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ABSTRACT: The Middle East and North Africa (MENA) region can be considered as the most water-scarce region of
the world. The Intergovernmental Panel on Climate Change projects strong changes in climate across MENA, further
exacerbating pressure on available water resources. The objective of this study is to undertake a climate change assessment
for 22 MENA countries in order to quantify the problems these countries may encounter up to 2050. To evaluate climate
change in MENA, nine global circulation models representing two future periods (2020–2030 and 2040–2050) were
statistically downscaled and compared with a current climate, defined as the period 2000–2009. Besides precipitation only
this study also focuses on change in water demand by vegetation reference evapotranspiration (ETref). It was found that
for both future periods the annual precipitation sum will decrease for the majority of countries, with decreases of 15–20%
for the latter period. For some countries, e.g. Djibouti and Yemen, an increase in annual precipitation of 15–20% was
found. The annual ETref shows an increase for all countries for both future periods, with the strongest increases for the
latter period. For the extreme situation, it was found that the minimum monthly and annual precipitation sum does not
become smaller in the future climate. It in fact increases. In contrast, the maximum monthly and annual ETref increases
for all countries. This indicates that projected changes in demand are likely to have a more adverse effect than changes in
supply. Spatial analysis showed that the largest precipitation decreases are to be found in southern Egypt, Morocco, central
and coastal Algeria, Tunisia, central Libya, Syria, and central and eastern Iran. A case study for Morocco revealed that
the potential water deficit, which is already apparent for the current climate, becomes even larger for the future climate.
Copyright  2013 Royal Meteorological Society
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1. Introduction

The Middle East and Northern Africa (MENA) region
can be considered as the most water-scarce region of
the world. Large-scale water management problems are
already apparent in the region. Aquifers are overpumped,
water quality is deteriorating, and water supply and irriga-
tion services are often rationed – with consequences for
human health, agricultural productivity, and the environ-
ment. According to Roudi-Fahimi and Kent (2007), the
MENA region’s population stood at 432 million in 2007,
and is projected to reach nearly 700 million by 2050. This
alone would lead to a fall in per capita water availability
by almost 40% by 2050. Moreover, climate change will
affect weather and precipitation patterns with the conse-
quence that the MENA region may see more frequent
and severe droughts. The Fourth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC)
(IPCC, 2007) projects strong changes in climate across
the MENA region. Temperature increases combined with
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substantial decreases in precipitation are projected. An
increase in temperature results in a higher evapotranspi-
ration demand and will, in combination with a decrease
in precipitation, severely stress the water resources in the
region. According to Christensen et al. (2007), regional
projections in Africa can be summarized as follows: (1)
all of Africa is likely to warm during the 21st century,
(2) warming is very likely to be larger than the global,
annual mean warming throughout the continent and in
all seasons, with drier subtropical regions warming more
than the moister tropics, (3) annual rainfall is likely to
decrease in much of Mediterranean Africa and north-
ern Sahara, and (4) there is likely to be an increase in
annual rainfall in East Africa. As stressed by the IPCC
(2007) and Christensen et al. (2007), it is clear that the
available water resources in the MENA region will be
altered owing to the effects of climate change. However,
these studies, amongst many other ones, have a rather
specific focus and do not cover important aspects rel-
evant for further research and decision making. These
shortcomings can be summarized as follows: (1) focus
on the continental or regional scale (e.g. Giorgi and
Francisco, 2000a; Christensen et al., 2007) rather than
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on country (or sub-country) scale, (2) analysis based
on annual totals (e.g. Arnell et al., 2003) rather than
on seasonal and/or monthly values, (3) focus on water
supply (rainfall) and warming (temperature) (e.g. Paeth
and Hense, 2004; Anyah and Semazzi, 2007; Immerzeel,
2008; Shongwe et al., 2009, 2011; Hurkmans et al., 2010;
Terink et al., 2010) rather than on combined supply and
demand change (evapotranspiration), and finally (4) sin-
gle global circulation model (GCM) selection (e.g. Zwiers
and Kharin, 1997; Giorgi and Francisco, 2000b; Anyah
and Semazzi, 2007; Hurkmans et al., 2010) instead of
using multiple GCMs. For the MENA region, there is
a strong need for a complete picture of the impact of
climate change taking into account these four aspects.

The overall objective of this study is to undertake
a climate change assessment for the MENA countries
by analysing the change in precipitation and reference
evapotranspiration (ETref) in order to stress the water-
related problems these countries may encounter around
2050.

Although the IPCC report provides a good indication
for possible magnitude of climate change, there are some
inherent shortcomings related to the continental scale of
the analysis that we attempt to overcome in this study.
Therefore, this study is unique in its approach because
(1) we use an ensemble of nine GCMs and statistically
downscale the model outputs using a high-resolution
reference dataset, (2) we focus on the combined supply
(precipitation) and demand (ETref) change instead of
only on the demand and warming (temperature), (3) we
assess intra-annual change in precipitation and ETref with
the aim to identify critical periods with regard to water
availability, and (4) we aggregate and present results
at the country level, which is the appropriate scale for
interventions.

The results of this approach are very valuable for
a range of other applications from impact and adap-
tation assessment to water planners. A demonstration
of this approach from this specific case is presented
in Immerzeel et al. (2012) and Droogers et al. (2012).
The first study will evaluate the water availability in the
MENA region around 2050 using the PCRGLOB-WB
hydrological model (van Beek and Bierkens, 2009). The
second study will focus on the water supply to meet the
growing water need, the various options to meet this need,
and associated marginal cost of water supply.

2. Study area, data, and methodology

2.1. Study area

The MENA region (Figure 1) with 22 countries is located
in the middle east and northern part of Africa. It is an
economically diverse region that includes both oil-rich
countries in the Gulf and countries that are resource
scarce in relation to population, such as Egypt, Morocco,
and Yemen. The region is diverse in its landscapes and
climates, from the snowy peaks of the Atlas Mountains to
the empty quarter of the Arabian Peninsula. The MENA

region can be classified according to the aridity index,
which is defined as the ratio between precipitation and
ETref. On the basis of this index, the largest part of
MENA can be classified as hyper-arid (<0.05) (World
Bank, 2007). This hyper-arid area includes the inland in
Northern Africa (Algeria, Libya, and Egypt). The coastal
areas of Northern Africa, Iran, and the Western coastal
region of the Middle East are defined as arid to semi-arid.
Humid areas are found in the northern parts of Morocco,
Algeria, Tunisia, Iraq, and Iran, and the western part of
Syria and Lebanon.

Population densities in MENA are largest in semi-arid
to humid regions, or where irrigation systems are present.
Irrigation systems are mainly concentrated in the Nile
Delta in Egypt, where it covers 60–80% of the surface
area (World Bank, 2007), in the central part of Iraq, and
scattered throughout Iran. Despite the presence of some
humid regions and irrigation systems, the MENA region
faces many challenges.

The largest challenge in the MENA region is that
countries have to manage an unusual combination of a
low annual precipitation that is at the same time highly
variable. Three groups of countries can be identified:

1 Countries that on average have adequate quantities of
renewable water, but the within-country and within-
year variations are problematically large. These include
Djibouti, Iran, Lebanon, Morocco, Tunisia, and the
West Bank.

2 Countries with consistently low levels of renewable
water resources. Therefore, these countries are highly
dependent on non-renewable groundwater sources and
supplies by desalination of sea water. These countries
include Bahrain, Gaza, Jordan, Kuwait, Libya, Oman,
Qatar, Saudi Arabia, the United Arab Emirates, and
Yemen.

3 Countries that mainly dependent on the inflow of trans-
boundary rivers such as the Nile, the Tigris, and the
Euphrates. These countries include Syria, Iraq, and
Egypt (World Bank, 2007).

Because the MENA region is the most water-scarce
region of the world, good water management is essen-
tial. According to World Bank (2007), most of the
MENA region’s countries cannot meet their current water
demand, and the situation is to get worse because of cli-
mate change and population increase.

2.2. Data

This study compares a current climate, which is defined
as the period 2000–2009, with two future climate peri-
ods: 2020–2030 and 2040–2050. Climate change in the
MENA region is evaluated using the A1B GHG emission
scenario, which is a scenario of one of the four IPCC
scenario families (A1, A2, B1, and B2) (SRES, 2000).
This scenario was chosen because it is the most likely
scenario; it assumes a world of rapid economic growth,
a global population that peaks in mid-century, and a
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Figure 1. Spatial domain of the Middle East and North African (MENA) countries. The MENA countries (22 in total) are shaded. This figure is
available in colour online at wileyonlinelibrary.com/journal/joc

rapid introduction of new and more efficient technolo-
gies (IPCC, 2007). The A1B scenario assumes a balance
across all sources, which is defined as not relying too
heavily on one particular energy source, where the energy
sources are defined as not fossil-intensive and non-fossil.
Currently, new emission scenarios (CMIP5 multi-model
ensemble) (Hibbard et al., 2007; Meehl and Hibbard,
2007; Meehl et al., 2009; WCRP, 2011; Taylor et al.,
2012) are available. The focus of this study is exclusively
on climate data from the CMIP3 model ensemble because
it includes the full bandwidth of possible future climates.
The complete CMIP5 model ensemble was unavailable
at the time of the study and this would introduce a pos-
sible bias in our results. Moreover, the new approach
adopted for AR5 based on representative concentration
pathways (RCPs) is just a slight improvement from the
SRES approach used for AR4. A systematic compari-
son between CMIP3 and CMIP5 models and the SRES
and RCP approaches would however definitely be rec-
ommendable for a future study.

Instead of using only one GCM, which is done in many
other studies (e.g. Zwiers and Kharin, 1997; Giorgi and
Francisco, 2000b; Anyah and Semazzi, 2007; Hurkmans
et al., 2010), this study uses forcing data of a current cli-
mate and nine GCMs to evaluate climate change for each
of the 22 MENA countries. Shongwe et al. (2009, 2011)
evaluated the performance of all IPCC GCMs in differ-
ent regions of Africa by comparing their precipitation
outputs from 1960 to 1990 with the CRU TS2.1 dataset
(New et al., 2000). CRU TS2.1 provides gridded values
of observed monthly climate data. Results for Northeast
Africa are shown in Table I, and are based on the mean of
monthly correlation and root-mean-squared error (RMSE)
between the 20th century GCM experiments and the CRU

TS2.1 analysis. The best nine performing GCMs were
selected to be used in this study. The WCRP CMIP3
multi-model database (http://esg.llnl.gov:8080/index.jsp)
provided the monthly climate data of the nine selected
GCMs, available for 2000–2050. This database was only
used to retrieve the transient monthly GCM tempera-
ture data from 2000 to 2050. The IPCC Data Distri-
bution Centre (http://www.ipcc-data.org/) provided the
monthly precipitation anomalies between 1961–1990 and
2046–2065. For precipitation these anomalies were used
because the statistical downscaling method differs as out-
lined in Section 2.3..

For the current climate, the Tropical Rainfall Measur-
ing Mission (TRMM, http://trmm.gsfc.nasa.gov/; Kum-
merow et al., 2000) 3B42 daily product was used for
precipitation. TRMM is the only satellite with an active
precipitation radar onboard and is available at a spatial
resolution of 0.25 km (∼25 km), its spatial extend cov-
ers the entire MENA region, and it covers the entire time
span from January 2000 through December 2009. TRMM
data were made available by the Goddard Earth Sciences
Data and Information Services Centre of NASA (National
Aeronautics and Space Administration).

The ETref of the current climate was calculated using
the method of Hargreaves (Hargreaves and Samini, 1985;
Droogers and Allen, 2002):

ETrefi = 0.0023 ×0.408 × Ra × (
Tavgi + 17.8

)

× (Tmaxi − Tmini )0.5

where ETrefi is the reference evapotranspiration on
day i , Ra is the extraterrestrial radiation expressed in
(MJ m−2 d−1), Tavgi is the average daily temperature
(◦C), Tmaxi is the maximum daily temperature (◦C), and
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Table I. Overview of GCM performance in Northeast Africa.

Model r RMSE (mm d−1) Included

BCCR CM2.0 0.81 1.12 1
CCCMA CGCM 3.1T47 0.79 1.12 1
CNRM CM3 0.79 1.23 1
CSIRO Mk3.0 0.75 0.97 1
GFDL CM2.0 0.82 1.00 1
IPSL CM4 0.78 0.84 1
MPI ECHAM5 0.88 0.59 1
HadCM3 0.76 0.90 1
HadGEM1 0.81 0.78 1
CCCMA CGCM 3.2T63 0.84 1.22 0
GFDL CM2.1 0.68 1.03 0
GISS AOM 0.59 1.60 0
GISS EH 0.65 1.19 0
GISS ER 0.71 1.18 0
IAP FGOALS 1.0g 0.60 1.19 0
INM CM3.0 0.58 1.07 0
MIROC 3.2 (hi-res) 0.83 1.59 0
MIROC 3.2 (med-res) 0.76 1.17 0
MIUB ECHO-G 0.61 1.56 0
MRI CGCM 2.3.2a 0.81 1.78 0
NCAR CCSM 3 0.54 1.79 0
NCAR PCM1 0.55 2.11 0

The first nine GCMs are included in this study. The precipitation mean
of monthly correlation and the root-mean-squared error of the 20th
century GCM experiments with the CRU TS2.1 analysis are shown
(Shongwe et al., 2009, 2011).

Tmini is the minimum daily temperature (◦C). This is a
well-known method for the calculation of ETref, if only
average temperature, maximum temperature, and mini-
mum temperature are available. The Penman–Monteith
equation (Allen and Pereira, 1998) is in principle a
more accurate method for estimating the ETref as this
method is based on more physical approaches, but it
needs more input parameters such as the net radiation,
soil heat flux, and vapour pressure deficit of the air,
which were not available for the required spatial and
temporal resolution. It has been demonstrated that if
these data were not accurately available at these res-
olutions, the Hargreaves method might outperform the
Penman–Monteith equation (Droogers and Allen, 2002).
To derive the ETref for the current climate, NCEP/NCAR
Reanalysis 1 (NCEP-1) surface fluxes (Kalnay et al.,
1996) were used. The NCEP/NCAR Reanalysis 1 project
uses a state-of-the-art analysis/forecast system to perform
data assimilation using past data from 1948 to the present.
NCEP-1 is known to have systematic errors in the period
before 1980, but this does not affect the results in this
study because we only use NCEP-1 data from the period
2000–2050. This dataset was used for several reasons:
(1) its available spatial resolution is 1.9◦, which was the
smallest resolution available for average, maximum, and
minimum temperatures for the desired period of time
and period of interest, (2) it has a daily temporal res-
olution, and (3) it covers the period from January 2000
through December 2009. These data were made available
by the Earth System Research Laboratory of the National
Oceanic and Atmospheric Administration.

2.3. Statistical downscaling

The output of GCMs cannot be used directly in this
study for three different reasons: (1) the resolution of
GCMs is too large [typically of the order 50 000 km2

(Wilby et al., 2002)], which is too coarse for detailed
hydrological assessments, (2) the time series for the past
climate, which can also be generated by GCMs, shows
a statistically different pattern than the observed climate
records, and (3) the size of some countries is very small
and therefore they are only covered within one GCM
grid cell. This has led to the development of downscal-
ing methodologies. The field of downscaling is divided
into two approaches (Haylock et al., 2006): the nesting
of high-resolution regional climate models (RCMs) in
the GCMs [dynamical downscaling (Giorgi and Mearns,
1991)] and the statistical representation of desired fields
from the coarse-resolution GCM data [statistical down-
scaling (Haylock et al., 2006)]. Several studies have
reviewed statistical downscaling methodologies (Giorgi
and Mearns, 1991; Hewitson and Crane, 1996; Wilby
and Wigley, 1997; Wilby et al., 1998). While in the long
term RCMs hold the greatest promise for regional-scale
analysis, this approach is still in development, requires
detailed surface climate data, and is dependent on high-
end computer availability (Hewitson and Crane, 1996).

This study uses a statistical downscaling method
because multiple GCMs are used, which would require
enormous high-end computer availability if a dynami-
cal downscaling method would be used. Also, detailed
surface climate data would be needed, which is not avail-
able for the MENA countries. Moreover, it has been
proven that a statistical downscaling method has similar
performance as a dynamical downscaling approach. For
example, Wilby et al. (2000) applied downscaled precip-
itation from both a dynamical downscale model and a
statistical downscale model to a hydrological model, and
compared the daily precipitation, runoff, and temperature
with observations in the Animas River basin, Colorado.
A comparable performance was found for the statisti-
cal downscaling model and output from an RCM. Also,
Murphy (1999) found that a linear regression statistical
model had comparable skills to an RCM in downscaling
monthly precipitation and temperature at 976 European
stations. Another study (Kidson and Thompson, 1998)
found that a statistical method, using a regression tech-
nique, and a dynamical method showed similar results
when they downscaled daily precipitation and minimum
and maximum temperatures in New Zealand.

The forcing data of the current climate and nine
selected GCMs are distributed at different spatial resolu-
tions. These resolutions need to be uniform for compari-
son reasons, and to force eventually the PCRGLOB-WB
model (Immerzeel et al., 2012), which runs at a spa-
tial resolution of 10 km. First of all, the current climate
data (TRMM precipitation and NCEP/NCAR tempera-
ture fields) were spatially downscaled to a resolution of
10 km in Africa Albers Equal-Area projection (Snyder,
1987), using spline interpolation (Mitasova and Mitas,
1993). This method uses a mathematical function that
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Figure 2. Example of downscaling climate change scenarios using a non-random approach (left) and a random approach (right) as applied in this
study.

minimizes overall surface curvature, resulting in a smooth
surface that passes exactly through the input points. The
ETref of the current climate is subsequently calculated
using the projected and downscaled daily average, mini-
mum, and maximum temperatures, using the Hargreaves
method as shown before. Second, the future climate forc-
ing data (2010–2050) of the nine selected GCMs were
statistically downscaled to the same spatial resolution and
daily time step as the current period. The statistical down-
scaling approach is slightly different for the ETref and
precipitation, as outlined hereafter.

First of all, a future temperature dataset for each GCM
was created, which is required for the calculation of the
ETref. The future temperature data for each GCM were
statistically downscaled as follows:

1. A time series with random years was created, based
on the years 2000–2009. This means that for each
year in the period 2010–2050, a random year was
selected from the period 2000–2009. Selecting ran-
dom years is necessary to produce a natural transient
daily time series of future climate data. If we would
repeat the current climate over the entire period, then
the time series would show an unrealistic recurrence
interval of 10 years (Figure 2).

2. For each GCM, the average temperature per month
was calculated for the current period 2000–2009.

3. For each month in 2010–2050, the absolute difference
in temperature with respect to the average value
(result from step 2) was calculated.

4. The temperature differences from step 3 were pro-
jected to Africa Albers Equal-Area projection, and
spatially downscaled to 10 km, using spline interpo-
lation (Mitasova and Mitas, 1993).

5. For each day in 2010–2050, the future temperature
is calculated using:

TFi = TRi + �Ty ,m

where TFi is the future temperature (◦C) on day i
(1–365), TRi is the temperature (◦C) in the random
year on day i (1–365), and T y ,m is the temperature
difference (◦C) for year y (2010–2050) during month
m (1–12).

6. Finally, the future ETref for each GCM is calculated
with Hargreaves (Hargreaves and Samini, 1985),
using the statistically downscaled temperature (step
5), and the minimum and maximum temperatures
from the specific day of the random year.

For precipitation a different procedure was chosen,
because for precipitation a change factor is required
instead of an absolute difference in precipitation. In the
MENA region there are extensive areas where monthly
precipitation is close to zero. If we would calculate
the anomaly (factor) between the monthly precipitation
and the average precipitation for that month during
2000–2009, then it may happen that we divide by a
very small (almost zero) value, resulting in erroneous
large precipitation factors. If this would be interpolated
to a resolution of 10 km, then large areas could be
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Figure 3. Top: Average annual precipitation sum of the current climate for each of the 22 MENA countries. Middle: Boxplot of average annual
precipitation anomaly of F1 (2020–2030) with respect to the current climate. The box shows the range between the GCMs. Bottom: Same as

middle, but for F2 (2040–2050). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

affected by these large factors. This means that in areas
where precipitation should decrease in the future, it could
instead increase because of the interpolation of these large
factors. To statistically downscale the future precipitation
data, the following steps were taken:

1. A time series with random years was created, as was
done for temperature.

2. The monthly precipitation anomalies and monthly
reference precipitation of 1961–1990 were projected
to the Africa Albers Equal-Area projection, and
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spatially downscaled to 10 km, using spline inter-
polation.

3. Consecutively, for each month (1–12), a correction
factor for that month was calculated by dividing
the anomalies by the reference precipitation for that
month. This factor, however, is representative for
the anomaly from 1961–1990 to 2046–2065, which
is a period of approximately 80 years in length. An
annual correction factor was determined assuming
that the change for precipitation occurs linearly in
time.

4. Finally, the future precipitation for each GCM is
calculated using:

PFi = PRi + (PRi × (y − 2009) × Pfacm)

where PFi is the future precipitation (mm) on day i
(1–365), PRi is the precipitation in a random year on
day i (1–365), y is a future year (2010–2050), and
Pfacm is the precipitation factor in month m (1–12).

3. Results

3.1. Average annual precipitation

The annual change in precipitation for each of the 22
MENA countries has been analysed in Figure 3. Figure 3
(top) shows the average annual precipitation sum for the
current climate (2000–2009) for each of the 22 MENA
countries. The middle of Figure 3 shows the anoma-
lies of F1 (2020–2030), whereas the anomalies of F2
(2040–2050) are shown in the bottom of Figure 3. The
anomalies in these boxplots show the range between the
GCMs. On the basis of these results, it is clear that most
countries will experience a decrease in precipitation for
F1 and F2, with the largest decreases found for F2. Some
countries, however, e.g. Yemen and Djibouti, are pro-
jected to have an increase in annual presentation. Yemen
appears to receive 15 mm (11%) more precipitation for F1
and F2, and Djibouti 10 mm (4%) more precipitation for
both F1 and F2. This is a very positive development for
Yemen because the country is already low on precipita-
tion (140 mm annual). Countries with the largest decrease
in precipitation are Lebanon, Morocco, and Malta. Con-
sidering the median of GCMs, this decrease is for F1
30 mm (6%) for Lebanon, 18 mm (8%) for Morocco, and
40 mm (8%) for Malta. Decreases for F2 are in the order
of 38 mm (7%) for Lebanon, 20 mm (9%) for Morocco,
and 20 mm (4%) for Malta. Climate predictions for the
far future are more uncertain than climate predictions
for the near future. This uncertainty is reflected in the
range between the GCMs, which is larger for F2 than for
F1. If we consider the 25th percentile of GCMs of F2,
then we notice a decrease of 45 mm (20%) for Morocco,
80 mm (16%) for Lebanon, and 65 mm (13%) for Malta.
Morocco will become very vulnerable to climate change
in the future, because currently Morocco already has a
low annual precipitation sum, which will become even
smaller based on these projections. Also, Algeria has a

low annual precipitation sum (90 mm) for the current cli-
mate. With a decrease of 10 mm (11%) for both F1 and
F2, Algeria is also vulnerable to climate change. It is
interesting that for some countries, the range in GCM pre-
dictions is relatively small, e.g. for Egypt, Jordan, Libya,
and Oman. This means that the uncertainty in climate
predictions is considerably smaller for these countries.
Egypt, being the country with the smallest annual precipi-
tation sum, can expect hardly any change in precipitation.
Besides this, Egypt is also fed by the river Nile, meaning
that this country is less depending on precipitation within
the country.

3.2. Average annual ETref

Many climate impact studies only focus on the change
in precipitation and temperature, instead of including the
change in ETref as well (e.g. Paeth and Hense, 2004;
Anyah and Semazzi, 2007; Immerzeel, 2008; Shongwe
et al., 2009, 2011; Hurkmans et al., 2010; Terink et al.,
2010). It is far more relevant to focus on the change in
ETref in combination with the change in precipitation,
because this gives an indication of possible changes
in water stress. Figure 4 (top) represents the average
annual ETref for the current climate for each of the 22
MENA countries. Again, the boxplots show the range in
anomalies between the nine selected GCMs. The majority
of countries can expect an increase in ETref for both
F1 and F2, except for Egypt, Iraq, Jordan, Libya, Malta,
and Syria, which show a decrease in ETref for F1. The
increase in ETref is most significant for F2. An increase
in ETref can be translated into an increased demand for
water. Moreover, higher ETref will enhance the actual
water transpired by the natural vegetation decreasing
groundwater recharge and runoff to surface water even
more. Morocco and Algeria appear to show an increase
in ETref and a decrease in precipitation for both future
periods, meaning that water stress will become an even
more severe problem in these countries in the future.
Jordan and Syria, being countries with a low annual
precipitation sum for the current climate, both show
a decrease in precipitation for F1 and F2. A point of
attention is that both countries show a decrease in ETref
for F1, and an increase in ETref for F2.

3.3. Annual extremes

The change in climate extremes has been evaluated by
analysing the change in minimum annual precipitation
and maximum annual ETref. This combination provides
an outlook of how the water shortage may change in the
future for the extreme situation. The minimum annual
precipitation for the current climate is shown in the top of
Figure 5. The anomalies of F1 are shown in the middle of
Figure 5, and the anomalies of F2 are shown in the bottom
of Figure 5. These boxplots show the range in anomalies
between the GCMs. The same is done in Figure 6, but
for the maximum annual ETref. Despite the fact that the
average annual precipitation decreases for most countries,
as was shown in Figure 3, there is no significant decrease
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Figure 4. Top: Average annual reference evapotranspiration (ETref) of the current climate for each of the 22 MENA countries. Middle: Boxplot
of average annual ETref anomaly of F1 (2020–2030) with respect to the current climate. The box shows the range between the GCMs. Bottom:

Same as middle, but for F2 (2040–2050). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

in minimum annual precipitation. For F1, the majority of
GCMs in fact projects an increase in minimum annual
precipitation. For F2, the range in GCM projections
is larger with more GCMs projecting an increase in
minimum annual precipitation. Although the extremes in
low precipitation do not become more extreme in the
future, the maximum annual ETref (Figure 6) appears to
increase in the future. This is particularly true for F2,

where all GCMs (except for Malta and Tunesia) project
an increase in annual maximum ETref.

3.4. Monthly analysis

To evaluate the water availability throughout the year,
the monthly change in precipitation and ETref is very
relevant. To evaluate this we have taken two steps: first
we have calculated the statistics (average, min, and max)
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Figure 5. Top: Minimum annual precipitation of the current climate for each of the 22 MENA countries. Middle: Boxplot of minimum annual
precipitation anomaly of F1 with respect to the current climate. The box shows the range between the GCMs. Bottom: Same as middle, but for

F2. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

per grid cell, and second they were averaged to calculate
the country average. Figure 7 shows scatter plots with
the monthly change in precipitation and ETref for each
of the 22 countries for F2 with respect to the current
climate. The change is shown for the median of the
nine GCMs. Water scarcity increases if the data points
are located in the upper-left corner of the scatter plots,
representing a decrease in precipitation and an increase

in ETref. For most countries, the pressure on water
availability becomes higher during March through May,
and September. April through September are months
with increased water demand (increase in ETref) for
all countries. For June through August, the majority
of countries is concentrated on the x = 0 axis, meaning
limited change in precipitation, but a significant increase
in ETref. In contrast to these months, November and
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Figure 6. Top: Maximum annual ETref of the current climate for each of the 22 MENA countries. Middle: Boxplot of maximum annual ETref
anomaly of F1 with respect to the current climate. The box shows the range between the GCMs. Bottom: Same as middle, but for F2. This

figure is available in colour online at wileyonlinelibrary.com/journal/joc
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Figure 7. Monthly change in average precipitation and average ETref for F2 with respect to the current climate. The change is shown for the
median of GCMs. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

December show a relatively small change in ETref, but
a significant change in precipitation, being a decrease for
the majority of countries. Pressure on water availability
seems to be most relevant for April.

3.5. Monthly extremes

For future adaptation strategies, the change in minimum
precipitation and maximum ETref is more relevant than
the change for the average situation (Figure 7). The
monthly change in minimum precipitation and maximum
ETref for F2 with respect to the current climate is shown
in Figure 8. Apparently there is hardly any change in
minimum precipitation. This same signal was found for
the annual minimum precipitation. In contrast to this, the

change in maximum ETref is quite significant. Especially
April through August show a significant increase in ETref
with increases up to 22 mm. Overall, it can be concluded
that the maximum demand becomes higher during most
months, while the minimum input (precipitation) does
not become lower. Therefore, for the extreme situation,
temperature is the most relevant climate variable.

3.6. Spatial analysis

The previous analyses were based on country averages.
Climate change projections are likely to be spatially dif-
ferent within a country, especially in the larger ones. The
spatial variability in climate change projections within a
country has been analysed by calculating per grid cell,
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Figure 8. Monthly change in minimum precipitation and maximum ETref for F2 with respect to the current climate. The change is shown for
the median of GCMs. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

based on the average of the nine GCMs, (1) the average
annual precipitation sum and ETref sum for the current
climate, and (2) the anomalies of both precipitation and
ETref for F1 and F2 with respect to the current climate.
The results of this analysis are shown in Figure 9 for pre-
cipitation and in Figure 10 for ETref. It is clear that in
the majority of countries the annual precipitation sum for
the current climate is low. Especially in Libya and Egypt
the annual precipitation sum is very small (<25 mm).
The wetter areas are the coastal areas of Morocco, Alge-
ria, Tunisia, Lebanon, Syria, Iran, and Yemen. Decreases
in precipitation are nearly seen in every country for the
period 2020–2030, with the largest decreases found in

southern Egypt, Morocco, the central and coastal areas
of Algeria, Tunisia, central Libya, Syria, and in the cen-
tral and eastern part of Iran. Decreases are in the range of
5–15% for most countries, with a decrease of more than
20% in southern Egypt. In several regions, also increases
in precipitation are noticed. Increases are in the range of
0–20%. It should be noted that the annual precipitation
sum in these regions is very low, meaning that an increase
of, for example, 20% in southeast Libya means an annual
increase of roughly 5 mm. For 2040 through 2050 we see
a larger decrease in precipitation for the majority of coun-
tries than for 2020 through 2030. Especially in Morocco,
the central and northern part of Algeria, Tunisia, Syria,
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Figure 9. Spatial patterns of precipitation projections. Top: Average annual precipitation sum of the current climate. Middle: Precipitation
anomalies of 2020–2030 with respect to the current climate. Bottom: Precipitation anomalies of 2040–2050 with respect to the current climate.

This figure is available in colour online at wileyonlinelibrary.com/journal/joc

the southern and central part of Saudi Arabia, the north-
ern part of Iraq, and in Iran, precipitation has decreased
with respect to the current climate and 2020–2030.

A clear pattern of annual ETref can be observed for the
current climate (Figure 10); coastal areas have the small-
est annual ETref, while moving inland the ETref becomes
higher. The largest annual ETref values (>2200 mm) are
found in South Egypt, Djibouti, Southwest Algeria, the

southern part of Iraq and Iran, the southeastern part of
Saudi Arabia, Northeast Yemen, and West Oman. If we
consider the anomalies for 2020–2030, then we notice
a slight increase in annual ETref. This increase is in
the range of 0–1% for the majority of the countries.
However, as the current ETref is often in the range of
1000–2000 mm per year, the actual increase expressed
in mm is substantial. Despite the lowest values of annual
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Figure 10. Spatial patterns of ETref projections. Top: Average annual ETref sum of the current climate. Middle: ETref anomalies of 2020–2030
with respect to the current climate. Bottom: ETref anomalies of 2040–2050 with respect to the current climate. This figure is available in colour

online at wileyonlinelibrary.com/journal/joc

ETref found in the coastal areas, these areas are exposed
to the largest (up to more than 9%) increase in annual
ETref. In some countries, for example, in Algeria, Libya,
Egypt, and Jordan, we see a small decrease in annual
ETref. An increase in annual ETref can be noticed in all
countries for 2040–2050, except for some small regions
in Libya, Egypt, and Morocco. Again, these decreases are
very small. The highest increases are again found in the
coastal regions, with increases of more than 9%. Again,

if we express this taken into account the actual value
of ETref of 1500 mm, this 9% surpasses the change in
expected precipitation substantially.

3.7. Morocco case study

Morocco was selected for a more in-depth country anal-
ysis because (1) agriculture is one of the major resources
for a healthy Moroccan economy and is therefore highly
relying on water, (2) it relies on its own national water
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Figure 11. Top: Average monthly potential water deficit for the current climate for Morocco. Middle: Boxplot of average monthly water deficit
anomaly of F1 with respect to the current climate. The box shows the range between the GCMs. Bottom: Same as middle, but for F2. This

figure is available in colour online at wileyonlinelibrary.com/journal/joc

resources, (3) it shows a decrease in average annual pre-
cipitation combined with an increase in annual ETref
for both F1 and F2, (4) the minimum annual precipi-
tation sum decreases combined with an increase in max-
imum annual ETref for both F1 and F2, and (5) the
within-country climate variability in space and time is
significant. The combination of the projected population
increase and the decrease in water availability put more
pressure on effective water management strategies.

A well-known term is the potential water deficit, which
is often defined as P-ETref. To evaluate the potential
water deficit per crop it would be better to use P-Tp,
whereas Tp is defined as the potential transpiration. This
approach, however, requires a crop-specific crop factor.
The actual transpiration, Ta, is defined as the amount of

water a crop would transpire under a given amount of
available water. If not enough water is available to meet
the potential transpiration, then the actual transpiration
will be lower than the potential transpiration, resulting
in decreased crop yields. To study the effects of climate
change on the potential and actual transpiration, advanced
hydrological models are required, which is out of the
scope of this study. For a quick-scan approach for
Morocco, it is assumed that the overall country crop
factor equals 1, meaning that we use the general approach
P-ETref to assess the potential water deficit.

The potential water deficit in Morocco for each month
for the current climate is shown in the top of Figure 11.
The water deficit anomalies for F1 with respect to the
current climate are shown in the middle of Figure 11,
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whereas the bottom of Figure 11 represents the water
deficit anomalies for F2 with respect to the current
climate. The boxplots show the range in GCM anoma-
lies. For the current climate Morocco already experi-
ences a significantly large potential water deficit, which
ranges from 20 mm in December up to 240 mm in
July. Considering F1, we notice a potential water deficit
increase during February through September, and Decem-
ber. For October, November, and January the water
deficit becomes smaller. During F2 all months, except
for January, show that the potential water deficit becomes
larger. On the basis of these numbers, it is obvious that
the Moroccan government will face huge challenges in
managing their water resources in the future. Morocco
has a couple of large reservoirs, e.g. the Al Wahda reser-
voir (Snoussi et al., 2002), to store water for irrigation
purposes and hydropower generation. On the basis of the
increased potential water deficit in the future, it is there-
fore wise to store more water in the reservoirs in periods
of excess rainfall, in order to have enough irrigation water
during growing season.

4. Conclusions

The overall objective of this study was to undertake a
climate change assessment for the MENA countries by
analysing the change in precipitation (supply) and ETref
(demand) in order to stress the problems these countries
may encounter around 2050. Two future periods, defined
as F1 (2020–2030) and F2 (2040–2050), were compared
with a current climate (2000–2009). Overall, conclusions
that are in line with what others (e.g. Christensen et al.
(2007)) have found are as follows:

1 Average annual precipitation decreases for F1 and
F2 for the majority of countries, with the largest
decreases found for F2 (15–20%).

2 Some countries in the southeastern part of MENA,
e.g. Djibouti and Yemen, showed an increase in
average annual precipitation for F1 and F2 (15–20%).

3 An overall increase in average annual ETref was
found for both F1 and F2, with the largest increases
found for F2.

The results are quite different for the eastern part of
MENA. Both Christensen et al. (2007) and this study
project an increase in precipitation of 15–20%, e.g.
Djibouti and Yemen, whereas our study focuses on
2040–2050, and Christensen et al. (2007) focuses on
2080–2099. A possible explanation could be that the pre-
cipitation signal remains more or less constant after 2050
for this part of MENA. This is as such not further inves-
tigated and out of the scope of this study. It is, however,
recommended to investigate the change in precipitation
signal for this part of Africa in a future study.

It would be preferred to compare our ETref projections
with ETref projections from another study. Unfortunately,
until recently no other study was found in which ETref
projections were made for the 21st century. It is important

to realize that the ETref can be translated into the real
demand for water, while the water that really evaporates
(actual evapotranspiration) also depends on the water
availability. A study by Jung et al. (2010) showed that
a recent decline in the global evapotranspiration trend,
particularly in Africa and Australia, is due to limited
soil moisture supply. Therefore, the increase in ETref as
found in this study is a result of climate change, whereas
the actual evapotranspiration is a result of both climate
change and land–water interactions.

A striking result from this study is that while for the
extreme situation the maximum annual ETref increases,
the minimum annual precipitation does not decrease.
In contrast, the minimum annual precipitation increases.
Besides annual values, this also holds for monthly values.
A similar result was found by Shongwe et al. (2011) for
East Africa. The fact that the minimum annual and mini-
mum monthly precipitation do not decrease for the future
climate indicates that the focus for the extreme situation
should be more on demand driven (ETref) than on sup-
ply driven (precipitation). However, care should be taken
when interpreting these results. There may be a signal
that indicates that the climate becomes more extreme in
the sense of ‘dryness’. Despite the fact that the minimum
monthly and minimum annual precipitation sums do not
become smaller, the drier signal may be hidden in another
variable such as the number of dry days. It is not unlikely
that the number of dry days increases for the future cli-
mate. This is as such not further investigated in this study,
but is recommended as follow-up for future studies.

Monthly analysis showed that pressure on water avail-
ability for the majority of countries increases during
March through May, and September. For June through
August it was shown that the water demand (increased
ET) plays a larger role than water availability (precipi-
tation). The opposite is true for November to December,
with a relatively small change in water demand, but a
larger change in water availability.

Spatial analysis showed precipitation decreases
(5–15%) in nearly every country, with southern Egypt,
Morocco, the central and coastal areas of Algeria,
Tunisia, central Libya, Syria, and the central and eastern
part of Iran showing the largest decreases. A clear
pattern with lower ET values was noticed along the
coastal areas with higher values more inland. Because of
the climate change an overall increase in ET is noticed,
with increases up to 9% in the coastal areas. Some coun-
tries, however, e.g. Djibouti and Malta, are very small
compared with countries, e.g. Algeria. Because the size
of these countries is very small, they are only covered
within one GCM grid cell. This means that the statistical
downscaling of GCM data to a resolution of 10 km
involves GCM grid cells outside the country. Therefore,
the country data are highly affected by GCM data outside
the country GCM grid cell data. This can be translated
into a higher uncertainty in climate projections for small
countries that cover only one or two GCM grid cells.

Besides the strength of this study, there are some
drawbacks to be discussed. The main uncertainties in this
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climate impact study, among other climate studies, are
the GCMs used in climate studies. A major issue with
GCMs is that vegetation feedbacks and feedbacks from
dust aerosol production are not included in the global
models (Hulme et al., 2001; Christensen et al., 2007).
Also, possible future land surface modifications are not
taken into account in GCM projections. This incorporates
a certain amount of error in the GCM projections, which
will further accumulate when downscaling to a smaller
resolution. Therefore, an interesting follow-up would be
to evaluate the impacts of land use change in combination
with climate change on water availability in MENA in
the future. This would also involve improving GCMs by
the implementation of vegetation feedbacks.

This study uses climate data of the CMIP3 multi-model
ensemble. Currently, new emission scenarios (CMIP5
multi-model ensemble) (Hibbard et al., 2007; Meehl and
Hibbard, 2007; Meehl et al., 2009; WCRP, 2011; Taylor
et al., 2012) are available. These scenarios are not used in
this study, because the focus of this study is exclusively
on climate data from the CMIP3 model ensemble because
it includes the full bandwidth of possible future climates.
Moreover, the complete CMIP5 model ensemble was
unavailable at the time of the study and this would
introduce a possible bias in our results. Finally, the
new approach adopted for AR5 based on RCPs is just
a slight improvement from the SRES approach used
for AR4. A systematic comparison between CMIP3 and
CMIP5 models and the SRES and RCP approaches would
however definitely be recommendable for a future study.

It is well known that the change in surface variables
can be related to the behaviour of large-scale circulations,
e.g. ENSO (El Niño – Southern Oscillation) (Palmer
et al., 1992; Ward, 1992; Fontaine et al., 1995, 1998;
Janicot et al., 1998; Neelin et al., 1998) and the African
Easterly Jet (Parker et al., 2005, 2008; Redelsperger
et al., 2006; Dezfuli and Nicholson, 2010). According
to Yeshanew and Jury (2007), the Sahelian climate of
Northern Africa is characterized by a decadal rhythm,
whereas the mountainous eastern and equatorial regions
of Africa exhibit interannual cycles. Yeshanew and Jury
(2007) also found that ENSO-modulated zonal circula-
tions over the Atlantic Pacific sector are important for
decadal variations, and that they create a climatic polar-
ity between South America and tropical North Africa. It
is likely that climate change will have repercussions on
large-scale circulation patterns, which may consequently
influence Africa’s climate. This assessment is far beyond
the scope of this study, but it is recommended to focus
future research on this topic.

For policy makers it is relevant to know how much
water is available currently and in the future, and what
adaption strategies are available at what cost to overcome
the possible projected water shortage. Therefore, two
beneficial studies are required:

• A study that addresses water availability using a
hydrological model (Immerzeel et al., 2012); this
involves relevant hydrological processes, e.g. inflow

from upstream basins, reservoir storage, irrigation
water supply, and routing of streamflow, which are
not incorporated in this study.

• A study that evaluates adaption strategies and their
implementation costs in order to overcome possible
water shortages in the future (Droogers et al., 2012).
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