional climate model simulations under the influence of three scenarios
with strong, moderate and without mitigation (RCP2.6, RCP4.5 and RCP8.5, respectively).
Our approach with a regional focus on the country of Greece can be potentially expanded
to other regions within the EURO-CORDEX domain making use of the EURO-CORDEX
high resolution RCM simulations. The primary findings are summarized as follows:

• The projected numbers of days with a TASMAX >30 ◦C in Spring and tropical nights
(TASMIN > 20 ◦C) in Spring–Summer are similar in the NF and at the EOC with
an RCP2.6, displaying insignificant increases (except for the low-altitude areas in
Macedonia and Thessaly) up to 4 and 25 days/yr for the former and latter index,
respectively. In contrast, the corresponding projections in the frequency of hot days
(TASMAX > 35 ◦C) in Summer exhibit significant increases (up to 16 days/yr), except
for the higher altitude areas in Pindus, Macedonia, and Peloponnese. At the EOC,
the areas presenting robust increases are further extended with an RCP4.5 and cover
all of Greece with the no-mitigation scenario of an RCP8.5. The increased heat stress
is expected to have negative seasonal impacts on the crops in Table 2. These effects,
according to the timeseries projections, are projected to display steeper crop responses
in the 2nd half of the 21st century with an RCP8.5, in relation to the stabilization
projected for the other two emissions scenarios.

• On the other hand, the statistically robust decreases in the number of frost days in
Spring, projected for the NF and EOC periods under the three RCPs, are anticipated
to favor wheat, cotton, potato, tomatoes and grapes. Steeper positive impacts are
expected with an RCP8.5 in the last 50 years of the 21st century.

• Insignificant decreases in the frequency of wet days are projected in Spring and
Summer (up to 4–5 days/yr) in the NF, which become statistically robust (up to 8–9
days/yr) all over Greece under an RCP8.5 at the EOC. An increased water deficit will
negatively affect wheat in the Spring, potato and olive in the Summer, and tomatoes
and grapes in the Spring–Summer, particularly in the 2nd half of the 21st century
under the RCP8.5 scenario.

In total, the outcome of the combined positive and negative effects of the abovemen-
tioned indices on crop yields is uncertain, due to the nonlinear response of crop yields to
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meteorological parameters [50]. The application of crop modeling could be beneficial, as it
would allow for a more direct assessment of the effect of climate change on the specific crops,
hence, we are working towards this direction. In the framework of the ADAPT2CLIMA
project, for coping with yield reductions projected in 2031–2060 for an RCP4.5 and in-
creases for an RCP8.5 in the majority of wheat, barley, potatoes, tomatoes, grapes, and
olives in Crete, the recommended adaptation measures were mostly related to irrigation,
plant health issues and cultural practices focused mainly on choosing suitable heat- and
drought-resistant crop varieties [51,52]. Since adaptation measures are context-specific in
both space and time [53], further research is needed in the direction of identifying and
recommending appropriate adaptation strategies in the different agroecological zones in
Greece. Future work will also incorporate the use of (a) more complex indices, since simple
climate indices, such as the ones used in this study, might fail to represent the interactions
and intended impacts and (b) developing methods to bias-adjust input variables from
climate simulations [54].

Last but not least, RCM simulations have their own capabilities and limitations with
model uncertainties introduced by the lateral boundary conditions from the driving GCM,
the choice of the RCM model setup and physical parametrizations, and the choice of
the future emissions scenario [55]. Given the complexity of the climate system, it is not
surprising that there are differences in the projections of climate change between different
RCMs for the same future emissions scenario. To moderate the uncertainties arising from
different parametrizations and dynamical cores in different RCMs, it is, therefore, important
to use climate projections from multiple climate models (as we have adopted in this study),
rather than using a single climate model. The availability of more EUROCORDEX RCM
simulations driven by the new generation CMIP6 GCMs and the new IPCC AR6 scenarios
(shared socioeconomic pathways; SSPs) would allow for an update of our results and could
potentially reduce uncertainties.
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