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Abstract The Etesians are among the most persistent
regional scale wind systems in the lower troposphere that
prevail over the eastern Mediterranean during the extended
summer season. The performance of five high-resolution
EURO-CORDEX regional climate models (RCMs) in
simulating the Etesian climatology as well as the associ-
ated large-scale atmospheric circulation is investigated.
The model outputs are validated against reanalysis datasets
(ERA-Interim, 20CR-v2c and ERA20-C) and daily station
observations covering the period May to September 1989—
2004. Results show that most RCMs coherently reproduce
the number of observed Etesian days, the duration of their
episodes and the wind field over the Aegean Sea. The major-
ity of RCMs better reproduce in situ wind speed than the
driving model, especially over the central and southwestern
Aegean Sea. All models represent very well the mean state
of the large-scale atmospheric circulation associated with
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Etesians both at the surface and at mid to upper troposphere,
compared to reanalyses. Statistically significant differences
vary depending on the subperiod, generally with a better
performance for September. The performance of the mod-
els improves significantly with decreasing pressure gradi-
ent over the Aegean. Finally, results highlight the ability of
EURO-CORDEX RCMs in simulating the Etesians over the
Aegean, especially the DMI, SMHI and IPSL, which makes
them efficient tools for wind energy applications.

Keywords Etesians - Extreme wind - RCMs evaluation -
Added value - 20CR-v2c - ERA-20C

1 Introduction

An important challenge in current climate modeling is the
realistic representation of meso-scale features and processes
governing the surface wind field (Rummukainen et al. 2015;
Salvacdo et al. 2014; Winterfeldt and Weisse 2009). Indeed,
the correct representation of the surface wind field is cru-
cial for a wide range of applications including wind energy
(Garcia-Bustamante et al. 2008, 2009), air pollution mode-
ling (Nabat et al. 2015; Menut et al. 2013) as well as climate
impact studies (Rummukainen 2010).

The Eastern Mediterranean (EMED) and particularly the
Aegean Sea is an area of significant wind energy potential
due to the Etesian wind system (Zerefos 1978; Borhan 1998;
Bloom et al. 2008; Fyrippis et al. 2010). The Etesians are
associated with a persistent low-level northerly flow over the
EMED during summer and early autumn, with a maximum
during July and August. They are mainly formed by the con-
current occurrence of a persistent high pressure system over
central Europe and the Balkans and the extension of the ther-
mal low, prevailing over the Middle East, towards the EMED
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(Metaxas and Bartzokas 1994; Tyrlis and Lelieveld 2013;
Anagnostopoulou et al. 2014). The name originates from
the Greek word, efesios, meaning “annual”. The Etesians
display a strong diurnal variation, reaching their maximum
wind speeds usually after noon (12:00 UTC; 15:00 EEST),
in response to the daytime deepening of the near-surface
thermal low over Turkey (Tyrlis and Lelieveld 2013). Both
the dynamics of the Etesians and the related atmospheric
circulation are described in detail in Tyrlis and Lelieveld
(2013) and Dafka et al. (2016).

The higher spatial resolution of RCMs compared to Gen-
eral Circulation Models (GCMs) results in a better represen-
tation of smaller-scale processes, especially in regions with
complex orography, land-sea contrast etc. (Rummukainen
2010; Rummukainen et al. 2015). At the same time, RCMs-
added value seems to be less relevant at larger spatio-tempo-
ral scales (e.g., Diaconescu and Laprice 2013; Feser 2015).

Earlier studies reported that RCMs tend to underestimate
strong wind speeds, as well as the number and intensity of
storms over Europe (Réisénen et al. 2004; Weisse et al.
2005; Rockel and Woth 2007; Kunz et al. 2010). Rockel
and Woth (2007) focused on near-surface wind speed over
Europe and identified that most of the RCMs were hardly
able to simulate wind velocities above 8 Bft (~17-20 m/s)
over land areas during the period 1961-1990. They also
showed that models without gust parameterization are not
able to realistically capture high wind speeds, in agreement
with Schwierz et al. (2009). Kunz et al. (2010) have fur-
ther shown that RCMs tend to underestimate wind speeds
when compared to observations. Lebeaupin-Brossier et al.
(2011) and Berthou et al. (2016) found that the increase of
spatial resolution allows for a better representation of the
strong local winds such as the Mistral over the Gulf of Lions.
Obermann et al. (2016) have shown that MED-CORDEX
RCMs (including ALADIN and WRF) were able to simulate
Mistral and Tramontane events ~ 74 and 82% of the time,
respectively. Further, in most simulations the wind speed
was overestimated in valleys and underestimated over the
Mediterranean Sea. Although several studies suggested the
use of RCMs either for an accurate characterization of wind
climates (Pryor and Barthelmie 2011; lizuka et al. 2012) or
for a better representation of the orography and the land sur-
face heterogeneity (Feser et al. 2011; Tolle et al. 2014), the
added value of RCMs for wind studies is still under debate.
Herrmann et al. (2011) suggested that the added value of the
higher resolution is localized in coastal regions and regions
of intense winds, such as the Aegean Sea, where the chan-
neling effect of the topography is strong and the representa-
tion of the wind speed variability over the whole spectrum
is significantly improved. Winterfeldt and Weisse (2009)
compared RCM simulations with QuickSCAT satellite and
local buoy data over the northeastern Atlantic, as well as the
North Sea, and demonstrated that the employment of RCMs
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leads to an improved description of wind speed statistics in
coastal seas, while conditions in the open ocean were not
improved.

To date, only a few analyses on the evaluation of wind
speed have been performed based on RCM simulations over
the Aegean region. Anagnostopoulou et al. (2014) studied
the relationship between large scale circulation and the Ete-
sians over the Aegean Sea for the recent past and the future
using RCM simulations carried out with the RegCM3 model.
Future projections for the late twentieth century under A1B
scenario indicated a strengthening of the Etesians, associ-
ated with the strengthening of the anticyclonic action center
and a deepening of Asian thermal Low over the EMED. In
addition, the majority of previous studies use RCMs in rela-
tively coarse spatial resolutions (25-50 km), while very few
focus specifically on the comparison of RCMs with actual
measurements from weather stations.

This study aims at evaluating model simulated wind
over the Aegean Sea in current climate, using the newest
high-resolution EURO-CORDEX RCMs for Europe (Jacob
et al. 2014). EURO-CORDEX is the European branch of
the Coordinated Regional Downscaling Experiment (Giorgi
et al. 2009) and produces ensemble climate simulations
based on multiple dynamical and empirical-statistical down-
scaling models forced by multiple GCMs from the Coupled
Model Intercomparison Project Phase 5 (CMIPS5; Taylor
et al. 2012). The EURO-CORDEX simulations consider
the new Representative Concentration Pathways scenarios
(RCPs) at an increased spatial resolution of around 12 km
(0.11 degrees; EUR-11). This study evaluates the perfor-
mance of RCMs with respect to the wind field by comparing
model simulations with observational datasets and reanaly-
ses. It assesses the added value of RCMs with respect to
their driving reanalysis and documents their skill in repro-
ducing the large scale atmospheric circulation associated
with Etesians over the Aegean.

The manuscript is organized as follows: in Sect. 2 the
data is presented; Sect. 3 gives a description of the methods,
while results are presented in Sect. 4. A summary of the
main results and the conclusions are presented in Sects. 5
and 6 respectively.

2 Datasets

Simulations from 5 models of the EURO-CORDEX ensem-
ble (see Table S1 in the supplementary material), with differ-
ent configurations and physical parameterizations, including
one meso-scale non-hydrostatic model (WRF-v3.3.1), are
used. All models, except ARPEGE-v5.2, are RCMs forced
by ERA-Interim (ERAint; Dee et al. 2011) at their lateral
boundaries and by sea surface temperature in the interior
of the EURO-CORDEX domain. While, ARPEGE-v5.2 is
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a global climate model, its temperature, wind speed, and
specific humidity is nudged towards ERAint outside the
EURO-CORDEX domain. Inside the domain no nudging
was applied in any of the models (Prein et al. 2016). ALA-
DIN-v5.3 is the same atmospheric model of the CNRM-
CM5.1 GCM (ARPEGE-v5.2; Voldoire et al. 2013) just con-
figured on a limited area. Hereafter, all of the models will be
characterized as RCMs for sake of brevity. In this study, each
model is identified by the name of the institution where the
simulation was performed. Simulated mean sea level pres-
sure (SLP), zonal and meridional wind components at 10 m
(U10 and V10, respectively), geopotential height at 500 hPa
(Z500) as well as zonal wind speed at 200 hPa (U200) for
the months May to September and the period 1989-2004,
are used to evaluate the present-time wind field.

In addition, daily (at 12:00 UTC) U10 and V10 near-sur-
face wind speeds, SLP, Z500 and U200 from 1989 to 2004
are extracted from ERAint, 20CRv2c (Compo et al. 2011)
and ERA20C (Poli et al. 2013) reanalyses. The 20CRv2c is a
2.0° x 2.0° horizontal, 24-layer vertical, 6-hourly global rea-
nalysis covering the period 1851-2012. It assimilates surface
observations of synoptic pressure from the International Sur-
face Pressure Databank (ISPDv2.2.4), monthly maps of sea-
surface temperature and sea-ice concentration fields from the
Hadley Centre Sea Ice and sea surface temperature (SST)
data set (HadISSTv1.1). Compared to the previous version
20CRv2, the improved version has more realistic uncertainty
in near-surface air temperature and a reduction in spurious
centennial trends in the tropical and Polar Regions (Compo
et al. 2015). ERA20C is the ECMWF’s first atmospheric
reanalysis of the entire twentieth century (1900-2010). A
coupled atmosphere/land-surface/ocean-waves model is used
together with an assimilation system for surface observa-
tions including surface pressure and SLP (ISPDv3.2.6 and
ICOADSV2.5.1) and surface marine winds (ICOADSv2.5.1).
The ERA20C products describe the spatio-temporal evolu-
tion of the atmosphere with a 3-hour temporal resolution, on
91 vertical levels, with a horizontal resolution of approxi-
mately 125 km. Dafka et al. (2016) evaluated the perfor-
mance of the 20CRv2 (the former version of 20CRv2¢) and
the ERA20C in capturing the Etesian wind pattern from
1971 to 2000. The study showed that both datasets provide
good representation of the Etesian wind system and the asso-
ciated atmospheric circulation.

Three-hourly wind speed and direction data from 23 sta-
tions over the Aegean Sea and mainland Greece, as well as
SLP observational time series for Elliniko and the island
of Rhodes are retrieved from the Hellenic National Mete-
orological Service. The large scale circulation window cov-
ers the EURO-CORDEX region i.e. the geographical area
from —10W to 37E and 31N to 70N (Fig. 1). Measurements
and variables from the instrumental series, reanalyses and
models’ data are taken at 12:00 UTC, i.e. when the wind is

supposed to reach its highest intensity (Tyrlis and Lelieveld
2013) and cover the extended summer season May to Sep-
tember in the period 1989-2004. Note that the 16-year
period is dictated by observational data availability.

3 Methods
3.1 Classification of the Etesians

Following Dafka et al. (2016), we use the pressure gradi-
ent over the Aegean Sea to define an Etesian day. The daily
(12:00 UTC) SLP difference (AP), from May to Septem-
ber, between the stations Elliniko (Attica, PE) and Rhodes
(eastern Aegean, PR; Fig. 1) is considered (APgz = PE-PR).
In addition, the differences of the closest to the two sta-
tions grid points from reanalyses (APggaine APErA20C
APjpcryae) and each RCM (APcngpyis APenrazs APpwrs
APgyir APppg;) regular grids are estimated, respectively.
Negative AP days indicate southerly flow over the Aegean
Sea and thus, are excluded from the analysis. Based on the
probability density functions of the estimated AP, days with
a pressure difference such that median < AP < third quartile
(Q3) are defined as moderate Etesian days; days with a AP
greater or equal to the Q3 are defined as intense Etesian
days. Days on which both the simulation/reanalysis and
observation agree are classified as common intense Etesian
days. Finally, an Etesian episode is defined as a sequence of
two or more consecutive days with AP > Q3.

3.2 Evaluation metrics

Several assessment criteria are used to evaluate the RCMs,
both at surface and in the mid to upper troposphere. Prior to
the selection of the intense Etesians, time series of the mean
monthly SLP observed at Elliniko and Rhodes are compared
to the time series at the nearest grid points for each data-
set (RCMs/reanalyses) and tested against trends by using
a simple linear regression model combined with ordinary
least squares estimation. The monthly mean SLP biases (i.e.
differences between the RCMs/reanalyses and the station-
based monthly mean SLP at each station) are also com-
puted. Monthly mean values are calculated from the daily
observation/value recorded at 12:00 UTC for each month
May-September, 1989-2004 and for each dataset. Statisti-
cal significance is obtained by applying a two-tailed t test
(Wilks 1962). The main characteristics of the classified days
are described in terms of the number of intense Etesian days
and the frequency of the Etesian episodes. The frequency
of the intense Etesian days per subperiod is tested against
trend by using a Poisson Regression model (Cameron and
Trivedi 1990, 1998). The wind field is evaluated through the
comparison of the mean wind speed and the prevailing wind
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(wind roses) at several stations. RCMs results are compared
to the classified intense Etesian days derived from the time
series of observations and reanalyses. The Mean Squared
Error (MSE) Skill Score (MSESS) is used to test to what
extent the regionally modeled wind better reproduces in situ
wind speed than the driving model (ERAint). According to
Joliffe and Stephenson (2003), the MSESS is a measure of
the skill of the forecast F (here RCM simulated wind speed)
relative to a reference forecast R (here ER Aint wind speed).
It is given by

MSESS = 1 — MSE,;/ MSE,.

By definition the MSESS can vary between —oco and + 1
(forecast exactly matches the observations). Values less than
(close to) zero indicate a better (similar) performance of (to)
the reference forecast (i.e. ERAint), while positive values
indicate an added value of the regionally modeled winds
in comparison to the ERAint. The large scale atmospheric
circulation related to the classified intense Etesian days is
studied by using composite anomaly patterns of SLP, Z500
and U200 from reanalyses fields. The spatial distribution of
the 16-year mean May—September differences between the
EUR-11 RCMs and reanalyses is then studied. A two-tailed
t-test is applied for the assessment of the patterns signifi-
cance (Wilks 1962). Also note that U200 was available only
for DMI, SMHI and IPSL simulations.

For a more comprehensive analysis, the large scale circu-
lation patterns associated with the common intense Etesian
days are also studied. In addition, large scale circulation pat-
terns of each variable (SLP, Z500 and U200) associated with
moderate Etesians, are analyzed and the surface wind speed
biases are computed. Finally, we address the models’ perfor-
mance in stronger and weaker pressure gradient conditions.

The performance of the EUR-11 simulations (in compari-
son to reanalyses and with respect to the spatial variability
of mean SLP and Z500 anomalies as well as the mean wind
speed) within the EURO-CORDEX domain and Greece (see
Fig. 1) is explored by Taylor diagrams (Taylor 2001) in the
period 1989-2004. The Taylor diagram displays multiple
information including the spatial correlation, the spatial
standard deviation and the centered Root Mean Square Dif-
ference (RMSD).

3.3 Regridding

The spatial comparison of the EUR-11 simulations and
the reanalyses is carried out by using the coarser grid (i.e.
1.5° x 1.5° for ERAInt, 1° x 1° for ERA20C and 2° X 2° for
20CRv2c). In order to compare the RCMs and reanalyses
results directly with observations, simulated U10 and V10
are interpolated to observational stations. Such direct vali-
dation gives useful estimates of how well RCMs simulate
wind locally (Nikulin et al. 2011). In both cases a bilinear

interpolation is used. As for the SLP differences, the nearest
grid points to the two stations (i.e. Elliniko and Rhodes; see
Fig. 1, right panel) are used.

4 Results
4.1 Pressure gradient

This subsection briefly describes results of the mean
monthly SLP and the pressure gradient over the Aegean Sea.
Both reanalyses and RCMs show a decreasing trend of the
mean SLP at the two locations (i.e. Elliniko and Rhodes) in
the period 1989-2004 (not shown); however, statistically
significant (at the 95% level) is only found in Rhodes for
ERAint, CNRM2 and IPSL (~ 1.3 hPa/decade). Statistically
positive significant correlations (~0.8-0.9) can be found
between the station-based mean SLP and the RCMs and
reanalyses for both sites. The estimated monthly SLP biases
show that reanalyses and RCMs realistically reproduce the
pressure tendencies at both stations. Statistically significant
positive (negative) biases ~ 1-1.5 hPa (~ 1-1.5 hPa) are cal-
culated for ERA20C (IPSL) at both stations.

In order to assess the ability of the RCMs to capture the
pressure gradient over the Aegean Sea, the simulated SLP
differences of reanalyses (APgraine APErA20c AP2ocrvae)
and model simulations (APcnrvi> APenrmzs APomrs APswvims
AP|pg; ) are compared with the observed APgy (Fig. S1 in the
SOM). The comparison shows similarities on the first quar-
tile and the median of the distribution. However, CNRM?2
shows a smaller interquartile range, while CNRM1 overes-
timates the maximum compared to the station time series.
Both SMHI and DMI overestimate the third quartile and
the median of the distribution. 20CRv2c shows the smallest
interquartile range, while it underestimates the maximum,
the third quartile and the median of the distribution. The
ERA20C and IPSL reproduce well the SLP differences of
observed data (Fig. S1 in the SOM).

4.2 Classified Etesian days

We provide results for the extreme wind events (i.e. intense
Etesians) as classified by using the individual simulations,
observational series and reanalyses. Around 20-23% of the
May-September days of each dataset are classified either
as intense or moderate Etesians, while around 15% show
negative pressure differences, implying a southerly flow over
the Aegean (Table 1). The 20CRv2c underestimates the fre-
quency of the southerly winds (~7%) while IPSL overesti-
mates their frequency (~21%). Figure 2 shows the monthly
number of intense Etesian days, in each dataset and the per-
centage of common intense Etesian days between RCMs/rea-
nalyses and the station series. The average number of intense
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Table 1 Classification of days

) i Condition Name of group Percentage of
for the extended summer season days (mean of all
May to September in the period datasets)
1989-2004

AP <0 Southerly flow 14.7%
0< AP <Median Non Etesians 42.4%
Median < AP < Q; Moderate Etesians 21.4%
AP>Q; Intense Etesians 21.5%
Percentage of simulated intense Etesian days =~ Common intense Etesians 80% Reanalyses
that agree with the observed 50% RCMs
Fig. 2 Number of intense 22 = Station == ERAInt =—— ERA20C ----- 20CRv2c
Etesian days in the period 20 - CNRM1 ==- CNRM2 DMI SMHI = IPSL
May-September, 1989-2004
(upper panel). Discontinuities in 18
the lines imply that the number o 16
of intense Etesian days is zero. § ;
Percentage of common intense < 14 ::
Etesian days is shown in the 'g 12 1 [ r' \ : '.
lower panel T 10 \ A :-' |‘
3 \ /| A b\ [ i \’
5 8 A i / L i
S \ Wil |1 / IH
£ ' 1!
1t
4 oAl
2 ’: | ¥
0 ARSI T T T T T
D o N~ o (o2} o - N [s2] <
o) (2] [ [ (o2} o o o o o
o (o] o (o2} [} o o o o o
— — -~ ~— — N N q 3\ 3\
100 o Extended summer months
g 80 —
2
g 60
S 4
g 7
g 20 —
()
o -
ERAInt ERA20C 20CRv2c CNRM1 CNRM2  DMI SMHI IPSL

Etesians is 33 days per dataset and for each extended sum-
mer season. ERAint and ERA20C seem to perform slightly
better than the 20CRv2c in the temporal evolution of intense
Etesian days over the period 1989-2004. The monthly cor-
relation between the number of the station-based and the
ERAint-, ERA20C- (20CRv2c-) based intense Etesian days
is 0.9 (0.8). RCMs (with the exception of IPSL) show good
skill in the simulation of the number of intense Etesian days
compared to station series, with an average underestima-
tion of 4% or 20 days (11% or 60 days) over the period
1989-2004. However, the monthly correlation is rather
low (~0.6). Higher consistency between the RCMs and
the station time series is found only during the last 5 years
(2000-2004) considering the total number of intense Etesian
days over the extended summer period (not shown). RCMs
also capture the Etesians “collapse” observed in 2002 (Tyrlis

@ Springer

et al. 2015). It is worth noting that 80% (50%) of the intense
Etesian days classified in the two reanalyses (RCMs) corre-
spond to those classified in the station series (Fig. 2; lower
panel). Overall, RCMs give the correct number of days that
fall into each class, while they are able to correctly simulate
the intense Etesian days ~50-60% of the time (Table 1).
The trend analysis on the frequency of the intense
Etesian days over the period 1989-2004 (not shown)
reveals statistically significant changes (p-value <0.05).
A significant annual increase of around 9% and 5% is
estimated in all reanalyses for May and June. As for the
RCMs, CNRM2 shows an annual increase of 5% in May
and an annual reduction of 7% in September. A significant
increase of Etesians at the beginning of the summer (May
and June) and evidences for less frequent Etesian episodes
in September have been also identified by previous studies
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(Tyrlis and Lelieveld 2013; Dafka et al. 2016). Further-
more, both reanalyses and the RCMs show good skill in
simulating the monthly frequency of Etesian episodes
(especially the CNRM2, not shown). All RCMs, but IPSL,
are able to capture episodes that are persistent beyond the
typical synoptic time scale (longer than 5-6 days), poten-
tially meaning that RCMs reproduce the mid-latitude
dynamics leading to prolonged episodes. SMHI tends to
overestimate episodes’ duration, which is also consistent
with the overestimated pressure gradient over the Aegean
(Fig. S1 in the SOM).

4.3 Wind speed

The performance of the EUR-11 simulations with respect to
the spatial variability of mean wind speed at grid-point scale
is assessed by comparing the simulated wind speed against
the observed one at the 23 Greek stations and the reanal-
yses over the period 1989-2004 (Fig. 3). During intense
Etesian days, the observed mean wind field at the stations
(Fig. 3a) presents higher wind speed over the Aegean Sea
compared to mainland. The standard deviation is ~2 m/s at
each station. Highest mean wind speed values are found over
central (11.1 m/s in Naxos) and southern (10 m/s in Sitia,

’I709—1Q>k 1'

_2 gov’ 1. 5

—\62

. 0 —06
M 955 ‘*“96<No Bhe 9%
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Fig. 3 Mean wind speed biases (m/s) during the intense Etesian days of b—d the reanalysis products (reanalysis minus station) and e—i the EUR-
11 simulations (RCM minus station) over the period 1989-2004. The upper-left panel (a) shows the observed mean wind speed at stations
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Crete) Aegean Sea. The three reanalyses underestimate near-
surface wind speed (especially the 20CRv2c), with wind
speeds ~ 1-1.3 m/s lower than the observations (exceptions
are Heraklion and Souda, Crete and a few more other sta-
tions; Fig. 3b-d). Kent et al. (2013) and Jones et al. (2016)
have also shown that reanalyses underestimate near-surface
wind speed, especially at high wind speeds and in coastal
regions.

Regarding the models, CNRM1 and CNRM?2 (hereaf-
ter CNRMs) generally underestimate the mean wind speed
at most stations (Fig. 3e, f). The larger underestimation is
observed over the Aegean Sea, exceeding 3—5 m/s in some
cases, which is consistent with the underestimated pres-
sure gradient over the Aegean (see Fig. S1 in the SOM).
The SMHI and DMI models show a good representation
of the intense Etesians wind speed (Fig. 3g,h). The aver-
aged biases over the Aegean are ~0.8 m/s. IPSL, despite the
underestimation of the mean SLP of Elliniko and Rhodes
(see Sect. 4.1), provides very good results in terms of wind
intensity; however, the mean wind speed over continental
Greece is generally overestimated (Fig. 3i).

The MSESS (Fig. 4) is applied to estimate added value of
the regionally modeled wind with respect to ERAint over the

Aegean. CNRM1 does not add any value almost throughout
the domain (Fig. 4a); CNRM2 adds value in wind speed in
north and central Greece (Fig. 4b). The other RCMs show
distinct added value along the slopes of Pindus mountain-
ous range (Fig. 4c—e). In addition, DMI, SMHI and IPSL
perform better than the forcing reanalysis over the south-
western Aegean coastal stations, which are located under
the Etesian wind influence (Fig. 4c—e). Higher positive val-
ues, which indicate a better representation in the RCMs, are
found in Elliniko, Naxos, Heraklion and Souda (Fig. 4c—e).
However, no added value is found over the eastern Aegean
coasts, (Fig. 4), indicating that the complex topography and
coastline effects in this region are not resolved properly by
the models.

4.4 Wind direction

A complementary study of the 10-m wind direction has
been performed at eight coastal stations, under the Ete-
sian wind influence over the Aegean. We compared wind
roses (at 12:00 UTC) obtained from RCMs, reanalyses as
well as observations for the intense Etesians as identified
in each dataset (Fig. 5). All datasets reproduce adequately

(d) SMHI

I
0 01 02 03 04

(e) IPSL

N N N

05 06 07 08 09 1

Fig. 4 MSESS of the mean wind speed of the intense Etesian days for the period 1989-2004 at the 23 stations, using ERAint as reference and
each RCM (a—e) as forecast. Reddish (bluish) colors indicate an (no) added value of the regionally modeled winds in comparison to ERAint

@ Springer



On the ability of RCMs to capture the circulation pattern of Etesians

1695

(h) SMHI

Oto4d

(i) 1PsL

4108 8to12 12to16 16t0 20 20to 24

(ms™)

Fig. S Wind roses at eight sites over the Aegean Sea during May—September 1989-2004. Observations of wind direction are binned into 12 car-
dinal directions. The bins are sized according to the proportion of the frequency of measurements

the Etesian wind pattern (Kotroni et al. 2001). As shown in
Fig. 5, the Etesians blow predominantly from a northeasterly
direction over the northern Aegean (Alexandroupoli, Skyros,
Mpytilini), northerly over the central Aegean (Naxos) and
northwesterly along the south-eastern coasts (Heraklion and
Rhodes respectively). However, neither reanalyses nor mod-
els (Fig. 5b-i) are able to simulate the dominant southwest-
erly winds at Rhodes (Fig. 5a). During summer, local scale
circulation phenomena such as sea-land breezes can develop

due to the differential heating of land and the adjacent water
surfaces. For instance, Elliniko and Alexandroupoli (Fig. 5a)
are characterized by south-southwesterly winds, associated
with lower speed, which could be related to the development
of sea-breeze circulations (Kallos et al. 1993; Pezzoli 2005).
Nevertheless, reanalyses cannot capture the development of
such local circulation systems (Fig. 5b—d) and therefore are
not able to realistically reproduce the wind direction vari-
ability at these stations. It seems that the coarse resolution
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has negative impact on the reanalyses performance over the
Aegean basin. In addition, wind speed is clearly underesti-
mated in 20CRv2c (Fig. 5d).

CNRMs show a consistent tendency to underestimate the
wind speed; however they show better skill in simulating
the details and the pattern of the wind direction, introduced
by the spatial heterogeneity of the Aegean basin, compared
to the reanalyses, reflecting clearly the sea breeze in Alex-
androupoli (Fig. 5e, f). Despite of a slight overestimation
of the wind speed, the wind direction distribution tends to
be more similar to the observed one in DMI and SMHI,
however the southerly flow associated with the sea breezes
is not simulated (Fig. 5g, h). IPSL shows not only similari-
ties to observational measurements in terms of wind speed
but also captures the regional variability of wind directions
(Figs. 4, 5e).

4.5 Large scale atmospheric circulation and Etesians

SLP, Z500 and U200 daily anomalies (with respect to
May-September in the period 1989-2004) are calculated.
The large scale atmospheric circulation is studied by using
SLP, Z500 and U200 composites of anomaly differences
between the EUR-11 simulations and the reanalyses. A two-
tailed t test is applied for the assessment of the patterns sig-
nificance. As patterns against ERA20C and 20CRv2c (Figs.
S2-S9 in the SOM) show consistency with those of ERAint,
only the latter are shown. In addition, due to the pronounced
differences of the Etesian episodes for each month (Tyrlis
and Lelieveld 2013; Dafka et al. 2016) the extended summer
season is divided in four distinct subperiods: May (M), June
(J), July—August (JA) and September (S).

4.5.1 SLP anomaly differences

Figure 6 provides an overview of the spatial SLP anomaly
differences between the EUR-11 simulations and the ERAint
for the intense Etesian days. The top row (Fig. 6a—d) shows
the SLP anomaly composites of ERAint associated with the
intense Etesian days. The evaluation indicates a reasonably
well representation of the spatial SLP variability (Fig. 6).
In all RCMs the SLP large-scale pattern is well reproduced
and differences typically do not exceed 1.5-2.5 hPa and are
pinpointed mostly close to the outflow boundary (Fig. 6).
More specifically, CNRMs show a statistically significant
underestimation of the mean SLP anomalies (0.5—-1 hPa)
over the south-eastern Balkans and western Turkey in the
period July—September (Fig. 6g, h, k, I; more pronounced
in September for CNRM1). These centers spatially coincide
with the position of the high and low pressure system asso-
ciated with the Etesians (see Fig. S2 in the SOM). Indeed,
both RCMs show a weakening (intensification) of the high
(low) pressure system over the southern Balkans (Aegean
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and Turkey), which is likely connected with the underesti-
mation of the wind speed over the Aegean Sea (Fig. 3d, e).
An annual reduction of the intense Etesian days is found in
September but only for CNRM2 (see Sect. 4.2).

All models in May and June produce a statistically sig-
nificant overestimation of the mean SLP anomalies par-
ticularly over central and eastern Europe (Ukraine) and the
Balkans (Fig. 6e, f, i, j, m, n, q, 1, u, v), with maximum
values of around 3—4 hPa in May (Fig. 6e, i, m, q, u). This
pattern is also identified, although less pronounced, during
July—August for DMI, SMHI and IPSL (Fig. 60, s, w). This
overestimation potentially leads to a stronger anticyclonic
center over the Balkans. SMHI shows also an intensification
of the low pressure system in the period June to September
(Fig. 6r-t), which is consistent with the overestimated pres-
sure gradient over the Aegean (see Fig. S1 in the SOM).
Strandberg et al. (2014) also reported the positive anomaly
(1-2 hPa higher than in ERAint) for the SMHI over the
southern Balkans in summer. However, the small biases
imply a realistic representation of the large scale circula-
tion in SMHI. In addition, our study shows that there is no
considerable impact in the ability of SMHI to capture near-
surface winds. Indeed, biases in 8 out of 11 stations over
the Aegean Sea are less than 0.5 m/s respectively (Fig. 3h).

4.5.2 7500 anomaly differences

The Z500 anomaly composites of the intense Etesian days,
derived from the reanalyses, are characterized by two con-
figurations depending on the investigated subperiod (see Fig.
S3 in the SOM). A quadrupole-type 500 hPa height anomaly
pattern is identified in May and September. It consists of (i)
a negative anomaly center over the Atlantic, (ii) a broad area
of positive anomalies extending over western, central and
northern Europe, (iii) an anomalous trough extending from
the Barents Sea towards Eastern Europe and the EMED, and
(iv) an anomalous ridge stretching from the Siberia towards
the Caspian Sea. However, in July—August only the inter-
mediate dipole (less pronounced) is identified; while June
seems to be a circulation period between the two atmos-
pheric configurations. The pattern in May and September is
related with the mechanism described in Tyrlis and Lelieveld
(2013). They proposed that both the timing of the Etesians
onset and their duration are influenced by the mid-latitude
dynamics. As aforementioned, the wave disturbances, origi-
nating over the North Atlantic, activate the development of
a strong ridge over the Balkans, which in turns induces a
strong pressure gradient over the Aegean.

Figure 7 provides an overview on the mean spatial Z500
anomaly differences between the EUR-11 simulations
and the ERAint for the intense Etesian days. The top row
(Fig. 7a—d) shows the Z500 anomaly composites of ERAint
associated with the intense Etesian days. The spatial patterns
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of statistically significant differences are consistent with the
ones at surface (Fig. 6). A good agreement between RCMs
and ERAint is found, as statistically significant differences
do not exceed 10-30 gpm in most of the EURO-CORDEX
domain (Fig. 7). However, this is not the case in May, where
all models show a statistical significant overestimation of the
mean Z500 anomalies (~ 70 gpm; Fig. 7e, i, m, q, u), which
covers much of the European continent for DMI, SMHI and
IPSL (CNRMs). DMI, SMHI and IPSL show a statistically
significant overestimation of about 30-40 gpm over south-
eastern Europe in the period June to September (Fig. 7n—p,
r—t, v—x). This pattern is also identified, although less pro-
nounced, in June for CNRM2 (Fig. 7j). The mean 500-hPa
circulation during June to September (not shown) features
an amplified anomalous ridge in the west, extending from
central Europe to the Black Sea, and a weaker trough in
the east, compared to the ERAint. Such a configuration is
connected with a shallower anomalous meridional circula-
tion in the upper mid-troposphere that may block somehow
the intrusions of cold air masses towards the Aegean Sea
and thus, the northerly flow (Etesians) over the Archipelago
(see Sect. 4.2). This phenomenon is especially strong in
June for IPSL. It is worth to mention that the IPSL identi-
fies ~30 days less in June over the 16 year period, compared
to ERAint and station series. Nevertheless, DMI, SMHI
and IPSL show low wind speed biases over the Aegean
(~0.8 m/s, Fig. 3g—i) and not a clear underestimation, as
expected due to the weaker anomalous meridional circula-
tion in the upper mid-troposphere. This could imply that,
biases do not result from circulations internal to the domain
generated by the model, but from weaknesses/limitations in
the wind speed representation scheme. On the other hand,
although the CNRMs perform better in reproducing the SLP
and Z500 patterns compared to other models (Figs. 6, 7e-1),
they strongly underestimate the wind speed at 10 m (espe-
cially over the Aegean; Fig. 3e, f).

4.5.3 U200 anomaly differences

RCMs shortcomings in the surface wind representation
usually arise either due to the effects of the large scale
biases in the free atmosphere or due to the unresolved
detailed regional processes in the boundary layer. Etesians
are strongly influenced by the position of the Subtropical
and Polar Jet stream (STJ and PJ respectively; Dafka et al.
2016). Figure 8 provides an overview on the mean spatial
U200 anomaly differences between the aforementioned
simulations and the ERAint for the intense Etesian days.
The top row (Fig. 8a—d) shows the U200 anomaly compos-
ites of ERAint, associated with the intense Etesian days. A
good agreement between RCMs and the driving reanalysis
has been found in each subperiod (except May), indicating
their ability to capture the position and strength of the jet

streams. However, the IPSL in June to September shows
a statistically significant overestimation of the mean U200
anomalies over the northwestern part of the Black Sea region
(at 45-50°N and 28°E; Fig. §j), which is also clearly seen
in September, north of the British Isles, for SMHI (Fig. 81).
This might indicate a southward displacement of the PJ in
comparison to the ERAint. Such a displacement, which is
usually evident during the peak period (Dafka et al. 2016)
can lead to merging with the STJ and thus to very strong
synoptic scale descending motions and subsidence over the
Aegean Sea. In addition, all models, in the period June to
September, slightly underestimate the mean U200 anomalies
(~2-4 m/s) over the Balkans and Turkey (Fig. 8f-h, j—1, n—p;
more pronounced in the peak period, July—August), indicat-
ing an underestimation of the STJ. Similarly here there is no
impact in surface wind speed, as models do not show a clear
underestimation of the wind speed over the Aegean due to
the STJ’s underestimation.

To sum up, results regarding the large scale atmospheric
circulation patterns and intense Etesians (Sects. 4.5.1, 4.5.2,
4.5.3) revealed a good agreement between models and rea-
nalyses (except in May). Best results are obtained with the
CNRMs in each subperiod (Figs. 6, 7e-1) and for all models
in September (Figs. 6, 7 h, 1, p, t, x). Further, all RCMs cap-
tures the jet streams, with the most notable difference being
the weaker negative U200 anomalies over the Balkans and
Turkey. Finally, it seems that the shortcomings of the low to
mid and upper-level atmospheric circulation are inherited to
a small extent in surface wind speed.

Large scale atmospheric circulation patterns of the com-
mon intense Etesians days are almost identical to those
associated with the intense Etesian days (not shown). The
most notable differences are the slightly improved large scale
circulation (both the SLP and Z500 anomalies) in May and
the better representation of the jet streams in each subperiod,
when only the common intense Etesian days are considered.
Quite interesting is that, in some cases, RCMs perform better
when all intense Etesians are taken into account (e.g., the
SLP anomalies differences are found smaller in the period
July to September for the CNRMs; not shown). This may
indicate that the overall skill of RCMs is good and it is not
confined only during the days that both simulations and
observations agree (i.e. during the common intense Etesian
days).

To assess the performance of RCMs with respect to the
pressure gradient over the Aegean, we consider also the
moderate Etesian days. Results indicate that both the SLP
and Z500 anomaly differences are substantially reduced
and a better agreement in the simulation of the jet streams
is achieved. The best agreement with ERAint is found
during the period July to September (May to August) for
the DMI, SMHI and IPSL (CNRMs). The wind speed
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biases are slightly higher (lower) in DMI, SMHI and IPSL. 4.6 Taylor diagrams

(CNRMs) compared to the intense Etesian days, indicating

that these models show higher (lower) skill in simulating ~ Figure 9 shows the Taylor diagrams for the mean SLP and

the extreme wind speeds. 7500 daily anomalies (with respect to May—September of
the period 1989-2004) as well as the wind speed of each

@ Springer



On the ability of RCMs to capture the circulation pattern of Etesians

1701

(a) May

0.4

1.5
©
o
¥

Correlation

2.0
1

Correlation

0.95

0.99

ERAiInt

0

1 os gg) July-August

1.5

Correlation

® SLP
® 7500
® ws

. gd) September RCMs

0.4 1-CNRM1
Correlation 2_CNRM2
3-DMI
4-SMHI
5-IPSL

0.1 0.2
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wind speed (green) from RCMs using ERAint as observing reference within the EURO-CORDEX domain (Fig. 1; left panel)

RCM, with the EURO-CORDEX domain, using the ERAint
as a reference.

During May (Fig. 9a), the correlation between models
and reanalysis is rather low and ranges between ~0.65-0.75
for the SLP and Z500 anomalies. CNRMs and IPSL provide
lower spatial variability than ERAint (with a standard devia-
tion < 1), while its magnitude varies widely among RCMs.
The RMSD is in most cases relatively large, about 0.7-1.
In June (Fig. 9b), most RCMs simulate the SLP and Z500
anomalies reasonably well, with quite high spatial correla-
tion (higher than 0.9), low RMSD (~0.5) and higher spatial
variability than ERAint. CNRM2 shows best skill in these
evaluation metrics. During July—August (Fig. 9c), the SLP
and Z500 correlation between the models and reanalysis is
in most cases about 0.8—-0.9. Most of the models provide
higher spatial variability than ERAint, while the RMSD is
in most cases around 0.5-1; however, model performance
varies widely, while CNRMs (DMI and IPSL) generally
perform best (worse). All RCMs show good performance in
simulating the SLP and Z500 anomalies during September,
with spatial pattern correlation coefficients higher than 0.9

and RMSD below 0.5 with respect to the ERAint (Fig. 9d).
DMI (CNRM2) in September yields the highest (lowest)
pattern correlation and the smallest (highest) RMSD, when
evaluated against ERAint. A significant improvement in the
RMSD and in the spatial correlation is achieved within the
smaller Greek domain for the SLP and Z500 anomalies (see
Fig. S10 in SOM). In addition, regarding the wind speed, all
models and for all months/subperiods show very low spread,
correlation of about 0.8—-0.9, RMSD of about 0.5-0.6, while
they tend to exhibit spatial variability similar to the ERAint,
as reflected by the agreement in standard deviations. Finally,
the wind speed exhibits similar behavior in both domains
(see Fig. 9 and Fig. S10 in SOM).

The analysis based on ERA20C provides quite similar
results for both regions (not shown), while the 20CRv2c
indicates generally lower correlations for wind speed
(0.7-0.8) and higher spread among the five RCMs for all
variables (not shown).

Overall, the RCMs simulate particularly well the mean
SLP and Z500 anomalies as well as the wind speed in both
regions, with differences depending on the investigated
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month. September shows the best performance among the
studied months/subperiods.

5 Discussion

This study provides an evaluation of the high spatial resolu-
tion hindcast simulations from five RCMs participating in
the EURO-CORDEX initiative, with respect to their ability
to realistically reproduce the wind field and Etesian days
over the Aegean Sea as well as the related large scale atmos-
pheric circulation. The evaluation highlights the general
ability of the state-of-the-art RCMs to represent the basic
characteristics of the Etesian wind system. Model perfor-
mance varies according to regions, subperiods and the inves-
tigated atmospheric level compared to reanalyses.

All five RCMs show good skills in the simulation of the
number of intense Etesian days, although the events are
often not synchronized. This behavior can be explained by
the lack of model nudging and by the large-scale dynamic
response induced by the RCMs within the modeled domain,
given the boundary forcing that could lead to intense Ete-
sians. During the observed intense Etesian days not identi-
fied in the model simulations, RCMs still show a large-scale
atmospheric dipole. However, the two centers of this dipole
are misplaced. Nevertheless, all RCMs, but IPSL, are able
to capture episodes that are even longer than one week.
According to Tyrlis and Lelieveld (2013) the duration of
the Etesian episodes is determined by midlatitude dynamics.
More specifically, an enhanced and persistent ridge over the
central Europe and Balkans can lead to prolonged episodes.
Hence, the ability of a model in capturing the long duration
episodes demonstrates its skill in reproducing the related
dynamical mechanism that controls Etesians’ duration.

DMI, SMHI and IPSL show good skill in simulating the
wind speed over the Aegean coastal stations, as biases do not
exceed ~2 m/s. The best simulation is achieved during the
intense Etesian days. The ability of regional climate mod-
els to resolve major features of the topography and surface
properties (such as coastal boundaries), as well as to develop
accurate wind climatology has been also identified in previ-
ous studies (Zhang et al. 2012; Salvacdo et al. 2014). Except
for moderate Etesians, wind speed is clearly underestimated
in CNRMs. Several studies have also reported a tendency of
CNRM1 to underestimate the wind speed over the Adriatic
due to the complex orography of the area (Ardhuin et al.
2007; Bertotti and Cavaleri 2009; Sikiric et al. 2015), or to
the Gulf of Lion (Obermann et al. 2016) as well as in regions
of intense winds, such as the Aegean basin (Herrmann et al.
2011). Further, the RCMs exhibit higher ability in repre-
senting the wind direction frequency distribution compared
to reanalyses. Global reanalysis limitations in complex ter-
rains (e.g. the Strait of Gibraltar, the Persian Gulf, Ireland)
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have been also highlighted in previous studies (Sotillo et al.
2005; Nolan et al. 2011). As shown in Lebassi-Habtezion
and Diffenbaugh (2013) and in Salvacio et al. (2014), the
non-hydrostatic, meso-scale model IPSL shows the best per-
formance regarding wind simulations over land and rough
coastal areas.

In agreement with previous studies (Winterfeldt and
Weisse 2009; Herrmann et al. 2011 and; Lucas-Picher et al.
2017), high resolution RCMs (except the CNRMs) show an
added value in wind speed in areas of complex orography,
i.e. along the slopes of the Pindus mountainous range and in
coastal areas i.e. over the central and southwestern Aegean
stations. A clear added value to the most Etesian-exposed
stations (i.e. exposed to the prevailing strongest winds,
located mostly over north and central Aegean) can be easily
identified in SMHI.

RCM simulations can reproduce the ERA-Interim pat-
terns of the atmospheric circulation associated with intense
Etesians both at surface and at 500 hPa when compared to
reanalyses. Consistent patterns can be seen at both levels.
The RCMs show best (worse) agreement with reanalyses in
September (May). All RCMs, demonstrate a general inten-
sification of the high pressure system over central Europe
which coexists with an eastward extension of the 500 hPa
ridge. The latter partly suppresses the anomalous trough over
Turkey and, thus, it results in a weaker anomalous meridi-
onal circulation. This phenomenon, which is more pro-
nounced in June for DMI, SMHI and IPSL, could partially
explain the underestimation of northerly flow (Etesians) over
the Aegean. Model performance improves significantly with
decreasing pressure gradient (i.e. during the moderate Ete-
sian days).

Previous studies have noted that the internal variability in
an RCM is related to the large-scale weather regime and the
model domain size: large (small) domains and weak (strong)
flow regimes can lead to large (weak) internal variability
(Lucas-Picher et al. 2008b; Laprise et al. 2012). Persistent
high pressure systems or blocking patterns have the poten-
tial to reduce the model’s boundary forcing. The RCM can
therefore induce a large-scale atmospheric response not fully
coherent with the one given by the driving model/reanalysis
(Sieck and Jacob 2016). The Euro-Atlantic region presents
higher blocking frequency in May and June, compared to
the other examined subperiods (D’Andrea et al. 1998) which
may explain the highest differences found in May and June.
In addition, the circulation pattern during intense Etesians
is dominated by an amplified ridge over central Europe (par-
ticularly pronounced in May and June; Dafka et al. 2016).

Nevertheless, shortcomings arise from the large-scale
atmospheric circulation in the driving reanalysis are inher-
ited to a certain extent, since near-surface wind speeds are
found to exhibit low biases (especially over the Aegean Sea).
This is further reinforced if we consider results regarding
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the U200 that, albeit with some minor differences, provide
confidence that the main processes, driving the jet streams
during the intense Etesian days, are faithfully reproduced by
the models. Both CNRM simulations which are able to pro-
duce large-scale dynamics, given realistic boundary forcing,
are unable to simulate extreme wind speeds resulting from
these dynamics. This may result from problems related to
physical parameterization and the surface schemes and/or
issues in regional boundary layer effects.

CNRM?2 is the only model, considered in this study that
uses a special regional setup, in which the model is strongly
relaxed towards ERAInt outside of the EURO-CORDEX
domain. This approach may enhance the ability of the model
to correctly simulate the chronology of synoptic events and
to avoid spurious boundary effects (Kotlarski et al. 2014).
Note also that CNRM?2 shows the best skill in simulating
the Etesian episodes.

Large-scale spectral nudging can reduce the RCM
induced large-scale signal and increase the driving field
constraint (Alexandru et al. 2009; Herrmann et al. 2011;
Berg et al. 2013; Omrani et al. 2013, 2015). A number of
studies has shown that spectral nudging can improve the
RCM performance in simulating extreme events (Feser and
Barcikowska 2012; Otte et al. 2012) and near surface wind
speed (Weisse and Feser 2003; Winterfeldt and Weisse
2009; Omrani et al. 2015). Indeed, large-scale nudging may
also have positive effects in the simulation of the intense
Etesians by “forcing” the RCMs retaining large-scale fea-
tures. Nevertheless, this study shows that the wind speed,
simulated by the RCMs, is to some degree independent
from the lateral boundaries conditions, potentially exhib-
iting greater dependence on the RCM architecture. How-
ever, nudging may disrupt the development of the intrinsic
smaller-scale features produced by RCMs, not given by the
large-scale driving forcing (Cha et al. 2011). This is espe-
cially true when RCMs are driven by GCMs (e.g. for climate
projections), since nudging might force the RCM to retain
and strengthen biases that already exist in GCMs (Pielke
et al. 2012).

The validation of RCMs, forced with perfect boundary,
is the first necessary step (Giorgi et al. 2001) but not a suf-
ficient for simulating future climate change. GCMs might
have biases both in the atmosphere but also in the sea-sur-
face conditions (Hernidndez-Diaz et al. 2016), that might
strongly affect the simulations of the Etesians in the RCMs.
Therefore, additional study of RCMs driven by boundary
conditions from GCMs should be done, before assessing
future projections.

In addition to lateral boundary conditions, RCMs are
also influenced by the lower boundary, i.e., properties of
sea-surface temperature (SST) and sea ice. Katragkou et al.
(2015) highlighted the importance of surface forcing evalu-
ation exercises on RCMs. So far, only few sensitive studies

have explored the dependency of RCM results using higher
resolution SSTs (observed) as lower boundary conditions
(Chelton et al. 2006; Woollings et al. 2010a; Koltzow et al.
2011). Hernandez-Diaz et al. (2016) argued that the mean
circulation, the spatial and temporal variability and the posi-
tion of the jet streams can be improved when observed SSTs
are used. This topic deserves further investigation, especially
in complex areas such as the Aegean Sea, which is character-
ized by increased SST variability and upwelling processes
during summer due to the Etesians (Kostopoulos and Helmis
2014).

The performance in reproducing extreme wind events
is strong, both when only the common and all the intense
Etesians are examined. The latter boosts confidence in the
ability of these models to simulate the Etesians. We should
also note that results are highly dependent on the quality of
the observational data used, which is a source of uncertainty
in the evaluation process.

6 Conclusions

We assess the performance of EURO-CORDEX RCMs
driven by perfect boundary conditions in simulating the
Etesians. We further investigate how synoptic circulation
biases impact RCMs and influence their ability in simulating
the surface wind speed.

This study has shown that the EURO-CORDEX RCMs
provide a very good representation of the Etesians over the
Aegean, even with a reasonably good percentage of agree-
ment of synchronous events. In some cases, the RCMs
(especially DMI, SMHI and IPSL) show a drift from the
large-scale circulation patterns of the driving reanalysis. The
large scale signal is still captured in those cases, however
the dipole is misplaced. Nudging could help to get more
synchronous events; but in a GCM-RCM climate projection
assessment, this would prevent RCMs to induce changes in
the large-scale as a response to regional/local dynamics (bet-
ter reproduced in principle). This study has confirmed that
Etesians are large-scale induced but it has also shown how
the interaction with the other smaller scales can trigger these
events even without the proper large-scale precondition.

Moreover, DMI, SMHI and IPSL allow for a satisfac-
tory estimation of extreme wind speed over the Aegean,
and could be considered as valuable tools for wind energy
applications, such as wind site assessment studies. This is
especially important in this area which suffers from lack of
observations.

Future analysis will be focused on the simulation of
Etesians by GCM-RCM runs and their ability to replicate
observed variability. New evidence on projected extreme
winds for the twenty-first century will be studied, with the
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aim to address the potential for wind energy over the Aegean
Archipelago.
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