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Abstract In this study, the ability of a regional climate
model, based on MM5, to simulate the climate of the
Middle East at the beginning of the twenty-first century is
assessed. The model is then used to simulate the changes
due to global warming over the twenty-first century. The
regional climate model displays a negative bias in temperature throughout the year and over most of the domain. It
does a good job of simulating the precipitation for most of
the domain, though it performs relatively poorly over the
southeast Black Sea and southwest Caspian Sea. Using
boundary conditions obtained from CCSM3, the model was
run for the first and last 5 years of the twenty-first century.
The results show widespread warming, with a maximum of
~10 K in interior Iran during summer. It also found some
cooling in the southeast Black Sea region during spring and
summer that is related to increases in snowfall in the region,
a longer snowmelt season, and generally higher soil
moisture and latent heating through the summer. The
results also show widespread decreases in precipitation
over the eastern Mediterranean and Turkey. Precipitation
increases were found over the southeast Black Sea,
southwest Caspian Sea, and Zagros mountain regions
during all seasons except summer, while the Saudi desert
region receives increases during summer and autumn.
Changes in the dominant precipitation-triggering mechanisms were also investigated. The general trend in the
dominant mechanism reflects a change away from the direct
dependence on storm tracks and towards greater precipitation triggering by upslope flow of moist air masses. The
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increase in precipitation in the Saudi desert region is
triggered by changes in atmospheric stability brought about
by the intrusion of the intertropical convergence zone into
the southernmost portion of the domain.

1 Introduction
The landscape of the Middle East has been altered by
human activity for most of the Holocene. The rate of these
modifications has accelerated in the last century, and today,
rapid population growth, political conflict, and water
scarcity are common throughout the area. All of these
factors increase the region’s vulnerability to potentially
negative impacts of climate change while decreasing the
likelihood of successful region-wide adaptation strategies
emerging.
While much of the region has a Mediterranean-type
climate, the region spans many climate zones from the
hyper-arid deserts of Saudi Arabia to the cool highland
climates of various mountain ranges such as the Taurus and
Zagros mountains. The region is surrounded by large inland
water bodies with extensive areas being impacted by
coastal effects. In several places, such as the southern
coasts of the Black and Caspian Seas, there are large
mountains in close proximity to coastlines providing a high
likelihood of upslope flow-driven precipitation. The complex relationship between landscape and climate means that
different precipitation processes dominate in different parts
of the region (Evans et al. 2004). Previously, Evans et al.
(2004) used a regional climate model to identify the
dominant precipitation-triggering processes in areas of local
precipitation extrema. In this study, a similar technique is
used to identify potential changes in the dominant mechanisms caused by global warming.
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Simulations of the global climate, including those
performed for the recent Intergovernmental Panel on
Climate Change Fourth Assessment Report (IPCC AR4)
report, are conducted with horizontal resolutions that
preclude the simulation of small-scale circulation features
that are an important part of the regional climate. The use of
a regional climate model (RCM) provides the ability to
resolve detailed features of topography and the land
surface, as well as to separate different zones of precipitation extrema. RCMs have become more widely used during
the last decade, and reviews of previous regional modeling
studies and approaches can be found in McGregor (1997)
and Giorgi and Mearns (1999).
Perhaps due to the relative data sparsity of the Middle
East, a relatively small amount of research focusing on
modern regional climatic phenomena exists. Several studies
of the medium term change in local climate regime based
on ground station data have been performed for several
subregions (Ben-Gai et al. 1998; Ben-Gai et al. 1999; Small
et al. 2001; Cohen et al. 2002; Kostopoulou and Jones
2005) as well as the region as a whole (Nasrallah and
Balling 1995; Zhang et al. 2005). Global climate model
(GCM), observational analyses (model with observations
assimilated), and ground-based data have been used to
investigate large-scale atmospheric phenomena and teleconnections influencing the region (Reddaway and Bigg,
1996; Saaroni et al. 1998; Nazemosadat and Cordery 2000;
Saaroni and Ziv, 2000; Kutiel and Benaroch 2002; Paz et
al. 2003; Krichak and Alpert 2005; Turkes and Erlat 2005;
Chakraborty et al. 2006; Ghasemi and Khalili 2006). Some
higher resolution studies investigating weather events using
regional models have also been carried out (Alpert et al.
1997; Krichak et al. 2000). RCMs have also been used to
investigate the impact of using “correct” land cover
conditions, as defined by satellite data, on the regional
climate (Zaitchik et al. 2005) as well as to investigate
regional drought feedbacks (Zaitchik et al. 2007a), mountain effects (Zaitchik et al. 2007b), the impact of irrigation
(Evans and Zaitchik 2008), and the influence of water
vapor source regions and transport on precipitation (Evans
and Smith 2006).
Growing acceptance of the reality of global warming has
recently led to an increase in the publication of studies
related to global warming impacts. Many GCM simulations
were performed as part of the IPCC AR4, and the resulting
model output has been made available through the Earth
System Grid (http://www.earthsystemgrid.org/home/home.
htm) for use in impact studies. Some of these studies focus
on global changes in various phenomena that are important
for the Middle East such as changes in storm tracks
(Bengtsson et al. 2006; Lambert and Fyfe 2006), temperature (Min and Hense 2006), and drought (Wang 2005).
Evans (2009) presents the changes in climate predicted for

J.P. Evans

the Middle East over the twenty-first century by an
ensemble of 18 GCMs using the Special Report on
Emission Scenarios (SRES) A2 emission scenario which
is the scenario closest to a “business as usual” scenario in
the SRES family. That study found an increase in
temperature for the region of almost 4 K by late century,
along with significant changes in precipitation that include
a decrease in an area stretching from Turkey and the
Eastern Mediterranean across to Northeastern Iran and an
increase over much of the Persian Gulf and Saudi Arabia.
Various aspects of the performance of CCSM3, the GCM
used to provide boundary conditions in this study, under
different emission scenarios can be found in Meehl et al.
(2006).
This paper uses an RCM to analyze the impact of
global warming on the precipitation triggering processes
in the Middle East. Using a technique similar to that
given in Evans et al. (2004) and simulations of future
climate under increasing greenhouse gas conditions, this
paper investigates changes in precipitation and precipitation-triggering mechanisms in the region. The climate
models used are described in Section 2 and the simulations are evaluated against current observations in
Section 3. Section 4 presents the changes due to global
warming, with the main conclusions being summarized in
Section 5.

2 Climate model and simulation description
This study examines the changes in local precipitation
processes in the Middle East caused by global warming. To
accomplish this, the output from a GCM simulation is
downscaled using an RCM and the output from these RCM
simulations is used to investigate locally dominant
precipitation-triggering mechanisms.
2.1 Global climate model (CCSM3)
The community climate system model version 3 (CCSM3)
is a coupled climate model developed and maintained
through the National Center for Atmospheric Research
(NCAR) in the USA and described in Collins et al. (2006).
The model couples components that model the atmosphere,
ocean, sea ice, and land surface. The simulation used in this
study came from a T85 version of CCSM3 and is described
in detail in Meehl et al. (2006). In short, the model has
atmospheric grid points roughly every 1.4° latitude and
longitude and 26 levels in the vertical. The ocean is
modeled on a nominal 1° grid with 40 levels in the vertical.
No flux adjustment is used. Atmospheric composition is in
accordance with the SRES A2 emission scenario for the
twenty-first century.
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2.2 Regional climate model (MM5-Noah)
The Pennsylvania State University/NCAR mesoscale modeling system MM5 is described in Dudhia (1993) and Grell
et al. (1994). MM5 is a limited-area non-hydrostatic model
that uses a terrain-following vertical coordinate system. It
has two-way nesting capabilities and flexible physics
options. In this study, MM5 was implemented with the
Reisner mixed-phase explicit moisture scheme (Reisner et
al. 1998), the MRF planetary boundary layer scheme (Hong
and Pan 1996), the rapid radiative transfer model radiation
scheme (Mlawer et al. 1997), and the Grell scheme for
convective precipitation (Grell et al. 1994).
MM5 is operationally linked with the Noah land surface
model (LSM). Noah is a direct descendent of the Oregon State
University LSM (Mahrt and Ek 1984; Mahrt and Pan 1984;
Pan and Mahrt 1987), a sophisticated land surface model that
has been extensively validated in both coupled and
uncoupled studies (Chen and Mitchell 1999; Chen and
Dudhia 2001). The Noah LSM simulates soil moisture, soil
temperature, skin temperature, snowpack depth and water
equivalent, canopy water content, and the energy flux and
water flux terms of the surface energy balance and surface
water balance. In its MM5-coupled form, Noah has a
diurnally dependent Penman potential evaporation (Mahrt
and Ek 1984), a four-layer soil model (Mahrt and Pan 1984),
a primitive canopy model (Pan and Mahrt 1987), modestly
complex canopy resistance (Jacquemin and Noilhan 1990),
and a surface runoff scheme (Schaake et al. 1996).
MM5 has been applied successfully at grid cell resolutions ranging from greater than 100 km to less than 1 km
and is used for both weather forecasts and climate research
(Zaitchik et al. 2005; Evans et al. 2005). Here, we apply the
model at 27-km horizontal resolution and 23 vertical levels
over a domain which includes much of the Middle East and
the surrounding water bodies. Figure 1 shows the model
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domain excluding the rows and columns which are directly
influenced by the boundary conditions. Previously, RCM
simulations over the same domain were performed using
RegCM2 (Evans et al. 2004) and MM5 (Evans and Smith
2006) for the early 1990s. These simulations showed
reasonable agreement with observations, with the MM5
performing best.
In this study, three MM5 simulations are discussed.
Two of these simulations cover the period 2000 through
2004. One of these runs uses initial and boundary
conditions from the National Centers for Environmental
Prediction (NCEP)/NCAR reanalysis (NNRP; Kistler et
al. 2001) and the other from the CCSM3 simulation
performed for the IPCC AR4 using the SRES A2 emission
scenario. The third simulation covers the period 2095
through 2099, with initial and boundary conditions
coming from the same CCSM3 SRES A2 simulation.
The SRES A2 scenario produces the largest increase in
greenhouse gases, and hence warming, by the end of the
century of the commonly reported emission scenarios.
Atmospheric greenhouse gas concentrations in recent
years have exceeded all the emission scenarios in the
SRES family; hence, this scenario is chosen as it is closer
to the likely future emissions growth without a determined
international effort to reduce them.
In each case, the first year of the MM5 simulation is
considered “spin-up,” and relevant statistics are calculated
using the remaining 4 years of the model run. Given
unlimited computing resources, an ensemble of longer
simulations would have been preferable. However, the
resources available limited the length of simulation to
5 years. Examination of the annual precipitation from the
CCSM3 simulation through the twenty-first century shows
that the first and last 5 years do not represent anomalous
periods, being within 10% of the respective 20-year means
and even closer to the 10-year means.

Fig. 1 RCM domain including topography from GTOPO (a), MM5 (b), and CCSM3 (c)
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Examination of the CCSM3 simulation-derived winter
North Atlantic Oscillation, using the sea level pressure at
the relevant grid points, shows these last 5 years to be
representative of the last 20 years of simulation in terms of
the mean value, 0.44 and 0.34 respectively, and in
distribution of years with some strong NAO positive years
and some weak NAO negative years. Similarly, the first
5 years are representative of the first 20 years with mean
values of −0.78 and −0.70, respectively. Thus, the change
in NAO simulated by the 5-year RCM simulations is
comparable to the change computed from longer periods of
the CCSM simulation. It must be remembered that these
simulations represent one possible response to global
warming, thus allowing the investigation of potential
changes in precipitation-triggering mechanisms. They are
not considered a definitive prediction of the future change.

3 Model evaluation
Performance of the models is evaluated against observations during the first 5 years of the twenty-first century in
this section. Both the global and regional model outputs are
evaluated. It is important to note that the RCM is confined
to be exactly the same as the global model at the RCM
boundary. Far from the boundary, the RCM can differ from
the global model due to small-scale topographic features
and related circulations that are not resolved by the global
model. Large-scale features in the RCM are heavily
influenced by the driving global model and are unable to
differ substantially. Thus, the quality of an RCM simulation
is necessarily dependent on the quality of the GCM
simulation providing the initial and boundary conditions.
3.1 Observational data
Surface climatology was established using data available
from the United Nations Food and Agriculture Organization
(FAO; FAOCLIM version 1.2). This dataset includes
monthly values for standard climate quantities, averaged
over a period from 1940 to 1970. There are almost 1,000
stations in our area of interest. Data from these stations
were used to create monthly temperature and precipitation
climatologies interpolated to the MM5 27-km grid. In order
to account for the large changes in interstation distances, a
CRESSMAN technique using a variable radius of influence
was used. The interpolation scheme includes a −5°C/km
temperature lapse rate correction, but no corresponding
correction to precipitation. The spatial distribution of
precipitation shows a strong increase of precipitation
northward and outward from the deserts of Saudi Arabia,
eastern Jordan, western Iraq and southeastern Syria, toward
the mountains, and the Mediterranean Sea.
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The FAO dataset used above provides good spatial
coverage, but has the disadvantage of being collected some
time earlier than the current experiments as well as
providing no interannual information. To address these
issues, data from ground stations were extracted from the
global summary of monthly observations collected at the
Climate Prediction Center (CPC) of the NCEP. There were
around 1,000 stations reporting in and nearby to the region
between 2000 and 2005, though there was no month when
all stations reported, with at most 539 and as few as 373
stations reporting in a month. On average, the reporting
station density over the domain means each station
represents ~26,000 km2. While this dataset offers monthly
values for the entire period modeled, the station density is
around half that offered by the FAO dataset. In particular,
almost no observations from Iraq are present in the CPC
data, causing significant errors in the climatology where the
precipitation maximum in northern Iraq captured by the
FAO dataset is missing from the CPC data. This is also seen
in the temperature bias where areas of Iraq display biases
greater than 1 K. It should be noted that some of the
difference between these datasets is due to the fact that they
cover different periods; however, the difference in station
density and distribution remains the major cause.
3.2 Statistical measures
Many different statistical measures have been used previously to test the performance of climate models quantitatively. Willmott et al. (1985) and Legates and McCabe
(1999) provide an analyses of the suitability of several of
these measures as well as suggest some of their own. In this
paper, the model performance is evaluated against observations using several statistics including the bias
Bias ¼ M  OFAO

ð1Þ

where M is the mean of the modeled values and OFAO is the
mean of the FAO climatology. The root mean square error
(RMSE) is given by:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
N
u1 X
RMSE ¼ t
ðOi  Mi Þ2
N i¼1

ð2Þ

where N is the number of observed, O, and modeled, M,
values being compared. Here, N is the number of MM5 grid
cells in the domain. Climatological values are used in
calculating RMSE.
In order to quantitatively evaluate the spatial agreement
between model and observations, Walsh and McGregor
(1997) define the pattern correlation (3), ρp, between
observed and simulated fields simply as the correlation of
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a series of data points from the observed field with
corresponding values from the modeled field at a fixed
time; in this study, seasonal means are used.


P
Oi  O Mi  M
rp ¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
:
ð3Þ
2ﬃqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ﬃ
P
P
Oi  O
Mi  M
The anomaly correlation, ρa, is similar to the pattern
correlation except that fields are replaced by anomalies
from climatology. The anomaly correlation provides a more
rigorous test of whether the model can capture the spatial
pattern of interannual variations. Here, the sums are
calculated over the number of MM5 grid cells within the
domain.
Finally, since the region in question is quite complex
with many climate zones and precipitation regimes present,
we have divided the domain into precipitation extrema
subregions for further analyses (Fig. 2). These regions
consist of the southeast Black Sea coast, the southwest
Caspian Sea coast, the eastern Mediterranean coast, eastern
part of the Fertile Crescent (essentially the headwaters of
the Tigris River), the southern Zagros Mountains, and the
Saudi desert. Each of these areas demonstrates substantial
climatological differences and thus provides quite a strong
test of the regional models abilities.
3.3 Model evaluation
The bias and RMSE for seasonal mean temperature and
precipitation are given in Tables 1 and 3. The nonparametric paired Wilcoxon signed-rank test (Wilcoxon

Fig. 2 Study domain showing the focus regions: 1 Southeast Black
Sea coast; 2 southwest Caspian Sea coast; 3 eastern Mediterranean Sea
coast; 4 eastern Fertile Crescent; 5 Zagros Mountains; 6 Saudi desert
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1945) was used to test the statistical significance of these
results. This test does not assume that the variables are
normally distributed. In this test, the null hypothesis is that
the distribution of the differences between the two datasets
is symmetric around zero, that is, the datasets come from
the same distribution. Using the climatology from the FAO
dataset as the baseline, an observational bias and RMSE
can be calculated between it and the CPC observational
data. Similar bias and RMSE calculations are made for each
of the present day model results. These model bias and
RMSE are then tested for significance against the observational series. For all seasons and all models, the null
hypothesis could not be rejected at the 95% significance
level, that is, the modeled seasonal temperature and
precipitation could not be distinguished from observations
within significance bounds.
The bias and RMSE for seasonal mean temperature is
given in Table 1. All the models consistently display a
negative temperature bias except for CCSM which has a
modest positive bias during summer. In general, the MM5
cold bias is larger than that of the driving global model,
particularly in autumn. Spatially, the NNRP bias is
distributed throughout the region with the largest biases,
both positive and negative, occurring in the mountainous
regions of Turkey and Iran. The spatial bias pattern for
MM5/NNRP resembles that of NNRP, with the largest
difference occurring in autumn when it has a consistent
negative bias over the mountainous regions, while NNRP
has interspersed zones of positive bias as well. These
differences can be related to differences in topography as
seen in Fig. 1. The NNRP biases tend to cancel each other
out, while the MM5/NNRP biases are more consistent, and
this is reflected in the lower RMSEs for MM5/NNRP in all
seasons but autumn.
CCSM is not constrained by observations like the NNRP
is. It represents a possible realization of the weather given
the global “boundary” conditions, largely the solar insolation and atmospheric composition; as such, it cannot be
expected to perform as well as the NNRP when evaluated
against observations. This also applies to MM5 when it is
driven at the boundary by the CCSM. Given this, the
CCSM performs remarkably well, with both the bias and
RMSE being similar to those of the NNRP. As with MM5/
NNRP, the MM5/CCSM tends to have a more negative bias
than its driving model, especially in autumn. In terms of the
RMSE, the CCSM tends to perform slightly worse than the
NNRP, within 0.5 K, while the MM5/CCSM tends to
perform slightly worse again.
The pattern and anomaly correlations, given by Eq. 3, of
seasonal mean temperature are reported in Table 2. MM5/
NNRP is consistently better than NNRP alone, as expected
given MM5s higher spatial resolution. A larger improvement is seen in the anomaly correlation than in the pattern
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Table 1 Bias and RMSE for temperature (2001–2004)
Season

DJF
MAM
JJA
SON

Bias (K)

RMSE (K)

MM5/NNRP

NNRP

MM5/CCSM

CCSM

MM5/NNRP

NNRP

MM5/CCSM

CCSM

−2.0
−1.9
−1.5
−2.7

−2.3
−1.9
−0.4
−1.0

−1.5
−3.0
−0.2
−2.6

−0.9
−2.7
0.9
−1.3

2.9
2.5
2.7
3.2

3.7
3.2
2.8
2.7

3.4
4.1
3.6
3.9

3.4
3.8
3.3
3.1

produce the best pattern correlations, significantly improving the spatial distribution produced by NNRP. CCSM,
however, does particularly well during spring in all
statistical measures. Once model biases are removed, the
anomaly correlation shows that MM5/NNRP produces an
even greater improvement over NNRP than was seen in the
pattern correlation.
The monthly mean precipitation for each of the
subregions is shown in Fig. 3. The annual cycle of
precipitation is captured well by MM5/NNRP in the
Mediterranean Sea, Fertile Crescent, and Zagros Mountains
subregions. The general cycle is also captured in the
Caspian Sea region, though the summer dryness is overestimated and the autumn peak is underestimated. This
underestimation of precipitation may be related to poorly
modeled topography and coastlines, which mean the
models fail to capture sea breeze-induced low-level flow
reversal that can cause upslope flow triggering precipitation. The Black Sea subregion contains a relatively small
seasonal cycle that is not reproduced by any of the models.
While the timing of the precipitation is not well constrained
by the observational datasets, it is clear that the maximum
occurs during late autumn or winter. NNRP simulates a
precipitation cycle almost 6 months out of phase with that
observed. The other models are better able to capture the
timing of this maximum, though they simulate significantly
lower summer precipitation than is observed. These differences are almost certainly related to the differences in
topography shown in Fig. 1. Firstly, no models capture the
tall, narrow mountain range along the southern shore of the
Black Sea in this region, which can enhance the formation
of a sea breeze and may be responsible for a significant

correlation, that is, once the model biases are removed,
downscaling with MM5 produces a larger improvement in
the temperature patterns than that simulated by NNRP
alone. CCSM produces pattern and anomaly correlations
similar to those of the NNRP and does so without the
observational nudging. MM5/CCSM also produces similar
correlations except for the transition season anomaly
correlations where it performs worse.
Precipitation displays a high degree of spatial variability,
with some coastal areas receiving over 1,000 mm annually,
while the southern desert regions receive less than 200 mm.
Capturing this variability is challenging for both the observational network and models. The CPC observational dataset
has relatively low density in this region, with each station
representing, on average, more than 26,000 km2. Of course,
the stations are not evenly distributed, with stations
representing an area of just over 5,000 km2 on the
Mediterranean coast but more than 75,000 km2 in the Saudi
desert. Practically no observations exist over the water
bodies or in Iraq during 2000 through 2004; hence, these
areas are excluded from the statistics below. The seasonal
precipitation bias and RMSE are presented in Table 3. In
terms of bias, no model is consistently better than the other
models. The global models, NNRP and CCSM, do well
during winter when the precipitation is dominated by largescale systems. MM5 tends to produce less precipitation than
its driving model. In terms of RMSE, the MM5/NNRP
performs the best. Again, considering the lack of any
observational nudging in CCSM, both the CCSM and
MM5/CCSM perform quite well.
The seasonal precipitation pattern and anomaly correlations can be found in Table 4. MM5/NNRP tends to
Table 2 Pattern and anomaly correlation for temperature (2001–2004)
Season

DJF
MAM
JJA
SON

Pattern correlation

Anomaly correlation

MM5/NNRP

NNRP

MM5/CCSM

CCSM

MM5/NNRP

NNRP

MM5/CCSM

CCSM

0.95
0.97
0.94
0.96

0.91
0.92
0.86
0.91

0.89
0.90
0.78
0.88

0.87
0.90
0.79
0.89

0.31
0.42
0.34
0.27

0.18
0.34
0.18
0.18

0.14
−0.08
0.17
−0.09

0.16
0.21
0.18
0.05
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Table 3 Bias and RMSE for precipitation (2001–2004)
Season

DJF
MAM
JJA
SON

Bias (mm)

RMSE (mm)

MM5/NNRP

NNRP

MM5/CCSM

CCSM

MM5/NNRP

NNRP

MM5/CCSM

CCSM

16
17
−16
−23

0
42
21
−11

−37
−6
−18
−8

−6
2
20
22

74
57
41
64

83
90
63
93

112
70
58
106

97
51
62
100

A similar pattern is present in spring, with an extra
degree of warming and substantial reduction in the area
displaying an insignificant change at the 0.9 level. Increases
in temperature along the Mediterranean and Red Sea coasts,
as well as a decrease along the east Black Sea coast, are
now significant changes at the 0.99 level. The coastal
warming is related to increased evapotranspiration and
decreased precipitation producing more rapid drying of the
land and hence moving the energy balance towards sensible
heat. The decreasing temperatures along the Black Sea
coast are due to the increased precipitation in winter (and
spring), leading to greater snow accumulation and a longer
snowmelt season.
The largest temperature increases are seen in summer
over most of the domain, with an increase of around 6 K
being common. This increase is significant at the 0.99 level
for the entire domain except the Anatolia plateau in Turkey
and the Caucuses Mountains region. The largest temperature increases of around 10 K are seen over the Iranian
plateau, while the largest temperature decreases (around
4 K) are predicted to occur along the southeast Black Sea
coast. This temperature decrease is again related to an
increased snowpack which is accumulated over winter and
persists through the spring. In these model simulations,
there is such a large increase in snowfall that it melts late in
the spring and significant soil moisture persists through
summer despite the generally warmer conditions. The
Iranian plateau is quite dry to begin with, and hence,
increases in temperature cannot be moderated by increases
in evapotranspiration, and instead all the energy is
converted to sensible heat.

proportion of the summer precipitation. Secondly, the
global models fail to separate the Caucuses Mountains
and hence do not have the wide low valley over Georgia
and Azerbaijan that can significantly alter low level wind
patterns.

4 Global warming predictions
This section focuses on changes predicted to happen over
the coming century due to global warming. In particular,
the focus is on the results obtained from the early and late
twenty-first century MM5/CCSM runs. The relative performance of the model in various parts of the domain should
be kept in mind when translating these results to the real
world. Evans (2009) presents predictions made by an
ensemble of GCMs for this domain and provides context
within which these results can be interpreted.
As can be seen in Fig. 4, the temperature is not predicted
to increase uniformly across the domain; much of this
spatial distribution can be explained by changes in moisture
availability. Winter demonstrates the smallest changes, with
much of the domain temperature increasing by less than
2 K, which is not significant at the 0.99 level using a
Student’s t test. There are, however, patches within this area
of small change where the change is significant at the 0.9
level. Most of the change outside this area, including over
the water bodies, is significant at the 0.99 level. Only the
westernmost part of the domain experiences increases of
more than 4 K. All the water bodies experience similar
surface temperature increases of around 3 K.

Table 4 Pattern and anomaly correlation for precipitation (2001–2004)
Season

DJF
MAM
JJA
SON

Pattern correlation

Anomaly correlation

MM5/NNRP

NNRP

MM5/CCSM

CCSM

MM5/NNRP

NNRP

MM5/CCSM

CCSM

0.74
0.69
0.80
0.86

0.71
0.59
0.78
0.62

0.46
0.48
0.12
0.46

0.57
0.71
0.13
0.56

0.47
0.33
0.65
0.49

0.31
0.08
0.14
0.07

0.27
0.30
0.77
0.20

0.28
0.44
0.76
0.11
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Fig. 3 Monthly averaged precipitation for each subregion
(2001–2004)

While not as large a change as summer, the majority of the
domain experiences temperature increases significant at the
0.99 level. The Iranian plateau remains the zone with the largest
increases in temperature during autumn. An increase in
Fig. 4 MM5/CCSM modeled
change in seasonal mean temperature (2095–2000). The 0.9
(0.99) significance levels is indicated by the thin (thick)
dotted line

precipitation over the Zagros Mountains alleviates this warm
anomaly over western Iran. The southern portion of the domain
warms more than the northern section, except for the northeast
corner which experiences significant warming in all seasons.
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Figure 5 shows the seasonal change in precipitation.
Most of the increases seen are substantial, being around
100% of the current precipitation, and even some of the
decreases approach 100%. The largest decreases occur over
the eastern Mediterranean and Turkey in all seasons, in
agreement with the GCM ensemble discussed in Evans
(2009). In these MM5 simulations, most of this area
experiences a decrease that is significant at the 0.9 level
during winter, while only parts of the area is decreasing
significantly during other seasons. During winter, several
areas experience precipitation increases that are significant
at the 0.99 level in these simulations. Of note are the
eastern Black Sea across to the northern Caspian Sea and an
area of Iran south of the Caspian Sea across to southern
Iraq. The GCM ensemble has the greatest uncertainty
associated with the southeastern Black Sea and Zagros
Mountains. Thus, while this model predicts significant
increases in precipitation in these zones, not all GCMs did,
and a higher level of uncertainty is associated with these
changes. During autumn, the GCM ensemble predicts a
significant increase in precipitation in the Zagros Mountains region in agreement with MM5, although only a
portion of this area is significant at the 0.9 level. Another
Fig. 5 MM5/CCSM modeled
change in seasonal mean precipitation (2095–2000). The
0.9 (0.99) significance level is
indicated by the thin (thick)
dotted line
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feature of the change in precipitation present in the regional
climate model and the GCM ensemble is an increase over
Saudi Arabia during summer and autumn which is
associated with the intertropical convergence zone (ITCZ)
having moved northward, into the domain, during the
century.
The monthly precipitation climatology for early and late
twenty-first century conditions, for each subregion, can be
seen in Fig. 6. The Black Sea region experiences a large
increase in winter precipitation, with around five times as
much precipitation falling by late twenty-first century. The
model underestimated the present-day precipitation in this
area by around half (Fig. 3), so this change represents a
substantial increase over present-day observed precipitation
of around 2.5 times. This is by far the largest change
predicted by the model for any subregion, and it must be
remembered that it is an area of strong disagreement among
GCMs (see Evans 2009) and therefore high uncertainty.
The Caspian Sea subregion also shows large increases,
particularly in winter. While substantial increases in
precipitation are seen in spring and autumn, the precipitation maximum has moved to winter by late century. The
Mediterranean subregion experiences an overall decrease in
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Fig. 6 MM5/CCSM modeled
monthly mean precipitation for
early and late twenty-first
century

precipitation, particularly during spring. The Fertile
Crescent subregion changes little except for an increase
in the late summer/early autumn precipitation which
currently is the driest time of year. In the Zagros
Mountains subregion, the summer remains dry, but
increases are seen at other times of year, particularly
during late autumn/early winter. The Saudi desert
subregion is predicted to have significant precipitation
during the summer/autumn transition. In each case, the
changes predicted could have serious implications for
agriculture and urban water supply.
Compared to the climate change predictions given by
the ensemble of GCM simulations using the SRES A2
emissions scenario (Evans 2009), this RCM-predicted
change displays much more spatial variation within the
domain. While domain-wide mean changes are similar,
significant differences occur in some locations. The absence
of the Caucuses Mountains in the GCMs means that the
RCM produces significantly different results in areas
affected by them, including the Eastern Black Sea. Here,
the RCM produces more precipitation, much of which is
snow, that produces a slight cooling compared to the overall
warming throughout the domain. Another significant
difference is the large area of decreasing precipitation
simulated by the GCMs that extends over the Eastern
Mediterranean, Turkey, Syria, Northern Iraq, and Northeastern Iran. In the RCM, this area of decrease is confined
to the Eastern Mediterranean and Turkey, while Northern
Iraq and Northeastern Iran experience an increase in
precipitation due to water vapor transported into the area
by the Zagros mountain barrier jet (Evans 2008). This
phenomenon occurs on a scale too small to be resolved by
the GCMs.

4.1 Monthly indicators of precipitation processes
This section investigates the extent to which storm track
location, topography, and atmospheric stability explain the
modeled precipitation using a methodology based on that
found in Evans et al. (2004). While the climate change
predicted by these simulations must be interpreted with
caution, they come from only a single possible realization
after all, they do provide the opportunity to examine possible
changes in precipitation-triggering mechanisms that could be
brought about by global warming. The results presented in
this section are based purely on model output and hence any
connections with reality are only cautiously made given the
limitations of the model simulation as evaluated in previous
sections. To identify the intensity of passing storms, two
proxies are defined on a monthly basis. The first is the
standard deviation of the daily 500-hPa geopotential height
(sdgp), while the second is the standard deviation of the daily
500-hPa kinetic energy (sdke). The kinetic energy present is
obtained through the magnitude of the horizontal wind field
(KE=1/2 mv2), which is then band-pass-filtered to isolate
events with duration between 2 and 7 days. A symmetric set
of weights similar to that found in Trenberth (1991) is used
to perform the filtering. The standard deviation of this bandpass-filtered KE is equivalent to the eddy kinetic energy.
These storm track indices correlate well with each other
through most of the domain. To identify the influence of
topography, we define a topographic index, ψ, as:
y ¼~
lwv  rh

ð4Þ

where ~
lwv is the flux of water vapor and h is the topographic
elevation. By setting any negative values to zero, this index
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provides a measure of the flux of water vapor moving
upslope and ignores the water vapor moving downslope. An
atmospheric stability index, φ, is calculated as the difference
between the equivalent potential temperature of a nearsurface (lowest sigma level) air parcel, q se , and the equivalent
potential temperature of an air parcel at 500 hPa, q 500
e .
ϕ ¼ qse  q5e 00

ð5Þ

φ is zero when the near-surface potential convective
energy, as indicated by q se, is equal to the potential
convective energy aloft indicated by q500
e . Negative values
of φ are also set to zero, as these represent stable conditions
that do not contribute to precipitation. If φ is positive, then
more potential convective energy exists at low levels,
indicating potential instability of the atmosphere. All
indicators are calculated as a mean value for the specified
region for each month.
The four indicators used here represent phenomena
which can act together to produce precipitation. In order
to find what combination of indicators produces the best
predictor of monthly precipitation, a multivariable stepwise
linear regression with a 0.05 significance cutoff was
performed for each region, that is, variables are added and
removed from the regression based on whether their
significance, measured using an F statistic, is better than
the 0.05 cutoff. Hence all variables reported in Table 5 are
significant at least to the 0.05 level. Note that due to the
way the indices have been defined, only positive coefficients have physical meaning and are allowed. The
resulting best model for each subregion can be found in
Table 5 along with the corresponding correlation coeffiTable 5 Dominant precipitationtriggering mechanisms statistical
model
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cient. The best statistical models are shown for MM5/
NNRP, as this best represents current precipitation, as well
as MM5/CCSM and MM5/CCSM95 which show the
simulated models for early and late twenty-first century,
respectively. The results shown in Table 5 for MM5/NNRP
can be compared to those shown in Table 7 of Evans et al.
(2004), though those results are for a different RCM
simulating a time period 10 years earlier. Taking into
account slight changes in the definitions of φ and ψ, the
dominant precipitation mechanisms identified are remarkably similar, suggesting little change in the dominant
mechanisms over this time frame.
Storm track is the dominant precipitation predictor for
the Black Sea subregion, both currently and late in the
twenty-first century. Late in the twenty-first century, the
coefficients of the storm track indices have increased
significantly, indicating that for the same variation in
geopotential or kinetic energy more precipitation is produced. This is caused by the presence of more water vapor
in the systems as they pass, producing higher precipitation
totals, as is expected in a globally warmed world. It is also
consistent with a change in storm track noted for this area
(see Bengtsson et al. 2006; Lambert and Fyfe 2006; Evans
2009) such that the number of low pressure systems
approaching this subregion by crossing the Taurus Mountains from the south (low water vapor) decreases, while the
number approaching from across the Black Sea (high water
vapor) increases. It is worth noting that the precipitation
increase in this region is not seen in the GCM ensemble
presented in Evans (2009). This is at least partly due to the
lack of a Caucuses Mountain range in the GCMs (see

Region

RCM

Precipitation model

R2

Black Sea

MM5/NNRP
MM5/CCSM
MM5/CCSM95
MM5/NNRP
MM5/CCSM

0.85+0.93sdgp
−20.23+0.23sdgp+0.39sdke
−79.09+1.05sdgp+1.21sdke
−18.98+1.01sdgp
−8.80+0.52sdgp

0.35
0.44
0.70
0.43
0.23

MM5/CCSM95
MM5/NNRP
MM5/CCSM
MM5/CCSM95
MM5/NNRP
MM5/CCSM
MM5/CCSM95
MM5/NNRP
MM5/CCSM
MM5/CCSM95
MM5/NNRP
MM5/CCSM
MM5/CCSM95

−64.74+0.70sdgp+562.78ψ
−15.84+0.77sdke
−36.52+0.59sdgp+72.14ψ
−9.19+160.86ψ
−39.36+0.84sdke+96.50ψ
−14.02+0.20sdgp+0.15sdke
−33.29+0.37sdgp+191.97ψ
−18.68+111.63ψ
−10.37+0.25sdgp+12.20ψ
−10.83+69.14ψ
−3.00+6.91φ+0.08sdke
−0.63+0.03sdgp
−20.35+8.09φ+0.39sdgp

0.27
0.39
0.43
0.21
0.65
0.34
0.31
0.49
0.39
0.26
0.47
0.16
0.77

Caspian Sea

Mediterranean Sea

Fertile Crescent

Zagros Mountains

Saudi desert
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Fig. 1c). This means that the path with the lowest energy
requirements for air parcels approaching the eastern Black
Sea from the west is a deviation to the north, around the
topography that is present. The RCM has a clear Caucuses
Mountain range that splits air parcels approaching from the
west such that some deviate north of the range while the
rest deviate south. The parcels forced south become trapped
by converging tall mountain ranges and are forced to
ascend, causing precipitation.
The Caspian Sea subregion precipitation is dominated by
movement of storms through the area during the early
twenty-first century. By late century, the dominant mechanism is upslope flow which accounts for almost two thirds
of the achieved R2. The storm tracks remain a significant
influence, though diminished in their importance.
The storm track indices dominate the present-day
precipitation mechanisms for the Mediterranean subregion.
According to MM5/CCSM, some significant contribution is
provided by the upslope flow as well. By late century, the
dominant mechanism is the upslope flow, though it has a
lower R2. Again, the previously mentioned change in storm
tracks away from the eastern Mediterranean plays an
important role.
The Fertile Crescent subregion contains much of the
headwaters for the Euphrates and Tigris rivers. Present-day
precipitation is dominated by storm track and upslope flow
conditions. These remain the dominant mechanisms late in
the twenty-first century, though the upslope flow becomes
more important and accounts for around 90% of the
achieved R2. This dominance of the upslope flow in
triggering precipitation is due largely to an increase in the
water vapor transport into the area by a mountain barrier jet
forming above the slopes of the Zagros mountains (Evans
2008). This strong southeasterly flow becomes upslope
flow where the northwest/southeast-oriented Zagros mountains meet the west/east-oriented mountains of Anatolia in
Turkey.
The Zagros Mountain subregion precipitation is dominated by upslope flow at all times. MM5/CCSM found a
significant contribution also came from the sdgp storm
track indices. As with the Caspian Sea, the Mediterranean
Sea, and Fertile Crescent subregions, the Zagros Mountains
subregion is affected by the movement of storm tracks
away from the eastern Mediterranean, and instead of being
directly influenced by the passage of storm centers, all of
these subregions become more dependent on the transport
of water vapor to the subregion and the subsequent lifting
produced by mountains within each region.
The Saudi desert subregion precipitation is dominated by
atmospheric stability and storm track activity. MM5/CCSM
finds no relationship with stability, though it has a very low
R2 and predicts a total of less than 10 mm of precipitation
annually. By late century, the atmospheric stability plays
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the largest role, being responsible for over 90% of the R2
achieved. This large increase in importance of the atmospheric stability is the cause of the late summer/early
autumn precipitation peak and is related to the influence of
the ITCZ as it moves northward during the century.

5 Conclusions
In this study, the ability of a regional climate model, based
on MM5, to simulate the climate of the Middle East at the
beginning of the twenty-first century is assessed. The RCM
displays a negative bias in temperature throughout the year
and over most of the domain. It does, however, better
capture the spatial variability present than its driving global
model, as is expected due to its higher spatial resolution.
While the RCM does a good job of simulating the
precipitation for most of the domain, it performs relatively
poorly over the southeast Black Sea and southwest Caspian
Sea. These areas contain steep topography, high mountains,
and extensive shorelines, and it appears that the 27-km
resolution of the RCM is not high enough to capture these
variations. This highly varied terrain also increases the
uncertainty associated with the interpolation of point
observations such that the RCM is being evaluated against
more uncertain observational fields.
The RCM was evaluated against observations when
driven by boundary conditions from the NCEP/NCAR
reanalysis (NNRP) and the CCSM3 GCM. The RCM
driven by NNRP performed best as expected since the
reanalysis is constrained by observations. Without observational nudging, the CCSM-driven simulation, while worse,
performs well, being only slightly worse than the
reanalysis-driven simulation in most cases. Over the
Eastern Black Sea region, the (relatively small) seasonal
cycle is simulated better in CCSM than NNRP.
The RCM was also used to investigate the effects of
global warming. Using boundary conditions obtained from
CCSM3, the RCM was run for the first and last 5 years of
the twenty-first century. The results show widespread
warming that is smaller in winter (~2 K) and stronger in
summer (~6 K). There is a maximum warming of ~10 K in
interior Iran in summer. This region is quite dry and
increases in temperature are not moderated by increases in
evapotranspiration. It also found some cooling in the
southeast Black Sea region during spring and summer that
is related to increases in snowfall in the region, a longer
snowmelt season, and generally higher soil moisture and
latent heating through the summer. The results also show
widespread decreases in precipitation over the eastern
Mediterranean and Turkey. Precipitation increases were
found over the southeast Black Sea, southwest Caspian Sea,
and Zagros mountains regions during all seasons except
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summer, while the Saudi desert region receives increases
during summer and autumn.
The dominant precipitation-triggering mechanisms were
also investigated for regions of precipitation extrema. The
general trend in the dominant mechanism reflects a change
away from the direct dependence on storm tracks and
towards greater precipitation triggering by upslope flow of
moist air masses. This change is in agreement with the
decreasing trend in storm tracks for this domain in a
number of GCM analyses. The increase in the absolute
amount of low-level precipitable water due to increasing
temperatures, largely due to increased evaporation over the
water bodies, produces high precipitation amounts if it is
triggered by an external mechanism such as lifting forced
by topography, hence the increased importance of upslope
flow triggering.
In the Black Sea region, the storm track is the dominant
precipitation predictor both currently and late in the
twenty-first century. The change in coefficients indicates
that late in the century, the same storm produces more
overall precipitation than today. In the Caspian Sea region,
storm tracks are the dominant predictor currently. By late
century, they remain a predictor but only a secondary one
compared to the upslope flow. Given the proximity of
coastlines and mountains in these regions, a higher
resolution simulation that was better able to capture sea
breeze phenomena would probably increase the importance of upslope flow further.
The Fertile Crescent region relies on both storm tracks
and upslope flow for the triggering of precipitation
currently and at the end of the century. Currently, storm
tracks are the most important mechanism, but by the end of
the century, the upslope flow dominates. This is caused
largely by an increase in the number of events dominated
by water vapor transport into the area by a mountain barrier
jet forming above the slopes of the Zagros mountains.
Precipitation in the Zagros mountains region is dominated
by upslope flow at all times. By late in the century, this
region also experiences an increase associated with an
increase in these mountain barrier jet-related events.
The increase in precipitation in the Saudi desert region is
triggered by changes in atmospheric stability brought about
by a small northward movement of the ITCZ, allowing it to
intrude into the southernmost portion of the domain. This
decrease in stability combined with an increase in low-level
water vapor produces precipitation increases mostly in the
transition seasons.
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