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ABSTRACT: The Regional Climate Model (RCM) COSMO-CLM capability to reproduce the climate characteristics,
including extreme values, over the Eastern Mediterranean (EM) was tested. Model configuration has been chosen based
on a previously performed sensitivity analysis, aimed to ascertain the accuracy of model performances over Israel. Three
simulations driven by ERA Interim reanalysis data for 1979–2011 have been performed using the 0.44∘, 0.22∘ and 0.0715∘
horizontal resolutions equivalent to about 50, 25 and 8 km, respectively. The CORDEX-MENA domain has been employed for
the simulation at resolutions 0.44∘ and 0.22∘. Nested in the 0.22∘ domain the highest resolution of 0.0715∘ is performed over
Israel. The model response was analysed for daily precipitation, 2 m average temperature, maximum temperature, minimum
temperature and a subset of climate indicators defined by the Expert Team on Climate Change Detection and Indices for
temperature and precipitation. Results were inter-compared and evaluated against observations. The increased resolution was
found to improve precipitation and temperature results. Extreme precipitation indices were well reproduced compared with
observations, with a 13% averaged percentage bias. COSMO-CLM was able to reproduce the EM precipitation gradients, with
mostly overestimations in the coastal plains and underestimations in the mountains. Extreme temperature indices related to
maximum temperatures were reproduced relatively well with an averaged percentage bias of 5.7%. The ability of the model
to reproduce minimum temperature observational values was found to be highly dependent on station location with respect to
topography. The results in this study are considered a substantial improvement from earlier RCM evaluation studies.
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1. Introduction

Atmosphere Ocean Global Climate Models (AOGCM) are
considered as a comprehensive tool for studying climate
conditions. Still the resolution of contemporary AOGCMs
is typically insufficient for the representation of smaller
scale (mesoscale) processes determining climate condi-
tions in the quite complex Mediterranean region (Lionello
et al., 2014). Application of Regional Climate Models
(RCM) is usually necessary for providing information at
a sufficient degree of detail (Laurent et al., 2012). How-
ever, the added value of high-resolution simulations is not
always evident (Chan et al., 2013). The use of higher res-
olution RCMs does not always lead to an improvement of
the model performance. Hence, it is not obvious whether
the increase in spatial resolution will always provide a
better representation of the climate in general and the
extremes in particular.

* Correspondence to: A. Hochman, Department of Geosciences, School
of Geosciences, Tel Aviv Unversity, Tel Aviv 69978, Israel. E-mail:
assafhochman@post.tau.ac.il; assafhochman@yahoo.com

It is standard practice to evaluate RCM configuration
driven by reanalysis data archives, which may be con-
sidered as ‘observations’ before the model is adopted
for downscaling of AOGCM past, present, or future runs
(Toreti and Naveau, 2015). It has to be also noted that
application of the strategy makes possible an evaluation of
the ability of an RCM to reproduce not only the climate
means but also the extremes, because climate extremes
are by definition rare events, which are hard to predict
(García-Cueto and Santillán-Soto, 2012).

An RCM with a specific setup configuration may be
(and typically is) appropriate for representing climate con-
ditions of a sub-region. In this respect, it must be noted
that RCMs and their configurations are not the sole fac-
tors responsible for inaccuracies in the climate representa-
tion. The role of the processes affecting the climate of the
region, as well as that of the accuracy of climate (or cli-
mate change) representation with Global Climate Models
(GCM) outside the RCM domain must also be evaluated.

The adopted strategy of evaluation, in the current study,
appears to be especially necessary for the simulation of cli-
mate in the Eastern part of the Mediterranean region (EM).
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Table 1. List of indicators considered for precipitation.

Label Description Units

SDII Mean precipitation on wet days (>1 mm) mm day−1

CWD Maximum number of consecutive wet days (>1 mm) days year−1

Rx1day Maximum of daily precipitation mm day−1

R10 Number of days with precipitation ≥10 mm day−1 days year−1

R20 Number of days with precipitation ≥20 mm day−1 days year−1

99p 99th percentile of daily precipitation mm day−1

90p 90th percentile of daily precipitation mm day−1

CDD Maximum number of consecutive dry days (<1 mm) days year−1

Table 2. List of indicators considered for temperature.

Label Description Units

SU Summer days – annual count of days when the daily Tmax is above 25∘ days year−1

90p Tmax 90th percentile of daily Tmax
∘C

TXx Annual maximum value of daily Tmax
∘C

TR Tropical nights – annual count of days when the daily Tmin is above 20∘ days year−1

10p Tmin 10th percentile of daily Tmin
∘C

TNn Annual minimum value of daily Tmin
∘C

The EM climate conditions are characterized by moderate
air temperatures and changeable rainy weather during the
cooler winter season and dry and stable hot weather during
the summer. The region’s climate is strongly affected by
external forcing of both mid-latitude and tropical origins
(Alpert et al., 2005). Most of the annual precipitation
takes place during a limited number of rainy days. The
rainy events are typically associated with intrusions of
cold air masses of North-European origin and penetration
of warm humid masses originating from tropical Atlantic
and/or equatorial regions of Eastern Africa and Arabian
Sea (Krichak et al., 2004, 2015; Ziv et al., 2005; De Vries
et al., 2013). Topographical and coastal characteristics
(with windward effects, gap winds, land-sea breezes, etc.)
also influence the spatial distribution of climate charac-
teristics in the region (Krichak et al., 2010). The effects
are especially notable in the mountainous and immediate
coastal areas of the EM.

The quality of RCM results in the EM appears to be quite
sensitive to the ability of the model to capture: (1) The
role of long-term climate variations and especially those
characterized by the frequency and intensity of the block-
ing situation in Europe often causing persistent heat waves
and/or droughts in the EM (Fang et al., 2008; Önol, 2012)
and (2) The effects of teleconnections as well as the role of
moist air mass transports from the tropics (Krichak et al.,
2014, 2015, 2016). The specific peculiarity of the EM
regional climate resulting from the region’s geographic
location on the border between the mid-latitude and sub-
tropical zones create additional constrains for using the
RCM approach (Evans et al., 2004; Krichak et al., 2007).
An important role of anomalously intense transports of
moist air from the tropical and subtropical Atlantic and
Indian Oceans in the occurrence of extreme precipitation
events in the EM has been identified (Alpert et al., 2005;
Krichak et al., 2015, 2016). According with these con-
siderations, the evaluation of an RCM to represent the

extremes is very relevant in the EM. It should be noted
that Endris et al. (2016) have concluded that the relative
contribution of teleconnection errors from boundary forc-
ing is larger than the chosen RCM and its configuration.
In other words, GCMs ability in simulating the boundary
conditions for the RCM should also be evaluated before
attempting a downscaling experiment. This was beyond
the scope of this study. Nevertheless, this issue was partly
addressed in a separate analysis (Gershtein et al., 2015).

Extreme weather events have many aspects with essen-
tial influence on human life, economy, and ecosystems,
especially in the EM (Ziv et al., 2013; Kelley et al., 2015).
While monthly means provide useful information to detect
slow climate change processes, an impact is often the result
of short-term phenomena occurring well into the distri-
bution tails of daily data (Zhang et al., 2011). To gain a
uniform perspective on observed changes in weather and
climate extremes, an internationally coordinated core set
of 27 indices for moderate temperature and precipitation
extremes was defined by the Expert Team on Climate
Change Detection and Indices (ETCCDI) (Klein-Tank
et al., 2009; Zhang et al., 2011). These extreme indices
find multiple applications in climate research due to their
statistically robustness and a wide range of the climate cov-
ered. The indices considered in the present study, represent
a subset of the standard ETCCDI ones. Eight precipitation
and six temperature indices (Tables 1 and 2, respectively)
have been selected from those widely used in the litera-
ture in the past (e.g. Samuels et al., 2011; Smiatek et al.,
2011; Soares et al., 2012; Domínguez et al., 2013; Turco
et al., 2013; Zollo et al., 2016). All the ETCCDI indices
were calculated on a yearly basis and then averaged in
order to obtain a climatological mean. On the contrary, per-
centiles were calculated from the distribution representing
the whole period (Zollo et al., 2016). It should be noted
that as the summer dry season is from May to Septem-
ber, the Consecutive Dry Days (CDD) index over the EM
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Figure 1. Distribution of available IMS station data for temperature (a) and precipitation (b), super-imposed over the COSMO-CLM ISR715
computational grid. (c) Topographic map of Israel. Dark areas indicate higher elevation. (d) The CORDEX-MENA domain with the Israel domain

(ISR715) presented in a black rectangle. [Colour figure can be viewed at wileyonlinelibrary.com].

region represents the period between the last day of pre-
cipitation in spring and the first day in the autumn. On
the other hand, observed rainy days present a more reg-
ular occurrence rate, so the Consecutive Wet Days (CWD)
index represents wet spells during the winter.

The model domain used for the present analyses
(MENA) is one of the domains suggested for the Coor-
dinated Regional climate Downscaling Experiment
(CORDEX) project (Giorgi et al., 2009), endorsed by
the World Climate Research Program (WCRP) and thus
providing global coordination of Regional Climate Down-
scaling (RCD) for improved regional climate change
adaptation and impact assessment. A set of common
domains, encompassing the majority of the populated land
areas worldwide have been defined within CORDEX.

The CORDEX-MENA domain (27 W–76 E, 7 S–45 N;
Figure 1(d)), which includes a significant part of the

tropical and mid-latitude Atlantic and Indian oceans, North
Africa, southern Europe and the Arabian Peninsula, offers
considerable advantages for assessing and understanding
climate change over the region due to its larger size and
complex topography, including highland areas. It is worth
noting that the positioning of the western/eastern lateral
boundary over the Atlantic and Arabian Sea, respectively,
allows an accurate representation of the export of moist
air masses to the Mediterranean region and the adequate
representation of teleconnections in the boundaries.

The RCM used in this study is COSMO-CLM
(Rockel et al., 2008), which is the climate version of
the three-dimensional, non-hydrostatic mesoscale weather
forecast model COSMO (Steppeler et al., 2003; Baldauf
et al., 2011), developed and operationally used by a con-
sortium including the meteorological services of Germany,
Switzerland, Italy, Greece, Romania, Poland, Russia and
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Table 3. List of IMS precipitation (left) and temperature (right) stations.

Precipitation Temperature

Station number Height (m) Station name Station number Height (m) Station name

110698 8 Akko 1540 15 En Hahoresh
311204 170 Ayyelet Hashahar 2008 15 Tel Aviv Sede Dov
251691 279 Beer Sheva 2523 31 Bet Dagan B
140801 55 Beer Tuveya 3080 50 Qevuzat Yavne
136580 55 Beerot Yizhaq 3502 95 Negba
246550 355 Beit Jimal 4642 936 Zefat Har Kenaan
230450 −40 Bet Hashitta 5501 50 Kefar Yehoshua
320500 −200 Deganya Alef 6771 810 Jerusalem Centre
250150 110 Dorot 7151 355 Beit Jimal
347702 22 Elat 7333 115 Dorot
210748 300 Elon 7850 279 Beer Sheva
131600 15 En Hahoresh 8206 475 Sede Boqer
138250 50 Gan Shelomo 8263 135 Dafna
120202 5 Haifa Port 8470 75 Kefar Blum
244730 810 Jerusalem Centre 9111 −200 Zemah
140850 125 Kefar Menahem 9571 −388 Sedom
320450 −170 Kinneret Kvuza 9974 22 Elat
144800 135 Magen 3891 110 Besor Farm
141150 70 Massuot Yizhaq
310050 205 Mayan Barukh
136650 20 Miqwe Yisel
141746 85 Negba
310600 75 Neot Mordekhay
212600 430 Parod Gardosh
243500 660 Qiryat Anavim
250250 170 Ruhama
220600 125 Sarid
321800 −185 Sed Eliyyahu
253000 475 Sede Boqer
251550 100 Urim
120750 25 Yagur
211350 380 Yehiam
211900 936 Zefat Har Kenaan
337000 −388 Sedom

Israel. A description of the main features of the model and
of the configuration used were reported by Bucchignani
et al. (2016a), in which different simulations were anal-
ysed in order to investigate the ability of the model to
reproduce the average temperature and precipitation over
the CORDEX-MENA domain.

Zollo et al. (2016) have evaluated the ability of the model
to reproduce extreme precipitation and temperature indices
over Italy. The precipitation indices displayed overesti-
mations of the model over mountainous regions along
with underestimations elsewhere. The temperature indices
show underestimation for both maximum and minimum
temperature indices.

The aim of this study is to investigate the ability of the
model to represent the climate conditions in the EM with
special emphasis on extreme climate indices.

2. Initial/verification data and setup of experiment

Two simulations have been performed over the
CORDEX-MENA domain (Bucchignani et al., 2016b),
respectively, at spatial resolution of 0.44∘ (MNA44)
and 0.22 (MNA22). The simulated period extended

from January 1979 to December 2011. The optimized
model configuration elaborated in Bucchignani et al.
(2016a) has been used. Initial and boundary condi-
tions were provided from ERA-Interim reanalysis (Dee
et al., 2011), characterized by horizontal resolution of
∼80 km. The computational domain includes a relaxation
zone of at least 15 grid-points at each side. Moreover,
a very high-resolution simulation over Israel (domain
28.01–39.45 E, 24.01–35.45 N; Figure 1(d)) at 0.0715∘
(about 8 km) nested into MNA22, has been performed
for 1979–2011: this simulation is referred to as ISR715.
The model configuration for ISR715 was optimized
by means of a sensitivity analysis performed over the
period 1979–1984. It includes the parameterization of
albedo derived from MODIS data (Lawrence and Chase,
2007) and the NASA-GISS AOD distribution (Tegen
et al., 1997). Furthermore, it is characterized by a low
value of the scaling factor of the laminar boundary layer
for heat (rlam_heat= 0.1) (Bucchignani et al., 2016a),
which enhances the surface evaporation and increases
precipitation amounts calculated in the model.

The model output for the three simulations in terms
of average properties was validated against E-OBS and

© 2017 Royal Meteorological Society Int. J. Climatol. (2017)
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Figure 2. Annual cycle of monthly averaged: (a) precipitation (averaged for 1980–2007); (b) mean daily temperature (Tg, averaged for 1980–2011)
(c) minimum daily temperature (Tn, averaged for 1980–2011) (d) maximum daily temperature (Tx, averaged for 1980–2011), for COSMO-CLM
simulations with increasing resolution MNA44, MNA22, ISR715 and observations (E-OBS, APHRODITE and IMS 5 stations homogenized national

average (5STAT)).

APHRODITE datasets. E-OBS from the EU-FP6 project
ENSEMBLES (http://ensembles-eu.metoffice.com) (Hay-
lock et al., 2008) is a widely used gridded dataset of
precipitation and temperature at 0.25∘ spatial resolution
available for the period 1980–2011. It has been designed
to provide the best estimate of grid box averages to enable
direct comparison with RCMs (Tanarhte et al., 2012).
APHRODITE (Yatagai et al., 2008, 2012), is a gridded
dataset (28 km spatial resolution) characterized by daily
values of precipitation for the period 1980–2007, over
the EM region, whereas over Israel the database has a
much higher spatial resolution (around 5 km). It is based
on a dense network of rain gauges in the Middle East. It
was shown that this data could serve as a good evaluating
tool for climate models performance. In addition, when
APHRODITE is compared with other gridded datasets
(e.g. New et al., 1999; Huffman et al., 2001) it can demon-
strate the effect of orography on precipitation (Yatagai
et al., 2008). The comparisons of model data (at the differ-
ent resolutions) against gridded datasets for bias evaluation
have been performed through a remapping of the model
data onto the dataset grid using bilinear interpolation.

Model evaluation in terms of extreme events was per-
formed against the Israel Meteorological Service (IMS)

dataset. The daily IMS dataset includes 34 precipitation
and 18 temperature stations, covering the period
1980–2011 (Table 3, https://ims.data.gov.il/). For each
station, the nearest point in the model has been compared
with the observational value. Figures 1(a)–(c) show the
distribution of available IMS station locations for tem-
perature and precipitation, superimposed on the ISR715
computational grid, along with a topographic map of the
region for interpretation of the validation results shown in
the next section.

The comparison of the mentioned indicators, evalu-
ated from the simulated daily data, with those from
observational datasets has been performed over the peri-
ods defined by data availability. In any case, the first
year of the simulation (1979) has been removed, as
the spin-up period is influenced by initial conditions,
following the methodology already employed in other
studies (e.g. Zollo et al., 2016). Analysis against IMS
dataset for extreme events has been conducted consider-
ing three sub-domains, namely north, centre and south
Israel. According with Zollo et al. (2016) all indices were
calculated on a yearly basis and then averaged in order
to obtain a climatological mean. In contrast, percentiles
values were calculated from distributions representing the

© 2017 Royal Meteorological Society Int. J. Climatol. (2017)
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Figure 3. Taylor diagrams of (a–d) precipitation (1980–2007) (e–h) average temperature (Tg, 1980–2011) (i–l) maximum temperature (Tx,
1980–2011) (m–p) minimum temperature (Tn, 1980–2011). Columns from left to right are Israel and its subdomains namely north, centre and

south, respectively, as defined in Figure 1.

whole period. Validation of the model data was performed
considering standard verification measures (e.g. correla-
tion coefficients, standard deviations, root mean square
differences and the bias) in order to assess spatial agree-
ment of climatological values between RCM output and
observations.

3. Validation of results

3.1. Average properties of precipitation and temperature

Two-meter average temperature (Tg), minimum tempera-
ture (Tn), maximum temperature (Tx) and precipitation are
the most basic climate variables. Even if extremes have
a larger impact on society, a good representation of their
average values is a precondition for in depth analysis.

In order to investigate the effects of increased res-
olution on the quality of the COSMO-CLM runs, the
average annual values of precipitation Tg, Tn and Tx
over Israel obtained with MNA44, MNA22, and ISR715
were compared with observations. Results are shown
in the following order: (1) annual cycle over Israel
domain (Figure 2); (2) Taylor diagrams for Israel and its
subdomains (Figure 3); (3) probability distributions for

a mountainous (Jerusalem) and a coastal plain (Negba)
station (Figure 4). The analysis is presented from the
larger temporal spatial resolution (annual, all of Israel) to
the finer resolution (daily, station data).

Figure 2 shows the annual cycle of precipitation
(Figure 2(a)), Tg, Tn and Tx (Figures 2(b)–(d), respec-
tively), with respect to E-OBS, APHRODITE and IMS
‘national average’. IMS ‘national average’ is based on
five representing monthly homogenized temperature
stations across Israel, with a long record (Yosef et al.,
2014): Jerusalem (urban, central mountains 810 m), Bet
Jimal (rural, central hills 355 m), Zefat (forest, northern
mountains 936 m), Negba (rural, southern coastal plain
95 m) and Eilat (desert, 22 m). Note that each dataset was
evaluated on its native grid.

In the winter (DJF) season, the average bias between
observations and ISR715 is about 10 mm month−1, while
the difference with MNA22 and MNA44 is in the range
of 30–60 mm month−1 (Figure 2(a)). The improvement
in simulating precipitation is not only related to spatial
resolution but also to other variables such as model
configuration and model physics, that in long-term
precipitation climatology were found to be even more

© 2017 Royal Meteorological Society Int. J. Climatol. (2017)
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Figure 4. Jerusalem (left column) and Negba (right column) stations probability distributions for MNA44, MNA22, ISR715 and observations (OBS)
of daily maximum temperature Tx (a, b), minimum temperature Tn (c, d), average temperature Tg (e, f) and precipitation (g, h).

© 2017 Royal Meteorological Society Int. J. Climatol. (2017)
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Figure 6. Overall error measures of COSMO-CLM (8 km) versus IMS
dataset for precipitation indices (1980–2011): (a) correlation coefficients
(b) ratio between modelled and observed standard deviation (c) percent-
age absolute bias. The values are shown for Israel and its subdomains
namely north, centre and south as defined in Figure 1. The indices are

defined in Table 1.

Table 4. Comparison of the COSMO-CLM run presented here
and RegCM3-MM5 ensemble run over Israel (Samuels et al.,

2011).

Extreme
Precipitation Index

COSMO-CLM bias
8-km resolution

RegCM3-MM5
ensemble bias 25-km

resolution
Samuels et al. (2011)

CWD (days year−1) 0.3 (5.4%) −1 (−15%)
R10 (days year−1) 0.7 (4.3%) 0.83 (6%)
R20 (days year−1) 0.9 (12%) 1.67 (32%)

important (Cavicchia et al., 2016). The MNA44 and
MNA22 use the same model configuration, optimized
over the whole MENA region at 0.44∘. This is proba-
bly why MNA44 seems to simulate precipitation better
than MNA22, during winter months. The low bias value
of ISR715 winter precipitation represents a significant
improvement with respect to earlier studies (e.g. Önol
and Semazzi, 2009; Smiatek et al., 2011; Bozkurt et al.,
2012), which displayed winter precipitation biases of
∼30− 40 mm month−1. Improvement in temperature is
also shown for the cold months, but a worsening of per-
formance is observed for the warm months. Temperature
at ground level is influenced by sea breeze, soil moisture,
turbulent heat fluxes, and even the representation of veg-
etation parameters such as leaf area index (LAI), plant
cover and root depth. These parameters might not be well
represented in the warm/dry months as compared with the
cold/wet months.

Figure 3 displays the Taylor diagrams of precipitation,
Tg, Tx and Tn (rows from top to bottom, respectively)
for Israel and its subdomains namely north, centre and
south (columns from left to right, respectively) with
respect to observations (APHRODITE for precipitation
and E-OBS for temperature). As expected, all panels
show that ISR715 exhibits greater variability than obser-
vations, due to the higher resolution. For temperature
(Figures 3(e)–(p)) an improvement is generally shown for
ISR715 compared with MNA44 and MNA22. For precip-
itation (Figures 3(a)–(d)) ISR715 shows an improvement
in the bias, but does not show any improvement in cor-
relation or Root Mean Square Difference (RMSD). The
high-resolution model is probably punished in these verifi-
cation measures because averaged spatial Taylor diagrams
smooth out the extremes. It is shown that the correlations
of high resolution runs improve as the size of the region
is reduced, from all of Israel to the subdomains. Hence,
the daily temperature and precipitation probability distri-
butions for station data are displayed next.

Figure 4 presents the probability distributions of tem-
perature and precipitation (observed and simulated) for
Jerusalem and Negba stations. The left/right tails of the
temperature distributions relates to winter/summer sea-
sons, respectively. For Tx (Figures 4(a) and (b)) the left
and right tails of the distributions for Negba/Jerusalem
located on the coastal-plain/mountain-top, are better sim-
ulated by the higher resolution run (ISR715). In summer,
a pronounced peak in the distribution is found in obser-
vations. All the three simulations do not correctly depict
this peak. However, ISR715 is closest to observations. The
EM summer maximum temperature is governed by the sea
breeze circulation (Levi et al., 2011). If the cool westerly
winds are not properly simulated in the model due to the
lack of resolution, then an overestimation would be simu-
lated, as clearly shown. In addition, the overestimations are
larger in summer than in winter because the modelled tem-
perature is probably inside the temperature inversion layer.
Furthermore, the difference between the real and modelled
topographical heights is ∼10 m for Negba and ∼80 m for
Jerusalem, therefore the overestimation related to this dif-
ference can be 0.05–0.1 ∘C for Negba and 0.4–0.8 ∘C for
Jerusalem. Minimum temperatures are more susceptible to
station location with respect to topography. Negba is more
affected by this effect in comparison with the mountain
top Jerusalem station (Figures 4(c) and (d)). Moreover, the
temperature lapse rate at night is relatively moderate as
compared with day time lapse rates, therefore the differ-
ences with observations are smaller than in Tx. The above
mentioned effects on the distribution are smoothed out in
average temperature (Figures 4(e) and (f)).

The precipitation probability distributions for Jerusalem
and Negba (Figures 4(g) and (h), respectively) are
presented in logarithmic scale to emphasize the
distribution tail for extreme daily precipitation. For both
stations, it is evident that the high resolution (ISR715) out-
performs the coarser resolution simulations. For Negba,
the daily precipitation is simulated well towards values
of ∼90 mm day−1, with overestimations in the extreme

© 2017 Royal Meteorological Society Int. J. Climatol. (2017)
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Figure 7. Climatology of COSMO-CLM (1980–2011) Extreme Precipitation Indices (EPI) based on day counts (top row) and measured in mm/day
(bottom row) EPI are defined in Table 1.

precipitation. For Jerusalem, even the high resolution
run is not yet enough to correctly portray the orographic
effect. Nevertheless, the high resolution run is closer
to observations with underestimations in the extreme
precipitation.

Spatial patterns of seasonal precipitation, Tg, Tn and Tx
bias values of ISR715 against APHRODITE 5 km (pre-
cipitation) and E-OBS 25 km (temperature) datasets are
displayed in Figure 5. An east–west dipole of overes-
timations in the coastal plains and underestimations in
the mountainous regions is found in seasonal precipita-
tion (Figure 5(a)). The findings for seasonal temperature
are shown in Figures 5(b)–(d). Overestimations are gen-
erally found for Tn (Figure 5(c)). For Tx, underestima-
tions are found in winter and overestimations in summer
(Figure 5(d)). The spatial patterns for seasonal precipita-
tion and temperature in Figure 5 are consistent with the
findings in Figure 4, discussed above.

3.2. Extreme precipitation indices (EPI)

Modelled extreme precipitation indices (EPI) have been
compared with those obtained using the IMS observa-
tional dataset, in order to evaluate the capabilities of
COSMO-CLM to simulate these indicators. Figure 6

displays the spatial correlation (Figure 6(a)), the ratio
between standard deviations (Figure 6(b)) and the absolute
bias (in %, Figure 6(c)) of model versus observations,
for the whole country and for the subdomains, namely
north, centre and south. In general, correlations are larger
than 0.5 (Figure 6(a)) and the variability in modelled EPI
is higher than in observations (Figure 6(b)). The model
reveals a good capability in reproducing these indicators,
with absolute bias for Israel EPI being ∼13% on aver-
age, comparable with Zollo et al. (2016) COSMO-CLM
simulations over Italy. Furthermore, the simulations
with COSMO-CLM show substantial improvement with
respect to earlier studies (e.g. Samuels et al., 2011), which
used ensembles of RegCM3 and MM5 (25 km resolution)
regional models (Table 4).

The maximum of daily precipitation (Rx1day) is
the indicator affected by the largest percentage bias
of 23.9% for the whole country (Figure 6(c)). Over
Northern Israel, excellent performances are achieved,
with average percentage of the absolute biases lower
than 18% (Figure 6(c)). Over central Israel, the models
performance is quite good. A large bias is observed in the
south for Rx1day (∼40%) and 99p (22.8%). The absolute
bias of the number of days with precipitation ≥20 mm
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Figure 8. Annual bias of Extreme Precipitation Indices (EPI) based on day counts (top row) and measured in mm/day (bottom row) versus
APHRODITE dataset (1980–2007). EPI are defined in Table 1.

(R20), for all regions, is reasonable (0.9 days year−1), but
the percentage error is high due to the low number of
observed cases per days (∼7 days year−1) exceeding the
20 mm threshold value (in the south, the observed value is
even lower, 1.3 days year−1). The analysis has been carried
out also over southern Israel, which is characterized as
a semi-arid to arid region. Absolute biases are gener-
ally good, the larger biases being recorded for Rx1day
(9.5 mm day−1) and 99p (10.1 mm day−1). Nevertheless,
in this region, a low number of observations leads to high
percentage errors. A very good agreement is achieved
for Consecutive Wet Days (CWD) index over Israel
(5.7% bias).

Figure 7 displays the climatology of the eight EPI for
the 1980–2011 period, as simulated by COSMO-CLM.
The model is able to reproduce the EM north–south and
west–east precipitation gradients. A spatial evaluation of
EPI for the ISR715 run against APHRODITE dataset (at
5 km resolution) is presented in Figure 8.

It is shown that ISR715 displays underestimations for
CWD, overestimations for R10 and R20 across the coastal
plain, and underestimations across the central mountains

(Figure 8). Overall, the EPI measured in millimeter per
day (SDII, Rx1day, 90p, 99p) present overestimations.
Note that the length of the dry season (CDD) is under-
estimated in the coastal plains and overestimated in the
mountains (Figure 8). These findings are consistent with
Figure 4, which shows overestimations in the coastal
plains (Negba) and underestimations in the mountains
(Jerusalem) for the extreme part of the precipitation dis-
tributions. These over/underestimations of extreme pre-
cipitation in the coastal-plains/mountains, respectively,
are probably related to the exaggerated moisture avail-
ability in the cumulus parameterization, the low value
of the scaling factor of the laminar boundary layer for
heat (rlam_heat= 0.1) (Bucchignani et al., 2016a), which
enhances the surface evaporation and increases precipita-
tion amounts calculated in the model and the still inade-
quate representation of topography in the 8 km resolution
simulation.

3.3. Extreme temperature indices (ETI)

Modelled extreme temperature indices (ETI) have been
compared with those obtained using the IMS observa-
tional dataset to evaluate the capabilities of COSMO-CLM
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Figure 9. Same as Figure 6 but for temperature indices, which are
defined in Table 2.

in simulating these indicators. Figure 9 contains the spa-
tial correlation (Figure 9(a)), the ratio between standard
deviations (SD, Figure 9(b)) and the absolute bias (in %,
Figure 9(c)) of model versus observations, for the whole
country and for the subdomains, namely north, centre and
south. The analysis of the figure reveals that the indi-
cators related to the maximum daily temperature (SU,
90pTmax, Txx) were well reproduced, portraying aver-
age bias of 5.7% (Figure 9(c)), average correlation of 0.67
(Figure 9(a)) and average STD of 0.85 (Figure 9(b)), for
the whole country, comparable with values in Zollo et al.
(2016).

The indices related to the minimum daily temperature
(TR, 10pTmin, TNn) present a more complex picture
(Figure 9) suggesting that the ability of ISR715 in repro-
ducing IMS values are highly dependent on the station
locations with respect to topography, as discussed in
Section 3.1.

Figure 10 displays the climatology of the six ETI for
the 1980–2011 period, as simulated by COSMO-CLM.
The model is able to reproduce the EM north–south
and west–east maximum temperature gradients. It is also
shown that the model can reproduce the higher mini-
mum temperatures on the Mediterranean coast, near the
Dead-Sea and close to the Sea of Galilee.

Figure 11 presents a spatial evaluation of ETI bias
for ISR715 run against E-OBS data set. A general
overestimation of maximum temperature indices is
reported. As discussed earlier with respect to Figure 4,
maximum temperature in summer is mostly governed by
the Mediterranean Sea breeze, and minimum temperatures
are more susceptible to the station location with respect to
topography. Therefore, if the model cannot reproduce the
sea breeze then overestimations would be observed, and
a more complex picture would be observed for minimum
temperature indices, as shown.

4. Summary and conclusions

The main aim of this work was to evaluate the capabilities
of COSMO-CLM in simulating extreme events over Israel.
In particular, the skill to represent the climatology of a sub-
set of ETCCDI indices for precipitation and temperature
was investigated. A precondition to investigate the models
ability in reproducing extremes is to evaluate whether the
model can reproduce the basic average values.

It was shown that increased spatial resolution, from
50 to 8 km, improves the simulation of precipitation and
temperature, due to better representation of topography
and the location of land and sea in the model. The results
display substantial improvement from earlier RCM studies
in the region (e.g. Önol and Semazzi, 2009; Samuels
et al., 2011; Smiatek et al., 2011; Bozkurt et al., 2012).
Nevertheless, some model deficiencies are still evident.
This can be a result of either relatively sparse observation
network in these regions, or the need of higher resolution
(≤ 3 km) models with convection permitting schemes.

Based on the results we can conclude that COSMO-CLM
is capable of reproducing the EPI with an aver-
age absolute bias of ∼13% for the whole region of
Israel. In the northern part of Israel, where the Sea of
Galilee is located, percentage biases drop below 10%.
Over/underestimations of extreme precipitation were
found in the coastal plains/mountains, respectively.
These over/underestimations are probably related to the
exaggerated moisture availability in the cumulus param-
eterization, and to the low value of the scaling factor of
the laminar boundary layer for heat (rlam_heat= 0.1)
(Bucchignani et al., 2016a). This parameter enhances the
surface evaporation and increases precipitation amounts
calculated in the model. A further drawback is the still
inadequate representation of topography in the 8 km
resolution simulation.

The present results represent a substantial improvement
from earlier studies in the region, and consistent with
model simulations of EPI over Italy (Zollo et al., 2016).
The reproduction of extreme temperature indices is more
complicated. The model relatively well reproduces the
indices related to maximum temperatures, with percent-
age biases below 6%. The capability of the model in
reproducing minimum temperatures is probably highly
dependent on the location of observations with respect to
topography.

The work described in the paper represents a first stage of
a joint Italian –Israeli research effort focusing on assessing
the impact of climate change on freshwater resources in the
EM region, which is necessary for the identification of the
socio-economic and environmental vulnerability caused
by climate change impacts on water resources based on
regional specificities.

The outcomes of the assessment aim to provide a com-
mon platform for addressing and responding to climate
change impacts on freshwater resources in the EM, by
serving as the basis for dialogue, priority setting and
policy formulation on climate change adaptation at the
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Figure 10. Same as Figure 7 but for Extreme Temperature Indices (ETI). ETI related to maximum temperature are given in the top row and ETI
related to minimum temperature are given in the bottom row.

regional level. These aims are in line with an interna-
tional research effort initiated by the Swedish Interna-
tional Development Cooperation Agency (SIDA), within
the framework of the Regional Initiative for the Assess-
ment of the Impact of Climate Change on Water Resources
and Socio-Economic Vulnerability in the Arab Region
(RICCAR).

Earlier results of RCM simulations have projected a high
level of probability for a notable regional increase mean

annual temperatures and decrease in the mean annual rain-
fall amount (Alpert et al., 2008; Mariotti et al., 2008; Önol
et al., 2014; Tanarhte et al., 2015; Lelieveld et al., 2016).
Some of the most worrisome future impacts of climate
change in the region are expected to be associated with
shifts to extremes in frequency and intensity of precipita-
tion events, specifically floods. The fact has great impor-
tance because the extremes can have devastating impacts
at the local level. Future changes in precipitation and
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Figure 11. Same as Figure 8 but for Extreme Temperature Indices (ETI). ETI related to maximum temperature are given in the top row and ETI
related to minimum temperature are given in the bottom row. The bias was calculated with respect to E-OBS dataset (1980–2011).

temperature extremes in the region are currently addressed
in a complementary study.
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