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Abstract
The present study investigated future temperature and precipitation changes over Greece using the Weather Research and 
Forecasting (WRF) model. WRF was driven by EC-EARTH over Greece at very high resolution for the historical period 
(1980–2004), along with projected simulations, in the near future (2025–2049) and far future (2075–2099) under the Rep-
resentative Concentration Pathways 4.5 (RCP4.5) and 8.5 (RCP8.5). Climatic variables were produced at 5-km grid spacing 
and 6-h interval. The historical simulation was evaluated against the available station observations. The analysis showed 
that the model underestimated the maximum temperatures and slightly overestimated the minimum temperatures. Also, the 
model simulated a small dry bias in precipitation with an excellent representation of the spatial patterns. The model projec-
tions for temperature under the two emission scenarios compared to the historical simulation revealed a robust magnitude 
of future warming with the most pronounced changes predominantly over the eastern areas of the country under the RCP8.5 
in the far future. Projected precipitation changes were more evident in the far future with an overall decrease of the annual 
precipitation all over the eastern part of the country (with islands included) with the most dramatic reductions (above 40%) 
of seasonal precipitation observed under RCP8.5. Increases in the number of hot days were found everywhere with more 
pronounced changes over the plain areas under RCP8.5 in the far future. Significant increases of dry days were projected 
over the eastern part of the mainland and more intensely under RCP8.5 in the far future.

Keywords  WRF downscaling · GCM EC-EARTH · High resolution · Climate change · Extreme temperatures · 
Precipitation · Climate indices

1  Introduction

Climate change is one of the greatest challenges humanity 
is currently facing. The global average temperature has been 
rising and projected to increase up to around 2–5 °C by the 
end of the twenty first century based on different emissions 
scenarios and socio-economic pathways (Shared Socioeco-
nomic Pathways, SSP) (European Environment Informa-
tion and Observation Network (Eionet) 2022). Accurate 
numerical systems for climate simulation and projection at 

sufficiently high resolution are required for effective climate 
change mitigation and adaptation, which will improve the 
resilience of the society.

The two Representative Concentration Pathways (RCP) 
most frequently used by almost all modeling groups and 
considered as future greenhouse gas emissions scenarios, are 
RCP4.5 and RCP8.5. The later RCP8.5, regarded as the most 
severe scenario, is built on the assumption that the emissions 
rise throughout the twenty-first century (Riahi et al. 2011) 
implying at its end a radiative forcing of 8.5 W/m2 relative 
to the pre-industrial era. On the other hand, RCP4. scenario 
is representing an increase of 4.5 W/m2 in radiative forcing 
relative to the pre-industrial era. It is a scenario according to 
which emissions peak around 2049 and stabilize until 2099 
by employment of a range of technologies and strategies for 
reducing greenhouse gas emissions. By the year 2099, the 
corresponding to RCP4.5 and RCP8.5 greenhouse gas con-
centrations become equivalent to 650 and more than 1370 
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parts per million (ppm) carbon dioxide (CO2), respectively 
(Moss et al. 2010).

Successive CMIP (Coupled Model Intercomparison Pro-
ject) initiatives based on GCMs have been able to provide 
large ensembles that showed some consistent signals of tem-
perature and precipitation over the European region (Cat-
tiaux et al. 2013; Basharin et al. 2015). CMIP3 simulations 
have preceded with an average grid mesh larger than 2.5° 
and adopting the SRES emission scenarios (Nakicenovic 
et al. 2000), while the CMIP5 simulations employed grids 
with approximately twice finer resolution than in CMIP3 
(Lionello and Scarascia 2018). The new generation of Earth 
system models provides the opportunity to assess the lat-
est ensemble (CMIP6) with much higher climate sensitivity 
(e.g. Forster et al. 2019) related to the improved representa-
tion of clouds and changes in the model physics (Zelinka 
et  al. 2020). Recently, the EUROCORDEX projection 
ensemble has been enhanced as part of the European Coper-
nicus Climate Change Service (C3S), resulting in a high 
resolution (0.11 degrees) ensemble of unprecedented size 
(Jacob et al. 2020). A high RCM resolution helps to better 
represent topographic effects, can potentially help to reduce 
model uncertainties and improve precipitation simulations 
(Hawkins and Sutton 2009; Sylla et al. 2009; Cardoso et al. 
2013, 2019; Warrach-Sagi et al. 2013; Torma et al. 2015; 
Warscher et al. 2019; Tian et al. 2020; Politi et al. 2021). 
Other studies have indicated improved description of simula-
tion results regarding temperature and its extremes (Soares 
et al. 2012; Berg et al. 2013; Pérez et al. 2014; Gao et al. 
2015; García-Valdecasas Ojeda et al. 2015; Kryza et al. 
2017; Lyra et al. 2018).

Projected changes in the seasonal variability of tempera-
ture and precipitation for the region support the characteri-
zation of the Mediterranean as one of the most prominent 
global climate change hot spots (Giorgi 2006; Diffenbaugh 
and Giorgi 2012; Zittis et al. 2019; Feyen et al. 2020). The 
Mediterranean Basin, located in a transition zone between 
mid-latitude and subtropical atmospheric circulation 
regimes, with large topographic gradients, is very sensi-
tive to changes in the global mean climate state. Research 
studies based on the physical processes related to project-
ing future changes (Giorgi and Lionello 2008; Mariotti and 
Dell’Aquila 2012; Barcikowska et al. 2018; Lionello and 
Scarascia 2018) found that the important factors that influ-
ence the response of the future regional atmospheric circula-
tion and are responsible for the effect of global warming are 
the increase of barotropic sea-level pressure (with NAO cli-
mate variability) and geopotential height at the 500 hPa level 
in the central Mediterranean, along with the thermal inertia 
of the large water mass of the Mediterranean Sea among 
continents at these latitudes. The increasing anticyclonic 
circulation over the region would lead to a reduction of pre-
cipitation over most parts of the region, and intensification 

at sub-regional scale in the northwestern areas. On the other 
hand, during summer, the circulation change is associated 
to the intensification of the Azores anticyclone (reduction 
of weather regimes producing precipitation events in the 
northern part of the basin) and increased advection of warm 
dry continental air masses towards the central and eastern 
Mediterranean. Also, NAO variability associated with high 
positive values explains (in winter) up to 30% of the decadal 
precipitation changes in the Mediterranean region.

As a Mediterranean country, Greece is highly vulner-
able to the impact of climate change (Barros 2014). The 
first comprehensive climate impact study was published in 
2011 by an interdisciplinary committee set up by the Bank 
of Greece. According to the findings of this report, based 
on the two extreme climate change scenarios B2 and A2 of 
IPCC Working Group III, it is expected that by the end of 
the twenty-first century, the decrease in precipitation levels 
due to anthropogenic factors would range between 5% and 
roughly 19% countrywide, depending on the scenario, while 
mean temperature would increase by 3.0–4.5 °C, respec-
tively. Heavy rainfall is projected to become more frequent 
in eastern and central Greece and in northwestern Macedo-
nia, while drought would increase for the eastern mainland 
and northern Crete (Zerefos et al. 2011). Previous studies, 
that analysed the potential seasonal (winter and summer) 
future changes in temperature and precipitation conditions 
over the Greek area, were conducted by Tolika and Zanis 
(2012) during PRUDENCE and ENSEMBLES projects, but 
in coarse resolution (50–25 km, respectively). More spe-
cifically, the warming during winter was in range of about 
2.5–4.5 °C and generally it increased from the coastal areas 
to the central and northern continental interiors based on 
the scenarios. The warming was even higher during sum-
mer with an increase from 3.5 to 6 °C. Tolika and Zanis 
(2012) and Maheras et al. (2008) also noted that Greece 
would experience a persisting absence of rainfall. Winters 
were estimated to be drier by the end of the twenty-first 
century with a decrease up to − 30% in southern Greece, 
while the expected changes of summer precipitation showed 
a prevailing decrease or rainfall heights up to − 60% with 
respect to the reference period (mainly in the areas of Pelo-
ponnese and eastern Aegean Sea). According to Giannako-
poulos et al. (2011) for IPCC SRES A1B scenario during 
the midcentury period, the largest increases were found in 
‘summer’ days (> 25 °C) and ‘tropical’ nights (> 20 °C), 
while urban areas would face warmer temperatures, which 
was translated into more days with maximum temperature 
above 35 °C. The increase was also found to be greater in 
summer maximum temperatures compared with the winter 
minimum temperatures. Kostopoulou et al. (2014) also esti-
mated that the warmer future of the area would also include 
a strong increase in the occurrence of tropical nights, sum-
mer and hot days and decrease of frost days and wet days 
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based on the SRES A1B for the late century. Finally, a num-
ber of research works have contributed to the investigation 
of climate change in Greece, using RCPs scenarios, mostly 
in the country’s specific areas and not necessarily at high 
resolution. Their studies are dealing with the research over 
different sectors that climate change affects such as: drought 
and land degradation [e.g. (Anagnostopoulou 2017; Kairis 
et al. 2022)], forest fires [e.g. (Varela et al. 2020; Rovithakis 
et al. 2022)], climate parameters and índices [e.g. (van der 
Schriek et al. 2020; Georgoulias et al. 2022)], human health 
and tourism [e.g. (Nastos et al., 2019; Katavoutas et al. 
2021)], energy sector [e.g. (Katopodis et al. 2019; Droutsa 
et al. 2021)].

Thus, given the country’s vulnerability, the need for 
updated and reliable information on climate change projec-
tions based on more recent IPCC emission scenarios and 
higher resolution data for the country is profound. The geo-
morphological complexity of Greece (mostly mountainous 
country with an extended coastal line and scattered islands) 
enhances the need for very high-resolution climatology stud-
ies. These topographic features influence the local climate 
characteristics of parts of the country, providing many dif-
ferent climatic variations across it (Eleftheriou et al. 2018). 
Taking also into consideration (1) the lack of reliable obser-
vational gridded dataset covering the entire country which 
is mandatory for fine resolution studies (1–4 km) in case of 
convection-permitting models, (2) computational cost and 
storage, the high horizontal resolution of 5-km used in our 
study, produces high-resolution climate information that is 
computationally affordable and suitable for climate impacts/
services applications that require high-scale climate infor-
mation for Greece.

This work is linked to our previous recent studies, which 
successfully established confidence in the use of dynami-
cally downscaled simulations with WRF model using GCM 
historical and future datasets to explore the climate change 
signal at high resolution for Greece. More specifically, these 
studies (Politi et al. 2017, 2018, 2020, 2021; Katopodis et al. 
2020, 2021) included extensive analysis of sensitivity tests 
of physics parameterization schemes, initialization times, 
and domain resolutions investigating the performance of the 
WRF model to dynamically downscale the coarse-resolution 
ERA-Interim dataset to the high spatial resolution of 5 km 
grid over the study area. It is worth also mentioning that 
other relevant studies have indicated improved description of 
simulation results using the WRF model, clearly supporting 
its use as a regional climate model (Soares et al. 2012; Berg 
et al. 2013; Wagner et al. 2013; Gao et al. 2015; García-Val-
decasas Ojeda et al. 2015; Prein et al. 2016; Sun et al. 2016; 
Komurcu et al. 2018; Garrido et al. 2020; Ban et al. 2021).

The aim of this study is to investigate climate change 
effects in temperature (TX and TN) and precipitation (RR) 
fields with future projections at very high spatial resolution 

in Greece. To our knowledge, the extended high-resolution 
datasets derived for the region by downscaling EC-EARTH 
GCM data to 5 km for Greece are unique so far. The focus 
of this paper is on climate change projections for Greece 
of the high resolution fine nest simulations of TX, TN and 
RR. The details of the applied methodology are described in 
Sect. 2, including the various steps for the model setup and 
statistical analysis performed, along with a description of 
the observational data. Sections 3 and 4 present the analysis 
and discussion of the results concerning the evaluation of the 
performance of the downscaled outputs during the histori-
cal period and the estimated future changes in temperature 
and precipitation fields and their extremes under the two 
RCPs. Section 5 summarizes the results with some conclud-
ing remarks and key findings.

2 � Models, data and methods

Future changes in precipitation and temperatures have been 
examined by comparing the projections from the WRF 
simulations with the control run through the Delta-change 
approach (Hay et al. 2000). A 2-tailed t-test was also used to 
diagnose the statistical significance of the projected changes.

2.1 � Global climate model

The selected GCM for our study was the EC-Earth model 
which is a full physics seamless atmosphere–ocean sea- ice 
coupled earth system prediction model (Hazeleger et al. 
2010) developed from the operational Integrated Forecast 
System (IFS) cycle 31r of ECMWF. EC-Earth model has 
been incorporated in CMIP5 and more recently in CMIP6 

Fig. 1   Modelling domains: D01 (outermost domain) 20 km resolution 
and d02 (nested domain, region of Greece) 5 km resolution
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(Vautard et al. 2021). EC-Earth climate simulations and pro-
jections have been widely used for climate studies. In global 
scale, Hazeleger et al. (2010) indicated that the EC-Earth 
model demonstrates very good forecasting skill from daily 
up to interannual time scales (interannual variability must 
be well represented for successful seasonal-to-decadal pre-
dictions) and for long-term mean climate. Hazeleger et al. 
(2013) has shown that the EC-Earth model simulates well 
the tropospheric fields and the dynamic variables, but not as 
good the surface temperature and fluxes. More recently, the 
model was also downscaled to regional scale in the Frame-
work of Coordinated Regional Downscaling Experiment 
(CORDEX) over different CORDEX domains at a spatial 
resolution of 50 km and 12 km (e.g. Jacob et al. 2014; Prein 
et al. 2016). Soares et al. (2017) and Cardoso et al. (2019) 

denoted that WRF at 9-km high resolution driven by EC-
Earth results were in good agreement with EUROCORDEX 
and observational data for Portugal.

The set-up of the atmospheric model in the EC-Earth ver-
sion 2.3 corresponds to the use of a horizontal spectral reso-
lution of T159 (triangular truncation at wavenumber 159), 
roughly 125 km, and a vertical grid with vertical 62 levels 
of a terrain-following mixed sigma-pressure hybrid coordi-
nates, of which about 15 are within the planetary boundary 
layer (PBL).

2.2 � Model setup

We perform regional climate simulations for the area of 
Greece with the non-hydrostatic Weather Research and 
Forecasting model (WRF/ARW, v3.6.1) (Skamarock 

Fig. 2   The observational stations used for the validation of the model results: a precipitation (blue dots) and b temperature (red dots)

Table 1   Summary of statistical 
formulas calculated for model 
evaluation in this study:

Parameter Formula Range Ideal value

Mean bias error
BIAS =

1

N

n∑
i=0

�
fi − oi

�
= f − o

(− ∞,∞) 0

Root mean square error
RMSE =

�
∑n

i=0
(f−o)2

N

(0,∞) 0

Mean absolute error
MAE =

1

N

n∑
i=0

��fi − oi
��

(0,∞) 0

Pearson correlation coefficient
COR =

∑n

i=1

�
fi−f

�
(oi−o)

�
∑n

i=0

�
fi−f

�2
√∑n

i=0 (oi−o)
2

(− 1,1) 1

Modified Index of Agreement
MIA = 1 −

∑n

i=1 �(oi−fi)�∑n

i=1 �(fi−o)�+
∑n

i=1 �(oi−o)�
(0,1) 1

Nash–Sutcliffe efficiency
NSE = 1 −

∑n

i=1 (oi−fi)
2

∑n

i=1 (oi−o)
2

(− Inf,1) 1



637High resolution projections for extreme temperatures and precipitation over Greece﻿	

1 3

et al. 2008) in a one-way nesting setup (Fig. 1) with two 
domains. The first domain (d01) of 20 km resolution is cen-
tered in the Mediterranean basin at 42.5 N and 16.00 E, 
and a second nested domain of 5 km in the area of Greece 
(d02). The coordinates (LAT, LONG) of the two domains 
are the following: d011:[UL(33.673, 28.521), UR(41.994, 
30.303], LR(42.905, 18.827), LL(34.455, 18.469)] and d02: 
[UL(54.103, − 27.400), UR(54.103, 59.400], LR(21.004, 
40.494), LL(21.004, − 8.494)]. The large-scale circulation 
in the 20 km domain is nudged towards the forcing boundary 
conditions with spectral nudging.

The model setup has the following physics options: the 
Mellor–Yamada–Janjic scheme (MYJ) (Mellor and Yamada 
1982) for the planetary boundary layer (PBL) scheme, the 
WRF single-moment six-class scheme (WSM-6) for cloud 
microphysics and Betts–Miller–Janjić scheme (Janjić 2001) 
for the cumulus parameterization. The Rapid Radiative 
Transfer Model, RRTMG (Iacono et al. 2008), for both long-
wave and shortwave radiation and finally, the Noah LSM 
was employed as the land surface model. The boundary 
conditions for the climate change assessment derive from 
EC-EARTH climate simulations for RCP 4.5 and RCP8.5 
scenario and encompass time slices representative of the 
historical (1980–2004), midcentury (2025–2049), and end 
of century (2075–2099) periods. For the future projections, 

Table 2   Definition of extreme temperature and precipitation indices

Code Name Definition Unit

SU Summer days Annual count when daily maximum temperature > 25 °C Days
HD Hot days Annual count when daily maximum temperature > 35 °C Days
TR Tropical nights Annual count when daily minimum temperature > 20 °C Days
FD Frost days Annual count when daily minimum temperature < 0 °C Days
R20 mm Very heavy precipitation days Annual count when precipitation ≥ 20 mm Days
R50 mm Extreme precipitation days Annual count when precipitation ≥ 50 mm Days
CDD Dry days Maximum number of consecutive days when precipitation < 1 mm Days

Fig. 3   Mean annual cycle of a 
TX and b TN averaged over the 
historical period of 1980–2004 
for the total number of stations 
for GCMEC, WRFEC and OBS

1  UP: upper left corner, UR: up right corner, LR: low right corner, 
LL: low left corner.
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the equivalent-CO2 concentration was updated every year 
accordingly to the emission scenario in the WRF simula-
tions. The downscaling of EC-EARTH historical products 
(hereafter WRFEC) is carried out in this study under an 
identical configuration (spatial/temporal resolutions, inte-
grating time step, physics schemes, etc.) with ERA-Interim 
reanalysis datasets, except of future projections where nudg-
ing was not applied.

2.3 � Observations

For the comparison of model output data against observed 
data, the present study focused on model evaluation against 
real points and only validated observations by the for-
mal meteorological organization of Greece, the Hellenic 

National Meteorological Service (HNMS). The reason is that 
the only available gridded observational dataset E-OBS is 
derived from a very coarse network density for Greece, thus 
becomes less reliable (Hofstra et al. 2010) for this region 
which is characterized by complex terrain. The HNMS vali-
dated temperature dataset covered the period of 1980–2004 
with measurements from 32 stations. On the other hand, the 
HNMS network of 66 stations provided continuous precipi-
tation observations for the period of 1980–2000. Thus, the 
model assessment was realized during these specific time 
ranges as dictated by the validated data availability. Fig-
ure 2 illustrates the spatial distribution of the HNMS sta-
tions for (a) precipitation and (b) minimum and maximum 
temperatures. The geographical distribution of the available 
observational stations reveals, also, the limited number of 

Fig. 4   Differences of mean seasonal a maximum and b minimum 
temperatures between WRFEC Control Run (1980–2004) and station 
observations, (green square points specify no statistical differences 

between the mean distributions of seasonal TX/TN according to Stu-
dent’s t test at the 95% confidence level)
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measurements over mountainous, mainland areas that might 
disrupt the evaluation process over such regions.

2.4 � Statistical analysis

The model quality assessment is focused on the capacity 
of the WRFEC of the inner (nested) domain historical runs 
to correctly represent the spatial and temporal structures of 
the mean variables and their probability distributions. The 
approach involved the comparison with the available obser-
vational data for the historical period. WRF downscaled 
results were converted to daily maximum and minimum 
variables, derived from the 6-h data simulations. Following 
the processing of our previous work, observational values 
from every station were compared directly with the nearest 
model points. Height differences between model topography 
and stations were observed because of the complexity of 
the topography and coastlines. Thus, before the statistical 
analysis, a constant lapse-rate elevation correction of 6 °C/
km was applied (Barstad et al. 2009; Heikkilä et al. 2011) 
to both minimum and maximum temperatures. WRFEC 
model results were also examined and presented by grid 
point—station to spatially evaluate the WRF model simula-
tion skills in detail, rather than dividing them into different 
sub-regions. Hence, standard statistical errors are computed, 
for the monthly, seasonal and annual scales, against the cor-
respondent observational datasets.

The following standard errors statistics estimated in this 
study are described in Table 12:

The model error was calculated as the difference between 
the modeled and observed values. The total error was then 
found by pooling together all the points of meteorological 
stations and not by averaging. Further analysis of the mete-
orological variables, regarding the representation of the 
extremes, was performed on daily basis, in terms of prob-
ability density function (PDF).

Additionally, a two-sided student test was performed to 
identify the areas with no significant differences between 
observed and model data at the 95% confidence level. Corre-
lation test was also performed to examine the linear depend-
ence between observed and model data.

2.5 � ETCCDI climate indicators

To analyze spatially the climate change signal of extreme 
temperature and precipitation over Greece we have also cal-
culated the extreme temperature and precipitation indices 
established by the Expert Team (ET) on Climate Change 
Detection and Indices (ETCCDI, https://​www.​wcrp-​clima​
te.​org/​etccdi). Extreme climate indices unified by ETC-
CDI effectively promote detection and research of extreme 
weather and climate change, allowing for comparison 
between extreme weather and climate change in different 
regions. The description of the extreme temperature and 
precipitation indices in this study is provided in Table 2.

Table 3   Statistical errors 
of maximum and minimum 
temperatures and precipitation 
model results against 
observations for all grid points 
of available stations

TX COR BIAS (°C) RMSE (°C) MAE (°C) NSE MIA

WRCEC Monthly 0.80 − 1.13 2.99 2.35 0.83 0.80
Seasonal 0.95 − 1.14 2.37 1.78 0.88 0.82
Annual 0.65 − 1.14 1.77 1.38 − 0.37 0.5

GCMEC Monthly 0.92 − 2.98 4.17 3.49 0.67 0.71
Seasonal 0.94 − 2.97 3.78 3.21 0.67 0.69

TN Annual 0.41 − 2.98 3.33 3.06 − 4 0.27
WRCEC Monthly 0.92 0.24 2.57 2.04 0.85 0.81

Seasonal 0.94 0.24 2.08 1.66 0.88 0.83
Annual 0.83 0.23 1.6 1.26 0.67 0.72

GCMEC Monthly 0.87 − 0.42 3.36 2.61 0.73 0.76
Seasonal 0.87 − 0.42 3.07 2.38 0.74 0.76

RR Annual 0.75 − 0.42 2.76 2.02 0.10 0.76
WRFEC Monthly 0.41 − 10.2 64.92 40.31 − 0.16 0.54

Seasonal 0.57 − 10 120.71 81.78 0.13 0.59
Annual 0.39 2.9 292 212 − 0.2 0.47

GCMEC Monthly 0.34 14.3 66.78 41.59 − 0.12 0.40
Seasonal 0.49 14.2 133.17 89.83 0.2 0.45
Annual 0.17 14.2 299.02 235.42 − 0.34 0.36

2  (where "o" is the value of the observational data, "f" is the simu-
lated data).

https://www.wcrp-climate.org/etccdi
https://www.wcrp-climate.org/etccdi
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3 � Results and discussion

3.1 � Model performance of the historical simulation

It is fundamental for climate change assessment to explore 
the ability of the regional model WRFEC historical simula-
tion to represent present climate. In this section, we illustrate 
an overview of the model’s ability to represent the mean TX, 
TN and RR, along with a thorough statistical analysis of the 
downscaled model results compared to station data.

3.2 � Maximum and minimum temperatures

We firstly present the differences of mean annual vari-
ables between WRFEC Control Run (1980–2004) and sta-
tion observations (OBS). The individual grid point biases 
between the local observational stations and WRFEC simu-
lation are shown in Fig. S1(a.) for TX and Fig. S1(b.) for 
TN. It is obvious, that the biases are not consistently nega-
tive or positive regarding the temperatures. WRFEC results 
revealed that no pattern was observed regarding the annual 

Fig. 5   Comparison of density distributions of daily TN between WRFEC and observations for all seasons for 1980–2004
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minimum and maximum temperature differences between 
model and individual station data. It was also noticed that 
most of the stations had differences in the range of − 1.5 
to 1.5 °C for both temperatures. WRFEC model seems to 
underestimate the maximum temperatures and overestimate 
the minimum temperatures in the majority of the available 
stations. It is observed that the differences of mean annual 
variables between modelled and observed variables of TX 
and TN are not enough relevant. Therefore, we also investi-
gated the monthly and seasonal model bias. In Fig. 3a, b, the 
calculated mean maximum and mean minimum temperature 

monthly cycles, respectively, are depicted averaged over the 
historical period 1980–2004, along with the corresponding 
values of the standard deviation. The monthly mean values 
were calculated, for each dataset at the grid-point location 
of each station and then averaged over the total number of 
points (stations). The monthly model results of TX show an 
excellent agreement in the period from November to April, 
followed by an underestimation of the model from May to 
October (Fig. 3a). On the contrary, the monthly simulated 
TN values agree better with observations in the period from 
May to October (except of June) with a slight overestimation 

Fig. 6   Comparison of density distributions of daily TX between WRFEC and observations for all seasons for 1980–2004
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of the model from November to May (Fig. 3b). Overall, the 
monthly cycle patterns of TX and TN were well represented 
with WRFEC and highly correlated to the climatology of the 
country. The WRFEC simulation has very similar biases to 
the ones encountered in Politi et al. (2021), where the same 
model setup was forced by ERA-Interim. The higher biases 
are mostly associated with the warmer period months where 
WRFEC tends to produce lower maximum temperatures, 
while higher minimum temperatures are found during the 
colder months. The results indicate that GCMEC reproduces 
the observed monthly TX cycle but underestimates it. The 
performance of the global model improves in the case of 

monthly TN values, but it does not outperform the WRFEC 
model.

Figure 4 depicts the differences of 25 years seasonal mean 
maximum temperature and minimum temperature compared 
to the stations, respectively. The seasonal means are shown 
for winter (December, January, and February, DJF), spring 
(March, April, and May, MAM), summer (June, July, and 
August, JJA), and autumn (September, October, and Novem-
ber, SON). Smaller seasonal differences of maximum 
temperature are observed during the winter period in the 
range of − 1 to 1.5 °C. In particular, during winter there 
is a north–south gradient towards negative differences. On 
the other hand, the highest differences (above − 5 °C) are 

Fig. 7   Mean mean seasonal total precipitation between WRFEC Control Run (1980–2004) and station observations, (green square points specify 
no statistical differences between the mean distributions of seasonal RR according to Student’s t test at the 95% confidence level)

Fig. 8   Mean annual cycle of precipitation (mm/month) averaged over the historical period of 1980–2000 for the total number of stations for 
GCMEC, WRFEC and OSB
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obtained during summer in a few coastal stations. Further-
more, the results showed more station locations with positive 
differences during spring and winter season, while negative 
differences are seen mainly during autumn, for the seasonal 
TX.

Regarding the minimum temperatures, positive differ-
ences are found mainly during spring. The greater differ-
ences of about − 2.5 to 2.5 °C, are noticed during the sum-
mer period. Positive differences higher than 2 °C (> 2 °C) 
are also calculated in winter. It is observed that the majority 
of the stations with no statistically significant differences 
(green square points) in the mean values (− 0.5 to 0.5 °C) 
for TX, is observed during spring and winter seasons, while 

for TN during autumn and winter. The model presented also 
greater negative seasonal differences during summer regard-
ing the minimum temperature in most areas, something that 
underlines the trend of the model to reduce minimum tem-
perature in summer.

To assess our downscaled global model quantitatively, 
we proceeded to the statistical evaluation of the simulated 
mean fields from WRFEC with historical observations of the 
examined variables. The statistical errors (as described in 
Sect. 2.4) show the ability to represent the mean structure of 
the surface variables at different temporal scales for monthly 
to annual averages. The statistical analysis results of TX 
and TN were calculated using available observational data 

Fig. 9   Comparison of frequency distributions of daily precipitation between WRFEC and observations for all seasons in the period 1980–2000
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from the weather stations over the entire domain (Table 3). 
The approach for analysis also involved the investigation 
of the driver data performance of the global model EC-
EARTH (GCMEC) by comparison with the observational 
data and WRF-EC output to showcase the added value of 
the downscaling methodology. Bias results of WRF-EC for 
all temperatures and time scales presented consistent values, 
which did not vary significantly between them, with cold 
bias around 1.1 °C for maximum temperature and a warm 
bias of 0.24 °C for minimum temperature. The monthly, 
seasonal and annual scales correlation coefficients for TX 
and TN varied, of which seasonal values yielded the high-
est correlation of 0.95 and 0.94, respectively. In general, 
RMSE and MAE statistics progressively reduced along time 
scales, with the lower errors being identified on the annual 
scale. The efficiency scores of MIA and NSE showed an 
improved performance of the model on the seasonal scale 
with a range of values of 0.83–0.88. Furthermore, the statis-
tical errors of WRF-EC presented improved values against 
GCMEC. Both temperatures of GCMEC revealed a colder 
bias (− 2.98 °C for TX and − 0.4 °C for TN). It is worth to 
mention here, that WRF-EC produced an improved bias of 
TN, not only compared to GCMEC but also to the one of 
the downscaled reanalysis datasets with WRF in the study of 
Politi et al. (2021). In addition, the RMSE and MAE metrics 
of the global model were larger than the ones of WRF-EC. 
Moreover, the efficiency metrics showed an improved per-
formance of WRF-EC compared to the driver global model 
for all temporal scales. Thus, the statistical analysis of tem-
peratures reveals a very good performance of the WRF-EC 
model and highlights the added value of the downscaled 
fields compared to those of the forcing GCM.

Additionally, a worthwhile downscaling methodology 
should have the ability to simulate climate extremes well. 
For this reason, we assess the quality of our downscaled 
results based on the realistic simulations of extremes of daily 
TX, TN, and RR for each season. Figure 5 shows the sea-
sonal probability distributions of the daily minimum tem-
perature for WRFEC model and station data.

The median TN was underestimated by the model dur-
ing the summer period, showing a significant shift towards 
colder values. Overall, the WRFEC simulations were in 
good agreement with the observations along with the dis-
tribution tails, during all seasons, with a very slight shift of 
the median TN towards warmer values, in winter, spring and 
autumn. Regarding the probability distribution of maximum 
temperature, illustrated in Fig. 6, there was a significant shift 

towards lower temperature values in summer with lower den-
sity values. The median TX was also underestimated by the 
model during autumn but with higher density values than 
the observational data. A slightly maximum temperature 
underestimation by the model compared to observations 
was observed for winter and spring. From the comparison of 
temperature percentiles for extreme values of model results 
versus observations (Fig. S2), a very good agreement is 
found in 90th, 95th and 99th percentiles of TN while a slight 
overestimation is obtained with the model in the coldest TN 
values (5th and 10th percentiles). The highest percentiles 
of TX (higher than 90) are slightly underestimated by the 
model. The two-sided Kolmogorov–Smirnov (KS) test was 
applied on daily data for each season and returned estima-
tions of p-values < 0.05 which rejected the null hypothesis 
of equal distribution between models and observations. In 
addition, the calculated the Kolmogorov–Smirnov distances 
between simulated (WRFEC and CGMEC) and observed 
data provided a quantitative assessment of the added value 
of downscaling results. The comparison indicated that the 
high-resolution WRFEC model returned lower values of 
(KS) D than those of GCMEC on average for both tempera-
tures and all seasons.

In what concerns the statistical results, Cardoso et al. 
(2019) reported that in the case of Portugal, EUROCOR-
DEX models showed a cold bias regarding the maximum 
temperature and declared that those biases were clearly 
inherited from the forcing GCM since different RCM forced 
by the same GCM produced similar bias; on the other hand, 
the internal model variability played a stronger role in mini-
mum temperature. Similarly, to the previously mentioned 
study, our findings of a cold GCM bias in TX is inherited 
also by WRF (Table 3). On the other hand, the sign of the 
TN bias changes in between the coarse (GCMEC) and down-
scaled simulations (WRFEC).

The slight poor performance of WRFEC for summer 
temperatures (a strong underestimation in summer TX and 
TN) could be probably related to boundary conditions defi-
ciencies inherited by the GCM and/or due to the internal 
model dynamics and physics (Giorgi et al. 2001; Dasari et al. 
2014). Further investigation is about to be conducted but it’s 
beyond the scope of this paper.

3.3 � Precipitation

Model results were overall in agreement with the climatol-
ogy of Greece, where the precipitation patterns were gener-
ally higher during the late autumn and winter months, along 
with the most significant amounts of rainfall. The results also 
yielded higher precipitation amounts over mountainous areas 
and in the western parts of the country that were strongly 
associated with the orography, and the fact that almost all 
low-pressure systems crossing the country and resulting in 

Fig. 10   a. WRFEC annual mean historical climatology, b. WRFEC 
climate change differences for daily maximum temperature (2025–
2049 minus 1980–2004 and 2075–2099 minus 1980–2004) for 
RCP4.5 and RCP8.5. (Areas with no dots specify statistically signifi-
cant changes using a Student’s t-test at the 95% confidence level)

◂
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Fig. 11   a WRFEC mean his-
torical climatology, b WRFEC 
seasonal climate change signal 
for daily maximum temperature 
(2025–2049 minus 1980–2004 
and 2075–2099 minus 1980–
2004) for RCP4.5 and RCP8.5. 
(Areas with no dots specify 
statistically significant changes 
using a Student’s t-test at the 
95% confidence level)
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intense rainfall come from the west. Indeed, during fall and 
winter prevailing westerly winds from the Ionian Sea hit 
the west coasts and the mountain range of central mainland 
(Pindos), generating precipitation all along the west region 
of Greece. Thus, the orographic precipitation is an important 
phenomenon that affects a large portion of the west part of 
the country. The windward side of a mountain affected by 
prevailing winds is usually wetter and the leeward side of the 
mountain is usually dryer due to the moisture released when 
precipitation occurs. WRCEC results are in line with the 
climate atlas that has been developed by HNMS) (available 
at http://​clima​tlas.​hnms.​gr/​sdi/?​lang=​EN), also described in 
detail in the hindcast analysis by Politi et al. (2021). In the 
study area, the good representation of the major mountain-
ous locations and coastline obtained with the downscaling 
approach allows the production of cyclogenesis and the asso-
ciated orographic wind systems whatever the quality of the 
large scale circulation provided at the RCM’s boundaries by 
the global model (Politi et al. 2021) (Fig. 7).

The annual relative differences (in fraction) in Fig S3 
showed a consistent pattern of underestimated annual pre-
cipitation from WRFEC in the range of 0.2 to 0.4, in the 
west and north stations of the country. The seasonal rela-
tive differences illustrated in Fig. 8b, revealed that WRFEC 
overall reproduced well the observations, with a general 
small dry bias (up to − 0.4) during all seasons and a few 
localized exceptions of wet bias, in accordance with the 
results described by Soares et al. (2017). More specifically, 
it was found that particularly in summer and less in autumn, 
WRFEC underestimated slightly the precipitation in parts of 
the west and central Greece. On the annual temporal scale, 
almost half number of the stations (29 out of 66) do not pre-
sent statistically significant differences in the mean values 
between the observed and simulated points (Fig. S3). On 
the seasonal scale, the majority of the station points have 
no statistically significant differences among observed and 
model mean values during all seasons (Fig. 7). On average, 
only around 10 stations out of 66 present statistically signifi-
cant differences with the higher number of stations found in 
autumn and winter seasons. In addition, the model showed 
some difficulty in describing some regions characterized 
by high relative differences, probably due to coarse station 
density which is associated with the complex topographical 
features. The light seasonal rainfall under-prediction was 
over most parts of the country, but with good description of 
the spatial precipitation pattern.

The WRFEC mean annual cycle of monthly total pre-
cipitation (Fig. 8) was sufficiently represented by the model 
concerning the maximum values in the winter and mini-
mum ones in the summer. In comparison with observations, 
WRFEC generally underestimated the rainfall amounts. 

The under-prediction was observed in January and between 
March and April, while from April to June the model slightly 
overestimated precipitation. In particular, the model’s per-
formance in June and July was strikingly accurate, however 
from August to December the performance of the model 
reversed, resulting in lower precipitation values than the 
observations, particularly in November and December. Yet, 
it should be emphasized that the rather large error bars in all 
datasets analyzed are due to the large spatial variability of 
precipitation in the study area (Hatzianastassiou et al. 2008). 
Overall, GCMEC tends to overestimate the values from Jan-
uary to July, and indicates a better performance compared to 
WRFEC only in January, August, September and October.

Regarding the precipitation statistical errors over the 
entire domain (Table 3), the values of COR, NSE, and 
MIA remained lower than those on temperatures. In gen-
eral, the WRFEC model underestimated precipitation 
compared to observations on monthly and seasonal scales 
(less than 10%) but presented a very good performance 
on the annual scale with a small positive pbias of 2.9%. 
On the other hand, GCMEC consistently overestimated 
precipitation (around 14% in all temporal scales). As in 
the case of temperatures, the seasonal values of WRF-
EC precipitation yielded the highest correlation of 0.57, 
larger than that of the GCMEC value (0.45). In general, 
the WRFEC model yielded a noticeable improvement on 
precipitation compared to GCMEC according to the error 
statistics (Table 3). Also, those statistics presented a very 
much improved agreement when compared to the study of 
Kotlarski et al. (2014) that reported precipitation biases in 
the ± 40% range, regarding the EUROCORDEX ability to 
represent the European precipitation.

The seasonal frequency distribution of daily precipita-
tion (Fig. 9) was plotted on a logarithmic scale with bins 
of 1 mm to highlight the extremely strong precipitation 
rates.

Overall, the model underestimated the precipitation 
events below 100 mm/day in winter and autumn but could 
produce more extreme events during those periods. Notice-
able is the case where the model produced in excess precipi-
tation events (above 150 mm/day) compared to observations 
during spring. That might be caused either by the model or 
by the station density that could be too low to accurately 
satisfy the WRFEC resolution, particularly over mountain-
ous areas.

Furthermore, for the longer-term temporal statistics 
(e.g., seasonal, annual), which are of interest to the present 
study, the added value in higher-resolution simulations is not 
always evident in current RCMs. Downscaling with a limited 
area model as WRF contributes to partly replicate the inac-
curate feature of the large scale field from the global model 
even in the boundary layer where small scale processes 
dominate its dynamics. For example, comparisons between 

http://climatlas.hnms.gr/sdi/?lang=EN
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0.11° and 0.44° EUROCORDEX experiments indicated no 
systematic temperature bias reduction in the high-resolution 
experiments, while for precipitation, seasonal mean biases 
could be larger in the higher-resolution EUR-11 set of simu-
lations (Kotlarski et al. 2014; Soares and Cardoso 2018; Zit-
tis et al. 2019). Although our simulation has some biases in 
most variables, no significant departures are noticeable from 
observations. It is also a positive outcome that the model 
brings high detail in the spatial patterns and added value to 
the probability distributions, as the simulated frequency dis-
tribution of the precipitation and temperature extremes from 
the 5-km WRFEC is consistent with the observed structure 
and extreme values.

4 � Future projections

4.1 � Future projection of minimum and maximum 
temperatures

WRFEC represented very well the geographical distribution 
of annual and seasonal mean daily TX and TN (Figs. 10a, 
11, 12, 13a) in the historical period and clearly illustrated 
the seasonal variation with similar ranges of temperature 
values also found in the previous study of Politi et al. (2021).

The annual mean and seasonal projected changes along 
with the spatial distribution of the historical period are 
depicted in Figs. 10, 11, 12 and 13. In general, the warming 
projections for the far future show larger changes for maxi-
mum than for minimum temperature, for both scenarios, 
and for the annual mean and seasonal temperatures. On the 
other hand, the projected changes are less intense during the 
near future with GCM differences under the two scenarios. 
According to a 2-tailed t-test, the projected changes seen in 
all figures are statistically significant at the 95% confidence 
level over the entire region. It is obvious from these figures 
that the mean temperatures derived from maximum and 
minimum temperatures increase consistently, but with dif-
ferent magnitudes across the regions and emission scenarios.

Because of the higher greenhouse gas emissions and 
radiative forcing of RCP8.5 by the end of the century, the 
magnitude of the mean annual maximum temperature warm-
ing for RCP8.5 is greater than that for RCP4.5 (Fig. 10). 
According to the RCP4.5, the largest warming is obtained 
over the eastern part of the country (some northeastern 
inland parts and eastern coasts) reaching up to 2 °C in the 
period 2025–2049 and extends more towards southeastern 

areas up to 2.5 °C in the period 2075–2099. In the case of 
the RCP8.5 scenario, the difference between the two future 
periods is remarkably more pronounced and the mean daily 
TX is found to increase up to 4.5 °C in the far future, par-
ticularly in some eastern and coastal parts. It is also observed 
that the pattern of changes is clearly linked to the orography 
of central Greece and the island of Crete.

The investigation of the projected changes for the sea-
sonal maximum temperature revealed a relative seasonality 
(Fig. 11). There is a different spatial pattern of temperature 
(TX) change for each season. Under both RCPs, there are 
significant regional differences in terms of projected tem-
perature increase in each season. Under the RCP8.5 in the 
far future period, WRFEC projects a robust magnitude of 
warming over the whole country. The model predicts maxi-
mum TX increases in the range of 2.75 and 3.75 °C in winter 
and autumn, but in summer and spring the changes reach 
values from 3 °C, near the coast, up to 5 °C in some inland 
areas and in the north-eastern Greece. In the near future, TX 
increases mark a west–east gradient in spring and winter in 
the range of 0.75 to 2.5 °C, which is profoundly linked to the 
orography of central mainland. The lower projected changes 
are observed in winter with TX increases from 0.75 to 1.5 °C 
under both RCPs and only in the near future period.

Considering the mean daily minimum temperature in 
RCP4.5, increases are projected up to 1.5 °C in northeast-
ern regions in the near future and, in the range between 1.75 
and 2.5 °C in the far future (Fig. 12). RCP8.5 shows a much 
greater warming than RCP4.5 by the end of the century with 
a west–east gradient, reaching values from 3 up to 4 °C. TN 
is expected to increase up to 3.5 °C near the coasts and the 
islands of the central Aegean Sea, while the increase will be 
a little higher in the islands of the north and eastern Aegean 
area. Overall, the projected changes for the minimum tem-
perature in the far future, according to both scenarios, are 
similar to the changes of the maximum temperature, but with 
mitigated properties; the changes are less sharp with smaller 
contrasts and the west–east gradient also less intense.

Under RCP4.5, the magnitude of the warming in 
autumn is the lowest of all seasons with values around 
0.5–1 °C (Fig. 13). During the summer and winter sea-
sons of the future period 2075–2099, the WRF simulation 
projects a higher temperature increase of 2–2.5 °C in the 
entire country, uniformly. During winter in the near future 
projection, the largest warming occurs over some inland 
parts and northeastern Greece. The model projects a small 
west–east gradient of warming in spring, for both future 
periods. Under RCP8.5 and during the near future pro-
jection, the model produced much milder warming (espe-
cially during autumn) in the range of 0.75–2.5 °C with 
the higher temperature increase in the northeastern part 
of the country and some coastal areas. However, during 
the far future period, the model’s projection in summer 

Fig. 12   a. WRFEC annual mean historical climatology, b. WRFEC 
climate change signal for daily minimum temperature (2025–2049 
minus 1980–2004 and 2075–2099 minus 1980–2004) for RCP4.5 and 
RCP8.5. (Areas with no dots specify statistically significant changes 
using a Student’s t-test at the 95% confidence level)

◂
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Fig. 13   a WRFEC mean his-
torical climatology, b WRFEC 
seasonal climate change signal 
for daily minimum temperature 
(2025–2049 minus 1980–2004 
and 2075–2099 minus 1980–
2004) for RCP4.5 and RCP8.5. 
(Areas with no dots specify 
statistically significant changes 
using a Student’s t-test at the 
95% confidence level)
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predicts larger magnitude of warming over the western 
part of mainland, the Ionian Islands and, in some plain 
parts of central and northern mainland and southern Crete. 
In these areas, the highest maximum temperatures are usu-
ally observed during summers. According to the projec-
tions, the high increases will impact these areas adversely. 
During winter, the model projects notably the most signifi-
cant warming over the mountainous areas, while in spring, 
the temperature increases are smaller in the western than 
in eastern parts of the country.

In similar previous studies, based on global and regional 
models, projected changes were found to be rather uni-
form, as relatively small-scale climate features and feed-
backs were smoothed due to the coarser resolution. In 
general, Wagner et al. (2013) explained that the projected 
climate change signals of the coarse domain were trans-
ferred to the fine resolution without strengthening or weak-
ening the climate change signal; but the higher resolution 
added some more detail in the spatial patterns as expected.

In what concerns temperature change signal, WRFEC 
simulation projects an annual mean warming over Greece, 
which is significant at the 95% confidence interval for all 
grid points. In general, during the far future period, the 
model projects a robust magnitude of warming with most 
pronounced changes over the whole country under the 
RCP8.5 scenario. This conclusion is in accordance with 
Varotsos et al. (2021a) who examined the impacts of cli-
mate change on the tourism sector from a large ensemble 
member of RCMs from the EUROCORDEX under three 
RCP emissions scenarios. Overall, the warming projec-
tions for far future show larger changes for maximum than 
for minimum temperature, under both scenarios, and for 
the annual mean and seasonal temperatures. On the other 
hand, the projected changes are less intense during the 
near future with no significant differences under the two 
scenarios. The model predicts TX increases in the range of 
2.75 and 3.75 °C in winter and autumn, but in summer and 
spring the changes may range from 3 °C, near the coast, up 
to 5 °C in some inland areas and in north-eastern Greece. 
In the near future, TX increases mark a west–east gradient 
in spring and winter in the range of 0.75 to 2.5 °C, which 
is profoundly linked to the orography of central Greece. 
The results are generally consistent with previous stud-
ies indicating that the Mediterranean region and south-
ern Europe will exhibit an amplified temperature increase 
in comparison to the rest of the continent (Giorgi et al. 
2004). Our findings are also in agreement with the most 
recent study of Coppola et al. (2021) that estimated for 
RCP8.5 during summer late century period maximum sig-
nal over the Mediterranean land regions (where Greece is 
included) of around 4.5 °C with EUROCORDEX ensem-
ble and 6.5 °C with CMIP6. The lower projected changes 
are observed in the winter with TX increases from 0.75 

to 1.5 °C under RCP4.5 and RCP8.5 and only in the near 
future period. Overall, the projected changes for TN in 
far future, according to both scenarios, are similar to the 
changes of TX, but less sharp with smaller contrasts and 
the west–east gradient also less intense.

4.2 � Future projection of precipitation

The signal of climate change on the annual precipitation over 
Greece given by the WRF simulation is shown in Fig. 14b. 
All the results point out to a general decrease of the annual 
precipitation all over the eastern part of the country (with 
islands included). However, an increase of 20% is projected 
in the western areas only in the near future and without sta-
tistical significance. Although in the less severe scenario 
(RCP4.5) the decreases of rainfall are smaller than RCP8.5, 
there is a significant reduction in the range of − 30 to − 40% 
in areas like the island of Evia and in small areas of the 
central mainland. This reduction, according to the RCP8.5, 
becomes more extended towards the western parts of the 
country, particularly in the far future. More specifically, the 
model indicates decreases around − 25% throughout most 
parts of the domain. Additionally, the most dramatic reduc-
tions above − 30% and in some cases up to − 50% are found 
in eastern Crete, eastern Peloponnese, central mainland and 
in few areas of the eastern part of the country.

The projections for the seasonal precipitation changes 
under RCP4.5 and RCP8.5 are depicted in Fig. 15. Under 
RCP4.5, the precipitation reduction is projected to values 
over 30% in eastern Greece. The model also estimated statis-
tically non-significant changes of increasing rainfall during 
autumn around 10% in some small areas all over the country 
and, only in western Greece during all the other seasons of 
both future periods. The most dramatic reductions (above 
40%) of seasonal precipitation are observed under RCP8.5 in 
the far future covering almost all the country. In all seasons, 
small positive and negative changes are projected of around 
10%, located mostly in the western parts of the mainland, 
the Ionian Islands and western Crete. Nevertheless, these 
changes are non-significant in most areas of the country. In 
general, the total annual projected changes are related to the 
reduction of precipitation during winter, spring and autumn, 
since the summer precipitation contributes the minimum to 
the annual total.

PDF distributions of daily precipitation intensity in the 
present and future climate scenarios are depicted in Fig. 16 
below. All distributions are similar to each other up to the 
precipitation bin of around 60 mm, where the transition 
between reduction and increase of frequency of extreme 
precipitation occurs. This rainfall amount corresponds to 
the 99th percentile in historical and future climate periods. 
An increase of extreme rainfall amount (above ~ 300 mm/
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day) is obtained under the future scenarios with a rather low 
frequency of occurrence.

The projected changes for precipitation are in accordance 
with the studies of Tolika and Zanis (2012) and Maheras 
et al. (2008) that also reported that Greece would experi-
ence a persisting absence of rainfall. More specifically, the 
climate change signal of precipitation over Greece revealed 
a general decrease of the annual precipitation all over the 
eastern part of the country (with islands included) with the 
most dramatic reductions, above − 30% and in some cases 
up to − 50%, found in eastern Crete, eastern Peloponnese, 
central mainland and in few areas of the eastern part of the 
country. However, the large increase for summer precipita-
tion in both scenarios in western Greece is most-probably 
related to a more south-westerly flow in the simulated his-
torical period. Summertime precipitation during the histori-
cal period is considerably strong (see Fig. 9), probably due 
to the convection-permitting setup and related to these iso-
lated and usually very local events particularly in the period 
2025–2049. This internal variability of simulation was also 
found in the study of Knist et al. (2020). Under RCP4.5, 
notable summer increases in the southerly flows were esti-
mated up to 40%, which combined with large-scale subsid-
ence, could cause a significant rise in the occurrence of heat 
wave events (Karozis et al. 2021). The latter study which 
was part of our work revealed that estimated changes in the 
air mass flows under future high-emission scenarios imply 
changes in their associated synoptic patterns. Compared to 
our results, the changes in the total precipitation were found 
less pronounced under both the RCP4.5 and RCP8.5 in the 
period 2031 and 2060 over Crete in a study of Varotsos et al. 
(2021b) for 5 RCM’s CORDEX ensembles. The differences 
between the two scenarios in summer were large in eastern 
Greece, indicating a great natural variability over the region. 
For example, in some areas (Crete, eastern coastal parts of 
central Greece), the change was a decrease in RCP4.5 but 
an increase in RCP8.5. Similar findings between the two 
scenarios were obtained in the study of Chen et al. (2019) for 
the projected changes in eastern Asia which is characterized 
by complex topography.

4.3 � Projective changes of ETCCDI

In this section, we present the computed differences in cli-
mate indices between the two future and historical periods. 
The statistical analysis results presented in Sects. 3.1–3.2 
using the GCM (EC-Earth) coarser data and the downscaled 

simulations against temperature and precipitation observa-
tions demonstrate the capability of WRFEC to capture the 
basic climate characteristics of Greece. This provides con-
fidence on using WRFEC simulations to calculate ETCCDI 
climate indices. Furthermore, the comparison of GCMEC 
and WRFEC calculated ETCCDI indices with those calcu-
lated using observational station data is carried out to high-
light the added value of using the higher resolution simula-
tions of 5 km on the upper panel of Figs. 17, 18, 19, 20, 21, 
22, and 23, for the reference period 1980–2004. The com-
parison with observations clearly indicates the improvement 
in all calculated ETCCDI indices with WRFEC against those 
of GCMEC at the locations of the stations.

The changes in the number of days where daily TX was 
above 25 °C (summer days, see Fig. 17) appeared to have 
an increasing frequency for both scenarios and periods 
with less intense increase of an average of 5–20 days dur-
ing the near future period in the mountainous and inland 
regions and 25 days in the coastal regions and the islands. 
The greater increases of around 25 days were observed all 
over the country in RCP4.5 in 2075–2099 while the most 
robust changes were obtained under RCP8.5. More specifi-
cally, the regional mean changes increase to 50–60 more 
days almost all over the country (around 40 days over the 
mountains) and up to 80 days in the coastal areas of eastern 
Evia, southwestern Peloponnese, north Crete and the islands. 
No statistically significant future changes are observed in 
mountainous areas under both scenarios in the near future 
period. Hot days (Fig. 18), as characterized by a daily TX 
larger than 35 °C, have a well-marked increased frequency 
of 30–45 days, especially for RCP8.5 in the far future, in 
specific regions such as in the central-eastern mainland 
(Thessaly region), Thessaloniki region (central Macedonia 
region), Attica, some areas in Peloponnese, southern Crete 
and western parts of Greece. No remarkable changes were 
observed under RCP4.5 during both periods. It is also obvi-
ous that the areas with non-statistically significance change 
is centered only in the mountainous areas of central Greece 
and Peloponnese in the far future period under RCP8.5.

Regarding the tropical nights number illustrated in 
Fig. 19, a general increase of about up to 30 days is found 
under RCP4.5 and RCP8.5 for the near future all over the 
country compared to the reference period. The change 
becomes more severe in the far future (30–40 days more) 
for RCP4.5 in the north-west part of Peloponnese and Crete, 
surpassing the 50 days under RCP8.5 and over the entire 
country. Only in the mountainous regions tropical nights 
are seen to reduce, except of the period 2075–2099 in 
RCP8.5 (30 days of increase). It is also obvious (Fig. 19a) 
that coastal areas are more affected than continental parts by 
increased days of tropical nights. No statistically significant 
changes are observed only in mountainous areas of central 

Fig. 14   a WRFEC mean historical climatology, b annual mean pre-
cipitation relative changes given by WRFEC for RCP4.5 and RCP8.5 
(2075–2099 minus 1980–2004)/1980–2004. (Areas with dots specify 
changes not statistically significant using a Student’s t test at the 95% 
confidence level)

◂
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Fig. 15   a WRFEC mean his-
torical climatology, b Seasonal 
mean precipitation relative 
changes given by WRFEC for 
RCP4.5 and RCP8.5. (Areas 
with dots specify changes not 
statistically significant using 
a Student’s t test at the 95% 
confidence level)
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Greece and Peloponnese under RCP45 for both periods and 
under RCP8.5 in the near future.

In Fig. 20, a robust reduction is noted in the climate signal 
of frost days in the mountains, which reduces towards the 
coastal areas in the far future period. No noticeable differ-
ences are observed under both scenarios in the near future 
period. The strongest reduction of about 60 days is obtained 
under RCP8.5 in the far future. The calculated changes in 
frost days are statistically significant everywhere in the 
domain.

Both indices, illustrated in Figs. 21 and 22, show an 
increase in the climate change signal of extreme precipita-
tion events, in the western part of the country for RCP4.5 
in both periods and, the near future under RCP8.5 (up to 
10 days). On the other hand, the highest decreases in the 
number of days with heavy precipitation are found mainly 
over the high mountainous areas of Crete and eastern main-
land. This reduction is more pronounced under RCP8.5 in 
the far future The calculated changes in the number of days 
with heavy rainfall are statistically significant everywhere 
in the domain (Fig. 21). However, the changes in the very 
heavy rainfall events are projected with no statistical signifi-
cance in the north and eastern parts of the mainland during 
both periods and scenarios.

In what concerns dry days with daily precipitation less 
than 1 mm (Fig. 23), it is obvious that during both periods 
and scenarios the eastern part of the country would experi-
ence a consistent increase of dry days from 5 to 15 days. 
In addition, the strongest positive change is shown under 

RCP8.5 in the far future, all over the country with the most 
robust signal in the eastern parts (up to 35 days). Meanwhile, 
a reduction of dry days is reported up to 10 days, in the 
western parts of the country, the Ionian and Aegean Islands, 
Crete and some regions in the northeast mainland, with an 
exception during 2075–2099 under RCP8.5. The calculated 
changes in dry days are statistically significant everywhere 
in the domain.

Consequently, the climate change signal derived from 
the climate indices of extremes shows that it is clearly 
obvious that in both scenarios and periods extreme events 
would become gradually more extreme, reaching their peak 
in RCP8.5. These results are in good agreement with the 
studies of (Giannakopoulos et al., 2011; Kostopoulou et al. 
2014). Leaver 2018 has also highlighted a considerable 
increase in the likelihood and occurrence of high tempera-
tures based on ETCCDI climate indices based on EU-COR-
DEX datasets (0.44°) for the area of Greece. In agreement 
with our findings, another study using EU-CORDEX results 
(0.11°) reported future warming in Greece with the number 
of hot days and tropical nights in a year projected to increase 
significantly and the number of frost days to decrease, par-
ticularly under RCP8.5 (Georgoulias et al 2022). Moreover, 
our results are consistent with EU-CORDEX hot days results 
for the areas of Italy and the Balkans (where Greece is 
included) recently analysed by Coppola et al. (2020) where 
the number of hot days (> 35 °C) is robustly projected to 
increase by more than 50 days in the far future. Regarding 
precipitation, dry days become more frequent under RCP8.5 
in the far future all over Greece with the eastern part of 
the country being highly prone to drought events. All these 
changes would have important impacts on the agriculture 
production and human discomfort, as these are typical criti-
cal thresholds above which these sectors are affected.

5 � Conclusions

In this study, we applied for the first time high resolution 
downscaling (5-km) with WRF driven by the GCMEC 
model for the area of Greece and for two different future 
warming scenarios (RCP4.5 and RCP8.5), with 25-year his-
torical data (1980–2004) and two 25 year future time slices 
(2025–2049 and 2075–2099), to investigate: (1) the model 
performance in the historical period compared to observa-
tional data; and (2) its contribution to the projected changes 
of the regional climate, regarding the mean minimum and 
maximum temperatures and total precipitation. The novelty 
of this work lies in the production and validation of a new 
and reliable high-resolution dataset of climate variables and 
pertinent indices for taking into consideration the complex 
topography of Greece, aiming to provide driving data for 
impact assessment models and study the potential climate 

Fig. 16   WRFEC PDFs of precipitation (mm/day) in the historical and 
future climate periods
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Fig. 17   Annual mean summer 
days changes for 2025–2049 
(near future) and 2075–2099 
(far future) relative to 1980–
2004. In the top figure, the 
summer days index is depicted 
for the historical period. (Areas 
with dots specify changes not 
statistically significant using 
a Student’s t-test at the 95% 
confidence level)
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Fig. 18   Annual mean hot days 
changes for 2025–2049 (near 
future) and 2075–2099 (far 
future) relative to 1980–2004. 
In the top figure, the hot days 
index is depicted for the his-
torical period. (Areas with dots 
specify changes not statistically 
significant using a Student’s 
t-test at the 95% confidence 
level)
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Fig. 19   Annual mean tropical 
nights changes for 2025–2049 
(near future) and 2075–2099 
(far future) relative to 1980–
2004. In the top figure, the 
tropical night index is depicted 
for the historical period. (Areas 
with dots specify changes not 
statistically significant using 
a Student’s t-test at the 95% 
confidence level)



659High resolution projections for extreme temperatures and precipitation over Greece﻿	

1 3

Fig. 20   Annual mean frost days 
changes for 2025–2049 (near 
future) and 2075–2099 (near 
future) relative to 1980- 2004. 
In the top figure, the frost days 
index is depicted for the his-
torical period. (Areas with dots 
specify changes not statistically 
significant using a Student’s 
t-test at the 95% confidence 
level)
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Fig. 21   Annual mean heavy 
precipitation days changes for 
2025–2049 (near future) and 
2075–2099 (far future) relative 
to 1980- 2004. In the top figure, 
the number of heavy precipita-
tion days (> 20 mm) is depicted 
for the historical period. (Areas 
with dots specify changes not 
statistically significant using 
a Student’s t-test at the 95% 
confidence level)
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Fig. 22   Annual mean very 
heavy precipitation days 
changes for 2025–2049 (near 
future) and 2075–2099 (far 
future) relative to 1980–2004. 
In the top figure, the number of 
very heavy precipitation days 
(above 50 mm) is depicted for 
the historical period. (Areas 
with dots specify changes not 
statistically significant using 
a Student’s t-test at the 95% 
confidence level)
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Fig. 23   Annual mean dry days 
changes for 2025–2049 (near 
future) and 2075–2099 (far 
future) relative to 1980- 2004. 
In the top figure, the number 
of dry days (below 1 mm) 
is depicted for the historical 
period. (Areas with dots specify 
changes not statistically signifi-
cant using a Student’s t-test at 
the 95% confidence level)



663High resolution projections for extreme temperatures and precipitation over Greece﻿	

1 3

risks in a region characterized as “climate hot spot” in IPCC 
AR6 (Ali et al. 2022). We leverage on the added value of the 
dynamic downscaling process and its outcome to achieve 
an improved characterization of the expected changes in 
temperature and precipitation as well as their extremes, an 
important task in view of the pronounced warming projected 
in the vulnerable to climatic hazards Mediterranean region.

The model setup driven by reanalysis for downscaling the 
data in the study area has been extensively evaluated in our 
previous works in which the results produced reliable cli-
mate information compared to available observational data-
sets. In addition, we have studied the statistical significance 
of the projected changes. Moreover, we have investigated the 
performance of the GCM via a statistical evaluation against 
observations in the reference period to highlight the added 
value of the downscaled results.

Firstly, the historical model performance evaluation 
showed that bias results for all temperatures and time scales 
presented consistent values, with cold bias around 1.1 °C for 
TX and a warm bias of 0.24 °C for TN with high correla-
tion values with observations during monthly and seasonal 
time scales. The historical WRFEC generally simulated a 
dry bias in total precipitation, which was extended to almost 
the whole country with some excess of precipitation extreme 
events during spring and summer, but with good description 
of the spatial precipitation pattern. Overall, those findings 
suggested that our downscaling method was able to produce 
results in line with the historical observations.

The EC-EARTH and WRF model evaluations in the his-
torical period was followed by a high-resolution analysis 
of climate change projections. WRFEC results projected a 
noticeable magnitude of warming regarding TX with the 
most pronounced changes up to 5 °C mostly over the east-
ern parts of the country under the RCP8.5 in the far future 
period. In addition, the model’s projection in summer pre-
dicted a larger magnitude (near 5 °C) of warming for TN 
in the far future over the western part of the mainland, the 
Ionian Islands, and in some plains of central and northern 
mainland and southern Crete. The climate change signal 
of precipitation revealed a general decrease of the annual 
precipitation all over the eastern part of the country (with 
islands included) with the most dramatic reductions (above 
40%) in seasonal precipitation observed under RCP8.5 
almost all over the country in the far future. The model also 
estimated statistically non-significant changes of increasing 
rainfall during autumn and spring, of more than 10% in some 
small areas of western Greece in both periods and RCPs 
(except of RCP8.5 in the far future).

The projected changes in temperature and precipitation 
are related to dynamic and thermodynamic future changes. 
According to Giorgi and Lionello 2008, the drying in the 
Mediterranean region is associated with increasing anti-
cyclonic circulation which causes a northward shift of the 

mid-latitude storm track. This northward shift has a seasonal 
migration and it is maximum in summer and minimum in 
winter. Lionello and Scarascia 2018 reported that the cir-
culation change would lead to a significant reduction of 
precipitation for most of the region (Greece included) due 
to the intensification of the Azores anticyclone in summer 
that causes increased advection of warm dry continental air 
masses towards the eastern Mediterranean. The same study 
concluded that in winter, the increase in barotropic sea level 
pressure and geopotential height at the 500 hPa level in cen-
tral Mediterranean hinders the penetration of humid air from 
the Atlantic towards the southern and eastern Mediterranean 
areas. Additionally, in the study of a comparative assessment 
of backward trajectories with WRCEC in the near future 
and both RCPs, Karozis et al. (2021) deduced for Greece a 
reduction of cyclones up to 45% originating from the cyclo-
genesis region of the central Mediterranean and the Adri-
atic Sea. Moreover, the same study revealed the tendency 
(higher probability of occurrence) of increased long-range 
southerly flows from Africa (circa 40%) under RCP4.5 and 
consequently the appearance of an increased number of heat-
waves that could also result in drier conditions in the future. 
Russo et al. (2014) and Coumou et al. (2018) also reported 
future enhancement of mid-latitude heat waves due to non-
linear interactions between Arctic teleconnections and other 
remote and regional feedback processes.

In what concerns the climate change signal derived 
from ETCCDI indices, the number of summer days is 
considerable increasing everywhere and particularly under 
RCP8.5 in the far future. The highest increases of hot days 
(greater than 35 days of daily TX > 35 °C) are observed 
over the plains of central-east mainland, central Macedo-
nia, western mainland and Peloponnese under RCP8.5. 
Our results showed decrease in the number of tropical 
nights, over the highly mountainous areas of the main-
land and Crete in both periods and under both RCPs. On 
the other hand, their number increased elsewhere, becom-
ing more vivid towards the coastal areas, particularly in 
the far future under RCP8.5 over the islands and parts of 
the western mainland. The number of frost days decreases 
everywhere in both periods and under both RCPs reach-
ing most significant decreases over the mountainous areas 
and the eastern parts of the mainland under both RCPs 
in the far future. Regarding precipitation climate indices, 
our findings revealed a reduction in the number days with 
RR > 20 mm everywhere apart from western Greece in 
both periods under RCP4.5 and in the near future under 
RCP8.5. The increases in the number of days of extreme 
precipitation (RR > 50 mm) are less profound and mostly 
over the high altitudes of western Greece in both peri-
ods under both RCPs. Yet, the largest decreases are found 
over the highly mountainous areas of eastern mainland and 
Crete in the far future and under both RCPs. The number 
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of dry days decreases in western Greece and the islands 
in both periods and under both RCPs, with an exception 
during 2075–2099 under RCP8.5. Significant increases are 
found over the mountainous areas and eastern mainland, 
which become more robust in the far future under RCP8.5.

The presented study constituted a first attempt to dem-
onstrate the benefits of a high-resolution dynamical down-
scaling to simulate as accurately as possible the regional 
climate and future changes in Greece. Further to this, the 
study aimed to provide driving data for impact models 
that require high spatial details. It must be mentioned 
that at this stage, only one GCM and RCM have been 
used limiting the quantification of the uncertainty of the 
results. Also, bias correction was not applied to improve 
the climate projections regarding the examined variables, 
given the lack of consistent gridded observational datasets 
required for such regions of complex topography and cli-
mate variation. In summary, uncertainties still exist in pro-
jecting future climate changes in Greece—a region with 
complex topography and unique weather and climate sys-
tems, thus, the importance of in-depth analyses of model 
simulations and large ensembles of high resolution should 
be emphasized. A natural follow up would also be to inves-
tigate the use of an ensemble of different bias corrected 
methods results with station observational data to quantify 
the spread of the dynamical downscaling results in the past 
and future periods for climate indices and particularly for 
specific areas which are projected to be more affected by 
extreme events in the future.
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