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Abstract The performance of a regional climate model
RegCM4.3.4 (RegCM4) in simulating the climate characteristics
of the Middle East and North Africa (MENA) region has been
evaluated. The simulations carried out in this study contribute to
the joint effort by the international regional downscaling com-
munity called Coordinated Regional climate Downscaling Ex-
periment (CORDEX). The model has been forced with the
boundary conditions obtained from the global reanalysis dataset
ERA-Interim for the period 1979–2010. An east–west cold bias
is found in the northern part of the MENA domain in RegCM4
that is absent in the ERA-Interim driving forcings, whereas a
large warm bias is found over the southern Arabian Peninsula
(Yemen/Oman) for both RegCM4 and ERA-Interim. The possi-
ble causes leading to the warm bias over Yemen/Oman in the
RegCM4 are discussed. The model performed well in capturing
the salient features of precipitation which includes ITCZ, Med-
iterranean cyclones as well as precipitation minima over the
deserts. Moreover, the annual cycles of precipitation and mean
temperature over the prominent river basins of the region have
been ably captured by the model. Temperature-precipitation re-
lationship revealed that the ERA-Interim driving forcings stay
closer to the observations; however, RegCM4 remains compe-
tent for most of the Koppen-Geiger climate classification types.
Performance of the model in capturing the near surface winds
and specific humidity is also presented. Based on the results of
this study, it is concluded that RegCM4 is well suited to conduct

long-term high-resolution climate change projection for the fu-
ture period over the CORDEX-MENA/Arab domain.
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Introduction

The Arab region, also called as Middle East and North Africa
(MENA), consists of 22 Arab League countries, has remained
under pressure to adapt to water scarcity and heat waves
throughout the course of the history (WWAP 2012). The an-
cient societies of MENA region, which is also called as Bcradle
of civilization,^ have developed various technical solutions and
institutional mechanisms over the period of time in order to deal
with such constraints. However, the scale at which the havoc of
climate change is looming over the MENA region is alarming,
and its impacts are likely to go beyond the coping range of
many communities and countries (Sowers et al. 2011).

For a region that is already vulnerable to many non-climate
stresses, the multi-faceted impacts of climate change on physical
and socio-economic systems are likely to exacerbate this vulner-
ability, leading to large-scale instability. According to the Inter-
national Panel on Climate Change (IPCC) Fifth Assessment
Report (AR5), most of theMENA region is expected to become
hotter and drier (IPCC 2013). Besides many indirect affects, the
region is specifically susceptible to weather extremes such as
dust storms, heat waves, heavy rainfall, freak flash floods, rising
sea levels, and multi-annual droughts, which are on the rising
trends under climate change (IPCC 2013). Recognizing the vul-
nerability of theMENA region to climate change, on the request
of the Arab Ministerial Water Council and the Council of Arab
Ministers Responsible for the Environment, Arab League and
United Nations joined hands for the creation of RICCAR
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(Regional Initiative for the assessment of Climate Change im-
pacts onwater resources and socio-economic vulnerability in the
Arab Region). This regional initiative aims at assessing the im-
pact of climate change on water resources and its associated
implications for socio-economic vulnerability in the MENA re-
gion which can be found in Almazroui (2015).

The first challenge in RICCAR initiative was to construct
the information of changes in the future climate for the Arab
region (Almazroui 2015). Today, coupled Atmosphere Ocean
General Circulation Models (AOGCMs), representing physical
processes in the atmosphere, ocean, cryosphere, and land sur-
face, are considered to be themost advanced numerical tools for
simulating the global climate system for both the present and
future periods. The typical horizontal resolution of AOGCMs is
about 200–300 km, and many regional-scale climatic processes
go beyond the scope of AOGCMs (Murphy and Mitchell
1995). The horizontal resolution of the AOGCMs used in the
recent AR5 is in the order of 100–200 km (IPCC 2013). How-
ever, AOGCMs in conjunction with nested Regional Climate
Models (RCMs) have the potential to provide geographically
and physically consistent estimates of regional climate informa-
tion which are required in impact analysis (Giorgi and
Hewitson 2001; Jones et al. 2004). In the last decade, a rapid
growth in the development and application of RCMs has been
observed. The higher resolution simulations of RCMs have
become less expensive than AOGCMs due to a limited model
domain. RCMs now run on a grid size between 50 to 10 km and
on time scales up to 150 years (Jacob et al. 2007; Saeed et al.
2012). Today, this technique is becoming popular among the
developing countries as well (Pal et al. 2007). A brief review of
regional climate modeling, from its ensuing stages in the last
1980s to the recent past, can be found in Giorgi (2006).

The World Climate Research Program (WCRP) has initiated
a coordinated effort with the international regional downscaling
community in order to provide an ensemble of high-resolution
regional climate projections to be used for studying the impacts
of climate change in different parts of the world. This effort,
referred to as CORDEX (COordinated Regional climate Down-
scaling EXperiment), currently involves more than 20 regional
climate modeling groups around the globe. Considering the
acute vulnerability of the MENA region to climate change, this
region is considered to be a region which has been neglected in
most of the earlier climate studies in general and regional climate
modeling studies in particular. Therefore, the first step in
RICCAR initiative was to develop high-resolution climate
change scenarios for this region using RCM for further impact
studies. Initially, this initiative was started before CORDEX be-
ing involved. However, it was realized by the partners involved
in the RICCAR activity that in CORDEX alongside with other
regional domains, public and private researchers can pursue re-
gional climate modeling based on a uniform set of limiting
boundary conditions and a common set of assumptions that
allows for inter-comparison and exchange on climate change
projections conducted at the Arab regional level. Therefore, the
initiative was officially recognized by CORDEX and given the
domain name as CORDEX-MENA/Arab (Almazroui 2015).

The Abdus Salam’s International Center for Theoretical
Physics (ICTP) Regional Climate Model (RegCM) is con-
sidered to be the first limited area model developed for
long-term regional climate simulation (Giorgi et al. 2012).
This model has been implemented by a large community
for a wide range of regional climate studies, from process
studies (Qian 2008) to paleo-climate and future projec-
tions (Giorgi and Mearns 1999). Although RegCM has

Fig. 1 Orography (in m) of the
RegCM4 domain with
CORDEX-MENA/Arab
boundaries
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Fig. 2 Difference of modeled
and observed (CRU) summer
(JJA) mean air temperature (at
2 m height) in °C; a RegCM4
simulation and b ERA-Interim
driving field
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been implemented for different studies over the parts of
the MENA domain (e.g., Almazroui 2012; Islam and
Almazroui 2012). however, it has not been applied on

the bigger CORDEX-MENA/Arab domain as a whole.
In this study, we are using the fourth version of the mod-
el, RegCM4. The details about this version and the

Fig. 3 Difference of modeled
and observed (CRU) annual mean
air temperature (at 2 m height) in
°C; a RegCM4 simulation and b
ERA-Interim driving field
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improvements from the previous versions in RegCM4.1
can be seen in Giorgi et al. (2012).

Center of Excellence on Climate Change Research (CECCR)
is the only institute inside the Arab region which, along with a
couple of European institutes, is involved in the activity of down-
scaling IPCC AR5 based Inter-comparison Project Phase 5
(CMIP5) multi-model database using RegCM4, in order to pro-
vide the high-resolution climate change information for further
impact and adaptation studies. However, as a first step, the eval-
uation of the ability of RegCM4 to capture the climate features of
the CORDEX-MENA/Arab domain has to be done. Therefore,
in the present study, RegCM4 has been integrated using reanal-
ysis data as boundary forcing to evaluate its performance against
observations in the present climate. This paper has been orga-
nized as follows; the BExperimental setup^ section describes the

experimental setup. Evaluation of results is presented in the
BEvaluation of model results^ section and summary and conclu-
sions are given in the BSummary and conclusions^ section.

Experimental setup

After a few preliminary meetings under RICCAR platform,
the partners agreed upon following two criteria for the selec-
tion of the domain;

1. All the 22Arab League countries should be covered in the
MENA domain. Only exception for this criterion was
Comoros, being too far in the South, and hence left out.

Fig. 4 Precipitation (in mm) accumulated over the summer months (JJA) and averaged over the period 1980–2010; a RegCM4 simulation, b ERA-
Interim driving field, and c CRU observation

Arab J Geosci  (2016) 9:13 Page 5 of 14  13 



2. For the selection of domain, special emphasis was given
to the regions constituting the fresh water flowing into the
MENA region. Therefore, Tigris-Euphrates and Nile have
actually defined the northern and southern extent of the
CORDEX-MENA domain, respectively. Similarly, the
east and west extent are defined following the south Asian
summer monsoon and Atlantic disturbances, respectively.

The final CORDEX-MENA/Arab domain (7° S–45° N and
26° W–76° E) based on Almazroui (2015) is shown in Fig. 1.
RegCM4 has been driven at a resolution of 50 km over this
domain. In the setup, wet option in Grell scheme over land and
the EMAN scheme over oceans (GLEO) has been used as
suggested by Almazroui et al. (2015b). Details of the domain
selection and convection scheme selection can be found in

Almazroui (2015) and Almazroui et al. (2015b). respectively.
Moreover, boundary layer scheme according to Holtslag et al.
(1990) and SUBEX (Pal et al. 2000) moist physics scheme has
been applied. A continuous simulation is made for the years
1979–2010; however, the results are presented for 31 years
from 1980 to 2010 (1979 is spin up year). The lateral bound-
ary conditions have been taken from the global reanalysis data
of ERA-Interim (Simmons et al. 2006) at a horizontal resolu-
tion of approx. 0.7°×0.7° and interpolated to match the model
grid.

To assess the quality of the RegCM4 simulations over the
CORDEX-MENA/Arab domain, the monthly mean tempera-
ture and the monthly mean precipitation from the Climatic
Research Unit (CRU) TS3.21 (referred to CRU, hereafter)
observational dataset are used (New et al. 2000; Mitchell

Fig. 5 Annual accumulated precipitation (in mm) averaged over the period 1980–2010 a RegCM4 simulation, b ERA-Interim driving field, and cCRU
observation
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and Jones 2005). For the analysis, all the three datasets i.e.,
RegCM4, CRU, and ERA-Interim has been interpolated onto
a 0.5°×0.5° global grid.

Evaluation of model results

Temperature and precipitation spatial characteristics

The difference between simulated and observed summer (June
through August) mean air temperature (at 2 m height) over the
CORDEX-MENA/Arab domain is shown in Fig. 2. A clear
cold bias of more than 4 °C can be seen throughout the zonal
belt in the north of the domain in RegCM4 simulation as
compared to CRU observations (Fig. 2a). However, this cold
bias is absent in the ERA-Interim driving field (Fig. 2b). An-
other very prominent warm bias exceeding 8 °C can be seen
over the southern Arabian Peninsula in particular over Yemen
and Oman which is higher in the ERA-Interim driving forc-
ings than the RegCM4 simulation. Almazroui (2012) reported
similar large bias in driving fields (ERA-40 and ECHAM5)
compared to RegCM3 for annual temperature simulations
over this region, particularly over the southwestern Arabian
Peninsula. They concluded that RegCM3 reduced the warm
bias, means usually RegCM simulate lower temperature com-
pared to the driving forcings. It should be noted that although
the cold bias seems to be an artifact of RegCM, the presence of
warm bias in both RegCM4 and driving Era-Interim led us to
look into this bias in more detail.

In a recent study,Wang and Xubin (2013) found a common
bias in different independent reanalysis datasets over the re-
gion of Yemen/Oman. This is the (only) region of acutest bias
common in all the four reanalysis datasets (ERA-Interim,
ERA-40, Merra, and NRA) they have analyzed. Although
reanalysis are also model generated datasets, however, they
are forced/nudged with observations at regular time intervals
in order to make them as close to the observation as possible.
Still, they show the same bias over Yemen and Oman region.
This behavior raises another question that whether this warm
bias is due to some error or low dense network data coverage
in the observations.

The difference between simulated and observed annual
mean air temperature over the CORDEX-MENA/Arab do-
main is shown in Fig. 3. The reduction of the warm bias over
Yemen and Oman in annual plots can be clearly seen. This
implies that the bias is only during summer months. If that
would have been the problem of error or bad data coverage in
the observations, we should have a similar bias in other
seasons as well. Therefore, the role of observations cannot
be blamed here. Saeed et al. (2009) found a similar bias of
more than 6 °C over the intensely irrigated region of Indus and
Ganges using REMO model. They got rid of the bias with an
adequate representation of irrigation in their model and hence
concluded that it was the lack of representation of a character-
istic process of the region (i.e., irrigation) in their model which
was causing the bias. However, the climate of Yemen and
Oman is very dry, and therefore, irrigation cannot be the rea-
son of such a large bias over this region, but there is a

Fig. 6 Masks of four major river
basins in the CORDEX-MENA/
Arab domain used in this study
after Hagemann and Dümenil
(1998)
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possibility that a similar characteristic process may not be
represented in the climate models leading to this unusual bias
over the region. Similarly, there can be other reasons for this
bias as we know that all the climate models use global datasets
at the lower boundary which include vegetation parameters as
well as soil properties such as type, texture, albedo, porosity,
density, conductivity, etc. There is a possibility that the data of
soil type depicted in these global datasets may contain incor-
rect values. These values may be rechecked with the field

surveys maps which can be obtained from local authorities
which are out of the scope of this paper. If such maps are
not available, then perhaps field surveys may be conducted
in order to have better data coverage of vegetation and soil
properties in near future. In contrast to 2 m temperature,
RegCM4 simulated precipitation has shown much better re-
sults over the CORDEX-MENA/Arab domain. It can be seen
from Fig. 4 that during summer months, although the amounts
are little underestimated, but still RegCM4 has very ably

Fig. 8 Annual cycles of
precipitation [in mm/day] of
selected river basins over
CORDEX-MENA/Arab domain.
Red, blue, and black curves
represent RegCM4, ERA-Interim
and CRU results, respectively

Fig. 7 Annual cycles of 2 m
temperature (in °C) of selected
river basins over CORDEX-
MENA/Arab domain. Red, blue,
and black curves represent
RegCM4, ERA-Interim and CRU
results, respectively
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Fig. 10 Major climate types of CORDEX-MENA/Arab domain on
annual time scale. Each dot represents the monthly mean value of
precipitation (in mm/day) and temperature (in °C) for each month of the
year. The mean for variables, temperature (in °C) and precipitation (in

mm/day), is represented by a circle. The bars represent the standard
deviation. The name of the climate type and its percentage fraction is
given in the title for each plot

Fig. 9 The derived Koppen-
Geiger climate classification tak-
en from ORNL-DAAC (2009)
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simulated the location as well as extent of precipitation asso-
ciated with Inter-Tropical Convergence Zone (ITCZ) over Af-
rica. Moreover, the dry parts of MENA region are also cap-
tured very nicely by RegCM4 in conjunction with CRU and
ERA-Interim. Similarly, RegCM4 simulated annual accumu-
lated precipitation shows the appearance of precipitation band
over the southern part of the domain associated with the sea-
sonal march of ITCZ (Fig. 5). Moreover, the appearance of
precipitation over the northern part of the domain can also be
seen which can be attributed to the cyclones originating from
the Mediterranean Sea in the winter season causing precipita-
tion in the neighboring land areas and travel eastward towards
the Middle East and central Asia.

Annual cycle of temperature and precipitation

One of the main objectives of the RICCAR initiative is to
produce high-resolution regional climate change information
as input to physical models for the climate impact research and
adaptation work related to climate change. Many impact
models need such information on river basin scale. Therefore,
in this study, the annual cycles of precipitation and

temperature over the four major river basins (Fig. 6) of the
region are analyzed.

As it can be seen from Figs. 7 and 8 that RegCM4 has
simulated the annual cycles of both the variables very well
for these four basins. Considering the fact that these basins
are situated in different climatic zones, the model’s perfor-
mance appears even more satisfactory. It is evident from
Fig. 8 that for Tigris-Euphrates, the wet (dry) season is in
winter (summer) as opposed to the rest of African basins.
However, this behavior is captured very well by RegCM4,
giving us confidence in its precipitation simulation. Moreover,
the model has ably reproduced the precipitation cycle for Nile
basin; however, for Niger and Lake-Chad, the precipitation is
a little underestimated in the wet season which can also be
seen from the spatial plots of Fig. 5. For the case of tempera-
ture, however, RegCM4 shows a little cold bias for Niger
basins during boreal summer as shown in Fig. 7. Nevertheless,
the shape of the curve for annual cycles for both temperature
and precipitation are captured really well by RegCM4. Details

�Fig. 12 RegCM4 simulated lower level (1000 hPa) wind velocity
superimposed with specific humidity difference (RegCM4 minus ERA-Int)
averaged over the period 1980–2010 for a annual, b summer, and c winter

Fig. 11 Same as Fig. 10 but for climate type arid/desert/hot on seasonal time scale
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of the precipitation and temperature biases in 11 sub-domains
within the CORDEX-MENA/Arab domain can be found in
Almazroui (2015) and Almazroui et al. (2015b) which are in
line with the present study.

Temperature-precipitation relationship

Although the CORDEX-MENA/Arab domain mainly
has an arid climate due to the presence of large desert
areas, however, the southern and northern parts of the
domain also have a tropical and temperate climate, re-
spectively. Therefore, we use the climate type classifi-
cation after Koeppen-Geiger, which is used by Jacob et
al. (2012) for the validation of their RCM over different
domains. Here, we have used the Koeppen-Geiger cli-
mate classification map (Fig. 9) obtained from ORNL
DAAC (2009). For each of the climate types, a mask is
generated and is subsequently applied to RegCM4,
ERA-Interim, and CRU data in order to group the data
into similar climate types. Moreover, all regions attrib-
uted to a climate type that is below an areal fraction of
6 % of all land points of the respective domain are
excluded from the analysis. This threshold is introduced
to only consider climate types that are representative of
the domain. Figure 9 shows the climate types having an
areal fraction of more than 6 %. Understandably, the
arid/desert/hot climate constitutes the largest fraction
followed by Tropical/Savannah close to the equator.

Figure 10 shows the results of monthly values of
precipitation-temperature regimes for the four dominant
climate types. On the yearly time scale, RegCM4 has
shown higher standard deviation than the other two
datasets. Understandably, the results of ERA-Interim stay
closer to the CRU datasets; however, there have been
instances such as tropical/savannah in Fig. 10 where
RegCM4 remains closer to the observations for the case
of 2 m temperature. Figure 11 shows the seasonal plots
for the biggest climate type in the region i.e., arid/desert/
hot which constitutes most of the Arab region. In DJF,
RegCM4 results stay very close to that of CRU and
ERA-interim; however, the standard deviation remains
high. In MAM, the cold bias becomes more prominent
with ERA-Interim staying much closer to the observa-
tions. However, for JJA, RegCM4 results stay closer to
the CRU data. For SON, RegCM4 simulated temperature,
and precipitation remains high as compared to CRU and
ERA-Interim. It may be noted that RegCM4 has simulated
higher values of precipitation for few months which ap-
pears to be like outlier from the plots in Figs. 10 and 11,
especially for precipitation axis. This is probably the rea-
son why RegCM4 has shown much higher standard devi-
ations for both temperature and precipitation for both tem-
perature and precipitation.

Specific humidity and low level circulation

To attain further confidence in our simulations, we have also
analyzed the performance of the model in simulating specific
humidity and low level wind circulation on annual as well as
seasonal basis as shown in Fig. 12. The difference in specific
humidity between RegCM4 simulation and ERA-Int shows
tha t in gene ra l , t he mode l has underes t ima ted
(overestimated) the specific humidity over the land (ocean).
The main areas of underestimation include the regions of
equatorial belt, Yemen/Oman, Iran/Pakistan, etc., which is
consistent with the results of Fig. 4 for precipitation where
an underestimation of RegCM4 is found over the same areas
as compared to ERA-Int. Moreover, the underestimation of
specific humidity over land areas is generally found over the
coastal/near-coastal regions or the regions near to the bound-
ary of the domain, specifically where the movement of wind is
from ocean to the land. The presence of overestimation/
underestimation of humidity over ocean/land, in a way points
towards lack of advection of moisture from ocean towards
land. Moreover, the presence of overestimation of specific
humidity over Arabian Sea near to the coast of Yemen and
underestimation over the land areas of Yemen/Oman may par-
tially explain the link between the role of moisture advection
through winds and the warm bias over these countries,
discussed in earlier sections. However, as mentioned earlier,
the issue of warm bias over Yemen/Oman will be explored in
detail in a separate document.

Although the direct comparison of the magnitude of the
wind circulation against ERA-Int data is not presented, howev-
er, the model has captured the general circulation of winds quite
nicely. The seasonal reversal of the winds between summer and
winter over the Arabian Sea is captured quite well by themodel.
Moreover, the West African monsoon system driven by the
positioning of ITCZ between summers and winter is also cap-
tured well by the model. The West African monsoon, which is
an alternation of the southwesterly wind and the harmattan at
the surface, and driven by the positioning of ITCZ between
summers and winter is also captured well by the model (Sylla
et al. 2010). An obvious occurrence of harmattan
(northeasterlies) and strong southwesterlies during winters and
summers, respectively, over the West African monsoonal re-
gion can be seen from the Fig. 12. Moreover the strong west-
erlies occurring over the Mediterranean Sea, responsible for
bringing rain and snow over Saudi Arabia, Middle East, Iran,
Afghanistan, and Pakistan, during winter season are also cap-
tured quite well by the model (Almazroui et al. 2015a).

Summary and conclusions

In this study, the motivation and background behind the
RICCAR initiative in conducting the simulation over the
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Arabian region is presented. We have discussed the ability of
RegCM4 in capturing the climatic feature over the CORDEX-
MENA/Arab domain and detailed for four large river basins in
the domain. A general cold bias is found over the zonal belt in
the northern part of the analysis domain in RegCM4 simulation,
whereas a warm bias is found over Yemen/Oman region for
both RegCM4 and ERA-Interim driving forcings. The possible
causes leading to this warm bias are discussed. Other climate
models as well as different reanalysis datasets have shown the
similar bias over this particular region, and therefore, it is con-
cluded that some characteristic process is missing from all these
models. The other reason could be the deficiency in the data fed
into the lower boundary of these models which can be rectified
either by consulting the local authorities or carrying the field
surveys afresh. Further, RegCM4 has done a very satisfactory
job in capturing the salient features of precipitation which in-
cludes ITCZ, Mediterranean cyclones as well as minima over
the deserted Arab region. Moreover, the model has very ably
captured the annual cycles of precipitation and temperature over
the four prominent river basins of the region having different
characteristics. In spite of cold bias in 2 m temperature
discussed earlier, the performance of the model in capturing
the annual cycles gives us confidence in the ability of RegCM4
for simulating the climate of the region. In temperature-
precipitation relationship plots, understandably the results of
ERA-Interim driving field stay closer to the observations, still
RegCM4 has done a satisfactory job for most of the Koppen-
Geiger climate classification types in capturing the mean,
spread and standard deviation of temperature and precipitation.
RegCM4 has done a satisfactory job in capturing the main
characteristics of near surface wind circulation including West
African Monsoon, Indian Monsoon and winter time westerlies
over Mediterranean Sea. Moreover, RegCM4 has shown rea-
sonable performance in simulating specific humidity. However,
underestimation over the land areas, especially where the flow
is from ocean towards land is observed.

Basing on the performance of RegCM4 in capturing the
characteristic features of CORDEX-MENA/Arab domain,
we conclude that RegCM4 is well suited to conduct long-
term high-resolution climate change projection in downscal-
ing CMIP5 database. In future, the same analysis will be re-
peated for other regional climate models applied over
CORDEX-MENA/Arab domain to do the inter-comparison
of their performances.
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