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ABSTRACT: An evaluation of 23 models, participating in the Coupled Model Inter-comparison Project phase 5 (CMIP5), in
representing extreme precipitation indices (EPI), over the Eastern Mediterranean (EM) and the Fertile Crescent (FC), was
performed. The models ensemble was then used to predict the EPIs evolution in the 21st century under (Representative
Concentration Pathway, RCP) RCP4.5 and RCP8.5 scenarios. Models’ performance was determined with respect to gridded
precipitation observations from the APHRODITE project. The ensemble mean was found to perform relatively well in
capturing the EM steep precipitation gradient, the FC structure and the EPI trends in the observations period (1970-2000).
Over the EM, CMIP5 models agree on a future decrease in the following three EPIs; total precipitation (TP), consecutive wet
days, and number of wet days by the values of 20—35%, 10—20%, and 20—35%, respectively. In the FC, extremely wet days
(P95) are expected to increase by approximately 25%, except for the south eastern coasts of the Mediterranean Sea, which
show significant decreases in P95, particularly for RCP8.5 and at the end of the 21st century. Hence, while TP is expected
to decrease, extreme precipitation is expected to increase, at least for the north-eastern part of the FC. This will significantly
influence agriculture and floods’ potential in a region already suffering from political unrest. The changes in EPIs are related to
changes in the synoptic patterns over the EM, especially the predicted changes in cyclones frequency and intensity in the 21st
century, due to changes in storm tracks governed by the phase of the North Atlantic Oscillation and the expected expansion of
the Hadley Cell towards the poles in a warmer climate.
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1. Introduction for extreme climate and weather events (Sillman et al.,
2013a).

Simulations from state-of-the-art global climate models . .
While extreme weather events have many aspects, this

(GCM) (Table 1) are available for analysis within the Cou- , . e . .
pled Model Inter-comparison Project Phase 5 (CMIPS) study’s focgs is on prempltat%on extremes indices, w1t.h .the
(Taylor et al., 2012), which includes models with a higher e'mpha51s given to th_e daily t%me-scale. Extreme premplt.a—
spatial resolution than CMIP3 (Meehl et al., 2007), allow- FIOH events, and thelr. potential changes have an essential
ing the scientific community to address a wider variety of influence on human life, economy, and ecosystems, espe-
research questions focusing on climate changes (Sillman ~ cially in the Eastern Mediterranean (EM) (Ziv et al., 2014;
et al., 2013a, 2013b). Given the differences in the mod- Kelley et al., 2015). While monthly means provide useful
els’ structure and physical equations, it is expected that information on gross climate changes, the environmental
models would perform differently over different regions impact is often the result of short-term phenomena occur-
of the world. One important task is to not only evaluate ring well into the distribution tails of daily data (Zhang
CMIP5 for the different aspects of mean climate, but also ~ ef al, 2011). In order to gain a uniform perspective on

observed changes in weather and climate extremes, an

- internationally coordinated core set of 27 indices for mod-
* Correspondence to:  A. Hochman, Department of Geophysics, School  arate temperature and precipitation extremes was defined
of Geosciences, Tel-Aviv University, Tel Aviv 69978, Israel. bv the Expert Team on Climate Chanee Detection and
E-mail: assathochman @post.tau.ac.il; assafhochman @yahoo.com y . p . g

- . buted I Indices (ETCCDI; Klein Tank et al.,, 2009, Zhang et al.,
"These authors contributed equally. . . .
“This article is dedicated to Rana Samuels blessed memory. .201 1?' These extreme indices f:md m.lﬂt.lple applications
$Deceased. in climate research due to their statistically robustness
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Table 1. The 23 CMIP5 models in the present study with the following listing columns; modelling center (or group), institute ID,
model name, and horizontal resolution (°) following Taylor ez al. (2012).

Institute ID Model name

Modelling center (or group)

Resolution (°)

Commonwealth Scientific and Industrial Research CSIRO-BOM ACCESS1.0 1.25%1.875

Organization (CSIRO) and Bureau of Meteorology

(BOM), Australia

Beijing Climate Center, China Meteorological BCC BCC-CSM1.1 2.7906 x 2.8125

Administration

College of Global Change and Earth System Science, GCESS BNU-ESM 2.7906 x 2.8125

Beijing Normal University

Canadian Centre for Climate Modelling and Analysis CCCMA CanESM2 2.7906 x 2.8125

National Center for Atmospheric Research NCAR CCSM4 0.9424 % 1.25

Community Earth System Model Contributors NSF-DOE-NCAR CESM1(BGC) 0.9424 x 1.25

Centro Euro-Mediterraneo per I Cambiamenti CMCC CMCC-CMS 3.711x3.75

Climatici

Centre National de Recherches CNRM-CERFACS  CNRM-CM5 1.4008 x 1.40625

Meétéorologiques/Centre Européen de Recherche et

Formation Avancée en Calcul Scientifique

NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL-ESM2G 2.0225 %2
GFDL-ESM2M 2.0225%2.5
GFDL-CM3 2%x2.5

Met Office Hadley Centre (additional HadGEM2-ES MOHC HadCM3 3.75%2.5

realizations contributed by Instituto Nacional de (additional HadGEM2-CC 1.25 % 1.875

Pesquisas Espaciais) realizations by INPE) HadGEM2-ES 1.25%1.875

Institute for Numerical Mathematics, Spain INM INM-CM4 1.5%2

Institut Pierre-Simon Laplace, France IPSL IPSL-CM5A-LR 1.8947 x 3.75
IPSL-CM5B-LR 1.8947 % 3.75

Japan Agency for Marine-Earth Science and MIROC MIROC-ESM 2.7906 x 2.8125

Technology, Atmosphere and Ocean Research Institute

(The University of Tokyo), and National Institute for

Environmental Studies

Atmosphere and Ocean Research Institute (The MIROC MIROC4h 0.5616 % 0.5625

University of Tokyo), National Institute for MIROC5 1.4008 x 1.40625

Environmental Studies, and Japan Agency for

Marine-Earth Science and Technology

Max-Planck-Institut fiir Meteorologie (Max Planck MPI-M MPI-ESM-MR 1.8653 x 1.875

Institute for Meteorology) MPI-ESM-LR 1.8653 x 1.875

Meteorological Research Institute, Japan MRI MRI-CGCM3 1.12148 x 1.125

and a wide range of the climate covered. The use of these
indices in the literature was reviewed by Zhang et al.
(2011). Studies have shown that extreme precipitation
events are expected to increase in future scenarios (Tebaldi
et al., 2006; Sillman and Roeckner, 2008). The indices
considered in this study represent a subset of the ETC-
CDI ones. Twelve Extreme Precipitation Indices (EPI)
(Table 2), have been selected from those widely used in
the literature (Samuels et al., 2011; Smiatek ez al., 2011;
Soares et al., 2012; Dominguez et al., 2013; Givati and
Rosenfeld, 2013; Turco et al., 2013; Zollo et al., 2016).
Seven of the 12 EPIs are calculated in days, therefore
provide approximations of dry and wet spell durations.
The other five EPIs are calculated in millimetre, therefore
offer estimations of heavy and light precipitation events.
Some of the indices were modified to fit the annual cycle
of precipitation in the EM.

The EM is located on the border between a temperate
climate, in its northern part and an arid climate in its
south, making it vulnerable to precipitation variations
(Giorgi and Lionello, 2008). The EM climate conditions
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are characterized by moderate air temperatures and rainy
spells 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 is obtained during a limited number
of rain days. The rainy events are typically associated
with intrusions of cold air masses from European ori-
gin that cross the relatively warm Mediterranean Sea,
associated with the Cyprus Lows (Alpert et al., 1990;
Saaroni et al., 2010; Ziv et al., 2015). Penetration of warm
humid masses originating from tropical Atlantic and/or
equatorial regions of Eastern Africa and Arabian Sea con-
tribute as well to rain events, mostly severe ones (Krichak
et al., 2004, 2015; Shalev et al., 2011; De Vries et al.,
2013). Topography and coastal features (with windward
effects, gap winds, land-sea breezes, etc.) also influence
the spatial distribution of climate characteristics in the
region (Krichak et al., 2010).

Alpert et al. (2002) and Zhang et al. (2005) calculated
EM trends in present daily precipitation indices. They
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Table 2. EPI used in this study and their definition following Sillman et al. (2013a).

Index number

Label

Name

Definition

1

10

11

12

TP

R1mm

P90

P95

P10

P50

CWD

CWDmx

CWDDIJF

CWDDJFmx

CDDDIJF

CDDDJFmx

Total precipitation

Number of wet days

Very wet days

Extremely wet days

Driest wet days

Median wet days

Consecutive wet days

Maximum number of
consecutive wet days

Consecutive winter
(DJF) wet days

Maximum number of
consecutive winter
(DJF) wet days

Consecutive winter
(DJF) dry days

Maximum number of
consecutive winter
(DJF) dry days

Let PRij be the daily precipitation amount on a wet day mm
i in period j. If I represents the number of days in j,

then: TP=Y"_ PRij

Let PRij be the daily precipitation amount on day / in days
period j. Count the number of days were PRij > 1 mm.

Let PRwj be the daily precipitation amount on a wet mm
day w (PR > 1 mm) in period j and let PRwn90 be the

90th percentile of precipitation in wet days in the

1961-1990 period. If W represents the number of wet

days in the period, where: PRwj > PRwn90 then:

P90=Y"  PRwj

Let PRwj be the daily precipitation amount on a wet mm
day w (PR > 1 mm) in period j and let PRwn95 be the

95th percentile of precipitation in wet days in the

1961-1990 period. If W represents the number of wet

days in the period, where PRwj > PRwn95 then:

P95=3Y" PRwj

Let PRwj be the daily precipitation amount on a wet mm
day w (PR > 1 mm) in period j and let PRwn10 be the

tenth percentile of precipitation in wet days in the

1961-1990 period. If W represents the number of wet

days in the period, where PRwj < PRwn10 then:

P10=Y"  PRwj

Let PRwj be the daily precipitation amount on a wet mm
day w (PR > 1 mm) in period j and let PRwn50 be the

50th percentile of precipitation in wet days in the

1961-1990 period. If W represents the number of wet

days in the period, where PRwj =PRwn50 then:

P50=Y"  PRwj

Let PRij be the daily precipitation amount on day i in days
period j. Count the largest number of consecutive days

where PRij > 1 mm

Let PRij be the daily precipitation amount on day i in days
period j. CWDmx is the maximum number of

consecutive wet days for the period 1970—-2000, where

PRij > 1 mm.

Let PRij be the daily precipitation amount on day i in days
period j. Count the largest number of consecutive wet

days in the winter (DJF), where PRij > 1 mm

Let PRij be the daily precipitation amount on day i in days
period j. CWDDJFmx is the maximum number of

consecutive wet days in the winter (DJF) for the period
1970-2000, where PRij > 1 mm.

Let PRij be the daily precipitation amount on day i in days
period j. Count the largest number of consecutive days

in the winter (DJF) where PRij < 1 mm

Let PRij be the daily precipitation amount on day i in days
period j. CDDDJFmx is the maximum number of

consecutive dry days in the winter (DJF) for the period
1970-2000, where PRij < 1 mm.

found weak trends in general, and without spatial coher-
ence. Alpert et al. (2008) analysed regional climate models
for the EM and predicted large significant precipitation
decreases over the Mediterranean and Northern Israel.
Kitoh et al. (2008), employing a high resolution (20 km)
GCM, predicted that the Fertile Crescent (FC), also known
as the cradle of civilization, which is a crescent-shaped
fertile land region containing the comparatively moist area
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of otherwise arid and semi-arid western Asia as well as the
Nile Valley and its Delta (marked in black in Figure 1), will
probably change its shape or disappear altogether by the
end of the 21st century. Chenoweth et al. (2011) showed
that a decrease of about 10% in mean annual precipitation
is expected in the EM by the end of the 21st century,
as simulated by the PRECIS model. Lelieveld et al.
(2012) showed that the annual precipitation is expected to
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Figure 1. Annual average precipitation (mm/years) maps for the CMIP5 model ensemble mean (a) and for the APHRODITE data set (b). Maps are
30-year averages (1970—2000) for the large area. The small area is marked with a black rectangle.

decrease in Southern Turkey and the Levant, as simulated
by PRECIS. Ziv et al. (2014) studied the observed trends
in precipitation over Israel for the period 1975-2010,
and found decreases over the vast majority of Israel,
significant only in the super-arid part. Kelley et al. (2015)
linked the Syrian uprising before 2011 with the unusual
long drought in the greater FC. No comprehensive attempt
has been made yet to predict future precipitation extremes
with an ensemble of CMIP5 models for the EM region.

This study provides an overview of performance and
future EPI projections of 23 CMIP5 GCMs for the Middle
East with an emphasis on Israel and the FC. The ability
of the models in accurately depicting EPIs is dependent
on the geographical region chosen for the evaluations
and projections of EPIs. For instance, the small and large
areas in this study are located on the border of three
subregions (Mediterranean, Sahara, and Central Asia)
studied in Sillman eral. (2013a, 2013b) and in other
studies. These subregions have very different climate
regimes and are expected to respond differently to global
warming (Sillman et al., 2013a, 2013b). This is why a
more localized evaluation and projections of the CMIP5
models is provided here.

This paper is organized as follows: Section 2 specifies
the observations and modelled data used in this study,
Section 3 gives an overview of the methodology, Section
4 presents models evaluation with respect to observations
and future predictions for chosen EPI and Section 5 pro-
vides a short summary and the main conclusions.

2. Data

Model performance was assessed through comparison
with observed high resolution indices calculated from
daily precipitation data over the Middle East, created
in the framework of the Asian Precipitation Highly
Resolved Observational Data Integration Towards Evalu-
ation (APHRODITE) of water resources project (Yatagai
et al., 2008, 2012), available in the APHRODITE website
(http://www.chikyu.ac.jp/precip). This gridded data set, in
a 0.25° x 0.25° resolution, is based on a dense network of
rain gages in the Middle East. It was shown that this data

© 2017 Royal Meteorological Society

can serve as a good evaluating tool for climate models
performance (Yatagai et al, 2008, 2012). In addition,
when APHRODITE, is compared to other gridded data
sets (New et al., 1999; Huffman et al., 2001) it can demon-
strate the effect of orography on precipitation (Yatagai
et al., 2008, 2012). Uncertainties in APHRODITE data
are related to relatively sparse rain gages in the desert
and absolutely no information over the seas. Furthermore,
APHRODITE does not assimilate information from differ-
ent sources, but rather from rain gages alone. For instance,
it was found that APHRODITE overestimates the wet days
and underestimates the dry days over India (Chaudhary
et al., 2017) and underestimates the EPI over China with
respect to other data sets investigated (Yin et al., 2015).

Modelled daily precipitation data were obtained from
the Earth System Grid data portal for 23 CMIP5 models
(for list of models see Table 1). Note that single simula-
tions were used from all models, i.e. ‘rlilpl’ while the
letters ‘r,l,p” are standing for r-realization of control run,
i-initialization method, and p-perturbed physics. The main
improvements in CMIP5 include the addition of inter-
active ocean and land carbon cycles, more comprehen-
sive modelling of the indirect effect of aerosols and the
use of volcanic and solar forcing in most models (Tay-
lor et al., 2012). Models’ spatial resolutions range between
0.56° X 0.56° and 3.71° x 3.75°.

The analysis is based on the historical simulations of
the CMIP5 models for 1970-2000 and present-to-future
simulations for 2006—2036 [based on the Representative
Concentration Pathway 4.5 (RCP4.5) scenario]. These pre-
dictions were initialized based on observations and are
used to explore climatic predictability and to assess the
forecast system’s predictive skill. The other future periods
simulated, and analysed, are 2046—-2065 and 2081-2100
based on both RCP4.5 and RCPS8.5 with respect to the
1986-2005 reference period (IPCC, 2013). The RCPs
adopted by the IPCC for its fifth assessment report (ARS)
are: RCP2.6, RCP4.5, RCP6, and RCP8.5. They are
named after the possible radiative forcing (in W m™2)
expected in the year 2100 relative to pre-industrial val-
ues. RCP2.6 assumes the global greenhouse gas (GHG)
emissions will peak between 2010 and 2020 and then will
decline, RCP4.5 assumes GHG will peak around 2040,

Int. J. Climatol. (2017)
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Figure 2. Taylor diagram (Taylor, 2001) comparing between the annual cycle of precipitation for the CMIP5 models and APHRODITE observations
in the 1970-2000 period over the small region (see rectangle in Figure 1). The black circles denote the performance of the 22 CMIP5 models with
respect to the root mean square difference, standard deviation, and correlation coefficient. [Colour figure can be viewed at wileyonlinelibrary.com].

RCP6 assumes GHG will peak around 2080 and RCP8.5
assumes that GHG will continue to rise throughout the
21st century.

3. Method

Two regions were defined in this study. The ‘large study
area’ (‘large’ in brevity, see Figure 1) is defined as
(25°-40°N; 20°-60°E) and includes the FC, which is
a region suffering from political unrest mostly related
to conflict over water resources (Kelley eral., 2015).
The ‘small study area’ (‘small’ in brevity, denoted in
Figure 1), covering part of the EM and Israel, and is
defined as (27.5°—40°N; 30°—-38°E), is a transition zone
between temperate climate in the north and arid climate in
the south.

First, average annual precipitation was calculated for the
region, both for CMIP5 models ensemble mean and for
the observations in order to investigate how the different
data sets capture the unique shape of the FC and the steep
precipitation gradients over the EM and Israel (Figure 1).
Furthermore, the ability of the different models in cap-
turing the annual precipitation cycle for the small study
area, which was the focus of the study, was evaluated
using a Taylor diagram (Figure 2, further discussed in
Section 4.1; based on Taylor, 2001). A Taylor diagram
can provide a concise statistical summary of how well
patterns match each other in terms of their correlation,
their root-mean-square difference, and the ratio of their
variances.

For each of the models, 12 EPIs were calculated,
for present and future. Table2 lists the EPI, their
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definition and the way they are calculated. These indices
can give an overview of both length of dry/wet spells and
intensity of precipitation events. To calculate the bias (in
%) between the outputs of the CMIP5 models and the
APHRODITE reference data set, a sea-land mask was
added to the models, since the APHRODITE data set does
not include observations over the sea. A subset of 4 of
the 12 EPI [i.e., total precipitation (TP), consecutive wet
days (CWD), extremely wet days (P95) and number of
wet days (R1mm)] were chosen for further evaluation for
trends and variability using time series plots and boxplots.
Note that all indices are calculated with >1 mm for wet
days. This threshold excludes very light precipitation days
and partially accounts for the limited accuracy of rain
gages (Zolina et al., 2013). The 1-mm threshold may still
imply uncertainties for the estimation of EPI, especially
for the number of wet days and consequently the wet
spells index (CWD). The 1-mm threshold in this study
is a reasonable threshold as will be shown in the next
section. The models’ data are available in a variety of
spatial resolutions (Table 1), therefore they were linearly
interpolated to fit the APHRODITE observational grid (of
0.25° x 0.25°).

To evaluate future changes in EPI, the differences
between present-to-future (2006—2036) and the his-
torical (1970-2000) simulations were calculated and
plotted in a portrait diagram. This was done for the
RCP4.5 scenario. Furthermore, a spatial—temporal anal-
ysis was produced using the CMIP5 ensemble mean
for the four EPI, mentioned above. The differences
between future and present simulations were calculated
for present-to-future (2006—2036 minus 1970-2000),

Int. J. Climatol. (2017)
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Figure 3. Portrait diagram showing the difference (in %) between the models and APHRODITE data for the 12 EPI for the present period
(1970-2000), for the small (a) and large (b) study areas. The list of the 12 EPI is given at the bottom of each figure and are explained in Table 2.

mid-century (2046-2065 minus 1986-2005), and
end-century (2081-2100 minus 1986-2005) for the
RCP4.5 and RCP8.5 scenarios. Finally, the temporal
evolution of the CMIP5 ensemble mean (1861-2100) was
calculated for the four declared EPI, for the small study
area, as this region is the focus of this study. The trends
significance was tested using a simple two tailed -test (at
the 95% confidence level).
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4. Results

4.1. Evaluation of models’ performance against
observations

Figure | presents average annual precipitation maps
(1970-2000) of the models ensemble mean (Figure 1(a))
and of APHRODITE (Figure 1(b)) including the small
and large study areas. The APHRODITE data set captures
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Figure 4. Time series plots (left column) and boxplots (right column) comparing CMIP5 modelled EPI and APHRODITE observed EPIs
(1970-2000) for TP (a, b), CWD (c, d), extremely wet days (P95; e, f), and number of wet days (RImm; g, h). The definition of the EPIs is
given in Table 2. APHRODITE observations are indicated with a black bold line. [Colour figure can be viewed at wileyonlinelibrary.com].
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Fractional contribution to Rimm (%)
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Figure 5. The empirical histograms for the duration of wet spells contri-

bution to the wet spell events (a) and the fractional contribution of the wet

spell duration to the total number of wet days (b). The region considered

is the small study area shown in Figure 1 derived from APHRODITE
data set for 1970-2000.

very well the EM precipitation gradient as well as the
shape of the FC (Yatagai et al., 2008). The ensemble mean
captures well the shape of the FC, though CMIP5 exhibits
an overestimation, presumably due to the limited resolu-
tion of the models (~1-2°), which avoids high-resolution
representation of the complex topography for some FC
regions, and possibly the exaggerated moisture availability
in the cumulus parameterization schemes of the models
(Hochman et al., 2017a). The spatial distribution of pre-
cipitation as a function of the main orographic features of
the EM is better resolved by APHRODITE.

Figure 2 presents a Taylor diagram comparing between
the annual cycle of precipitation for the CMIP5 models and
APHRODITE observations in the 1970-2000 period over
the small study area. Most of the models perform relatively
well in capturing the annual cycle of daily precipitation
and the ensemble mean of the models is shown to be
closest to the APHRODITE observations. ACCESS1-0,
IPSL-CM5B-LR and inmcm4 seem to be inferior in this
manner.

A portrait diagram is a powerful tool in evaluating indi-
vidual models with regard to a reference data set (Sillman
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et al., 2013a, 2013b). Figure 3 presents a portrait diagram
for the chosen EPI, which shows the bias in percentage
between the models’ results and the APHRODITE data
set. Blue and red colours represent over and underestima-
tions, respectively. Overestimations of the models when
compared with APHRODITE can be easily noticed. There
is no single model that performs best for all EPI. Six out of
the 23 models (HadGEM2-CC, HadGEM2-ES, MIROCS,
IPSL-CM5B-LR, CNRM-CMS5 and ACCESSI1-0) have
considerable overestimations for most of the EPI in
both the small (Figure 3(a)) and the large (Figure 3(b))
study areas. This is not surprising for HaddGEM2-CC and
HadGEM2-ES as they are assumed to share atmospheric
and oceanic code. These two models are also located
very close to each other on the Taylor diagram, for
the same reason (Figure 2). Note that ACCESS1-0 and
IPSL-CM5B-LR are shown to be inferior in this manner.
For the small study area (Figure 3(a)), only 14 of the 264
rectangle boxes show underestimations, while 39 of the
264 boxes demonstrate underestimations for the large
study area (Figure 3(b)). Lower deviations found for the
large study area may be explained by widespread desert
regions included in that area, which have low density of
observations compared to the populated regions included
in the small study area. Furthermore, the models seem to
perform better in the large study area (Figure 3(b)) than in
the smaller one (Figure 3(a)) because in the large one there
are larger percentage of regions with no observations, so
that the comparison done with the APHRODITE data
set is against interpolated precipitation rather than with
observations.

Most of the models perform relatively well (bias <
+ —20%) for total wet days precipitation (TP), number
of wet days (R1mm), very wet days (P90), extremely wet
days (P95) and consecutive winter dry days (CDDDIJF).
These results are reflected in the ensemble mean and
median percentage biases. Large overestimations are
apparent for the driest wet days and for the weak rainy days
(P10) in most of the models, except for MPI-ESM-MR,
MPI-ESM-LR, GFDL-ESM2M, GFDL-ESM2G,
CMCC-CMS, BNU-ESM, and bcc-csml-1. This is
also the case for the Median Wet Days (P50) excluding
GFDL-ESM2M and GFDL-ESM?2G. The ensemble mean
performs poorly, with large overestimations in P10, P50,
maximum number of consecutive wet days (CWDmx) and
maximum number of consecutive winter wet days (CWD-
DJFmx). One way to explain the large overestimations
(in the order of 100% bias) in the weak rainy days (P10)
of the CMIP5 models as compared with APHRODITE
observations is the Virga phenomenon, which is the evap-
oration of rain underneath clouds. Rain gages often miss
the weak rains due to Virga, especially in the semi-arid
regions, while models with coarser horizontal resolution
do not simulate Virga accurately. Therefore producing
more rainfall even if the precipitation does not reach
the ground (Raich et al., 2017). As expected, the biases
are mostly lower for the large study area (Figure 3(b)),
typically in the range of —20% to +20%. Moreover, the
ensemble mean for the large area performs relatively well
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Figure 6. Portrait diagrams showing the difference between present-to-future (2006—2036) (RCP4.5) and past (1970-2000) for various EPIs from
the CMIP5 models, for the small (a) and large (b) areas. The definition of the EPIs is given in Table 2.

for most EPI, with bias mostly <20% except for P10 and and (b)), CWD (Figures 4(c) and (d)), extremely wet
CWDmx. days (P95; Figures 4(e) and (f)) and number of wet days

Figure 4 displays the models spread in the small study (R1mm; Figures 4(g) and (h)). The trends during the
area (1970-2000) in time series plots and boxplots with observational period are most similar for the different
respect to APHRODITE observations for TP (Figures 4(a) models shown (Figure 4). Overestimations are apparent
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Figure 7. The CMIPS5 ensemble mean of ‘future minus present’ for daily rainfall intensity RCP4.5 (left column) and RCP8.5 (right column) calculated
for the wet days only (mm/days). Three future periods are considered 2006—-2036 (a, b), 2046—2065 (c, d), and 2081-2100 (e, f).The two historical
periods are 1970-2000 and 1986—-2005. [Colour figure can be viewed at wileyonlinelibrary.com].

for TP in most of the models, but not for CWD, P95,
and Rlmm, in which APHRODITE observations is
located within the model spread (Figures 4(a), (c), (e),
and (g)). Thus, the 1-mm threshold for number of wet
days and number of CWD is reasonable coinciding with
Hochman et al. (2017b), which found that about 20% of
the days are classified as precipitation producing systems
(Goldreich, 2003).

When considering changes in the duration of wet spells,
it is important to account for the relative contribution
of wet spells of a specific length to the total number of
wet spell events and to the total number of wet days.
Presented in Figures 5(a) and (b), respectively. This may
help to eliminate the impact of inter-annual changes in
the number of wet days (Zolina et al., 2013). It is shown
that in the small study area the probability of a long wet
spell (>6days) is <3% of the wet spells (Figure 5(a))
and <1% of the total number of wet days (Figure 5(b)).
The probability of a short wet spell of 1day duration is

© 2017 Royal Meteorological Society

~33% of the wet spells (Figure 5(a)) and ~12% of the total
number of wet days (Figure 5(b)).

In summary, CMIP5 models performance was evaluated
for their ability to capture the spatial, temporal, and statisti-
cal properties of APHRODITE daily precipitation observa-
tions. In general, the models ensemble mean was found to
perform relatively well for the purpose of analysing trends
of different EPIs, especially for the indices TP, CWD, P95,
and R1mm. Abramowitz and Gupta (2008) have discussed
the usage of independent models in an ensemble mean
approach to reduce percentage bias. Although some of
the models probably share atmospheric and oceanic code,
coming from the same family of models (e.g. HadGEM?2,
MPI, GFDL an IPSL model families), they do not present
exactly the same temporal and statistical features, as
shown above, and were considered as independent. Thus,
assumed to contribute information to the ensemble mean
used in the following sections. Furthermore, as the trend of
EPI is the focus of this study this issue is not as important,
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Figure 8. Same as Figure 6 but for the CWD index (in days).

since all models’ trends were also calculated separately.
This experiment provides insight for future downscaling
studies, which will be performed in a following study.

Note that two additional experiments were performed
(not shown): (1) calculating the ensemble mean for the four
chosen EPI using only the ‘better’ models, (2) calculating
the ensemble mean using only the models that definitely do
not share code and therefore are considered independent.
In both cases, no significant differences were found that
might change the main conclusions of this study. Thus, the
ensemble mean in the following sections was calculated
using all available model simulations, considered as the
best estimate for the various EPI.

4.2. Present to future predictive skill

Figure 6 presents the portrait diagrams for the small
(Figure 6(a)) and large (Figure 6(b)) study areas, indi-
cating the difference in percentage between the models’
2006—2036 and 1970-2000 periods, for the RCP4.5 sce-
nario.

© 2017 Royal Meteorological Society

[Colour figure can be viewed at wileyonlinelibrary.com].

As mentioned earlier, these ‘decadal predictions’ were
initialized based on observations and reflect, on top of the
projected change, both the predictability of climate change
and the predictive skill of the forecast system. Figure 5,
reveals an agreement among the models for future rainfall
increase in the upper tenth percentile, at least for the large
study area, an increase in the duration of consecutive dry
days and a decrease in the duration of CWD.

The majority, i.e. 18 of 23 and 15 of 23 models, show a
decrease of 10—20% in TP for both the small (Figure 6(a))
and the large (Figure 6(b)) study areas, respectively.
Twenty-one of the 23 models show a decrease of up to
20% in R1mm for the small area (Figure 6(a)), while 15
of the 23 models show a similar decrease for the large area
(Figure 6(b)). For the small area, only 4 of the models
show increase in P95 (Figure 6(a)), whereas 11 of the
models show an increase for the large area (Figure 6(b)).
Only 6 of the 23 models show an increase in CWD, while
12 models show a decrease for both regions. Finally, the
ensemble mean indicates that for the small area most EPI
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Figure 9. Same as Figure 6 but for P95 (extremely wet days) index (in mm). [Colour figure can be viewed at wileyonlinelibrary.com].

project future decreases of 10—20%, except for CDDDIJF,
which shows an increase of 10—20% (Figure 6(a)). For the
large area increases are projected for P90, P95, CDDDIJF,
and CDDDJFmx (Figure 6(b)).

In summary, the CMIP5 models tend to agree that
for the present—future period (2006—2036) a decrease
is expected in TP with an increase in extreme precip-
itation at least for the large area. This will be accom-
panied by a decrease/increase in the length of wet/dry
spells, respectively. The next section presents the spatial
and temporal evolution of 4 of the 12 EPI, in more detail,
and in a longer temporal perspective, including projec-
tions for the entire 21st century based on different RCP
scenarios.

4.3.

Figure 7 displays difference maps between future and
present simulations for the ensemble mean of TP for three
future periods (2006—2036, 2046—2065, and 2081-2100)
and two emission scenarios, RCP4.5 and RCP8.5. Note
that TP (given in mm/days) is normalized in each grid

Spatial and temporal evolution of the EPI

© 2017 Royal Meteorological Society

point by the number of wet days, enabling the comparison
between different regions. It is shown that a decrease in
TP is projected for the small study area, especially in the
Taurus Mountains (southern Turkey).

This decrease is projected to aggravate based on the
RCP8.5 scenario. As time progresses, towards the end of
the 21st century, the decrease is projected to cover the
entire EM, including the FC, except for a small region
in Northern Iran and the Caspian Sea, which shows TP
increase.

Figure 8 shows the same as Figure 7 but for the CWD
index. Significant decrease of CWD is projected for
the small area, of about 1day in the RCP4.5 scenario
(Figure 8(e)) and about 2 days in the RCP8.5 scenario
(Figure 8(f)) by the end of the 21st century.

Figure 9 shows the results for the P95 index. The
extreme precipitation is projected to intensify in the FC,
in spite of TP decreases as shown for the whole Mediter-
ranean for present climate (Alpert et al., 2002). How-
ever, for the small area significant decrease in the extreme
precipitation is projected in both scenarios, particularly
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Figure 10. Same as Figure 6 but for RImm (number of wet days) index (in days). [Colour figure can be viewed at wileyonlinelibrary.com].

pronounced in the RCP8.5 and at the end of the 21st cen-
tury (Figure 8(f)).

Figure 10 shows the results for the Rlmm index, indi-
cating that the number of wet days is projected to decrease
during the 21st century over the entire EM, in agreement
with the decrease of TP.

When looking at the evolution of the projected changes
(Figure 11), the small study area is predicted to experi-
ence a large decrease in TP from around year 2030 in
the RCP8.5 scenario (Figure 11(b)). It is projected to
decrease in about 100 mm during the 1861-2100 period
(Figure 11(b)), i.e. a 35% drop. This decrease is accompa-
nied by a projected decrease in CWD of about 1 and 2 days
for RCP4.5 and RCPS.5, respectively (Figures 11(c) and
(d)). The P95 index does not show any significant trend
for the small study area (Figures 11(e) and (f)), assuming
to result from the fact that it is a spatial average of a region
comprising both increasing and decreasing trends in P95
(Figure 9), counter balancing one another (Figures 11(e)

and (f)).

© 2017 Royal Meteorological Society

The ensemble mean for Rlmm according to the RCP4.5
scenario (Figures 11(g)) projects a decrease, in the order
of 10days for the small study area (compared to about
65days in the beginning years of 1860s). As for the
RCP8.5 scenario (Figure 11(h)) the projected decrease
reaches even 20 days for the small study area, which is
about a third of the total number of wet days.

Figure 12 illustrates the points in time which RCP4.5
and RCP8.5 depart from one another. This is especially
important in an impacts perspective. It is shown that for TP,
CWD, and R1mm the scenarios depart at approximately
2020, 2050, and 2030, respectively. For P95 no clear
difference between the scenarios was observed.

Possible explanations for the changes in EPI in the 21st
century may include changes in the frequency and intensity
of the synoptic systems responsible for rainfall in the EM
and the FC. This refers mainly to potential changes in
the frequency and intensity of cyclones, changes in the
European and Mediterranean storm tracks governed by the
phase of the North Atlantic Oscillation (Krichak er al.,
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2002; Krichak and Alpert, 2005; Ziv et al., 2006; Yosef
et al., 2009; Ziv et al., 2014) and the expected expansion
of the Hadley Cell towards the poles under a warmer
climate (Lu et al., 2007). This point was further studied
in Hochman et al. (2017b) using a synoptic classification
approach applied to 21st century CMIP5 projections.

5. Summary and conclusions

The CMIP5 project provides future projections based
on several climate models. The different models are not
expected to perform similarly in all parts of the globe due
to their different structure and physical features. Here, the
ability of 23 CMIP5 models to predict EPI is evaluated, and
used to assess future projected changes in the precipitation
regime over the Middle East.

There is no one model that performs the best for all
EPI, and the variety of models’ performance leads to large
uncertainties, which the ensemble approach may signif-
icantly reduce. The ensemble mean of the 23 CMIP5
models used in this study was found to well replicate
the unique shape of the precipitation gradients charac-
terizing the FC and the EM. A general overestimations
in the EPI is observed in CMIP5 models as compared
to the APHRODITE data set. These overestimations are
probably related to the exaggerated moisture availability
in the cumulus parameterization and the inadequate rep-
resentation of topography in the GCMs, due to rela-
tively coarse spatial resolutions (Hochman et al., 2017a).
Regional-scale evaluations can be further developed using
dynamical and statistical downscaling. The evaluation of
the GCMs presented in this study may serve as a basis for
exploring the potential GCMs to be used in downscaling
studies for the EM and FC regions. It seems that the mod-
els perform better for the large area, however, this result is
due to two main reasons: (1) as the area analysed is larger
it smooths out the differences between both the models
and observations, (2) specifically, in this region, incorpora-
tion of large areas which are poorly monitored (e.g. desert)
in the evaluation, results in that CMIP5 models are actu-
ally compared with APHRODITE model interpolation and
not with observations. The ensemble mean was proven to
be useful in simulating EPI (bias <’ +20%), except for
P10, P50, CWDmx, and CWDDJFmx. For these indices
the biases reached even 100% or higher, particularly for
weak rains, i.e. P10. These order of overestimations in P10
can be explained by the Virga phenomenon. Since rain
gages incorporated in the APHRODITE data set do not
measure the precipitation produced underneath the cloud,
but evaporates before it reaches the ground, and CMIP5
models do not simulate Virga accurately, due to coarse res-
olution, therefore producing rain even though it does not
reach the ground.

The CMIP5 models tend to agree that the EM is expected
to experience a decrease in TP, CWD, and R1mm of about
20-35%, 10—20%, and 20—35%, respectively, by the end
of the 21st century. It is shown that P95 is projected to
increase over the FC region, by about 25%, however, for
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the southeastern part of the Mediterranean Sea a decrease
is projected, particularly for RCP8.5 scenario and towards
the end of the 21st century.

It can be concluded that while TP is projected to
decrease, extreme precipitation is projected to increase
at least for the FC. Such a trend has been shown for
the Mediterranean for the second half of the 20th cen-
tury (Alpert et al., 2002; Zhang et al., 2005; Yosef et al.,
2009), though insignificant for the Middle East and Israel.
The projected changes might be a result of changes in
the frequency and intensity of the rain producing synop-
tic systems over the EM and FC (Hochman et al., 2017b)
especially governed by the phase of the North Atlantic
Oscillation (shown, e.g. in Krichak et al.,, 2002; Krichak
and Alpert, 2005; Ziv et al., 2006; Yosef et al., 2009; Ziv
etal., 2014) and the expected expansion of the Hadley
Cell towards the poles in a warmer climate (Lu ez al.,
2007). This might influence agriculture, floods potential
and water and food availability in a region already suffer-
ing from political unrest related to water and food issues
(Kelley et al., 2015).
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