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1. INTRODUCTION

Policy and decision makers in governmental and
non-governmental organizations, as well as end-
users in the private sector and the general public,
require detailed regional information on future cli-
mate to assess the risks of anticipated climate
changes due to the anthropogenic forcing of the
greenhouse effect. Although high-resolution global
climate models (GCMs) have been increasingly uti-
lized over the last decade (Held & Zhao 2011), the

recent simulations with GCMs used in the IPCC
fifth assessment report (AR5) still have a coarse hor-
izontal resolution to resolve the effects on regional
climate of local- and  regional-scale forcings, such as
topogra phic characteristics with complex mountain
ranges, coastlines, pen insulas, small islands and
lakes, as well as land-use characteristics and chemi-
cal composition of short-lived species (e.g. aerosols,
tropospheric ozone). Al though planetary- and syn-
optic-scale forcings and circulations determine the
statistics of weather events that characterize the cli-
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mate of a region, the above-mentioned regional-
and local-scale forcings and circulations modulate
the regional climate and can possibly provide feed-
back to the large-scale circulation (Giorgi & Mearns
1999, IPCC 2007).

Hence, regional climate models (RCMs) have been
developed since the late 1980s for the application of
dynamical downscaling methods to enhance the re -
gio nal information provided by the GCMs for past
and future climate simulations or by the large-scale
reanalysis fields in hindcast simulations (Dickinson
et al. 1989, Giorgi et al. 1990, Giorgi & Mearns 1999).
Extensive application of the dynamical downscaling
methodology with the use of RCMs has taken place
over the last decade (e.g. Giorgi et al. 2004, Gao et al.
2006, Christensen & Christensen 2007, Déqué et al.
2007, Jacob et al. 2007, Sanchez-Gomez et al. 2009,
Rauscher et al. 2010), and the capabilities and limita-
tions of the methodology have been investigated
(Giorgi & Mearns 1999, Laprise et al. 2008, Xue et al.
2014 and references therein).

The use of RCMs is necessary in regions with mul-
tiple topographic characteristics; Greece is a Medi-
terranean country characterized by complex topog-
raphy, with steep orography from the mountainous
regions to the coast, a long and convoluted coastline
and many small islands in the Aegean and Ionian
seas. Hence, the use of downscaling to higher resolu-
tion is necessary to assess the regional and subre-
gional climate of the complex topographical area of
Greece (Kosto pou lou et al. 2007, Tolika et al. 2008,
2012, Zanis et al. 2009a). The highest commonly used
horizontal resolution in multidecadal to centennial
simulations with RCMs ranges between 50 and 25
km. But for mountainous regions, even 10 km, which
is roughly the highest horizontal resolution limit reg-
ularly used in hydrostatic models, can be considered
a coarse resolution (Im et al. 2010). Recently, a new
high-resolution regional climate change ensemble
with a horizontal resolution of 0.11° has been estab-
lished for Europe within the World Climate Research
Program Coordinated Regional Downscaling Experi-
ment (EURO-CORDEX) initiative (Jacob et al. 2014).

Over the eastern Mediterranean (EM) region, cli-
mate conditions are characterized by moderate air
temperatures and variable rainy weather during the
winter season, often related to eastward movement
of frontal systems (Maheras et al. 2001, Xoplaki et al.
2004). During spring, the mid-latitude baroclinicity
zone moves northwards, and in summer, the region is
subject to tropical influences leading to enhanced
subsidence, which suppresses clouds and rain. This
subsidence is primarily related to the interaction with

the mid-latitude westerlies of an equatorially trapped
Rossby wave to its west, induced by the South Asian
monsoon heating, as well as an enhancement of the
descent due to diabatic radiative cooling under clear
sky conditions (Rodwell & Hoskins 1996, Tyrlis et
al. 2013). Moreover, the geographic location of the
Greek peninsula, with the contrasts of maritime and
continental air masses, as well as its orographic fea-
tures results in a distinctive climate variation from
west to east and from north to south (Maheras &
Anagnostopoulou 2003).

Furthermore, the whole Mediterranean is recog-
nized among the most responsive regions to climate
change (Giorgi 2006). Model projections based on
GCMs and RCMs indicate a consistent warming and
drying of the Mediterranean region mainly over the
last decades of the 21st century for various emission
scenarios (e.g. Gibelin & Déqué 2003, Gao et al.
2006, Diffenbaugh et al. 2007, Goubanova & Li 2007,
Giorgi & Lionello 2008, Krichak et al. 2011, Lelieveld
et al. 2013).

Most of the previous RCM studies for the future
climate change of the EM or of specific countries of
the EM were based on simulations with horizontal
resolution down to 25 km. Projected climate change
over the EM and Turkey has been analyzed by
using a time-slice approach, with the reference
(1961−1990) and future (2071−2100) climate simula-
tions produced by RegCM3 with a horizontal resolu-
tion of 30 km under the IPCC A2 scenario (Önol &
Semazzi 2009). They provided compelling evidence
of the added value of RCM downscaling in the
region based on countrywide averages of RegCM3
simulations being consistent with corresponding
averaged station data. Krichak et al. (2011) carried
out a double-resolution transient RCM climate
change simulation experiment with RegCM3 over
the period 1960− 2060 under the IPCC A1B scenario
for a near-coastal eastern zone of the EM region,
with the inner domain having a horizontal resolution
of 25 km. They revealed a notable sensitivity of the
projected larger-scale climate change signals to the
smaller-scale effects. Hadjinicolaou et al. (2011)
assessed mid-21st century climate and weather
extremes in Cyprus as projected by 6 RCMs with a
horizontal resolution of 25 km under the IPCC A1B
scenario, which indicated a shift in the mean
climate to a warmer state, with a relatively strong
increase in warm extremes. Lelieveld et al. (2013)
presented similar model results from a transient
simulation over the period 1950− 2099 under the
A1B scenario based on the RCM PRECIS with a hor-
izontal resolution of ~25 km. Recently, Zittis et al.
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(2014) studied the role of soil moisture in the ampli-
fication of climate warming in the EM based on a
transient simulation with the Hadley Centre
HadRM3P RCM covering the period 1951− 2099
under the A1B scenario with a horizontal resolution
of 25 km.

For Greece in particular, there are only a few
studies so far on future climate change based on
RCM simulations with spatial resolution down to
25 km. Zanis et al. (2009a) investigated the simu-
lated changes in temperature and precipitation over
Greece for the period 2071−2100 under the A2
emission scenario based on time-slice projections
from 9 RCMs with a spatial grid resolution of 50 km
carried out within the PRUDENCE project (http://
prudence. dmi.dk/). An assessment of regional cli-
mate change for Greece based on available RCM
simulations was presented by the Climate Change
Impacts Study Committee (Zerefos et al. 2011). To -
lika et al. (2012) updated the assessment of future
climate change over Greece for summer and winter
seasons using 22 simulations from various RCMs
under the A2, A1B and B2 future emission scenarios
of the IPCC. The study was based on time-slice
 projections with a spatial grid resolution of 50 km
carried out within the PRUDENCE project and tran-
sient 21st century projections with a spatial re so -
lution of 25 km carried out within the ENSEMBLES
project. Nastos et al. (2013) studied future changes
of aridity in Greece based on transient 21st century
projections from 8 RCMs with a spatial resolution of
~25 km carried out within the ENSEMBLES project
(www. ensembles- eu.org/).

Tselioudis et al. (2012) investigated whether the
increased resolution of an RCM from 50 to 11 km
introduces novel information in future precipitation
change over the mountainous region of Greece. So
far, this is the first study showing results of future
climate change with such a high spatial resolution
(of 11 km) for the region of Greece. However, the
study was based only on two 5 yr runs, a control run
(1991− 1995) and a future climate run based on the
IPCC A1B scenario (2091−2095). Furthermore, Önol
(2012) presented for the first time a long-term high-
resolution (of 10 km) regional climate simulation
using RegCM3 for the EM including Greece, but
this simulation was a hindcast simulation driven by
NCEP reanalysis over the period 1961−2008. Here,
we present results of a high-resolution simulation
over the period 1960−2100 with RegCM3 that con-
stitutes a transient regional projection for future cli-
mate change, for the first time to our knowledge,
with 10 km spatial resolution for Greece.

2. DATA AND MODEL SETUP

The high-resolution (10 km grid resolution) tran-
sient regional climate simulation (1960−2100) was
performed with the RCM RegCM3 over Greece
(hereafter referred to as RCM10) with 143 × 109 grid
cells horizontally, 18 vertical levels and the model top
at 50 mb. The domain and the model topography are
shown in Fig. 1. The RCM10 simulation was initial-
ized in December 1958, with the first 2 yr of the simu-
lation considered as the spin-up time. This high-reso-
lution simulation was a nested run of the RegCM3
simulation with 25 km spatial resolution over an ex-
tended European domain carried out in the frame-
work of the European Union project ENSEMBLES
(hereafter referred to as RCM25). In our centennial
RCM10 simulation case, the dynamical downscaling
ratio was 2.5 to 1, down to the highest horizontal res-
olution limit regularly used in hydrostatic RCMs, thus
reducing the gridbox surface from 625 to 100 km2. In
turn, the RCM25 simulation used lateral boundary
conditions from the T63 GCM ECHAM5 coupled to
the ocean model MPI-OM (run 3) with 1.875° resolu-
tion for the 20th century (Roeckner 2006) and the 21st
century under the IPCC Special Report on Emissions
Scenarios (SRES) A1B scenario (Roeckner 2008). The
20th century simulation (including year 2000) used
observed anthropogenic forcings of carbon dioxide
(CO2), methane (CH4), nitrous oxide (N2O), chloroflu-
orocarbons (CFCs), ozone (O3) and sulfate (SO4). The
A1B scenario is part of the A1 family, which describes
a balance across all energy sources. The ECHAM5
experiment was initialized in year 2000 of the 20th
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century run and continues until year 2100 with
anthropo genic forcings (CO2, CH4, N2O, CFCs, O3

and SO4
2–) according to A1B. The A1B scenario pre-

dicts a medium-high in crease of CO2 concentration
to about 700 ppm by 2100 (IPCC 2007). SRES scenar-
ios have been used for the climate projections of the
IPCC fourth assessment report (AR4). However, the
recent climate projections in IPCC AR5 are based on
the most recent representative concentration path-
ways (RCPs). Comparison of CO2 concentrations for
the 21st century from the RCPs and SRES scenarios
shows that A1B lies between RCP6 and RCP8.5 but is
closest to RCP6 (Meinshausen et al. 2011). Rogelj et
al. (2012) also showed that the median of the pro-
jected warming for the end of the 21st century under
the A1B scenario is found between the values of the
RCP6 and RCP8.5 scenarios but nearer to RCP6.

RegCM3 was initially developed at the National
Center for Atmospheric Research (NCAR), and has
been used in a number of RCM in studies of re gio nal
climate and seasonal predictability around the world
(Giorgi et al. 2006, Pal et al. 2007). The dynamical
core is based on the hydrostatic version of the Penn-
sylvania State University/NCAR mesoscale model
version 5 (Grell et al. 1994). The radiative transfer
package is taken from the community climate model
version 3 (Kiehl et al. 1996). The large-scale cloud
and precipitation computations are performed by the
subgrid ex plicit moisture scheme (Pal et al. 2000).
The biosphere− atmosphere transfer scheme (Dickin-
son et al. 1993) is used to represent surface pro-
cesses, while boundary layer physics is described via
the non-local vertical diffusion scheme of Holtslag et
al. (1990).

The RCM25 simulation over Europe, which pro-
vided the lateral boundary conditions for the RCM10
simulation, used the Grell scheme (Grell 1993) for
convection, implementing the Fritsch & Chappell
(1980) closure assumption (hereafter referred to as
Grell-FC). However, a sensitivity study of RegCM3 to
the convective scheme for southeastern Europe
showed that a cold bias with Grell is significantly re -
duced when the Emanuel convective scheme (Ema -
nu el & Živković-Rothman 1999) is used, even during
months of low convective activity (Zanis et al. 2009b).
Furthermore, in a previous study for central Europe
with RegCM3, high-resolution simulations with the
default Grell-FC scheme tend to significantly over -
estimate precipitation for the mountainous area of
the Carpathians (Torma et al. 2011). Torma et al.
(2011) thus suggested an adjustment of some param-
eters in the Grell-FC scheme to reduce precipitation
in the nested simulation such as the cloud-to-rain

autoconversion rate, raindrop evaporation rate coef-
ficient and raindrop accretion rate. Furthermore,
Önol (2012) carried out a high-resolution regional cli-
mate simulation (10 km) nested in a 50 km RegCM3
simulation with the default Grell-FC scheme for the
EM, driven by NCEP reanalysis over the period
1961− 2008. In this study, the nested high-resolution
simulation reveals a clear overestimation of precipi-
tation over the mountainous regions of Greece dur-
ing winter and spring in comparison to gridded
datasets (see Fig. 6).

Hence, it was necessary to configure the convec-
tion scheme to optimise RegCM3 for our high-resolu-
tion simulations over Greece. The model configura-
tion was chosen after evaluating 6 yearly sensitivity
simulations with different convection schemes, as
described in more detail by Mystakidis et al. (2012).
Specifically, the simulations comprised 2 experi-
ments using the Grell-FC scheme and 4 experiments
using the Emanuel convective scheme. The 2 simula-
tions with the Grell-FC scheme included one simula-
tion with the default version and the other simulation
with the modification suggested by Torma et al.
(2011). The 4 experiments with the Emanuel scheme
include changes in the relaxation rate a (kg m−2 s–1

K–1), which determines the rate at which the cloud-
base upward mass flux is relaxed to steady state, and
in the warm cloud autoconversion threshold l0 (kg
kg−1), which determines the amount of cloud water
available for precipitation conversion, following the
study by Segele et al. (2009).

Simulations using the modified Emanuel convec-
tive scheme with l0 = 0.01 and a = 0.1 showed the best
model performance, reducing the mean bias in tem-
perature over 25%, in cloudiness over 20% and in
precipitation over 70% when compared with the
respective observed values from the network of the
Hellenic National Meteorological Service (HNMS)
(Mystakidis et al. 2012). Following these results, the
high-resolution transient regional climate simulation
(1960− 2100) was performed using the Emanuel
scheme with l0 = 0.01 and a = 0.1.

The transient high-resolution simulation was evalu-
ated over the period 1975−2000 using temperature
and precipitation measurements from 79 stations of
the HNMS observational network. Selection of the
period 1975−2000 was based on optimum spatial cov-
erage of stations over this period, meaning a compro-
mise between the longest period and the highest den-
sity of stations. The data were subjected to a series of
quality control tests including internal consistency
checks and identification of outliers in the monthly
values. An algorithm to correct for missing values,
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based on current WMO guidelines, was also ap plied
using the criterion that a year is considered to be com-
plete when at least 8 monthly values are re corded
(Marougianni et al. 2012). The evaluation ana lysis
was done on a monthly basis; hence, monthly mean
time-series of surface temperature and precipitation
were extracted from model fields to be compared with
the station observations. Because of differences be-
tween station altitude and model grid altitude, a cor-
rection was applied in modelled temperature, with a
standard temperature vertical lapse rate of 6°C km−1.

The metrics used for model evaluation are (1) the
mean annual bias, providing an estimation of the
over- or underestimation of the selected meteorolog-
ical variable; (2) the correlation coefficient R of the
observed and modeled time-series over the HNMS
stations to identify their temporal agreement; and (3)
the normalized standard deviation (NSD), which is
the ratio of the standard deviation of the modeled
monthly values to the standard deviation of the
observed values. This measure ideally equals unity
and becomes either >1 or <1 depending on whether

the model over- or underestimates the
amplitude of variability of the evalu-
ated variable.

Furthermore, in our analysis, we
used monthly temperature and pre-
cipitation from (1) the forcing T63
general circulation model (GCM)
ECHAM5 coupled to MPI-OM (run 3)
with 1.875° resolution for the 20th cen-
tury (Roeckner 2006) downloaded
from the Climate and Environmental
Retrieval and Archive (CERA) data-
base (http://cera-www.dkrz.de/ CERA/
index. html), (2) the RCM25 simulation
over Europe and (3) the E-OBS grid-
ded dataset based on observational
data (Haylock et al. 2008) with a spa-
tial resolution of 0.22° on a rotated
grid (www.ecad.eu/).

3. RESULTS

3.1.  Evaluation over the period
1975−2000

The average annual near-surface
temperatures over the period 1975−
2000 for the HNMS stations are shown
as points in Fig. 2a, while the respec-
tive gridded E-OBS field is illustra -
ted in Fig. 2b. Visual comparison of
Fig. 2a,b indicates rather colder an -
nual temperatures in E-OBS than at
the HNMS stations. The annual near-
surface temperature average fields for
RCM10, RCM25 and ECHAM are also
shown in Fig. 2 with their respective
grid resolution. Visually, we note a
rather good comparison of the RCM10
temperature field with RCM25 and E-
OBS, with a tendency for colder tem-
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peratures and more structural topographic character-
istics over the mountainous regions (Pindus moun-
tain range) due to the higher resolution. Fig. 2e also
shows the limited regional information of the temper-
ature field of the GCM in comparison to the E-OBS,
RCM10 and RCM25 fields.

Similarly, Fig. 3 shows the annual precipitation
sum over the period 1975−2000 for the HNMS sta-
tions, E-OBS gridded data, RCM10, RCM25 and the
forcing GCM ECHAM5. Visually, we note a good
comparison of the RCM10 precipitation field com-

pared to RCM25, with RCM10 depicting the finer
regional characteristics over the mountain regions.
Both RCM10 and RCM25 capture the precipitation
pattern shown in E-OBS, but there is a tendency for
higher precipitation over western Greece and the
Pindus mountain range in comparison to the E-OBS
and HNMS stations. Fig. 3 also indicates the im -
provement in depicting spatially the topographic
characteristics as we move from the global model
with about 190 km resolution towards RCM25 and
the even finer characteristics in RCM10.

Considering that the actual station
data provide a more realistic basis for
the evaluation of the RCM10 simula-
tion, the statistical evaluation meas-
ures were calculated with regard to
the HNMS station data. Fig. 4 and
Table 1 provide a quantitative outlook
for the evaluation of RCM10 and
RCM25 with re spect to HNMS stati -
ons on an annual basis. Specifically,
Fig. 4 illustrates the mean annual sur-
face temperature (top) and precipita-
tion (bottom) bias of RCM10 and
RCM25 for the time period 1975− 2000.
Further more, Table 1 shows summary
statistics of the 3 evaluation metrics
(bias, R, NSD) for near-surface tem-
perature and precipitation. The results
for near-surface temperature indicate
negative biases for both RCM25 and
RCM10. The median annual bias for
all HNMS stations is slightly reduced
in RCM10 (median bias −2.2°C) by
about 0.3°C compared to RCM25
(median bias −2.5°C). The percentile
ana lysis shows that the P75 (3rd quar-
tile) of the bias is also reduced in
RCM10 but that in the lower part of the
distribution, the P25 (1st quartile) indi-
cates slightly larger negative biases for
RCM10 compared to RCM25. Further-
more, the maximum and minimum val-
ues of the biases are larger in RCM10
than in RCM25. A question that arises
is to what extent the differences in
the temperature biases of RCM10 and
RCM25 are related to the different re -
solution or the different convective
schemes. To ad dress this issue, we car-
ried out a sensitivity study running
an additional annual simulation of
RCM10 for 1 yr (year 1995) but using
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the same convective scheme (Grell-FC) as in RCM25 
(hereafter denoted RCM10G). A direct comparison of 
RCM10 using Emanuel with RCM10G using Grell-
FC indicated a cold bias of RCM10G over the Greek 
domain ranging from −0.2 to −0.5°C (see Fig. S1 in 
the Supplement at www. int-res. com/ articles/ suppl/

c064 p123 _ supp. pdf). This re sult in di -
cates that the reduction of the median 
annual bias in near-surface tempera-
ture by about 0.3°C for RCM10 com-
pared to RCM25 is rather linked to 
the different convective schemes im -
ple mented through a feed back mech-
anism, as has been also discussed by 
 Zanis et al. (2009b). Use of the Ema -
nu el convective scheme imposes a 
stron ger con vec tive activity than the 
Grell-FC scheme, stronger vertical 
redis tri bution of humidity, fewer low-
level clouds, more short-wave solar 
radiation absorbed from the ground 
and, hence, warmer low-level tem-
peratures. However, the different res-
olutions in RCM10 and RCM25 play a 
role in the distribution of the biases.

In the case of precipitation, there is 
a larger negative bias in RCM10 than 
in RCM25, with the median bias be -
ing −9.8 mm for RCM10 and −3.3 mm 
for RCM25, but the distribution of 
biases is wider in RCM10 than in 
RCM25 (Table 1) based on the P25 
and P75 values (1st and 3rd quartiles, 
respectively). However, RCM25 pro-
duces slightly more precipitation at 
the HNMS stations over the Pindus 
mountain range compared to RCM10. 
The Pindus mountain range stretches 
from near the Greek− Albanian bor-
ders in northern Epirus, entering the 
Epirus region and Macedonia region 
in northern Greece, down to the north 
of the Peloponnese. For 5 HNMS sta-
tions located in the greater area of the 
Pindus of northwestern Greece (Ioan-
nina, Kastoria, Konitsa, Kozani and 
Florina), the mean annual precipita-
tion bias in RCM10 is −19.9 ± 82.1 
mm, while in RCM25, it is 29 ± 86 
mm. A direct comparison of RCM10
using Emanuel with RCM10G using
Grell-FC indicated a wet bias of
RCM10G over western Greece and

the Pindus mountain range from 50 to 300 mm annu-
ally (see Fig. S1 in the Supplement). These biases are
higher than the difference of the annual precipitation
bias between RCM10 and RCM25. This indicates
that the use of Grell-FC in RCM25 leads to a slightly
higher precipitation rate and bias than RCM10 (using
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RCM10   RCM25      RCM10   RCM25      RCM10   RCM25

Near-surface temperature
P25 −3.23       −2.99          0.94         0.94            0.77         0.89
P50 −2.18       −2.46          0.95         0.95            0.84         0.95
P75 −1.20       −1.70          0.95         0.95            0.91         1.02
Mean −2.49       −2.42          0.95         0.94            0.84         0.97
Minimum        −11.61       −8.88          0.92         0.93            0.56         0.72
Maximum            2.87         1.43          0.96         0.95            1.15         1.33

Annual precipitation
P25 −24.05     −15.39          0.29         0.24            0.68         0.63
P50 −9.83       −3.26          0.35         0.33            0.92         0.80
P75 7.35         4.22          0.43         0.41            1.32         0.96
Mean −8.27       −2.83          0.34         0.32            0.99         0.91
Minimum        −79.29     −54.03          0.09         0.07            0.12         0.35
Maximum          70.07       86.86          0.52         0.52            3.48         3.73

Table 1. Summary statistics of the major evaluation metrics on an annual ba-
sis (25th, 50th and 75th percentiles [P25, P50 and P75, respectively] and
mean, minimum and maximum values) based on the comparison of RCM10
and RCM25 near-surface temperature and annual precipitation values with
the respective values from the 79 Hellenic National Meteorological Service
stations. The statistical evaluation metrics include mean bias (°C for tempera-
ture, mm for precipitation), temporal correlation coefficient and normalised 

standard deviation (NSD)

Fig. 4. Mean annual bias in near-surface temperature and precipitation over 
the period 1975−2000 for (a,c) RCM10 and (b,d) RCM25
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the modified Emanuel scheme), but these wet biases 
accentuate at higher resolution, as they become 
larger with the use of the Grell-FC scheme in 
RCM10G. A seasonal analysis of the biases in tem-
perature and precipitation for the RCM10 simulation 
is provided in Table S1 in the Supplement at www. 
int-res. com/articles/ suppl/ c064 p123 _ supp.pdf.

The temporal correlation of RCM10 with observa-
tions is high for temperature, ranging from 0.92 to 
0.96 at all stations, but is considerably lower for pre-
cipitation, with values ranging from 0.09 to 0.52. Gen-
erally, climate models have difficulties successfully 
representing the amount of precipitation and its spa-
tial and temporal characteristics since it is controlled 
by several factors including the convection scheme, 
the energy and water budget and topography. Table 1 
indicates that the higher spatial resolution in RCM10 
compared to RCM25 has no impact on the temporal 
correlations for temperature and precipitation. Fur-
thermore, the spatial correlation is rather low for pre-
cipitation (ranging from 0.2 to 0.3) and higher for the 
homogeneous field of temperature (around 0.8) for 
both RCM10 and RCM25. This result indicates no 
considerable improvement in spatial correlation, de-
spite the higher spatial resolution in RCM10 compared 
to RCM25, presumably because of the limited number 
of stations over the mountainous regions.

The NSD shows a median value of 0.84 in temper-
ature and 0.92 in precipitation for RCM10, while the 
respective values for RCM25 are 0.95 and 0.8. This 
indicates that the amplitude of variability is slightly 
more underestimated in RCM10 than in RCM25 for 
temperature but reverses for precipitation. The range 
of the distribution in NSD values (difference between 
P25 and P75 in Table 1) are greater in RCM10 than in 
RCM25, which could be related to the different reso-
lution.

As mentioned in Section 2, selection of the period 
1975− 2000 for our evaluation was based on optimum 
spatial coverage of stations over this period. Never-
theless, we carried out a similar analysis with fewer 
HNMS stations for the control period 1961−1990, 
revealing similar results with those discussed for the 
period 1975−2000.

3.2.  Future projections in annual near-surface 
temperature and precipitation

The simulated RCM10 projected changes on an 
annual basis in near-surface temperature and precip-
itation between the 2 future time slices (2021−2050 
and 2071−2100; hereafter FUT1 and FUT2, respec-

tively) and the control time slice (1961−1990) are
shown in Figs. 5 & 6. In the first half of the century,
small changes are shown for temperature and pre-
cipitation. Mean annual temperature increases most -
ly by up to 1.4°C over most of Greece and by up to
1.8°C over parts of Peloponnese and Crete as well as
islands of the Aegean Sea (Fig. 5a). The change in
maximum annual temperature is slightly higher, with
an increase ranging from 1.4 to 1.8°C over land for
almost the whole of Greece (Fig. 5c). The change in
minimum annual temperature is slightly lower, with
an increase ranging from 1.0 to 1.4°C over the whole
of Greece except the island of Rhodes, where the in -
crease ranges from 1.4 to 1.8°C (Fig. 5e). All of these
changes in temperature are statistically significant at
the 95% confidence level. Concerning precipitation,
the near-future change is ±15%, being mostly nega-
tive in the southern part of the domain, indicating
drier conditions, but these changes are non-statisti-
cally significant at the 95% confidence level (Fig. 6a).
The largest part of the changes in total precipitation
are related to changes in non-convective precipita-
tion (Fig. 6c,e).

At the end of the 21st century, larger changes in
both near-surface temperature and precipitation are
projected under the A1B scenario. Mean annual tem-
perature increases by about 3.4 to 4.2°C over land
and by 2.6 to 3.4°C over the sea (Fig. 5b). The change
in maximum annual temperature is slightly higher,
reaching values of about 4.2 to 4.6°C over the main-
land (Fig. 5d), while the change in minimum annual
temperature is slightly lower, with an increase up to
3.8°C over land (Fig. 5f). Precipitation is projected to
decrease between 10 and 40%, with the stronger de -
crease shown over southern Greece (Fig. 6b). Here,
we also note that the largest part of the changes in
total precipitation are related to non-convective pre-
cipitation (Fig. 6d,f), namely decreasing significantly
(at the 95% confidence level) all over Greece with
stronger decreasing rates towards the southern parts
(Fig. 6f).

Notably, RCM25 and RCM10 projected changes in
near-surface temperature and total and convective
precipitation (not shown) are comparable in magni-
tude and spatial distribution. This indicates the ro-
bustness of the climate change signal in the future
projections, despite the different resolution and the
different convective schemes implemented. Further-
more, this robustness, especially for the end of the
21st century, implies that the physical signal of cli-
mate change in both simulations is presumably
greater than the important issue of the model’s inter-
nal variability resulting from chaotic processes intrin-
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sic to the atmosphere (Giorgi & Bi 2000, Crétat & Pohl
2012). The issue of model internal error is more of a
concern for the early decades of the 21st century,
when the physical signal of the anthropogenic cli-
mate change is low. However, this issue can only be
addressed quantitatively by generating ensembles of
simulations since, owing to its random nature, the
variability should tend towards zero as the number of
ensemble members increases (O’Brien et al. 2011).

3.3.  Future projections in seasonal near-surface
temperature and precipitation

The RCM10 projected changes on a seasonal basis
in mean near-surface temperature and precipitation
between 2071−2100 and the control period 1961−
1990 are illustrated in Figs. 7 & 8. In winter, we note
the lowest changes in mean near-surface tempera-
ture, with values ranging between 3.0 and 3.4°C over
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maximum near-surface temperature and (e,f) minimum near-surface temperature based on the high-resolution simulation 
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land and the northern Aegean Sea (Fig. 7a). In
spring, the changes over the largest part of the Greek
mainland range between 3.4 and 3.8°C (Fig. 7b). In
autumn, the changes are slightly higher, especially
over northern Greece, the Peloponnese and Crete,
with values ranging between 3.8 and 4.2°C (Fig. 7d).
The largest changes in mean near-surface tempera-
ture are seen during summer over the Greek main-

land, with values between 4.2 and 4.6°C for southern
Greece (e.g. the Peloponnese, Crete and east central
Greece), between 4.6 and 5°C for northeastern
Greece and more than 5°C for northwestern Greece.
Changes in maximum near-surface temperature in
summer for FUT2, with values higher than 5°C, cover
a larger part of northern Greece (not shown) in com-
parison to the mean summer temperature. For FUT1,
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Fig. 6. Percentage change between 2021−2050 and 1961−1990 as well as between 2071−2100 and 1961−1990 for (a,b) annual to-
tal precipitation, (c,d) convective precipitation and (e,f) non-convective precipitation based on the high-resolution simulation
RCM10. The line shading indicates areas in which the differences between future runs and the control run are not statistically 

significant at the 95% confidence level according to a 2-tailed paired t-test
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the summer period shows the largest changes
throughout the year in mean near-surface tempera-
ture, with values ranging between 1.8 and 2.2°C over
the land, while the winter period shows the lowest,
with values ranging between 0.8 and 1.4°C (not
shown).

Concerning precipitation for the FUT2 period,
summer presents the lowest changes in the mean
daily precipitation rate because of the very low
amounts of precipitation during this season, with
these changes being non-statistically significant at
the 95% confidence level (Fig. 8d). Winter and spring
show the largest decreases in future precipitation
daily rate, with values ranging from –0.15 mm d−1 to
more than –0.75 mm d−1 over the Pindus mountain
range. Winter shows the largest decreases in precip-
itation rate in western and southern Greece, while
spring shows the largest decrease in northern
Greece (Fig. 8a,b). The percentage changes in total
precipitation reach a decrease up to roughly 40 to

45% in certain regions during winter and spring (see
Fig. S2 in the Supplement). Autumn also shows de -
creasing daily precipitation rates for the whole of
Greece (Fig. 8d), but the changes are smaller com-
pared to spring and winter. The largest part of the
changes in total precipitation are related to changes
in non-convective precipitation for all seasons. The
changes in convective precipitation for the FUT2
period are provided in Fig. S3 in the Supplement.

In the FUT1 period, the seasonal changes in pre-
cipitation daily rate are either slightly positive or
negative but generally non-statistically significant
at the 95% confidence level (not shown). For exam-
ple, in winter, the daily precipitation rate decreases
in southern Greece by about −0.15 to −0.45 mm d−1

but increases over northern Greece by 0.15 to 0.30
mm d−1. In spring, the precipitation daily rate
slightly de creases by about −0.15 mm d−1 for the
whole of Greece, while in autumn, it increases by a
similar amount for the whole of Greece.
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Fig. 7. Seasonal mean near-surface temperature change between 2071−2100 and 1961−1990 for (a) winter, (b) spring, (c) sum-
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3.4.  Future projections in climate indices

RCM10 simulations were used to calculate future
changes in the FUT1 and FUT2 periods relative to the
control period in climate indices including (1) the
number of hot days with Tmax > 35°C; (2) the num-
ber of warm nights with Tmin > 20°C; (3) the number
of night frost days with Tmin < 0°C; (4) the number of
continuous dry spell days with daily precipitation < 1
mm; and (5) the length of the growing season, which
corresponds to the number of days be tween the last
spring frost and the first autumn frost. These indica-
tive climate indices were selected following the
assessment of regional climate change for Greece by
the Climate Change Impacts Study Committee
(Zerefos et al. 2011).

For the FUT1 period, an increase in annual hot
days is projected, with Tmax > 35°C on the order of
14 to 21 d for most of Greece except in Peloponnese,

where the increase is slightly higher, ranging be -
tween 21 and 28 d (Fig. 9a). For the FUT2 period, we
note larger increases in the number of hot days, rang-
ing between 49 and 56 d for most of Greece, with the
largest increases in the range of 56 to 63 d in south-
western Peloponnese (Fig. 9b). The number of warm
nights with Tmin > 20°C is projected to increase by
roughly 10 to 30 d in the FUT1 period (Fig. 9c) and by
about 50 to 80 d in the FUT2 period (Fig. 9d), with the
largest increases seen over southern Greece (Pelo-
ponnese and Crete).

Concerning the number of night frost days, RCM10
simulations in the FUT1 period project a decrease in
the range of 4 to 8 d for southern Greece and a
slightly higher decrease in northern Greece, be -
tween 8 and 12 d (Fig. 9e). The latitudinal distinction
in the decrease of night frost days becomes stronger
in the FUT2 period, when decreases are projected in
the range of 20 to 28 d for northern Greece, 12 to 20 d
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in central Greece and 4 to 16 d in southern Greece
(Fig. 9f). The larger decrease in night frost days over
northern Greece is linked to the generally higher
temperatures and the lower possibility for the devel-
opment of night frosts. The changes in the number of
hot days, warm nights and night frosts are statisti-
cally significant at the 95% confidence level accord-
ing to a 2-tailed paired t-test for all grid points for
both the FUT1 and FUT2 periods.

The growing season is also projected to extend by
about 4 to 16 d in the FUT1 period and by about 20 to

40 d in the FUT2 period, with the largest increases in
northern Greece (Fig. 10c,d). For the island of Crete,
no change in night frost days or growing season is
projected for both the FUT1 and FUT2 periods, be -
cause of the generally higher temperatures through-
out the year. All of the above-mentioned changes in
hot days, warm nights, night frost days and length of
the growing season for both the FUT1 and FUT2
periods are consistent with the generally warmer cli-
mate projected for the A1B IPCC scenario, as dis-
cussed in Section 3.3.
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Finally, concerning the number of continuous dry
spell days with daily precipitation < 1 mm, there is a
tendency for an increase of about 5 to 20 d for the
FUT1 period in most parts of northwestern, central
and southern Greece, but there are areas with no
change in northern Greece (e.g. central and eastern
Macedonia) or with even a small decrease such as in
northeastern Greece (Thrace) and Crete (Fig. 10a).
This is consistent with the pattern of precipitation
changes in the FUT1 period (Fig. 6a). In the FUT2
period, a general increase in the number of continu-
ous dry spell days in the range of 10 to 40 d is pro-
jected for the majority of Greece due to the antici-
pated overall reduction in precipitation (Fig. 10b).
Furthermore, increases in the number of continuous
dry spell days are higher over southern Greece than
over northern Greece in accordance with the pattern
of precipitation changes in the FUT2 period (Fig. 6b).

4. DISCUSSION AND CONCLUSIONS

A high-resolution simulation (RCM10) was carried
out with RegCM3 over the period 1960−2100 under
the A1B scenario, which is a transient regional pro-

jection for future climate change, for the first time to
our knowledge with 10 km spatial resolution for
Greece. Based on a previous study for optimisation of
the model configuration concerning the convection
scheme (Mystakidis et al. 2012), the RCM10 simula-
tion was performed using the Emanuel scheme with
modified parameters in the rate at which the cloud-
base upward mass flux is relaxed to steady state, and
in the warm cloud autoconversion threshold.

The RCM10 simulation was evaluated over the
period 1975−2000 using temperature and precipita-
tion measurements from 79 stations of the HNMS
observational network. Selection of the period 1975−
2000 was based on optimum spatial coverage of sta-
tions over this period. RCM10 precipitation and tem-
perature fields depict the finer regional characteris-
tics over the complex Greek terrain compared to
RCM25. However, the station-based evaluation does
not reveal a considerable improvement in RCM10
compared to RCM25, with only a slight reduction in
the annual bias in near-surface temperature and pre-
cipitation over mountain regions, presumably related
to the different convective schemes implemented
through a feedback mechanism, as has also been dis-
cussed by Zanis et al. (2009b) and Mystakidis et al.
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(2012). The higher spatial resolution in RCM10 ver-
sus RCM25 does not lead to improvements of the
temporal and spatial correlations of temperature and
precipitation, presumably because of the limited
number of stations over the mountainous regions,
and the complex terrain. The projected changes in
mean annual near-surface temperature for the near-
future period (2021−2050) are in the range of up to
1.4°C over central and northern Greece to up to 1.8°C
over parts of Peloponnese and Crete as well as
islands of the Aegean Sea. Concerning precipitation,
the near-future changes are statistically non-signifi-
cant at the 95% confidence level. At the end of the
21st century, larger changes in both near-surface
temperature and precipitation are projected, with
mean annual temperature increasing by about 3.4 to
4.2°C over land and by 2.6 to 3.4°C over the sea and
precipitation decreasing by 10 to 40%, with a posi-
tive gradient from the north to the south. As has been
discussed in Tolika et al. (2012), the different sea−
land warming, with a maximum in summer, could be
attributed to the differences in heat capacity and
evaporation of the sea water. These RCM10 simu-
lated changes in annual temperature and precipita-
tion are in accordance with a regional climate
change ensemble from the ENSEMBLES project
under the A1B scenario indicating a temperature
increase over the inland area of Greece of about 3.5
to 4.0°C and precipitation decrease of about 15 to
25% (Jacob et al. 2014). Further more, the recent
high-resolution climate change ensemble from the
EURO-CORDEX initiative indicated a temperature
increase over the inland area of Greece of about 2 to
2.5°C and a small precipitation decrease up to15% in
southern Greece for the RCP4.5 scenario, while
RCP8.5 indicated a temperature increase of about 4
to 5°C and a precipitation decrease of 5 to 35%
(Jacob et al. 2014).

The future projected climate change signal in the
RCM10 simulation is also in agreement with previous
model simulations based on RCMs indicating a con-
sistent warming and drying of the Mediterranean
region mainly over the last decades of the 21st cen-
tury for various emission scenarios (e.g. Gibelin &
Déqué 2003, Gao et al. 2006, Diffenbaugh et al. 2007,
Goubanova & Li 2007, Giorgi & Lionello 2008, Önol &
Semazzi 2009, Krichak et al. 2011, Lelieveld et al.
2013). The simulated RCM25 projected changes in
near-surface temperature and precipitation are simi-
lar to RCM10 in magnitude and spatial distribution,
indicating the robustness of the RegCM future pro-
jections, despite the different resolution and the dif-
ferent convective schemes implemented.

Future changes in maximum annual temperature
are slightly higher, and changes in minimum annual
temperature are slightly lower, when compared to
the changes in mean annual temperature. Similar
results showing higher sensitivity of Tmax than Tmin
in future climate projections for the Mediterranean
have also been reported in previous studies based on
both GCMs and RCMs (Sánchez et al. 2004, Lobell et
al. 2007, Elguindi et al. 2013). This could be linked to
drying and its impacts on Tmax during the warm
period of the year through decreases in cloud cover
and the surface latent heat flux (Dai et al. 2004, van
der Schrier et al. 2006), pointing also to the role of soil
moisture depletion in the amplification of climate
warming in the EM (Zittis et al. 2014).

The largest seasonal changes in mean near-surface
temperature are seen during summer over the Greek
mainland, with values in the late 21st century from
3.8 to 4.6°C for southern Greece, 4.6 to 5°C for north-
eastern Greece and >5°C for northwestern Greece.
These simulated changes in summer mean near-sur-
face temperature are in agreement with the study of
Tolika et al. (2012) that reported changes in the
range of 4 to 5.5°C for Greece from an ensemble of 8
RCMs under the A1B scenario. The changes in maxi-
mum near-surface temperature in summer for FUT2
are slightly higher, with values >5°C covering a large
part of northern Greece, possibly related to the
winter and spring drying over the same regions and
the soil moisture−temperature feedback discussed
by Zittis et al. (2014). These RCM10 projected sum-
mertime changes in Tmax are in the range of simu-
lated Tmax changes with the PRECIS model under
A1B for the EM (Lelieveld et al. 2013). Lelieveld et al.
(2013) reported that across the Balkan Peninsula and
Turkey, climate change is particularly rapid, and
temperatures, especially in summer, are ex pected to
increase strongly. Concerning seasonal precipitation
changes in the late 21st century, winter shows the
largest decreases in precipitation rate in western and
southern Greece, while spring shows the largest de-
creases in northern Greece. The simulated decrease
in precipitation in winter over the Mediterranean (es-
pecially at the end of the 21st century) is linked to an
increase in the sea level pressure (SLP) gradient be-
tween the Azores High and the Icelandic Low that re-
sults in an intensified zonal circulation over Europe
and a northward shift of the location of the storm
tracks, which in turn leads to more precipitation in
central Europe and less precipitation in southern Eu-
rope. This is a common finding in many GCM and
RCM simulations for the area of interest (Giorgi & Li-
onello 2008, Tolika et al. 2012). The summer drying
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over the area of interest is probably associated with
the SLP increase over the British Isles and western
Europe, leading to weakening of the westerly flow,
while a less significant soil moisture−precipitation
feedback due to soil moisture depletion is expected
to further amplify the dryer and warmer conditions
over the domain of the study (Seneviratne et al. 2006,
Zanis et al. 2009b, Zittis et al. 2014). Also, the model’s
SLP decrease over the Mediterranean is probably a
re sult of the intense temperature increase and is con-
sistent with a weakening and poleward expansion of
the Hadley circulation in the climate change simula-
tions of the IPCC AR4 project (Lu et al. 2007).

The number of hot days, warm nights and night
frost days and the length of the growing season are
projected to increase in the near- and late-future
periods in accordance with the generally warmer
 climate projected from the RCM10 simulation for
Greece. Furthermore, there is a tendency for a slight
increase in the number of continuous dry spell days
in the near-future period in most parts of northwest-
ern, central and southern Greece (but not for north
central and northeastern Greece), while in the late
21st century, a general increase is projected for the
whole of Greece in accordance with the projected
overall reduction in precipitation. The reported
future climatic changes based on this high-resolution
RCM simulation could be a valuable dataset for other
researchers for the study of impacts in vital sectors
such as water resources, agriculture, tourism, forest
fire risk and energy demand for the region of Greece.
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