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Abstract This study examined the performance and future predictions for the Mid-
dle East produced by 18 global climate models participating in the Intergovernmental
Panel on Climate Change Fourth Assessment Report. Under the Special Report on
Emission Scenarios A2 emissions scenario the models predict an overall temperature
increase of ∼1.4 K by mid-century, increasing to almost 4 K by late-century for
the Middle East. In terms of precipitation the southernmost portion of the domain
experiences a small increase in precipitation due to the Northward movement of
the Inter-Tropical Convergence Zone. The largest change however is a decrease in
precipitation that occurs in an area covering the Eastern Mediterranean, Turkey,
Syria, Northern Iraq, Northeastern Iran and the Caucasus caused by a decrease in
storm track activity over the Eastern Mediterranean. Other changes likely to impact
the region include a decrease of over 170,000 km2 in viable rainfed agriculture land
by late-century, increases in the length of the dry season that reduces the length of
time that the rangelands can be grazed, and changes in the timing of the maximum
precipitation in Northern Iran that will impact the growing season, forcing changes
in cropping strategy or even crop types.

1 Introduction

Since a coordinated international attempt to mitigate global warming remains elu-
sive, accurately predicting the impacts on a regional scale in order to assist adaptation
efforts is increasingly important. This is especially true in parts of the world where
rapid, large scale adaptation may prove too costly and instead efforts need to
be introduced gradually through time. To facilitate gradual adaptation, accurate
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predictions of the regional impacts of global warming as far into the future as possible
are required.

In this paper an analysis of climate change in the Middle East during the 21st
Century as predicted by 18 Global Climate Models (GCMs) is performed. The
simulations were run as part of the Intergovernmental Panel on Climate Change
Fourth Assessment Report (IPCC AR4). They used 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. The A2 scenario is chosen as it reports the
largest changes by the end of the century and was performed by most of the models.
In this scenario the world remains relatively heterogeneous in terms of technological
development, social and political structures and income distributions. The fuel mix
in different regions is determined primarily by resource availability. More details
concerning all the SRES scenarios can be found in IPCC (2000).

The Middle East is largely arid to semi-arid and fresh water is often a scarce
and precious resource. The combination of a stressed fresh water resource and
rapid population growth, substantially increases the vulnerability of the region to
future climate change. Simulating the climate of the region is a challenge for climate
models (Evans et al. 2004), due in part to the high natural inter-annual variability,
the topography of the region which includes multiple mountain ranges and inland
seas, and the presence of a slight cooling trend in recent decades despite the global
trend being a warming. Mann (2002) suggests that “natural variability has masked
the influence of possible anthropogenic climate forcing in the past, but will not mask
stronger projected trends in the future.” The Middle East domain used in this study
is shown in Fig. 1.

This study seeks to quantify the projected 21st Century climate change in the
Middle East, including the uncertainty associated with this. First, GCM performance
is assessed against observational datasets of temperature and precipitation for the
late 20th Century and the first 5 years of the 21st Century (Section 3). GCM
projections for the middle and end of the 21st Century are then analyzed in Section 4.
It is important to note that this study analyses data from global models only. The
course resolution of these models means that relatively small scale effects, which
may be important at particular locations, are not included in the simulations. This
would include effects such as sea breezes, valley flows or mountain wave generation.
Among other causes, poor resolution of topography and land surface type appear to
be most important.

2 Models and data

This study uses output from coupled Ocean-Atmosphere GCMs for the IPCC
AR4 archived at the Earth System Grid (http://www.earthsystemgrid.org/home/
home.htm). Eighteen GCMs provide output from a 21st Century SRES A2 emission
scenario simulation. Seven models provide up to five ensemble members for the
SRES A2 scenario. Some models included the year 2000 in their 20th Century model
simulations (20C3M). In this case the 20C3M data (taken from the appropriate
ensemble member) is used to bring the SRES A2 simulation data back to the
beginning of the year 2000. Details are shown in Table 1.

http://www.earthsystemgrid.org/home/ home.htm
http://www.earthsystemgrid.org/home/ home.htm
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Fig. 1 Middle East domain showing topography

Four global observational datasets were used to assess the GCMs performance at
the beginning of the 21st century. The HadCRUT2v dataset (Jones and Moberg 2003;
Rayner et al. 2003) is a 5 × 5◦ surface temperature dataset created and maintained at
the Climate Research Unit (CRU) in the UK. The GISTEMP dataset (Hansen et al.
1999, 2001) is a global surface temperature anomaly dataset created and maintained
at the National Aeronautics and Space Administration (NASA)/Goddard Institute
for Space Studies in the USA. It is converted to absolute temperatures by calculating
the mean temperature for the correct base period using HadCRUT2v. The CMAP
(Xie and Arkin 1997) dataset is a 2.5 × 2.5◦ precipitation dataset created and
maintained at the Climate Prediction Center in the USA. The global precipitation
climatology project (GPCP) dataset (Adler et al. 2003) is a 2.5 × 2.5◦ precipitation
dataset created and maintained at the NASA/Goddard Space Flight Center’s Labo-
ratory for Atmospheres in the USA.

It should be noted that these datasets have been chosen for their global, quality
controlled and peer reviewed nature as well as their temporal coverage. They are
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however of low spatial resolution and as such do not capture the structure in fields
such as precipitation. Previous work (Evans et al. 2004) used monthly climatology of
quality controlled surface station data with spatial interpolation to produce fields of
precipitation and temperature. This data reveals some relatively small precipitation
features including fairly narrow bands of precipitation maxima on the Eastern coast
of the Mediterranean, the South-eastern coast of the Black Sea and the South coast
of the Caspian Sea. In each case the combination of a sea coast and mountain range
in close proximity serves to enhance precipitation in the region. At GCM scales such
features are difficult, if not impossible, to capture and perhaps a higher resolution,
regional climate model ensemble would be necessary to address these features. Here
I restrict the analysis to datasets with resolutions similar to the GCMs which have
already aggregated these small features.

3 Model evaluation

Several statistics are used to evaluate model performance using observational
datasets. The bias, root mean square error (RMSE) and the modified coefficient of
Efficiency. The RMSE is given by

RMSE =
√
√
√
√

1

N

N
∑

i=1

(Oi − Mi)
2 (1)

where N is the number of observed, O, and modeled, M, values being compared.
The modified coefficient of efficiency (Eq. 2), E, was proposed by Legates and

McCabe (1999) as a more stringent measure of model skill than the coefficient of
determination, R2. Unlike the R2, E is sensitive to both additive and proportional
differences between the model simulations and observations. The modified coeffi-
cient of efficiency is calculated as

E = 1.0 −

N∑

i=1
|Oi − Mi|

N∑

i=1

∣
∣
∣Oi − O

∣
∣
∣

(2)

where Oi are the observations, O is the observational mean and Mi is the monthly
modeled values, all of which are taken as areal averages over the Middle East
domain. In Eq. 2 N is the number of months modeled. The coefficient of efficiency, E,
first defined by Nash and Sutcliffe (1970), was designed to range from minus infinity
to 1.0, with higher values indicating better agreement. According to Eq. 2 E = 0.0
if the differences between the model simulation and the observations are as large
as the differences between the observations and the climatology. If this modeled
difference exceeds the observational difference then E < 0.0. Thus, a value of zero
for the modified coefficient of efficiency indicates that the climatological mean is as
good a predictor as the model, while negative values mean that the climatological
mean is a better predictor than the model.

The results for each model (20C3M runs) evaluated against the CRU temperature
data from 1950 to 1999 are shown in Fig. 2. Included in this figure are statistics
for the NCEP/NCAR Reanalysis (NNRP), the GISTEMP observational dataset
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Fig. 2 1950–1999 monthly
temperature statistics. Bias
and RMSE have units K

and the multi-model ensemble (MME). It is worth noting that the NNRP is a
model constrained by observations, while there is a relatively sparse network of
observations in the Middle East it still represents perhaps the best performance that
may be achieved with a model. The observational datasets and NNRP all agree
with each other with good scores in all three statistics. Most models have a cold
bias over the Middle East especially the PCM which has by far the worst, being
∼5 K colder than the observations and at least 2 K colder than the next worst
model. The BCC model has the worst RMSE, nearly twice as large as the next worst
model (not including the PCM). Both of these models produce Efficiency scores far
smaller than any other model and hence are outliers, they are not included in the
multi-model ensemble throughout this paper. In general the models reproduce the
observed temperature in the Middle East over the second half of the 20th Century
quite well. Very similar results are obtained when investigating the first 5 years of
the 21st Century (SRESA2 runs) with BCC and PCM being the outliers while all the
other models do a reasonably good job.

The results obtained by evaluating the model performance (20C3M runs) against
the CMAP precipitation dataset from 1979–1999 are shown in Fig. 3. In this case
there are significant differences between the observational datasets with GPCP
demonstrating a bias that is greater in absolute terms than several models. The
observational datasets do, however, agree with each other more than with any of the
models, with GPCP demonstrating the smallest RMSE and the highest Efficiency.
In general the models have a significant negative bias in the precipitation rate
to accompany the negative bias in temperature. Only MIUB, HADCM3, MRI
and CCSM obtain Efficiency scores significantly greater then zero. Several others,
including the NNRP, obtain Efficiency scores very close to zero indicating that
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Fig. 3 1979–1999 precipitation
rate statistics. Bias and RMSE
have units 10–5 kgm-2s-1

E

they only manage to do as well as the long term mean. It is worth noting that the
multi-model mean outperforms all but one of the individual models, including the
NNRP. The BCC model performs the worst. It fails to capture the correct seasonal
cycle, unlike every other model. The statistics calculated on the first 5 years of the
21st Century (SRESA2 runs) contain similar results with the best models being the
CCSM, MIUB and MRI.

4 Global warming predictions

Three distinct 10 year periods are used to assess the simulated changes in the
region due to global warming under the SRESA2 scenario: the present day (2000–
2009); mid-century (2045–2054); and late-century (2090–2099). The three periods are
referred to as 2005, 2050 and 2095 respectively throughout this paper. The multi-
model ensemble is created by averaging across all 34 SRESA2 simulations whose
data was made available and were not outliers compared to 20th Century data. This
method does not treat all GCMs equally as only some provided multiple simulations
within the SRESA2 scenario. The analysis was also performed using a multi-model
ensemble created by first averaging ensemble members for each particular model be-
fore averaging across models. The multi-model ensemble that treated all simulations
equally, rather than models, performed slightly better compared to observations and
is reported here. It is worth noting that the conclusions remain the same regardless
of the method chosen to perform the multi-model ensemble. Table 2 shows the
domain average multi-model ensemble mean change in annual temperature. The
temperature is predicted to increase by 1.41 K in the first half of the 21st Century, and
by an additional 2.54 K in the second. For both changes the standard deviations of
the change in the multi-model ensemble is small compared to the change itself and
are statistically significant at the 0.95 level for mid-century and 0.99 level for late-
century based on a Student’s t-test. These changes are consistent with changes found



426 Climatic Change (2009) 92:417–432

Tabel 2 Multi-model ensemble mean change in annual temperature and precipitation in the
Middle East

Temperature (K) Precipitation (mm)

2050–2005 2095–2005 2050–2005 2095–2005

Mean change 1.41 3.95 −8.42 −25.45
SD 0.32 0.73 16.08 28.66

using a Bayesian probabilistic multi-model ensemble (Greene et al. 2006) showing
their robustness to statistical technique.

The largest increases in temperature occur over land farthest from the water
bodies while the smallest increases occur over the water bodies themselves (Fig. 4).
By late-century the Eastern Mediterranean and Black Seas have warmed almost 2 K
less than the largest changes over land, while the Persian Gulf and Red Sea warm
considerably more than the other water bodies. The northern water bodies convert
a larger proportion of the newly available energy into latent heat than the southern
water bodies causing them to warm at different rates. Seasonally the temperature
increases are larger in summer than in winter. The differential heating between the
water bodies and nearby land may increase the sea breeze effect and since many
shorelines in the domain are close to mountains there is potential for increasing
upslope flow and related precipitation. This effect occurs on a scale too small to be
captured by the GCM simulations however.

While reasonable confidence can be placed on the prediction of overall warming
along with its distribution, predictions of changes in precipitation are far less certain.
By mid-century the multi-model ensemble predicts a decrease of over 8 mm per year,
and by late-century it predicts a decrease of more than 25 mm (Table 2). In both
cases the standard deviation of the change in the multi-model ensemble is larger
than the change itself with some models even predicting increases in precipitation.
For example, the three models that perform best compared to observations: CCSM,

Fig. 4 Change in mean annual temperature
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MIUB and MRI; predict changes of +26.9, −40.8 and −33.2 mm respectively. Much
of the difference between these models occurs in the Zagros Mountains where
the higher resolution CCSM predicts an increase while MIUB and MRI predict
decreases. While the inter-model differences in the domain wide average are too
large to give the resulting changes significance, closer inspection spatially reveals
regions of significant change.

Figure 5 shows plots of the change in precipitation predicted by the multi-model
ensemble. The hue shows the change in absolute amount (millimeter per year),
the saturation/intensity shows the percent of present day precipitation this change
represents, and the dashed contours show the 0.9, 0.95 and 0.99 significance levels
for the change calculated using a Student’s t-test. The domain is essentially split into
two portions with the southernmost region experiencing modest increases in pre-
cipitation amount that represents a sizable percentage of the current precipitation.
This increase is related to the influence of the Inter-Tropical Convergence Zone in
summer, as its northernmost extent moves further north throughout the century.
While much of this area increases precipitation by more than 25% by late-century
only a very small subsection proves to be statistically significant. It is worth noting
that even with these increases the precipitation totals in these areas remain below the
200 mm isohyet which is generally considered the minimum for rainfed agriculture in
this region.

The other portion is dominated by a decrease in precipitation. It covers much
of the Northwest of the domain including Turkey, the Eastern Mediterranean and
Syria and stretches across Northern Iraq into Northwestern Iran. The predicted
precipitation decrease is significant at the 0.95 level for much of Western Syria by
mid-century, and by late century it is significant at the 0.99 level for much of the
area experiencing a decrease. Decreases larger than 125 mm and 25% of current
precipitation are found in Southwestern Turkey. This is consistent with decreasing

-55 -45 -35 -25 -15 -5 5 15
mm mm

12.5
2.5% %

25
5

-110 -90 -70 -50 -30 -10 10 30

Fig. 5 Change in precipitation. Hue shows the change in millimeter per year. Saturation/intensity
shows the change as a percentage of the 2005 precipitation. Dashed contours show significance levels
with increasing thickness indicating the 0.9, 0.95 and 0.99 levels respectively
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storm track density and intensity found for this region given global warming using the
ECHAM5 model (Bengtsson et al. 2006) under the SRES A1B scenario which tends
to have smaller changes than the SRES A2 scenario investigated here. Following
Evans et al. (2004) the change in storm track activity was estimated using the
standard deviation of the daily 500 hPa kinetic energy, band pass filtered to isolate
events between 2 and 7 days, and calculated for simulations of CCSM, MIUB and
MRI. All three models show decreasing activity over the Eastern Mediterranean
but disagree elsewhere in the domain. Another investigation of this change was
performed using the methodology of Lambert and Fyfe (2006) on simulations of
CCSM, MIUB and MRI. In this method a cyclone is assumed to exist at every local
minima of the daily mean sea level pressure field. Globally Lambert and Fyfe found
that the global warming simulations contained fewer events overall but an increase
in the number of intense events. Over the Middle East the results indicate a decrease
in cyclonic activity of ∼18% by late 21st Century compared to current. No intense
events, as defined in Lambert and Fyfe (2006), were found. While the accuracy of the
filtered variance method over the Mediterranean is questionable, all three methods
indicate that it is this decrease in cyclonic activity over the Eastern Mediterranean
region that causes the decrease in precipitation.

These changes in precipitation have important impacts on agriculture in the
region. More directly it is changes in available moisture, largely soil moisture, which
impacts agriculture. Here the discussion is limited to the impacts of changes in pre-
cipitation rather than changes in soil moisture or changes in the difference between
precipitation and evapotranspiration (P–E), for several reasons: Only temperature
and precipitation could be evaluated with observations providing a measure of their
reliability; Transpiration is a highly non-linear process that can vary substantially
between varieties of plants and is only crudely represented within the GCMs; Due to
biological controls, transpiration tends to move in the same direction as precipitation
and the non-linearity of this system makes changes in P–E difficult to interpret;
Focusing on precipitation allows investigation of the supply of water which is a vital
component of the effects on agriculture, while avoiding the difficulties and subtleties
of accounting for and interpreting biological behavior that is not addressed in detail
by GCMs.

This precipitation decrease spans the current transition zone for viable rainfed
agriculture. While the annual precipitation limit for viable agriculture depends on
many things including soil type, crop type etc, Evans and Geerken (2004) used
satellite data to determine the rainfed agriculture limit in Syria and found it to lie
very close to the 200 mm isohyet. Thus, using the 200 mm isohyet to indicate the limit
of rainfed agriculture and a 0.9 significance level as the cutoff, this change represents
a decrease of over 8,500 km2 in viable rainfed agriculture land by mid-century. By
late-century this change, at the 0.9 significance level, represents a decrease of over
170,000 km2 in viable rainfed agriculture land spread over Israel, Lebanon, Syria,
Iraq and Iran. This is equivalent to a northward movement of the 200 mm isohyet of
∼75 km. Of course, under a changed climate the 200 mm isohyet may no longer
provide a good estimate for the limit of rainfed agriculture as this limit depends
on complicated interactions between precipitation amount and timing, temperature
and vegetation growth stages. The most common rainfed crops in this region are
winter wheat and barley which require around 1,400 and 1,600 growing degree days
(GDDs) respectively (Miller et al. 2001). Given the increased temperatures during
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Fig. 6 Change in the length of dry season. Dashed line shows the 0.95 significance level

winter there is the potential for increased plant growth. GDDs were calculated for
CCSM, MIUB and MRI. All the models predict a general increase with considerable
spatial variation. In proximity to the 200 mm isohyet an increase of around 200
GDDs is predicted for winter. This corresponds to the crops reaching maturation
about 2 weeks earlier in the spring. Thus the crops will be less affected by changes in
spring precipitation which is predicted to decrease by ∼25%. In order to achieve this
extra growth however there must still be enough precipitation during winter when
the largest decreases in precipitation are predicted.

Regions below but close to the 200 mm isohyet are commonly used for seasonal
grazing in the Middle East. In these areas a primary constraint is the length of dry
season which indicates the length of time that animals cannot graze an area. Figure 6
shows the predicted change in the length of the dry season. Large parts of Syria and
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Fig. 7 Timing of maximum precipitation. Hue represents the timing in months while the satura-
tion/intensity represents the amount of the maximum monthly precipitation (millimeter). Asterisk
shows the location plotted in Fig. 8
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Fig. 8 Mean monthly
precipitation time series for
the point in Fig. 7

Iraq experience significant increases in the length of dry season of ∼2 months by late-
century. While increases in the GDDs means there may be little change in the total
biomass production, the lengthening dry season results in a substantial decrease in
the time the rangelands are grazable and may require increasing the importation of
water and feedstuffs or decreasing the herd sizes.

Another aspect of precipitation of considerable importance to agriculture is the
timing of the maximum monthly precipitation. Figure 7 shows the timing of the
maximum precipitation for present day, mid-century and late-century. Most areas
experience no change in the timing of the maximum. Northern Iran however, experi-
ences a massive shift in the timing from April to November. Currently the November
maximum zone is restricted to the Caspian coast while most of Northern Iran is
dominated by April precipitation which allows the vegetation to peak in April/May.
Through the century the April precipitation decreases while the November precipi-
tation increases and eventually dominates (Fig. 8). A change of this magnitude in the
timing may have profound effects on the viable cropping strategies and even crop
types for the region despite a small change in the annual total precipitation.

5 Conclusions

This study examined the performance and future predictions for the Middle East
produced by 18 GCMs participating in IPCC 4th Assessment Report. Evaluation
of the GCMs against observational datasets of temperature and precipitation in the
second half of the 20th Century and beginning of the 21st Century found the BCC
and PCM models to perform particularly poorly in this region. The BCC model
fails to capture the correct seasonal cycle in precipitation, while the PCM has a
large cool bias in temperature. All the other models perform reasonably well in
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terms of temperature. The simulation of precipitation is generally worse than that
of temperature with many models not performing as well as the long term mean. The
CCSM, MIUB and MRI models perform best in terms of precipitation.

Under the SRESA2 emissions scenario the models predict an overall temperature
increase of ∼1.4 K by mid-century, increasing to almost 4 K by late-century. The
smallest increases occur over the large water bodies (from smallest increase: Black
Sea, Mediterranean Sea, Caspian Sea, Red Sea and Persian Gulf) while the largest
increases occur over land farthest from the water bodies.

In terms of precipitation the southernmost portion of the domain experiences
a small increase in precipitation due to the Northward movement of the Inter-
Tropical Convergence Zone. The largest change however is a decrease that occurs
over an area covering the Eastern Mediterranean, Turkey, Syria, Northern Iraq,
Northeastern Iran and the Caucuses. By mid-century significant decreases are seen
in Western Syria and nearby Turkey while by late-century significant decreases have
occurred throughout this region. The largest decreases occur over Southwestern
Turkey with decreases of over 125 mm annually representing more than 25% of
current precipitation. This decrease is caused by decreasing storm track activity in
the Eastern Mediterranean region.

Changes other than the total amount of precipitation are also important for
food production in the region. Using the 200 mm isohyet to represent the limit
of rainfed agriculture, this change represents a decrease of over 170,000 km2 in
viable rainfed agriculture land by late-century. Increases in the length of the dry
season substantially reduce the length of time that the rangelands can support grazing
animals. Changes in the timing of the maximum precipitation in Northern Iran will
significantly impact the growing season, forcing changes in cropping strategy or even
crop types.

The combination of predicted changes found in this study will require significant
adaptation by the countries in the region. The study focused on the SRESA2
emissions scenario which, by the end of the century has the largest increase in global
warming gases and is perhaps representative of the outcome if we continue with
“business-as-usual”. With concerted international action some of these changes may
be delayed significantly or even averted.
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