
R E S E A R CH AR T I C L E

Understanding summer wind systems over the eastern
Mediterranean in a high-resolution climate simulation

Melissa R. Latt1 | Assaf Hochman1,2 | Alberto Caldas-Alvarez1 |

Sebastian Helgert1,3 | Joaquim G. Pinto1 | Ulrich Corsmeier1

1Institute for Meteorology and Climate
Research, Department of Troposphere
Research (IMK-TRO), Karlsruhe Institute
of Technology (KIT), Karlsruhe, Germany
2Fredy and Nadine Hermann Institute of
Earth Sciences, The Hebrew University of
Jerusalem (HUJI), Jerusalem, Israel
3Department 33, Landesanstalt für
Umwelt Baden-Württemberg (LUBW),
Karlsruhe, Germany

Correspondence
Melissa R. Latt, Institute for Meteorology
and Climate Research, Department of
Troposphere Research (IMK-TRO),
Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany.
Email: melissa.latt@kit.edu

Funding information
German Helmholtz Association
(“Changing Earth” program); AXA
Research Fund; Ministry of Science,
Research and Arts; Helmholtz Association
of German Research Centers, Grant/
Award Number: VH-VI-527

Abstract

Regional and local wind systems are often complex, particularly near coastal

areas with a highly variable orography. Thus, the realistic representation of

regional wind systems in weather and climate models is of strong relevance.

Here, we evaluate the ability of a 13-year convection-permitting climate simu-

lation in reproducing the interaction of several regional summer wind systems

over the complex orography in the eastern Mediterranean region. The

COSMO-CLM simulations are driven by hourly ERA-5 reanalysis and have a

spatial resolution of 2.8 and 7.0 km. The simulated near-surface wind fields

are compared with unique very high-resolution wind observations collected

within the “Dead Sea Research Venue” project (DESERVE) and data from the

Israel Meteorological Service synop network. The high-resolution COSMO-

CLM simulations largely reproduce the main characteristics of the regional

wind systems (Mediterranean and Dead Sea breeze, slope winds in the Judean

Mountains and winds along the Jordan Rift valley), whereas ERA-5 is only

able to represent the Mediterranean Sea breeze. The high-resolution simula-

tions substantially improve the representation of regional winds, particularly

over complex orography. Indeed, the 2.8 km simulation outperforms the

7.0 km run, on 88% of the days. Two mid-July 2015 case studies show that only

the 2:8 simulation can realistically simulate the penetration of the Mediterra-

nean Sea Breeze into the Jordan Rift valley and complex interactions with

other wind systems like the Dead Sea breeze. Our results may have profound

implications for regional weather and climate prediction since very high-

resolution information seems to be necessary to reproduce the main summer-

time climatic features in this region. We envisage that such simulations may

also be required at other regions with complex orography.
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1 | INTRODUCTION

Regional climate is strongly affected by the dominant
wind systems, their variability and interactions with
other components of the climate system. This is particu-
larly the case in regions with complex orography affected
by sea breeze like the Mediterranean area. In this region,
near-surface wind systems play a central role in local air
quality and regional climate conditions (Drobinski
et al., 2018a). Over the eastern Mediterranean, wind sys-
tems are especially important for the dispersion of air
pollutants from power plants located on the Mediterra-
nean coast (Alpert and Rabinovich-Hadar, 2003; Levi
et al., 2011), for the transport of ozone inland
(Steinberger, 1980; Asaf et al., 2011), for air quality in the
Dead Sea valley (Kishcha et al., 2016) and in mitigating
heat stress in summer (Diffenbaugh et al., 2007; Papa-
nastasiou et al., 2010).

The eastern Mediterranean is located between a tem-
perate climate in the north and a subtropical climate in
the south. During summer, an extended subtropical anti-
cyclone (Azores) and the Persian Trough at lower levels
dominate the synoptic conditions (Bitan and
Sa'Aroni, 1992). This results in upper-mid-level large-
scale subsidence accompanied by cool northwesterly low-
level winds, often termed Etesians (Ziv et al., 2004). In
high summer (25 June–7 September), the Persian Trough
dominates on about 82% of the days (Alpert et al., 2004)
and persistent hot and dry weather prevails (Ziv
et al., 2004; Lelieveld et al., 2012; Hochman et al., 2021).
This period is expected to be lengthened by 2 months
towards the end of the 21st century, under increased
greenhouse gas concentrations (RCP8.5; Hochman
et al., 2018b).

In the eastern Mediterranean, thermal diurnal wind
systems dominate the regional summer atmospheric cir-
culation, due to the relatively weak synoptic-scale forcing
(Bitan, 1976; Naor et al., 2017). A region of particular
interest is the region between the Mediterranean and the
Dead Sea, where the summertime diurnal wind charac-
teristics are influenced by the short distance to the Medi-
terranean Sea, the location of the Dead Sea at 430 m BSL,
and more generally the complex orography of the region
(Figure 1; Bitan, 1974; Hecht and Gertman, 2003;
Goldreich, 2012). Therefore, the overall regional atmo-
spheric circulation results from the interaction between
several wind systems including the Mediterranean Sea
breeze, the local Dead Sea breeze, slope winds in the
Judean Mountains and winds along the Jordan Rift valley
(Hecht and Gertman, 2003; Goldreich, 2012; Zardi
and Whiteman, 2013; Metzger, 2017; Figure 1e,f). Indeed,
a plethora of observational studies have
described these wind systems and their potential impacts

(Ashbel and Brooks, 1939; Bitan, 1974; 1976; Hecht and
Gertman, 2003; Naor et al., 2017; Paperman et al., 2021).
For example, Alpert and Rabinovich-Hadar (2003) and
Kunin et al. (2019) provided evidence that the eastward
penetration of the Mediterranean Sea breeze front miti-
gates the hot and dry weather conditions prevalent dur-
ing summer. Other studies have shown that the
penetration of the Mediterranean Sea breeze into the
Dead Sea valley leads to foehn events on 72% of summer
evenings (Kishcha et al., 2016; Naor et al., 2017; Vüllers
et al., 2018; Kunin et al., 2019). A realistic representation
of regional wind systems is necessary for weather predic-
tion and regional climate modelling in this region, since
they also influence local near-surface conditions
(Bucchignani et al., 2016; Vüllers et al., 2018; Drobinski
et al., 2018b) and therefore the quality of other model
output parameters (Vautard et al., 2013; Zhou et al., 2016;
Hochman et al., 2018a).

Regional climate models (RCM) are used for weather
forecasting, regional-scale climate process studies, and
long-term climate simulations (Feser et al., 2011;
Kendon, 2014; Kotlarski et al., 2014). Large international
projects such as the COordinated Regional Downscaling
EXperiment (CORDEX) continue to develop and apply
regional climate models (Giorgi et al., 2009). There is evi-
dence that the dynamical downscaling approach can
achieve improvements (Christensen et al., 2007; Önol
and Semazzi, 2009; Feser et al., 2011; Prein et al., 2013;
Zollo et al., 2016) depending on the experimental setup of
the model, boundary conditions (forcing data), parame-
trizations, spatial resolution, location, the analysed model
variables and the considered time scale
(Rummukainen, 2010; Feser et al., 2011; Kotlarski
et al., 2014; Di Luca et al., 2015; Zollo et al., 2016). High-
resolution convection-permitting climate models may
achieve best improvements in summer in areas with
complex terrain and on small temporal and spatial scales
(Prein et al., 2013). Convection-permitting climate
models are particularly suitable to study small-scale pro-
cesses like local wind systems and the interaction of
atmospheric flows with orography (Prein et al., 2015).
But running high-resolution models causes high compu-
tational costs (Kendon, 2014) and an increased grid spac-
ing does not provide an added value in all aspects and
locations (Vautard et al., 2013; Zollo et al., 2016; Akhtar
et al., 2018). Therefore, the added value of high-
resolution simulations needs to be quantified in detail
(Rummukainen, 2010), especially in regions like the east-
ern Mediterranean, which are challenging to model
(Haslinger et al., 2013; Panitz et al., 2014; Zollo
et al., 2016; Akhtar et al., 2018; Hochman et al., 2018b).

Most regional climate model studies in the eastern
Mediterranean predominantly focused on simulating 2 m
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temperature and precipitation (e.g., Hochman et
al., 2018a). Only very few modelling studies analysed
wind systems in the Mediterranean region. Indeed,
mostly coarse model climate simulations or high-
resolution applications focused on case studies were per-
formed (Alpert et al., 1982; Alpert and Getenio, 1988;

Kishcha et al., 2016; Kunin et al., 2019). For example,
Alpert and Getenio (1988) used a one level model with a
resolution of 5 km to investigate the near-surface meso-
scale flow in the Dead Sea area. In this region, high-
resolution models were used to analyse wind channelling
effects (Shafir et al., 2008) and foehn and sea breeze

FIGURE 1 Simulation areas of COSMO-CLM at Δx=2:8 km (red) and Δx=7:0 km (blue) grid spacing (a). Vertices of small red

simulation area are located at 28.92�N, 34.04�E and 33.43�N, 39.73�E. Similarly, those of large blue area are at 22.51�N, 23.69�E and 37.94�N,
47.47�E. Map of model orography for ERA-5 (b), CLM-7.0 (c), and CLM-2.8 with the location of the meteorological stations (station

abbreviations defined in Table 1) (d). The axes indicate latitude and longitude in degrees north and east (a–d). Schematic representation of

the two sea-wind circulations of the Mediterranean and Dead Sea (e, f ) along the cross-section shown as a black line in (d). The axes label

longitude in degrees east and terrain height in meter ASL (e, f) [Colour figure can be viewed at wileyonlinelibrary.com]

LATT ET AL. 3
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events for selected case studies (Kishcha et al., 2016;
Kunin et al., 2019).

Motivated by the above-described gap in our under-
standing of wind systems and their representation in a
high-resolution climate simulation, we address the fol-
lowing key research questions:

• Can a high-resolution model reproduce the climatol-
ogy of the complex thermal summer wind systems over
this region with a highly variable orography?

• Does higher resolution lead to a better statistical agree-
ment with station data in terms of near-surface wind
systems?

• Can a high-resolution model reproduce the interaction
of several complex thermal summer wind systems over
this region with a highly variable orography also for
individual days?

The paper is structured as follows: section 2 describes the
observational data sets and the model setup. Section 3
provides a climatological evaluation of near-surface wind
systems (section 3.1) and a detailed analysis of two typi-
cal summer days in mid-summer 2015 (section 3.2).
Section 4 summarizes and concludes the study.

2 | DATA AND METHODS

We use a unique set of meteorological stations operated
in the framework of the DEad SEa Research VEnue

project (DESERVE, https://www.imk-tro.kit.edu/10897.
php; Kottmeier et al., 2016) (Table 1) in the fields of
meteorology, hydrology and geophysics. This project aims
to foster and strengthen the international and interdisci-
plinary scientific cooperation in the Middle East. Within
DESERVE the Karlsruhe Institute of Technology (KIT) in
cooperation with partners from Israel, Jordan, and Pales-
tine among others run long-term wind measurements
with sonic anemometers in high temporal resolution
from 2006 to 2018 in the greater Dead Sea area at differ-
ent altitudes, which allows us to identify the onset of the
periodic winds for comparison with the simulations.
Additionally data of eight automatic wind stations of the
Israeli Meteorological Service (IMS) on a transect from
the Mediterranean Sea to the Dead Sea (Table 1 and
Figure 1d) were taken to complement the information for
model comparison. In 2007, the IMS has transitioned all
wind stations to automatic stations. The quality of the
DESERVE and IMS data is tested regularly, erroneous
observation periods are removed. Further outliers are
detected according to the 99th percentile threshold. The
10-min wind observations are hourly averaged for com-
parison with the hourly model output.

The fifth generation European Center for Medium-
range Weather Forecasting (ECMWF) reanalysis with a
grid spacing of 0.25� (�31 km) and hourly temporal reso-
lution was used as reference (ERA-5; Hersbach
et al., 2020). The ERA-5 reanalysis is considered to be
particularly suitable for near-surface wind fields because
compared to other common reanalysis such as the

TABLE 1 Automatic �10 m height wind station data over the eastern Mediterranean with the following listing columns: station name,

operator, altitude, location (latitude and longitude), data availability and geographical grouping of the stations for further analyses: at the

west coast of the Dead Sea (DS), in the Judean Mountains (JM) and at the Mediterranean coast (MC). Stations are operated by the Israeli

Meteorological Service (IMS) and Karlsruhe Institute of Technology in the framework of the DESERVE project (KIT; Kottmeier et al., 2016)

Station name Operator Altitude (m.a.s.l.) Latitude (�N) Longitude (�E) Data availability Grouping

En Bokek (EB) KIT −389 31.19 35.40 2016–2018 DS

Masada (Ma) KIT −7 31.32 35.35 2007–2018

Ein Gedi Spa (EG) KIT −393 31.42 35.38 2014–2018 DS

Panoramic Complex (P) KIT +124 31.63 35.59 2014–2017

Al-Auja (Al) KIT −228 31.95 35.46 2015–2018

Ashdod (Ad) IMS +5 31.83 34.64 2007–2012 MC

Ashkelon (Ak) IMS +5 31.64 34.52 2007–2016 MC

Dorot (D) IMS +115 31.50 34.65 2007–2018

Beer Sheva (B) IMS +279 31.25 34.80 2007–2018

Shani (S) IMS +700 31.36 35.07 2007–2018 JM

Rosh Zurim (R) IMS +950 31.66 35.12 2007–2018 JM

Arad (Ar) IMS +564 31.25 35.19 2007–2018 JM

Metzoke Dragot (MD) IMS +20 31.59 35.39 2007–2018

Note: Short station names refer to Figure 1d.

4 LATT ET AL.
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Japanese reanalysis (JRA55) or the reanalysis 1 (R1) of
the NCEP3/NCAR4, near-surface wind fields of the
ERA-5 reanalysis achieve the highest agreement with
global in situ observations (Ramon et al., 2019).

Continuous COnsortium for Small scale MOdeling in
CLimate Mode (COSMO-CLM Version 5.00; Rockel et
al., 2008) simulations were performed for the period from
2006 to 2018 over the eastern Mediterranean (Figure 1a).
The simulation period was chosen because that is the
time where the most homogeneous wind observations
are available for a comparison with the simulations. The
regional COSMO-CLM simulations are driven by ERA-5
reanalysis. COSMO is a nonhydrostatic fully compress-
ible atmospheric model that explicitly simulates constitu-
ents such as liquid water, dry air, water vapour and solid
water on an Arkawa-C/Lorenz rotated grid (Schättler
et al., 2016). COSMO-CLM is the regional climate version
of the Numerical Weather Prediction (NWP) model
COSMO (Schättler et al., 2016). COSMO-CLM has been
extensively evaluated, showing good skill in representing
atmospheric variables (Moemken et al., 2021), also in the
eastern Mediterranean (Hochman et al., 2018c). The first
year of simulation is removed to allow model spin
up. Two COSMO-CLM simulations were performed at
horizontal resolutions of 7.0 and 2.8 km, hereafter
referred to as CLM-7.0 and CLM-2.8, respectively
(Figure 1a). CLM-7.0 (CLM-2.8) uses 192 (120) grid
points in the longitude and latitude directions and
50 (60) vertical levels (Table 2). This implies modelling
the boxes 23.69�–47.47�E, 22.51�–37.94�N for CLM-7.0
and 34.04�–39.73�E, 28.92�–33.43�N for CLM-2.8. The
main difference regarding physical parameterizations is
the use of deep and shallow convection schemes
(Tiedtke, 1989) in CLM-7.0, whereas CLM-2.8 only uses
shallow convection parameterization, as deep convection
in the latter is explicitly resolved. Other physical parame-
terizations used in CLM-7.0 and CLM-2.8 include a 1-D
diagnostic closure for turbulent kinetic energy (Mellor
and Yamada, 1974), grid-scale clouds and precipitation
(Doms et al., 2011), radiation (Ritter and Geleyn, 1992)
and an 8-layer soil model called TERRA-ML (Doms
et al., 2011). The convection-permitting simulation
(CLM-2.8) was forced by CLM-7.0, in a one-way nesting
strategy. Both simulations consider a relaxation layer for

the lateral boundary conditions of 7 km. Furthermore,
we dismiss four grid points at the lateral boundaries of
the investigation areas to avoid possible model artefacts.
Moreover, we consider tested settings for the COSMO-
CLM model, which had been applied in previous studies
for the eastern Mediterranean (Hochman et al., 2018a,c).
The COSMO-CLM model resolves the terrain well, with
the 2.8 km simulation reproducing the terrain gradients
even more accurately (Figure 1c,d).

The evaluation of the model results is as follows: The
simulated wind fields are compared with observations at
the nearest model grid point to the station of interest. We
analyse noon and late evening winds, as this is the time
when thermal wind systems are most pronounced due to
large thermal gradients. We calculate statistical proper-
ties (mean, median, standard deviation, root-mean-
square error, time lag and Pearson correlation coefficient)
for hourly wind speed between 0800 and 2200 LST. In
this study, all time specifications are in local summer
time (LST). We use the maximum of the normalized cross
correlation between the observed and modelled time
series between 0800 and 2200 LST to calculate the time
lag. Thus, this is the time by which the simulated time
series between 0800 and 2200 LST must be shifted to
achieve the maximum possible normalized cross correla-
tion coefficient (i.e., 1) between the observed and simu-
lated time series. The simulations are compared to
observations using wind maps, diurnal cycle time series,
and Taylor diagrams (Taylor, 2001). Taylor diagrams are
a concise way of evaluating model data, combining sev-
eral performance metrics such as standard deviation,
centred root-mean-square deviation (CRMSD) and the
Pearson correlation coefficient (R).

3 | RESULTS

During July and August, the synoptic conditions are per-
sistent and the synoptic forcing is weak in the investiga-
tion area (Figure 1d). Therefore, on ~95% of the summer
days three thermal near-surface wind systems dominate.
Starting at around 0900 LST the Dead Sea breeze, the
Mediterranean Sea breeze and upslope winds in the
Judean Mountains develop (Figure 1e). During the day,

TABLE 2 Summary of model settings

Resolution (�) Grid Convection Turbulence Radiation Soil

CLM-7.0 0.0625 192 × 192 × 50 Deep and shallow
(Tiedtke, 1989)

1-D TKE (Mellor and
Yamada, 1974)

Ritter and
Geleyn (1992)

TERRA-ML (Doms
et al., 2011)

CLM-2.8 0.025 120 × 120 × 60 Shallow
(Tiedtke, 1989)

1-D TKE (Mellor and
Yamada, 1974)

Ritter and
Geleyn (1992)

TERRA-ML (Doms
et al., 2011)

LATT ET AL. 5
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the Mediterranean Sea breeze penetrates further inland
and interacts with upslope winds and the Dead Sea
breeze. Near the surface, upslope winds west of the
Judean mountain ridge enhance the Mediterranean Sea
breeze. The Dead Sea breeze and upslope winds east of
the Judean mountain ridge counteract the Mediterranean
Sea breeze. The extent and intensity of the Mediterranean
Sea breeze is variable (Figure 1f). Three patterns are
observed in the near-surface wind field during summer:

1. On most days ( ~85%), the Judean Mountains are over-
flown and westerly winds of the Mediterranean Sea
wind replace the easterly Dead Sea breeze on the west
coast of the Dead Sea (Vüllers et al., 2018), hereafter
referred to as a long-range wind event. It is defined as
a day characterized by strong westerly wind speeds
associated with the Mediterranean Sea breeze that
reach far over the Dead Sea area (Metzger, 2017). This
corresponds to our first case study (section 3.2).

2. On some summer days ( ~10%), the Mediterranean Sea
breeze does not reach the Dead Sea valley, which we
refer to as a short-range wind event. This corresponds
to the second case study (section 3.2).

3. On a small number of days (~5%), the typical thermal
wind systems cannot be easily identified as synoptic
large-scale winds dominate.

3.1 | Climatology of near-surface winds
in summer

In this section we evaluate the ability of COSMO-CLM
simulations to reproduce summer near-surface regional
wind systems in the eastern Mediterranean from a clima-
tological perspective. The reader is referred to Video S1,
Supporting Information for the averaged full diurnal evo-
lution of wind fields in the CLM-2.8 simulation. This
video shows the thermal wind systems (Figure 1e,f)
described above.

From here on, COSMO-CLM 12-year mean diurnal
cycles of near-surface winds are discussed chronologi-
cally from the Mediterranean coast to the Dead Sea. At
1200 LST, both COSMO-CLM simulations realistically
capture the wind speed and wind direction of the Medi-
terranean Sea breeze near the coast (�5 ms−1) and the
upslope winds (�4 ms−1) in the Judean Mountains
(Figure 2c,e). At this time of the day the near-surface
wind fields of the two COSMO-CLM simulations are very
similar and match the observations. However the west-
erly wind direction is reproduced qualitatively better by
the CLM-2.8 simulation. The Mediterranean Sea breeze
is also represented in ERA-5 at 1200 LST, but clearly
underestimated by �2 m�s−1, mainly due to the fact that

the simulated diurnal cycle of the wind speed is shifted
about 1 hr later (Figure 3b). Upslope winds in the Judean
Mountains are not represented in ERA-5, which results
in an underestimation of wind speed in this region by
�2 m�s−1 (Figures 2a and 3c). Wind directions are quali-
tatively well simulated, except for some regions sur-
rounding the Dead Sea. Indeed, ERA-5 is not able to
represent the local Dead Sea breeze (Figure 2a). How-
ever, both COSMO-CLM simulations do reproduce the
Dead Sea breeze (Figure 4a,c). In general, wind speed
and direction are well reproduced by both COSMO-CLM
simulations. In this regard, the wind direction in the
Jordan Rift valley is qualitatively better simulated by the
CLM-2.8 simulation (Figure 4a,c).

Horizontal thermal gradients are mostly small until
midday, thus the wind speed is relatively low for most
areas (Figure 3). In addition, small-scale features do not
yet have large influence on the near-surface wind field.
As a result, both simulations realistically reproduce the
wind field at the Mediterranean coast and in the Judean
Mountains despite different model horizontal resolutions,
until that time of day. As the day progresses, horizontal
pressure and temperature gradients rapidly increase and
the near-surface circulation is now strongly thermally
driven. At this time, small-scale features play a larger
role. Therefore, the horizontal resolution of the model
starts influencing the ability to simulate the wind fields
(Figures 2d,f and 3).

At 1800 LST the Mediterranean Sea breeze and the
upslope winds in the Judean Mountains are decreasing
and turn typically clockwise to the northwest (Figures 2
and 3b,c) (Kusuda and Alpert, 1983). Further inland, on
the west coast of the Dead Sea, wind speed increases and
reaches its maximum of 4.8 m�s−1 at 2000 LST
(Figure 3d). The COSMO-CLM-7.0 simulation clearly
overestimates wind speed at the Mediterranean coast by
�3 m�s−1 and in the Judean Mountains by �2 m�s−1
(Figure 2d). In addition, the mean diurnal cycle of wind
speed is simulated 3.5 hr (2.7 hr) too late on the Mediter-
ranean coast (Judean Mountains; Figure 3b,c). This
makes the differences between observed and simulated
wind speed even larger, later in the evening. Due to the
time lag and the positive bias, at the Mediterranean coast
and in the Judean Mountains the correlation of the CLM-
7.0 wind speed is relatively low (R<0:42) and the CRMSD
is comparatively high (>2.4m�s−1; Figure 5b,c).

The CLM-2.8 simulation captures the wind speed
near the Mediterranean coast and in the Judean Moun-
tains more realistically than CLM-7.0 (Figure 2d,f).
Indeed, CLM-7.0 overestimates wind speed by 63% near
the Mediterranean coast, whereas CLM-2.8 only overesti-
mates it by 13%. Moreover, the time lag of the mean diur-
nal cycle of wind speed in the CLM-2.8 simulation is

6 LATT ET AL.
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much smaller than in CLM-7.0, being 1 hr on the Medi-
terranean coast and 1.3 hr in the Judean Mountains
(Figure 3b,c). This leads to high correlation coefficients
(R>0:6) and low CRMSD (<1.8m�s−1; Figure 5b,c). Near
the Mediterranean coast, the ERA-5 reanalysis repro-
duces the strength and direction of the wind well, but the
upslope winds in the Judean Mountains and wind speed
near the Dead Sea, especially in Metzoke Dragot (MD),
are underestimated (Figure 2b). On the other hand, both
COSMO-CLM simulations do capture wind speed and
direction in Metzoke Dragot (Figure 4b,d). Further down
the slope, there are major differences between the two
CLM simulations, as only the CLM-2.8 simulation repre-
sents a clear wind front on the west coast of the Dead
Sea. As a result, wind speed on the west and east coast of
the Dead Sea is only satisfactorily reproduced by the
CLM-2.8 simulation and is generally overestimated by
the CLM-7.0 simulation (>4m�s−1). In the Judean Moun-
tains, CLM-7.0 (CLM-2.8) also overestimates wind speed
by 38% (20%). In the evening, wind speed and wind
direction at Rosh Zurim (R), Ein Gedi (EG), Masada
(Ma), En Bokek (EB) and Panoramic Complex (P) are
more realistically simulated by the CLM-2.8 simulation.

Overall, on the west coast of the Dead Sea the diurnal
variation of wind speed is very well reproduced by the
CLM-2.8 simulation (Figure 3d). CLM-7.0 (CLM-2.8)
overestimates wind speed by 168% (48%). Indeed, the
CLM-2.8 simulation is closest to observations at the west
coast of the Dead Sea (Figure 5d).

Averaged over the whole area, the CLM-7.0 simula-
tion roughly reproduces the course of the mean diurnal
wind speed cycle (Figure 3a). However, wind speeds are
simulated about 2 hr too late and are overestimated by
4.3 m�s−1 at 1900 LST. This leads to a low (high) correla-
tion coefficient (centered root mean square deviation) of
R=0:36 (CRMSD=2:6 m � s – 1; Figure 5a). Nevertheless,
in the Dead Sea area the CLM-7.0 simulation still
achieves better results than the ERA-5 reanalysis in terms
of the correlation coefficient (Figure 5d). Considering all
the available data, CLM-2.8 simulates the diurnal wind
speed about 1 hr too late and overestimates wind speed
up to 2.1 m�s−1 at 1900 LST (Figure 3a). The largest over-
estimation of wind speed is found for the Judean Moun-
tains and at the west coast of the Dead Sea. This suggests
that the wind speed bias is mainly influenced by the com-
plex orography. Our analysis regarding the bias is based

FIGURE 2 Summer (July and August) average (2007–2018) of modelled near-surface wind fields for ERA-5 (a, b), CLM-7.0 (c, d) and

CLM-2.8 (e, f) at 1200 LST (a, c, e) and 1800 LST (b, d, f). Black framed squares and black wind arrows represent observations from

automatic ~10 m height wind stations. White arrows show the simulated wind field. Station abbreviations are defined in Table 1. The axes

indicate latitude and longitude in degrees north and east [Colour figure can be viewed at wileyonlinelibrary.com]
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on a comparison between station observations and the
closest grid point in the model. In areas with complex
orography with high wind variability, a one-point wind
measurement is not necessarily representative for a
2.8 km× 2.8 km model grid box, which represents an area
average. Vice versa is also true. While the increased reso-
lution of 2.8 km decreases the wind speed offset compared
to the resolution of 7.0 km, it is still too coarse to capture
in full the local small-scale wind variability. A further fac-
tor lies on the fact that some stations which are not part of
the subarea analysis (e.g., Dorot and Beer Sheva) but do
contribute to the overall average (Table 1 and Figure 3a)
are at locations surrounded by buildings, which leads to a
higher wind drag compared to the other stations.

Figure 6 shows a comparison between daily statistical
properties of CLM-7.0 and CLM-2.8 for hourly wind
speed during July and August of 12 years (2007–2018;
744 days). The correlation coefficient (R) (Figure 6a,b),
the root-mean-square error (RMSE; Figure 6c,d) and the
difference of standard deviations (diff. SD; Figure 6e,f)
and medians (diff. median; Figure 6g,h) between
observed and simulated wind speed are considered. The

left column of the figure (Figure 6a,c,e,g) shows daily
mean statistical properties for hourly wind speed aver-
aged over all wind stations, whereas, the right column
(Figure 6b,d,f,h) shows the same statistical properties for
selected subregions including the Mediterranean coast
(blue circles), Judean Mountains (black squares) and
Dead Sea (red stars).

The CLM-2.8 simulation performs better than CLM-
7.0 for most summer days. In particular the correlation
coefficient (RMSE) is higher (lower) for CLM-2.8 on 97%
(98%) of the days compared to CLM-7.0 (Figure 6a,c). In
addition the difference between observed and simulated
standard deviation (median) is lower for CLM-2.8 on 95%
(94%) of the summer days compared to CLM-7.0
(Figure 6e,g). Finally, on 88% of the days all four consid-
ered statistical properties suggest that CLM-2.8 performs
better than CLM-7.0. Indeed, there is not even one single
day that R, RMSE, diff. SD, and diff. median suggest that
CLM-7.0 performs better (Figure 6a,c,e,g). However, it
should be noted that both simulations tend to over-
estimate wind speed (Figure 6g) and its standard devia-
tion (Figure 6e).
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FIGURE 3 Summer (July and August) mean diurnal cycles (2007–2018) of hourly averaged wind speed of the wind stations (Obs) and

the nearest grid point of the two CLM simulations and ERA-5 reanalysis averaged for all stations (a), the Mediterranean coast (b), the

Judean Mountains (c) and the west coast of the Dead Sea (d). Table 1 shows which stations belong to the different subareas [Colour figure

can be viewed at wileyonlinelibrary.com]
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The results averaged over all stations are mirrored by
the sub-regional ones (Figure 6b,d,f,h). The largest
improvements in R and RMSE are achieved by CLM-2.8
on the Mediterranean coast (Figure 6b,d). On the other
hand, the statistical properties of both simulations vary
the most on the west coast of the Dead Sea (Figure 6b,d,f,
h). This may be due to the interaction of multiple wind
systems over the complex orography near the Dead Sea,
resulting in highly variable near-surface winds and very
different model results.

Qualitatively and quantitatively, CLM-2.8 achieves
most realistic wind speeds over the Judean Mountains,
on the west coast of the Dead Sea and on average over all
stations (Figures 2, 5a,c,d and 6). Furthermore, CLM-2.8
obtains very good results along the Mediterranean coast,
where there is the largest improvement compared to
CLM-7.0 (Figures 2d,f and 5b–d). However, the CLM-2.8
simulation tends to slightly overestimate wind speeds
and to simulate the diurnal cycle 1 hr too late. But bias
and time lag are smaller than in CLM-7.0. This agrees
with Akhtar et al. (2018) as they also found that the
COSMO-CLM model tends to overestimate wind speed in
Israel, but this can be greatly reduced by higher model
resolution, especially around the Mediterranean coast. As
discussed above, the orography and surface drag could be
reasons for the overestimation of wind speeds, as the

surface drag in models is often smaller than under real
conditions (Nolan et al., 2014). In addition, a part of the
positive wind speed bias could also be related to the
already known positive altitude-dependent bias of daily
mean and maximum temperatures in COSMO-CLM (not
shown; Kotlarski et al., 2011; 2014; Cattaneo et al., 2012;
Panitz et al., 2014; Önol and Semazzi, 2009), which leads
to unrealistically large temperature gradients and thus to
too intense winds. Also sea surface temperatures are sub-
ject to major uncertainties in the model boundary condi-
tions (Evans et al., 2004).

All in all, COSMO-CLM performs well in reproducing
the near-surface climatological wind fields. Especially
near the Mediterranean coast and in the Jordan Rift val-
ley, where the influence of local effects is large, there are
clear benefits of the high-resolution in reproducing the
structure of small-scale winds (Figures 2 and 5).

3.2 | Near-surface winds in mid-summer
case studies

In this section, the near-surface wind field of the
COSMO-CLM simulations is evaluated for two selected
case studies in 2015, due to data availability (Table 1). It
cannot be assumed a priori that the model can both

FIGURE 4 As Figure 2 only for

the Dead Sea area and the two CLM

simulations [Colour figure can be

viewed at wileyonlinelibrary.com]
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adequately represent the smoothed climatology and the
individual events. Therefore, we have selected July
16, 2015 and August 3, 2015 as representative examples
for a long- and a short-range wind event (see section 3 for

definition). These provide detailed insight of the wind
systems.

In general, the wind fields on July 16, 2015 largely
mirror the climatological daily cycle (section 3.1).
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FIGURE 5 Taylor diagrams (Taylor, 2001) for the evaluation of hourly average wind speed between 0800 and 2200 LST in July and

August (2007–2018) for the two CLM simulations and the ERA-5 reanalysis regarding ~10m height wind station observations (Obs) averaged

for all stations (a), the Mediterranean coast (b), the Judean Mountains (c) and the west coast of the Dead Sea (d). Table 1 shows which

stations belong to the different subareas
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FIGURE 6 Scatter diagrams for daily averaged statistical key figures of hourly wind speed between 0800 and 2200 LST for CLM-7.0 and

CLM-2.8: Pearson's correlation coefficient (a, b), root-mean-square error (c, d), difference between observed and simulated standard

deviation (e, f) and median (g, h). Left column is averaged over all stations, right column for subareas. Table 1 shows which stations belong

to the different subareas. The black line separates areas where the respective statistical ratio is in favour of one of the simulations [Colour

figure can be viewed at wileyonlinelibrary.com]
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During the day, the Mediterranean Sea breeze, the
local sea breeze of the Dead Sea, upslope winds in the
Judean Mountains and north winds along the Jordan
Rift valley develop (Figures 1e,f and 7). The Mediterra-
nean Sea breeze penetrates into the Jordan Rift valley
to the west coast of the Dead Sea where it reaches its
maximum wind speed of 8.8 m�s−1
(climatology = 4.8 m�s−1) at 2200 LST (2000 LST;
Figures 1f and 8d). All wind systems are represented by
the COSMO-CLM simulations (Figure 7c–f), but the
ERA-5 reanalysis does not detect the local Dead Sea
breeze, winds along the Jordan Rift valley or slope
winds in the Judean Mountains (Figure 7a,b). Further-
more, also in the case study both CLM simulations
mostly overestimate the wind speed, whereas ERA-5
underestimates it (Figure 8).

Our selected case studies show important features
that are smoothed out in climatology. For July 16, 2015
the interaction of the different wind systems in CLM-2.8
is shown in Video S2 for the whole day. Several interac-
tions on small scales are only reproduced in CLM-2.8.
For example, at 1200 LST the convection-permitting

CLM-2.8 simulation can precisely simulate a convergence
line directed north–south over the Judean Mountains
that is much less resolved in CLM-7.0, but matches with
observations. In the case study (Figure 9c) at the western
slope of the Judean Mountains northwesterly winds up to
7 m�s−1 are simulated, while at the eastern slope south-
easterly winds of about 5 m�s−1 are predominant. In the
centre of the convergence the wind speed is reduced to
1–2 m�s−1, resulting in upward vertical motion (not
shown). Looking at the same situation in the climate run
(Figure 4c), the wind speed difference at both sides of the
convergence line is much smaller and the convergence
zone itself is broader. This results in less vertical motion
and subsequently less convection. Convergence lines over
the Judean Mountains are common features in the area
and can lead to local cloud cover in summer. As may be
expected, the near-surface wind field on July 16, 2015
exhibits more variability than the climatology in both
observations and simulation results. As a result, there are
already larger differences in the simulated wind speed at
1200 LST (Figure 7c,e) than in the climatology
(Figure 2c,e).

FIGURE 7 Modelled near-surface wind fields on July 16, 2015 for ERA-5 (a, b), CLM-7.0 (c, d) and CLM-2.8 (e, f) at 1200 LST (a, c, e)

and 1800 LST (b, d, f). Black framed squares and black wind arrows represent observations from automatic ~10m height wind stations. White

arrows show the simulated wind field. Station abbreviations are defined in Table 1. White arrows show the simulated wind field [Colour

figure can be viewed at wileyonlinelibrary.com]
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Near the Mediterranean coast, the diurnal cycle of
wind speed on July 16, 2015 has two wind speed maxima
(A and B; Figures 3b and 8b). In our case study, both
CLM simulations can reproduce both wind speed max-
ima. However, the amplitude of the first CLM-7.0 relative
wind speed maximum (C) overestimates the amplitude of
the observed relative maximum (A) only by �2.5 m�s−1.
The second simulated CLM-7.0 main wind speed maxi-
mum (D) overestimates the observed main maximum (B)
by �4 m�s−1. The whole diurnal cycle of the CLM-7.0
wind speed at the Mediterranean coast has a phase shift
of 5 hr to the observations, which leads together with the
high positive bias to a negative correlation coefficient of
R=−0:6 (not shown) and a high CRMSD
(CRMSD>3 m � s – 1; Figure 10b). Due to the small num-
ber of data points for a case study, these statistical key
numbers only serve for a qualitative approach. CLM-2.8
simulates the wind speed at the Mediterranean coast
more realistically than CLM-7.0 (Figures 7f and 10b). The
CLM-2.8 simulated diurnal cycle of the wind speed at the
Mediterranean coast shows that its diurnal variation is

reproduced well apart from a slight overestimation and
an average temporal shift of 2 hr (Figure 8b). The ampli-
tudes of both observed wind speed maxima (A) and
(B) are reproduced well (Figure 8b), while the simulated
wind speed has a correlation coefficient of R=0:2
(Figure 10b), mainly caused by the time lag. Overall, the
higher resolution simulation CLM-2.8 improves the esti-
mate of the maximum wind speed, which is in agreement
with Belušic et al. (2018).

Regarding ERA-5, it best reflects the wind speed on
the Mediterranean coast on July 16, 2015 but with a sig-
nificantly lower correlation coefficient of R=0:36
(Figure 10b) compared to the climatology (R=0:70;
Figure 5b). The situation is completely different further
inland. There, both at the Judean Mountains and the
Dead Sea, the largest wind speeds are underestimated by
up to 6 m/s at 2100 LST at the west coast of the Dead Sea
(Figure 8d).

On July 16, 2015 both COSMO-CLM simulations
reproduce the diurnal cycle of wind speed at the west
coast of the Dead Sea very well (Figure 8d). The width of
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FIGURE 8 Diurnal cycle of hourly averaged wind speed on July 16, 2015 of the wind stations (Obs) and the nearest grid point of the

two CLM simulations and ERA-5 reanalysis averaged for all stations (a), the Mediterranean coast (b), the Judean Mountains (c) and the west

coast of the Dead Sea (d). Table 1 shows which stations belong to the different subareas. The letters indicate the main and second maximum

of the diurnal wind speed cycle for the observations (A and B) and CLM-7.0 (C and D) [Colour figure can be viewed at

wileyonlinelibrary.com]
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the maximum in the diurnal cycle of wind speed is a bit
better captured by CLM-2.8, confirming that sharp, short-
duration events can also be better represented in terms of
winds by higher resolution (Rummukainen, 2016). Phase
and amplitude of both COSMO-CLM wind speed maxima
agree with the observations (Figure 8d). The relative
wind speed maximum at 0200 LST is not captured by the
simulations. On this day, this relative wind maximum is
produced by small-scale downslope winds on the eastern
slopes of the Judean Mountains (Paperman et al., 2021).
This leads to correlation coefficients R>0:8 and
CRMSD<1:5 m � s – 1 (Figure 10d). On the west coast of
the Dead Sea, the differences in statistical properties for
the two COSMO-CLM simulations are small
(Figure 10d). But still the wind speed of the CLM-2.8 sim-
ulation achieves a higher correlation coefficient, a lower
centered root-mean-square deviation, and a lower stan-
dard deviation difference than CLM-7.0.

Averaged over all observations, the CLM simulations
and the ERA-5 reanalysis can reproduce the approximate
course of the diurnal wind speed (Figure 8a). Both CLM
simulations show a positive bias, especially in the after-
noon and evening. Leaving aside the Mediterranean
coast, the case-study Taylor diagrams show very similar
metrics compared to the climatology (Figures 5 and 10).

However, the subarea analysis shows that the COSMO-
CLM simulations are able to resolve the individual struc-
ture of the small-scale near-surface wind fields very well.
And this is true also in areas with complex orography,
such as the Jordan Rift valley or the Mediterranean coast,
resulting in large improvements compared to the ERA-5
reanalysis (Figures 7 and 10d). As in the climatology, on
July 16, 2015 the CLM-2.8 simulation reproduces wind
speeds even better than the CLM-7.0 simulation, both on
average over the entire area (Figure 10a) and for all sub-
areas (Figure 10b–d). Again, the largest differences occur
on the Mediterranean coast (Figures 6b,d, 7d,f, 8b
and 10b).

In the eastern Mediterranean the near-surface wind
field is similar to the selected case study for most summer
days. Video S3 shows the near-surface wind field of
CLM-2.8 for the period from July 11, 2015 to July
23, 2015. CLM-2.8 can reproduce the repeating interac-
tions of the wind systems for the whole time period
(Figure 1e,f). July 16, 2015 is an example for a long-range
wind event. This case study and additional ones (not
shown) confirm that for long range events, CLM-2.8 sim-
ulates more realistically the shape, timing and magnitude
of the wind speed maximum at the west coast of the
Dead Sea.

FIGURE 9 As Figure 7 only for

the Dead Sea area and the CLM

simulations [Colour figure can be

viewed at wileyonlinelibrary.com]
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The range of the Mediterranean Sea breeze into the
Jordan Rift valley is an important feature for the region
as it strongly influences parameters such as wind, tem-
perature and humidity at the Dead Sea (Vüllers
et al., 2018; Kunin et al., 2019). Therefore, we further dis-
cuss August 3, 2015 as an example of a short-range

Mediterranean Sea breeze event. The realistic simulation
of the near-surface wind field near the Dead Sea for short
ranges is very challenging for both CLM simulations. The
CLM-7.0 simulation overestimates wind speeds at the
vicinity of the Dead Sea (Figure 11a). The CLM-2.8 simu-
lation recognizes that the high wind speeds do not reach
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FIGURE 10 Taylor diagrams (Taylor, 2001) for the evaluation of hourly wind speed between 0800 and 2200 LST on July 16, 2015 for

the two CLM simulations and the ERA-5 reanalysis regarding ~10 m height wind station observations (Obs) averaged for all stations (a), the

Mediterranean coast (b), the Judean Mountains (c) and the west coast of the Dead Sea (d). Table 1 shows which stations belong to the

different subareas
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over the Dead Sea (Figure 11b). This is an important
information, because thus the winds in the Dead Sea val-
ley are decoupled from the Mediterranean Sea breeze,
which does not reach the valley. Therefore, the local sea
breeze of the Dead Sea and the northerly winds along the
valley dominate. However, the wind front is simulated
too far east by CLM-2.8. This leads to an overestimation
of �8 m�s−1 at the west coast of the Dead Sea at 1900 LST
in both simulations (Figure 11c). But if we compare the
observations with the closest model grid point located to
the east, improvements in the high-resolution simulation
can indeed be identified (Figure 11d), as this grid point
already is located behind the simulated wind front. For
example, CLM-2.8 captures the weak wind speeds
between 1800 and 2100 LST. At this time, there are
strong small-scale wind speed gradients on the west coast
of the Dead Sea. These small-scale structures are well
captured by the CLM-2.8 simulation given a reasonable

choice of the reference grid point near the observation
(east) or by averaging several surrounding grid points.

4 | SUMMARY AND
CONCLUSIONS

The purpose of this paper is to evaluate the performance
of high-resolution regional climate simulations in rep-
resenting the climatology and the interaction of near-
surface summer wind systems on individual days in the
eastern Mediterranean. With this aim, we compare
COSMO-CLM wind simulations at 2.8 and 7.0 km hori-
zontal resolutions with IMS observations over the region,
and a unique data set over the complex orography of the
Dead Sea from KIT-DESERVE (section 2) both for clima-
tology and two case studies in mid-summer 2015. The
key conclusions are as follows:
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FIGURE 11 As Figure 9 on August 3, 2015 for CLM-7.0 (a) and CLM-2.8 (b) at 1900 LST for a part of the Dead Sea area. Diurnal cycle

of hourly averaged wind speed on August 3, 2015 of the wind station (Obs) and the nearest grid point (c) or the nearest grid point to the east

(d) of the two CLM simulations and ERA-5 reanalysis for Ein Gedi (EG) at the west coast of the Dead Sea [Colour figure can be viewed at
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1. The high-resolution COSMO-CLM simulations largely
reproduce the main characteristics of the regional
wind systems in the eastern Mediterranean, whereas
ERA-5 is only able to represent the Mediterranean Sea
breeze. The COSMO-CLM simulations reproduce the
Mediterranean Sea breeze, the local Dead Sea breeze,
the slope winds in the Judean Mountains and the
winds along the Jordan Rift valley in both the clima-
tology and the case studies. However, ERA-5
reanalysis only reproduces the Mediterranean Sea
breeze with weak intensity (relative error median
wind speed ReMedian=−24%) and weak standard
deviation (relative error standard deviation wind
speed ReSD=−31%), especially near the Dead Sea in
the late afternoon. We therefore conclude that the
other wind systems (slope winds, Dead Sea breeze)
cannot be resolved at 31 km horizontal resolution due
to the inaccurate representation of orography and
land–sea distribution in ERA-5 (Zhu and
Atkinson, 2004; Crosman and Horel, 2010). A hori-
zontal resolution of a few km is required to capture
small-scale wind systems (Belušic et al., 2018).

2. The high-resolution simulations qualitatively and
quantitatively improve the representation of regional
near-surface wind systems both for climatology and
individual cases, particularly over complex orography.
Indeed, we find added value in using higher resolu-
tion simulations for both climatology and the two case
studies, which agrees with Akhtar et al. (2018). The
influence of an increased model horizontal resolution
on the simulation of near-surface wind fields depends
on the large-scale weather pattern, the time of the day
and the location. In general, the highest model resolu-
tion (2.8 km) provides more realistic near-surface
wind fields in 88% of the days compared to a resolu-
tion of 7.0 km. The differences in reproducing wind
speeds between the two simulations are largest in the
afternoon and evening near the Dead Sea and near
the Mediterranean coast. This is the time of day when
horizontal temperature and pressure gradients are
largest and small-scale features strongly influence
wind systems. This improvement is largely related to
the use of high-resolution terrain information in the
model (GLOBE data set) simulating the complex orog-
raphy of the Jordan Rift Valley. Along the Mediterra-
nean coast, simulated wind speeds between CLM-7.0
and CLM-2.8 differ from each other even more than
in the Jordan Rift valley due to differences in rep-
resenting land–sea density gradients between both
resolutions (2.8 and 7.0 km). Other improvements of
reaching a convection-permitting resolution are that
the positive bias in wind speed can be reduced by
34%. Furthermore, the time lag can be reduced. In the

climatology the CLM-7.0 diurnal cycle of wind speed
is delayed about 1.7 hr from observations. On individ-
ual days the delay can be more than 5 hr, particularly
near the Mediterranean coast. The CLM-2.8 diurnal
cycle is on average 1.1 hr late compared to observa-
tions, showing better results than CLM-7.0. Neverthe-
less, the use of a convection-permitting grid does not
guarantee the accurate representation of near-surface
wind for all days (also seen in Kunin et al., 2019).

3. Case studies show that only CLM-2.8 can reproduce
daily small-scale interactions of the three prevailing
wind systems in the region. Subdaily features like the
extent of the Mediterranean Sea breeze into the
Jordan Rift valley and the short-time variability of the
near-surface wind field are more accurately
reproduced by CLM-2.8. This is true also in areas with
complex orography, such as the Jordan Rift valley or
the Mediterranean coast, resulting in large improve-
ments compared to coarser resolutions. Especially for
long-range days ( ~85% of days), CLM-2.8 shows
improvements to capture the shape, timing and mag-
nitude of the wind speed maximum near the west
coast of the Dead Sea. Short-range events are more
challenging for both CLM simulations. The higher res-
olution does show improvements on most days by
simulating a frontal area with a strong wind speed
gradient. However, this frontal area is simulated often
too far to the east. Small-scale wind structures can be
well captured by the CLM-2.8 simulation. Further-
more, secondary wind features like convergence lines
and important flow structures can be resolved by
CLM-2.8, which are not represented in a coarser reso-
lution model. These important features are smoothed
out in the climatology.

Since the near-surface wind and particularly the
Mediterranean Sea breeze have a strong influence on
further meteorological parameters like temperature,
humidity, turbulent heat fluxes (Akhtar et al., 2018) and
air quality (Kishcha et al., 2016; Vüllers et al., 2018; Kunin
et al., 2019), these variables accurate representation in a
model is necessary to reproduce the main climatic features
and their changes during summer (Alpert et al., 1982;
Hochman et al., 2018a). A realistic reproduction of the
wind field is also important for wind energy projections,
fire management, public health and seasonal future plan-
ning purposes, for example, industry, traffic recreation
areas under conditions of global climate change. In the
coming years a realistic modelling of regional climate con-
ditions by regional climate models will be even more rele-
vant to determine the impacts of climate change at the
local and regional scale (Jaeger et al., 2008). Indeed, the
eastern Mediterranean is expected to be particularly
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affected by climate change (Shafir and Alpert, 2011;
Lelieveld et al., 2012; Hochman et al., 2018c; 2022) leading
to increasing temperatures and humidity. Regional wind
systems like sea breezes, slope winds and winds along a
valley are frequent phenomena that are important to mod-
ulate the regional changes in temperature and humidity,
either easing or amplifying the warming effect. We there-
fore envisage that such high-resolution simulations are
also required at other regions with complex orography for
short and long-term analyses.
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