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Glossary 

A1B SRES Scenario 

The A1 storyline and scenario family describes a future world of very rapid economic growth, a global 
population that peaks in mid-century and declines thereafter, and the rapid introduction of new and 
more-efficient technologies. A1B scenario is one of the three groups developed from the A1 scenario 
that describe balance across all energy sources and end-use technologies. 

A2 SRES Scenario 

The A2 storyline and scenario family describes a very heterogeneous world. Economic development 
is primarily regionally oriented and per capita economic growth and technological changes are more 
fragmented and slower than in other storylines. 

CSIRO-MK3 Climate Model 

CSIRO-MK3 is the general circulation model (Version: Mk3.0) developed at CSIRO, Australia (Gordon 
et al. 2002). 

Emission Scenarios 

Future greenhouse gas (GHG) emissions scenarios are the product of very complex dynamic 
systems, determined by driving forces such as demographic development, socioeconomic 
development, and technological change. There are four qualitative storylines yielding four sets of 
scenarios called "families": A1, A2, B1, and B2. 

Flood Hazard 

This land quality refers to flood damage to assets like crops and infrastructure. In this study, flood 
frequency was used to assess this quality. 

Growing Degree Days (GDD) 

Growing degree days is a measure of accumulated heat required by a plant during the growing 
season. Each crop has a boundary within which it can grow and mature. If the GDD is below or above 
these boundaries, the productivity of the crop will decline. 

Land 

An area of the Earth’s surface, the characteristics of which embrace all reasonably stable, or 
predictably cyclic, attributes of the biosphere vertically above and below this area, including those of 
the atmosphere, the soil and underlying geology, the hydrology, and the plant and animal populations. 
Land is a result of past and present human activity, to the extent that these attributes exert a 
significant influence on present and future uses of the land by humans. 

Land Characteristic (LC) 

A simple attribute of land that can be directly measured or estimated in a routine survey through 
remote sensing and census or natural resource inventory. The same LC can be measured at different 
times, resulting in a time-series of values LC(t). The LC can be measured at different points or areas 
within the Land Management Unit, but for land evaluation purposes these individual observations are 
usually aggregated or summarized to a single value or a parameterized distribution. Bouma et al. 
(1996) provide a useful classification of LCs along three axes: (1) sample size (“point” or minimum 
representative volume vs. area), (2) time-series or repeated measurements vs. a single point in time, 
and (3) method of obtaining the value: measurement, estimate, pedotransfer function, or simulation 
model.  

Land Evaluation 

The process of predicting the use potential of land on the basis of its attributes. It does not include 
optimal land allocation. However, land evaluation supplies the technical coefficients necessary for 
optimal land allocation.  

Land Mapping Unit (LMU) 

A specific area of land that can be delineated on a map and whose land characteristics can be 
determined. It is the evaluation unit about which statements will be made regarding its land suitability. 
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The LMU can be a grid cell, single map delineation (polygon), or a set of map delineations with 
common land characteristics—that is, a legend category of a thematic map. Land that has not been, 
or cannot be, mapped may be evaluated at specific locations.  

Land Quality (LQ) 

A complex attribute of land that acts in a manner distinct from the actions of other land qualities in its 
influence on the suitability of land for a specified kind of use; the ability of the land to fulfill specific 
requirements for a land utilization type. It cannot usually be measured or estimated in routine survey 
and so it must be inferred from a set of “diagnostic” land characteristics. The LQ expresses the 
“supply” side of the land use vs. land area matching procedure.  

Land Suitability 

The fitness of a given Land Mapping Unit for a Land Utilization Type, or the degree to which it 
satisfies the land user. In a more operational sense, suitability expresses how well the LMU matches 
the requirements of the LUT. It may be expressed on a continuous scale of “goodness” (for example, 
0 to 100) or, more commonly, as a set of discrete classes, which are conventionally numbered from 
class 1 (“completely suited”) up to some maximum meaning “completely unsuited.”  

Land Use Requirement (LUR) 

A condition of the land necessary for successful and sustained implementation of a specific Land 
Utilization Type. A LUT may be defined by a set of LURs. A LUR expresses the “demand” side of the 
land use–land area matching procedure. 

Land Utilization Type (LUT) 

A specific land use system with specified management methods in a defined technical and 
socioeconomic setting and with a specific duration or planning horizon. The description of a LUT may 
include a time-series of activities and outputs. The definition of a LUT is not a complete description of 
the farming or other land use system: it includes only those attributes that serve to differentiate the 
suitability of land areas—for example, those that can be expressed as Land Use Requirements with 
critical values in the study area. The definition of a LUT also includes attributes that limit the land use 
options by discarding those that are a priori unfeasible over the entire evaluation area.  

Moisture Availability 

Moisture availability is an indicator of the capacity of the land to supply water and make it available for 
plants. Crop growth can be badly influenced by moisture stress and ultimately die due to drought. This 
is indeed the most important LQ for rainfed crops. In this study, soil texture has been used as an 
indicator to assess this land quality. 

MPI-ECHAM5 Climate Model 

ECHAM5 is the fifth generation of the European Community HAMburg general circulation model 
developed at MPI, Germany (Roeckner et al. 2003; MPI 2006). 

MRI-CGCM Climate Model 

Japan Meteorological Agency's Meteorological Research Institute has developed the Coupled 
atmosphere-ocean General Circulation Model, MRI-CGCM (Dai Aiguo 2005). 

Net Primary Productivity (NPP) 

NPP is a parameter used to quantify the net carbon absorption rate by living plants. NPP is the 
difference between plant photosynthesis and respiration that releases part of the carbon absorbed—
that is, NPP = Photosynthesis Rate – Plant Respiration Rate (expressed in units of gram 
carbon/square meter/year). 

Yield 

The amount of an output produced on a given area, either normalized to a unit of land area (for 
instance, per hectare) or not (that is, the amount over the entire evaluation unit).  
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Abbreviation 

ALES Automated Land Evaluation System 

AR4 Fourth Assessment Report of IPCC 

AR5 Fifth Assessment Report of IPCC 

BL baseline 

CRU Climate Research Unit 

CSIRO Commonwealth Scientific and Industrial Research Organisation, Australia 

CSIRO-MK3 CSIRO, Mark 3.0 climate model 

DSSAT Decision Support System for Agro-technology Transfer 

FAO Food and Agriculture Organization 

GCM global/general climate/circulation model 

GDD growing degree days 

GDP gross domestic product 

GHG greenhouse gases 

Ha hectare 

IPCC Intergovernmental Panel on Climate Change 

kg kilogram 

km kilometer 

LC Land Characteristic 

LMU Land Mapping Unit 

LQ Land Quality 

LUR Land Use Requirement 

LUT Land Utilization Type 

MENA Middle East and North Africa 

mm millimeter 

MPI Max Planck Institute for Meteorology, Hamburg, Germany 

MPI ECHAM5 MPI’s ECHAM model, Version 5 

MRI Meteorological Research Institute, Japan 

MRI CGCM 2.3.2A MRI’s Coupled General Circulation Model, Version 2.3.2A 

NPP net primary productivity 

PFT plant functional type 

pH potential of hydrogen or power of hydrogen (acidity) 
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ppm parts per million 

ppmv parts per million by volume 

RCM Regional Climate Model 

RCP Representative Concentration Pathway 

SMU Soil Mapping Unit 

SRES Special Report on Emission Scenarios 
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Executive Summary 

A. Background and Objective 

Recent assessments by the Intergovernmental Panel on Climate Change (IPCC) indicate 
that many regions of the world will experience biome-level changes, suggesting that areas 
that presently feature deserts, rainforest, or tundra may no longer have the same type of 
vegetation by the end of this century. As biomes shift, so will the spatial distribution of 
natural-ecosystems and agro-ecological zones. Likewise, the distribution patterns of plants, 
diseases and pests, fish populations and ocean circulation will change, causing potentially 
significant impacts on food production and livelihoods. Since the 1980s, global crop 
production has been negatively affected by climate trends, with maize and wheat yield 
production declining by 3.8 percent and 5.5 percent, respectively, compared to a model 
simulation without climate trends. 

It is important when formulating policies for sectors that are sensitive to climate change to 
have an understanding of the likely temporal and spatial shifts that may occur. This is 
particularly relevant when climate change could either enhance opportunities or pose 
additional challenges for agricultural production, livelihood security and management of 
protected areas. Rainfed agricultural systems that have developed over centuries in 
response to prevailing climatic conditions are particularly vulnerable to climate change.  

Against this background, the objective of the study is to assess climate change induced 
spatio-temporal shifts in natural ecosystems and rainfed agro-ecosystems in four countries 
(Morocco, Tunisia, Syria and Yemen) from the Middle East and North Africa (MENA) region 
and to understand the implications of these changes for development planning. 

The study focuses on MENA, due to current high levels of water stress and a long history of 
autonomous adaptation knowledge and practices linked to changing patterns of temperature 
and rainfall. The region is part of the Fertile Crescent and has important in-situ agro-
biodiversity. It is home to a rich gene pool of local traditional varieties, which have high 
capacity to tolerate biotic and abiotic stress.  For example, wheat, barley, and sorghum are 
some of the globally important crops with a history of early domestication in this region.  

The study sites selected in cooperation with national counterparts reflect important rainfed 
areas in the main agro-ecological zones defined by the United Nations Food and Agriculture 
Organization (FAO).  Figures 1 and 2 show how these target areas (agro-ecological zones) 
overlap with current land use and land cover, including cultivated land. The majority of 
agricultural production in these countries is under rainfed cultivation. 

Table1 provides the distribution of selected rainfed crops in each country and the spatial 
extent of these crops within rainfed and total cultivated areas. Wheat and barley dominate 
the land area in Morocco, Syria, and Tunisia, while sorghum is most widely cropped in 
Yemen, followed by wheat. More than 75% of the cultivated area is under rainfed conditions, 
with the exception of Yemen, where the figure is close to 60%. The rainfed crops of focus in 
this study cover more than 90% of the total rainfed cultivated area in Morocco, Tunisia and 
Syria, and about 70% in Yemen.  
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Figure 1: Land Use Cover Map of Yemen, Global Cover Map, 2009. The regions within the ovals 
indicate the study area 

 

 

Figure 2: Land use Cover Map of Morocco, Global Cover Map, 2009. The regions within the 
ovals indicate the study area 
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Table 1: Overview of Rainfed Crops of Focus in the Selected Countries  

   Crop      

 

Country 

Year Relative % distribution of targeted rainfed crops Total rainfed 
areas as 
percent 

cultivated 
area 

Rainfed crops 
of focus as 

percent of total 
rainfed 

cultivated area  
Common Wheat* Durum Wheat Maize Sorghum Barley Cotton Tobacco 

Yemen 2011 19 - 7 71 - 3  58% 70% 

Morocco 2008 38 19 - - 43 - - 83% 91% 

Syria 2008 33 - - - 59 8  76% 91% 

Tunisia 2008 10 49 - - 40  1 92% 93% 

* Common wheat is referred to as simply as wheat in Yemen and Syria.
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A. Results  

This study deployed internationally recognized methodologies for projecting futue 
climate and isolating climate variables as agents of temporal and spatial shifts in 
natural-ecosystems and agro-ecosystems. Three global (or general) climate (or 
circulation) models (GCMs) were used (CSIRO-MK3.0.1, MPI-ECHAM5.1, and MRI-
CGCM2.3.2A) under two greenhouse emission pathways (SRES-A1B and SRES-A22). 
Climate change projections were assessed for the mid- and late-century periods (2040-69 
and 2070-99).  

The key findings for all the four countries are presented in Table 3 and visual results are 
presented in the Executive Summary for Yemen and Morocco. The results and trends in 
Tunisia and Syria are largely similar to those in Morocco.  

a. Climate 

Three GCMs (CSIRO-MK3.0.1, MPI-ECHAM5.1, and MRI-CGCM2.3.2A), and two 
greenhouse emission pathways (SRES-A1B and SRES-A2) were used to generate 
future climate change projections for the MENA countries in this study. The choice of 
GCM models was based on a strong correlation between local observed mean annual 
surface air temperatures as well as annual total rainfall, and the model climatologies for the 
baseline period (BL) (1961-90). The bias between GCMs and observations was less than 
1°C in any one month of the year. Details on the methodology and approach used for 
climate modeling are presented in Chapter 2.  

For Morocco, Tunisia, and Syria, where the climate is characterized by a sub-tropical 
desert high-pressure system, the three GCMs point to a shift toward warmer and drier 
conditions. In the case of Yemen, where the inter-tropical convergence zone is the 
main driver of the climate, the trend is one of increased temperature. For Yemen, the 
GCM models project a wetter climate during the current and mid-century periods with the 
possibility of a return to a drier climate towards the end of the century, although some 
models (e.g., MRI model) predictions suggest that a wetter trend is also possible. In general, 
changes in the climate are more pronounced towards the end of the century. Should the 
emissions be higher or lower than projected by the A1B or A2 scenarios, there would be 
significant impacts on the projected rainfall and temperature outcomes that would 
consequently affect the landscape level natural and agro-ecosystem processes. Figure 3 
shows the climate projections for the three climate models and the two emission scenarios.  

b. Natural ecosystems 

The impact of climate change on natural ecosystems was assessed using the BIOME4 
model that simulates the impacts biodiversity and biome distribution. BIOME4 uses 
plant functional types (PFTs) as a proxy for the diversity of plant communities and simulates 
biome distribution on the basis of competition between PFTs by estimating net primary 

productivity (NPP). Changes in CO2 concentration, temperature, and rainfall cause changes 
in NPP, which in turn causes changes in biome and biodiversity distribution. The model is 

presented in detail in Chapter 3. 

 

 

 
2 The A1B emission scenario represents a business as usual pathway while A2 represents a higher 
emission scenario 
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Figure 3: Future climate change projections for the four countries in MENA Region 

The BIOME4 model allows climatic factors (such as temperature and rainfall) to be 
isolated when modelling potential current and future natural vegetation distribution. It 
therefore provides an indication of how climate change will alter the distribution of natural 
vegetation. No assumptions or statements are made on direct human interferences on 
natural vegetation, although it is well understood that land use changes have and will 
continue to affect current and future distribution of natural vegetation. However, isolating and 
analyzing climate induced stresses on the natural vegetation cover is justified for 
understanding the threats to the existing natural land cover, as well as for the potential shifts 
from one ecosystem to another that might occur due to climate change. Figures 4 and 5 
show climate change-induced spatio-temporal shifts of natural ecosystems under the A2 
emission scenario for Yemen and Morocco. Chapter 3 provides a more detailed discussion 
on the impact of climate change on natural ecosystems in the four countries.  

For Yemen, the results indicate that there is likely to be a strong increase in the extent 
of the tropical and temperate xerophytic shrubland biome, accompanied by reduction 
in desert area (Figure 4).  This result applies to both the mid- and late-century time periods, 
although it is less pronounced for the late-century period when using the drier climate model 
of the Commonwealth Scientific and Industrial Research (CSIRO). These results are 
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consistent with the different rainfall projections of the three models. The Max Planck Institute 
of Meteorology (MPI) and Meteorological Research Institute (MRI) models are relatively wet, 
while the CSIRO model simulates much lower rainfall, as shown in the climate section 
below. There is a small extension in the temperate conifer forest biome for the mid-century 
period, while it is reduced again in the late-century period and becomes extinct under the 
MPI model simulation. Thus, there is not much difference in the simulated biome distribution 
between the two scenarios except for some small shifts in the detailed locations of specific 
biomes.  

For Morocco, the northern part of the country will see significant biome shifts due to 
climate change. Two major biomes - the temperate conifer forest and temperate 
scerophyll woodlands - are projected to decline in spatial extent and replaced by an 
increase in desert, tropical xerophytic shrubland, or tropical grassland (Figure 5). 
These changes will occur mainly along the coastlines. Simulations with the MPI model), the 
temperate conifer forest will be extinct in the late-century period. These shifts are consistent 
with the projected northward migration of the sub-tropical desert high climate system that 
isaccompanied by a northward migration of the Sahara desert margin. Consequently, the 
southern part of the country, dominated by the desert biome, will see very little shift in biome 
distribution.  

In general, biomes requiring higher precipitation, such as forest biomes, will decline 
in spatial extent and be replaced with shrubland or grassland. Particularly in Morocco 
and Tunisia, the desert margin is projected to migrate northwards and the forest biomes in 
the north risk total loss by the late-century period. Syria is projected to lose spatial coverage 
of the more productive biomes, but it is not at risk of total loss of any of its biomes even by 
the late-century period. Mid-century projections for Yemen indicate a wetter climate, which is 
reflected in an increase in the spatial extent of more water-demanding biomes. Yemen, as 
reflected in the climate projections, will be hotter but models do not show a definitive trend 
for rainfall, and the end-of-century projections could be for either a wetter or a dryer climate. 

As access to water decreases in model projections, more-water-efficient plants will 
have a competitive edge over less-water-efficient plants. There are numerous possible 
compositions of species for a given biome.  Although the BIOME4 model cannot tell what the 
specific composition of a biome will be, the trends in CO2 and water access mean that 
species composition and the biodiversity of the biome will alter to develop a new equilibrium 
in balance with new climatic conditions. 

In this context, it is worth noting that plants have two principal physiological 
pathways by which they process atmospheric CO2, namely C3 and C4 plants. The so 
called C3 plants build up more biomass due to their ability for increased carbon assimilation 
and will become more competitive under wetter conditions. In contrast, C4 crops become 
more water-efficient and thus gain a competitive advantage in drier climates. As climate 
projections clearly point to a dryer climate in all countries except Yemen, C4-type species 
may become more dominant over time.  

In all scenarios, the increase in CO2 concentration at the late-century period, and in 
particular with the A2 emission pathway, is reflected by a higher Net Primary 
Production (NPP) in the biomes, but there are still variations within countries. For 
example, the NPP effect of CO2 will be restricted to northern Morocco because rainfall will 
be too low in the south for the effect to occur. 
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Figure 4: Simulated biome distribution for Yemen under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-90 using the CRU climate data 
(bottom left) 
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Figure 5: Simulated biome distribution for Morocco under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-90 using the CRU climate data 
(bottom left) 
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c. Agro-ecosystems  

The Automated Land Evaluation System (ALES), a land suitability evaluation software, 
provides analysis over larger geographical areas and has the ability to isolate climate 
parameters as agents of change that cause model shifts in agricultural suitability. 
Other models, such as the Decision Support System for Agro-technology Transfer, are more 
suitable for simulating crop biomass production at the scale of individual fields and farms, 
but they require large amounts of data for each crop.  ALES requires input data that are 
readily available from global FAO databases and climate models and was more appropriate 
for meeting the objective of this regional study. 
 
The ALES methodology can determine four land suitability classes - S1 (high 
suitability), S2 (moderate suitability), S3 (marginal suitability), and N (not suitable) - 
based on data for land and soil characteristics and climate parameters of seasonal rainfall 
and temperature for a defined soil mapping unit (SMU). These data, combined with data on 
growing degree days (GDD) and water requirements that are specific to each crop, allows a 
definition of the land suitability class for each crop in the selected SMU. By altering only the 
climate variables in the model, it is possible to see how the class for the selected crop 
changes as a consequence of either a change in temperature or rainfall or both. Changes 
are identified as marginal, moderate, significant, or highly significant, as described in 
Chapter 4.  

The spatial and temporal shifts for Yemen and Morocco are presented here for the two 
leading rainfed crops under two most extreme climate models (CSIRO (dry) and MRI (wet)) 
for the A1B and A2 emission scenario.  

With regard to Yemen, an improvement in land suitability is projected for sorghum 
and wheat under the current period and the mid-century period compared with the 
baseline period (Figures 6 and 7). This trend in both cases is more pronounced for the 
MRI model than for the drier CSIRO model. For the late-century period, the trend is still 
positive for sorghum under the MRI model but somewhat negative for the CSIRO model. 
With regard to wheat, the situation does not change much compared with the mid-century 
period with the MRI model while it is negative for the CSIRO model.  

With regard to Morocco, the direction in the shifts in suitability classes is more consistent 
both over time and with regard to the two climate models (Figures 8 and 9). The situation 
grows steadily worse over time for barley.  For wheat, a small improvement can be seen for 
the current period compared with the baseline, but for the mid- and late-century period, the 
situation becomes worse.  

Table 2 shows more explicitly the extent of shifts in land suitability and changes in moisture 
and temperature limitations. The more significant changes in land suitability class in Yemen 
for the late-century period are triggered by increasing temperature. In the mid-century, the 
increase in rainfall appears to compensate for the increasing temperature, hence 
temperature limitations only set in at the end of the century. The trends in Morocco are more 
definitive, and rainfall (moisture) becomes the main limiting factor for the mid-century period.  
For the late-century period, both rainfall and temperature become limiting factors.  

Land classification for the baseline period for almost all crops in all four countries is 
classified as S2, S3 or even N. The classifications are generally low, although they are 
better for Morocco, Tunisia and Syria than for Yemen, as these countries have agro-
ecological zones that are better suited to agriculture. The exception is barley in Morocco and 
Tunisia, which is partially grown in highly suitable areas. Tobacco in Tunisia is also grown on 
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highly suitable land; although the area under cultivation is very limited. The overall trend, 
however, is that the situation will become less favorable over time. 
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Figure 6: Spatial distribution map of land suitability for sorghum (left) and wheat (right) for the four time periods as simulated by CSIRO 
model under A1B and A2 pathway for Yemen 
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Figure 7: Spatial distribution map of land suitability for sorghum (left) and wheat (right) for the four time periods as simulated by MRI model 
under A1B and A2 pathway for Yemen 
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Table 2: Percentage distribution of land under different land suitability classes under baseline 
and future climate scenarios for select rainfed crops for Yemen and Morocco 

 

Country 
Time 

period 

Distribution of land suitability classes (%) (S1-S3,N) and moisture and 
temperature limitations 

BL scenario Current period Mid-century Late-century 

S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N 

Yemen Sorghum 0 4 18 78 0 9 13 78 1 10 11 78 0 7 14 79 

 Limiting 
factors 

NA NC NC c 

 Wheat 0 4 18 78 0 9 13 78 1 9 15 75 1 7 12 80 

 Limitations NA NC NC c 

Morocco Barley 18 24 58 0 6 37 57 0 0 11 82 7 0 2 38 60 

  NA NC m,c m,c 

 Common 
Wheat 

0 52 36 12 5 42 41 12 2 42 38 19 0 16 56 28 

  NA NC m m,c 

S1: Highly suitable, S2: Moderately suitable, S3: Marginally suitable, and N: Unsuitable 
Limiting factors – in relation to the baseline. NA = Not Applicable; NC = No Change; m = moisture 
limitation; c = Temperature limitation 

For the current period (1990-2020), land suitability for cereals in all countries will 
remain more or less the same as the baseline period, due to projected marginal increase 
in temperature and an insignificant change in rainfall by the climate models. However, for 
cotton in Yemen, land suitability is projected to improve somewhat due to the modulating 
effect of an increase in rainfall on the rise in temperature. In addition, for tobacco in Tunisia, 
land suitability will decline due to the sensitivity of the crop to even a marginal increase in 
temperature as projected by all the three climate models. 

For the mid-century period (2040-69), land suitability for cereals in all countries 
declines marginally to significantly while a marginal improvement in land suitability 
for cotton is projected in Yemen. No improvement in land suitability is likely to occur for 
sorghum, wheat, and maize crops in Yemen relative to the current period. The improvement 
for cotton is due to the projected increase in rainfall that will modulate the negative effect of 
an increasing temperature. For other crops, the increase in rainfall is nullified by the negative 
effect of a rise in temperature. In Morocco, the land suitability for common wheat and durum 
wheat is likely to decline marginally, while for barley it is likely to decline significantly. In 
Tunisia, land suitability for tobacco continues to decline significantly, while land suitability for 
common wheat and barley is likely to decline marginally and for durum wheat it is likely to 
increase marginally. In Syria, land suitability for wheat and barley is likely to decline only 
marginally, while land suitability for cotton is likely to decline significantly. Typically, the 
decrease in precipitation is the first limiting factor, while the increasing temperature becomes 
a precipitating factor during the late-century period. 
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Figure 8: Spatial distribution map of land suitability for barley (left) and common wheat (right) for the four time periods as simulated by CSIRO 
model under A1B and A2 pathway for Morocco 
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Figure 9: Spatial distribution map of land suitability for barley (left) and common wheat (right) for the four time periods as simulated by MRI 
model under A1B and A2 pathway for Morocco 
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For the late-century period (2070-99), land suitability is projected to decline 
significantly for all crops in Syria, Tunisia and Morocco. In the case of cotton in Syria, 
the decline is likely to be very significant. With regard to Yemen, a significant decline in 
land suitability for cotton, maize, and wheat is projected while land suitability for 
sorghum is likely to decline only marginally, reaching close to the baseline level. 
These changes reflect climate change projections that simulate a significant increase in 
temperature and a significant decrease in rainfall (with high variability) for Syria, Tunisia, and 
Morocco. For Yemen, climate models project a significant increase in temperature, while 
rainfall may either increase or marginally decrease. The main triggering factor for declining 
suitability classes in Yemen for the late-century period will be temperature. 

These results confirm findings from other studies that climate change has a negative 
impact on crop productivity. The results are relevant to large areas within each country 
that practice rainfed agriculture and indicate that the agricultural sector in all four countries 
will be increasingly challenged in the middle to end of the century. It is difficult to provide a 
confidence level for this projection, especially for the late-century period. However, as noted, 
even from the outset, there is limited land suitability to current use and climatic conditions. 
The challenges that climate change will impose on these countries will have to be addressed 
from a less than optimal position. It is likely that this situation could be improved with 
different crop husbandry approaches and techniques, but the focus of this study is to assess 
the suitability of rainfed crops to current and future climatic conditions. Chapter 4 provides 
more details on the results.  

The key findings are summarized in Table 3. 

  

B. Implications for Development Planning  

The study shows consistent and negative trends in the development of natural 
ecosystems and in the suitability of rainfed agriculture with respect to climate change 
projections for the A1B and A2 scenarios through the mid- to late century in all four 
countries.  The added challenges of climate change – with increasing temperatures and 
changing water regimes– will have impacts on both natural and agro-ecosystems. The 
integrity of the most productive natural ecosystems could be threatened by biome-level shifts 
that overlap with areas used for agricultural production, urban settlements, and climate 
change. The study also projects an increasing downward trend in suitability class for all the 
rainfed cereal crops from current through to the late century period. These spatial shifts in 
natural and agro-ecosystems are largely driven by the climate projections in each country  

Both conservation and agricultural communities recognize that a balance between 
natural and agro-ecosystems is in the interest of sustained agricultural production 
and the provision of eco-system services. Comparing current land use maps with the 
simulated biomes could provide opportunities to safeguard as much as possible of present 
biodiversity and natural ecosystems. A mosaic landscape in which natural and agro/urban 
ecosystems maintain their inter-linkages can benefit the sustained provision of ecosystem 
services and contribute to productive agricultural systems. Good foundations for such 
systems are in place in Morocco, Tunisia, and Syria. While the system of protected areas in 
Yemen is rudimentary, the current landscape is to a large extent a mosaic of blended 
agricultural and natural ecosystems and provides a good basis for action.  
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Table 3: Summary of the key findings  

Country  
Key findings  

Future climate scenarios Natural-ecosystem Agro-ecosystem 

Yemen  
• All the three GCMs 

(CSIRO-MK3.0.1, MPI-
ECHAM5.1, and MRI-
CGCM2.3.2A) for both 
A1B and A2 emission 
pathways project an 
increase in temperature of 
0.4-0.6°C, 1.7-2.5°C, and 
2.5-4.6°C during current, 
mid-century, and late-
century periods 
respectively. 

• For rainfall, the balance of 
GCM projections is 
towards a wetter climate 
during the current and 
mid-century periods with 
the possibility of a return 
to a drier climate towards 
the end of the century, 
although some model 
predictions suggest a 
wetter trend is also 
possible.  

 

• Current biome diversity in Yemen is 
dominated by the temperate xerophytic 
shrubland biome, desert, and the tropical 
dry forest biome in mountainous areas.  

• Under future climate change there is likely 
to be a strong increase in the extent of the 
tropical xerophytic shrubland biome, 
accompanied by a reduction in the area 
covered by desert. 

• There is likely to be a small extension in 
the temperate conifer forest biome for the 
mid-century period while it is reduced 
again at the late-century period.  

• It is expected that two major biomes, 
sclerophyll woodlands and open conifer 
woodlands, will be fully replaced by either 
desert or tropical xerophytic shrublands 
under future climate change. 

• Net primary productivity is likely to 
increase at mid- and late-century periods 
because of CO2 fertilization.  

• Due to increasing rainfall and CO2 
fertilization the natural ecosystem is 
expected to become more productive by 
mid-century but the CO2 fertilization effect 
is even more pronounced for the late-
century period. 

• The cropping pattern in this country is based on cereals 
(barley, wheat, sorghum), pulses, and cash crops (such as 
cotton) cultivated during the main rainy season 

• As per the baseline scenario, most of the cotton is cultivated 
on marginally suitable land (93%), while as much as 78% of 
the area under maize, sorghum and wheat cultivation is 
taking place on land in the unsuitable land suitability class.  

• The increased rainfall is projected to result in significant 
improvements in land suitability for cotton while land 
suitability for sorghum, wheat, and maize improves only 
marginally, and therefore crop productivity is also likely to 
improve accordingly.  

• For the mid-century period the increase in rainfall modulates 
the negative effect of increased temperature to some extent 
resulting in a marginal improvement in land suitability for 
cotton. However, no improvement in land suitability of 
sorghum, wheat, and maize in relation to current period is 
likely. 

• For the late-century period, an increase in rainfall would 
have triggered an improvement in crop land suitability; the 
significant temperature increase results in GDD for cotton, 
maize, and wheat surpassing the optimum range resulting 
in significant decline in land suitability for these three crops. 
Land suitability for sorghum is likely to decline only 
marginally, reaching close to BL level.  

Morocco 
• All three GCMs (CSIRO-

MK3.0.1, MPI-ECHAM5.1, 
and MRI-CGCM2.3.2A) for 
both A1B and A2 emission 
pathways project an 
increase in temperature 

• Current vegetation cover is distinguished 
in two parts: the southern region is 
dominated by the desert biome 
interspersed with sporadic barren land and  
the northern region is mainly covered by 
tropical xerophytic shrubland, temperate 

• The cropping pattern in this country is based on cereals 
(barley, common wheat, and durum wheat), oil crops and 
pulses cultivated during the rainy season. 

• As per the baseline scenario, barley is spread over three 
land suitability classes (marginal: 58%, moderate: 24%, and 
highly suitable: 18%). Common wheat is cultivated on 
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Country  
Key findings  

Future climate scenarios Natural-ecosystem Agro-ecosystem 

range of 0.4-0.6°C, 1.7-
2.7°C, 2.3-4.3°C during 
current, mid-century, and 
late-century periods 
respectively.  

• For rainfall, all three 
models project a decline 
for both emission 
pathways at all time 
horizons in the future. The 
decline is likely to be up to 
41% during the late-
century period. 

sclerophytic woodland and some 
temperate conifer forest in the northeast.  

• The northern part of Morocco is likely to 
see significant biome shifts due to climate 
change.   

• Two major biomes, temperate conifer 
forest and temperate scerophyll 
woodlands are expected to reduce in their 
coverage and be replaced by an increase 
in desert, tropical xerophytic shrublands or 
tropical grassland.  

• CO2 fertilization will contribute to higher 
net primary productivity under future 
climate scenarios in northern Morocco. 

• Shifts in natural ecosystems will primarily 
affect northern Morocco.  

moderate (52%), marginal (36%) and unsuitable (12%) 
land, and durum wheat is cultivated on moderate (55%), 
marginal (34%), and unsuitable (12%) land. 

• For the current period, overall land suitability and hence 
productivity of all three crops remains more or less the 
same as in BL scenario, with only marginal adjustments 
between the two consecutive land suitability classes. 

• For mid-century period, due to the decrease in rainfall, the 
land suitability of common wheat and durum wheat is likely 
to decrease marginally while for barley it is likely to decline 
significantly compared with the current period due to both a 
decline in rainfall and an increase in temperature. 

• For the late-century period, the significant decline in rainfall 
may result in significant degradation in land suitability for all 
three crops, leading to a decline in the productivity. In 
addition, the significant increase in temperature is likely to 
result in GDD for all three crops surpassing the optimum 
range, which may also trigger a significant decline in land 
suitability.  

Tunisia 
• All the three GCMs 

(CSIRO-MK3.0.1, MPI-
ECHAM5.1, and MRI-
CGCM2.3.2A) for both 
A1B and A2 emission 
pathways project an 
increase in temperature of 
0.3-0.7°C, 1.3-2.5°C, and 
2.1-4.0°C during current, 
mid-century, and late-
century periods 
respectively. 

• For rainfall each models 
projects a decline in for 
both the emission 
pathways at all time 

• Current vegetation from south to north is 
dominated by dessert, grassland, 
shrubland and to the very north along the 
coast temperate sclerophyll woodland. 

• Most of the changes triggered by climate 
change are likely to happen around the 
coastline with one new biome (tropical 
grassland) appearing and two biomes 
(sclerophyll woodland and warm mixed 
forest) possible disappearing. 

• The area away from the coast ( desert and 
tropical xerophytic shrubland) and in the 
interior of the country seems to be fairly 
robust against climate change.  

• There is no change for the desert biome in 
southern Tunisia regardless of time period 

• The cropping pattern in this country is mainly based on 
cereals (durum wheat, barley) cultivated during the main 
rainy season.  

• As per the baseline scenario, most of the durum wheat is 
cultivated on moderately suitable land (98%) while most of 
the tobacco crop is grown on highly suitable land (94%). 
Barley cultivation is spread over highly suitable (17%), 
moderately suitable (41%), and marginally suitable (40%) 
lands. Common wheat is cultivated on moderately suitable 
(59%) and marginally suitable (39%) lands.  

• For the current period, land suitability of all three cereal 
crops remains more or less same as in the BL scenario 
while land suitability for tobacco declines. 

• For the mid-century period, the land suitability for tobacco 
continues to decline significantly, while suitability for 
common wheat and barley is likely to decline marginally and 
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Country  
Key findings  

Future climate scenarios Natural-ecosystem Agro-ecosystem 

horizons in the future. The 
decline is likely to be up to 
30% during the late-
century period. 

and climate change scenario.  

• CO2 fertilization contributes to a marginally 
higher net primary productivity of natural 
ecosystem under future climate scenarios. 

• Shifts in natural ecosystems will primarily 
affect northern Tunisia.  

 

for durum wheat is likely to increase marginally compared 
with the current period. 

• For the late-century period, land suitability and 
consequently productivity declines significantly for all three 
cereals and tobacco. Significant increase in temperature 
results in a larger value of GDD, which is likely to cause a 
significant decline in crop suitability, as the optimum range 
for the GDD may be surpassed for all three crops.  

Syria 
• All three GCMs (CSIRO-

MK3.0.1, MPI-ECHAM5.1, 
and MRI-CGCM2.3.2A) for 
both A1B and A2 emission 
pathways project an 
increase in temperature of 
0.4-0.7°C, 1.3-2.8°C, and 
2.4-4.7°C during current, 
mid-century, and late-
century periods 
respectively.  

• For rainfall, all three 
models project a decline 
for both the emission 
pathways at all the time 
horizons in the future. The 
decline is likely to be upto 
27% during the late-
century period. 

 

• Current vegetation is dominated by the 
steppe biome, although the coastal 
Mediterranean biome appears as patches 
of needle-leaved forest interspersed with 
deciduous shrubs, with a small area of 
broadleaved deciduous forest in the 
northwest. 

• Under climate change, tropical biomes are 
likely to increase in extent, but none of the 
existing biomes will completely vanish.  

• Tropical xerophytic shrubland, tropical 
grassland, and desert biomes are 
expected to take over from temperate 
scelrophyll woodlands and temperate 
grasslands.  

• Most of the changes in vegetation cover 
will occur around the coastline.  

• The area away from the coast and in the 
interior of the country, covered by desert 
and tropical xerophytic shrubland, seems 
to be fairly robust against climate change.  

• CO2 fertilization results in marginally 
higher net primary productivity.  

• The cropping pattern in Syria is based on cereals (barley 
and wheat), a cash crop (cotton), and pulses cultivated 
during the rainy season. 

•  As per the baseline scenario, barley and wheat cultivation 
is spread over three land suitability classes (moderate 17%, 
marginal 46%, and non-suitable 38%). Cotton cultivation is 
also spread over three land suitability classes (moderate 
44%, marginal 17%, and non-suitable 39%). 

• For the current period climate land suitability and hence 
productivity of all three crops remains more or less same as 
in the BL scenario.  

• For the mid-century period, land suitability of wheat and 
barley crops is likely to decline only marginally, while for 
cotton it is are likely to decline significantly due to the crop’s 
higher sensitivity to both a decline in rainfall and an 
increase in temperature.  

• For the late-century period, the significant increase in 
temperature results in surpassing the optimum GDD range 
for all three crops. Due to these changes in climate, land 
suitability for cotton is likely to decline very significantly, 
while only a significant decline is projected for cereal crops. 
Accordingly, the yield of all crops is likely to decline further 
in the late-century compared with the mid-century period. 
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Agriculture is important to the economies of these countries and supports significant 
populations in each country (Table 4).  In Yemen, over two-thirds of the population 
depends on agriculture, and the value added per worker in the agricultural sector is an order 
of magnitude lower than in the other countries. The percentage that the agricultural sector 
contributes to the gross domestic product (GDP) per capita is just 8%. This reflects a very 
low productivity in the agricultural sector upon which a large proportion of the population 
depends, revealing a high level of rural poverty. Morocco’s agricultural sector is more 
productive, but its large rural population and its economy are vulnerable to climate change, 
given the high contribution of the agricultural sector to the GDP.   
 
Climate change poses a serious threat to the rainfed agriculture sector and to the 
large percentage of the population directly engaged in it. Rainfed agro-ecosystems, 
which host a large share of the poorer farmers, will be most challenged due to their direct 
dependence on natural rainfall and climate conditions. In Morocco, about one-third of the 
population depends on agriculture, and over 80% of its cultivated area is rainfed. The 
situation is similar in Tunisia and Syria, with a quarter of the population dependent on 
agriculture, a high share of cultivated area being rainfed (over 90% in the case of Tunisia), 
and a significant share of GDP being generated by the agricultural sector (especially in the 
case of Syria). In all these countries, a large share of women are economically active in the 
rainfed sector, with a representation close to 50% or more. 

Table 4: Country Indicators: Relative importance of Agriculture  

Indicator Year 
Yemen 
(year) 

Morocco 
(year) 

Syria 
(year) 

Tunisia 
(year) 

Source 

Total population 
(million) 

2008 23 32 21 10 World Bank 

 
Total cultivated area 
(ha) 

 
2009 

 
1,452,000 

 
9,055,000 

 
5,664,000 

 
4,936,000 FAO 

Arable land as %of 
total land area 

2009 2.2 18 25.4 17.4 World Bank 

 
% of Ag. in GDP 

 
2010 

 
8.2 

 
17.1 

 
17.6 

 
10.6 

 
NationMaster.com 

% of cultivated area 
covered by crops 
included in this 
study 

2008 
70 
(2011) 

91 91 93 
National Ministries 
of Agriculture 

Total rainfed area 
as % of total 
cultivated area 

 
58 
(2004) 

83 
(2004) 

76 
(2010) 

92 
(2010) 

FAO 

Share of population 
depending on Ag. 
Sector for its 
Livelihood (%) 

2008 70 33 25 25 FAO 

Share of Women 
Economically Active 
in Ag. Sector (%)  

2008 44 57 66 42 FAO 

Ag. value added per 
worker (constant 
2000 US$) 

2010 749 3315 
4543 
(2008) 

3050 World Bank 
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Therefore, it is critical that development practitioners actively integrate a climate risk 
approach into their strategies and land-use planning. Modeling the implications of 
climate change on natural ecosystems and on agro-ecological zones should be an iterative 
process as new and better data become available. Climate projections would benefit from 
better local and regional datasets. As density of observed climate data improves so will the 
simulations for spatio-temporal shift in natural ecosystems and in agro-ecological zones.  
Improvements in GCMs and downscaled models will also reduce uncertainty.  Similarly, 
investments in local capacity to undertake modeling shifts in ecosystems using techniques 
like BIOME4 and ALES could assist in better preparedness, by providing critical information 
for spatial planning in response to climate change. Successful applications of such an 
approach include Australia, which following analyses of the impact of climate change on its 
agricultural sector, changed its production systems to respond better to current climate 
variability and climate change3.  

This study has pointed to the necessity to learn more about climatic trends to enable 
countries to plan for a sustainable future that takes into account the impacts of 
climate change. The key to the future is adaptability, meaning the ability to respond when 
risks materialize. Adaptability requires knowledge, resources and an institutional framework 
with a clear mandate and responsibility to address the climate challenge.  

 

 

 

 

 

 

 

 

3 Beddington J. Asaduzzaman M, Clark M, Fernandez A, Guillou M, Jahn M, Erda L, Mamo T, Van Bo N, Nobre CA, Scholes 

R, Sharma R, Wakhungu J. 2012. Achieving food security in the face of climate change: Final report from the Commission on 
Sustainable Agriculture and Climate Change. CGIAR Research Program on Climate Change, Agriculture and Food Security 
(CCAFS). Copenhagen, Denmark. 
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1. Chapter 1: Introduction 

1.1 Background and motivation 

A recent World Bank commissioned publication entitled “Turn Down the Heat: Why a 4°C  
Warmer World Must Be Avoided” provided a snapshot of recent science-based evidence of 
the likely impacts and risks that would be associated with a 4°C warming within this century 
(World Bank, 2012). The report noted that the effects of this warming will not be evenly 
distributed around the world, nor would the consequences be simply an extension of those 
felt at 2°C warming. The largest warming will occur over land and range from 4°C to 10°C. 
Increases of 6°C or more in average monthly summer temperatures would be expected in 
large regions of the world, including the Mediterranean, North Africa, and the Middle East. 
 
Climate affects both evolutionary processes, such as how fast species diversify, and 
ecological processes, such as range shifts and species interactions. Increasing vulnerability 
to heat and drought stress will lead to increased mortality and species extinction. An earlier 
assessment by the Intergovernmental Panel on Climate Change (IPCC) to forecast 
differences between climate zones today and in 2100 indicated that many regions would 
experience biome-level changes, suggesting that areas that may presently feature deserts, 
rainforest, or tundra may no longer have the same type of vegetation by 2100 (Fischlin et al., 
2007). The Millennium Ecosystem Assessment forecast shifts for 5–20% of Earth’s terrestrial 
ecosystems, in particular cool conifer forests, tundra, scrubland, savannahs and boreal 
forest (Sala et al., 2005). As these biomes shift, so will the spatial distribution of ecological 
and agro-ecological zones, habitats, distribution patterns of plant diseases and pests, fish 
populations, and ocean circulation patterns -  all of which can have significant impacts on 
conservation, agriculture, food production and livelihoods in general 

The IPCC Fourth Assessment Report (AR4) projected that global food production would 
increase for local average temperature rise in the range of 1°C to 3°C, but may decrease 
beyond these temperatures (IPCC, 2007). New results and observations, however, are less 
optimistic and indicate a significant risk of high-temperature thresholds being crossed that 
could substantially undermine food security globally in a 4°C world (World Bank, 2012). 
Lobell et al. 2011 find that since the 1980s, global crop production has been negatively 
affected by climate trends, with maize and wheat production declining by 3.8 percent and 5.5 
percent, respectively, compared to a model simulation without climate trends. 

It is increasingly important to have an understanding of likely temporal and spatial shifts on 
natural and agro-ecosystems, and particularly the consequences these shifts will have on 
areas under protection or agriculture production. The development implications of these 
shifts will be critical for the spatial planning and formulation of policies in response to  climate 
change.   

1.2 Objectives and scope of the study 

The objective of the study is to assess climate change induced spatio-temporal shifts in 
natural ecosystems and rainfed agro-ecosystems in four countries (Morocco, Tunisia, Syria 
and Yemen) from the Middle East and North Africa (MENA) Region, and to understand the 
implications of these changes for development planning. 

The study deploys and tests methodologies to understand climate trends, natural ecosystem 
modeling, agro-ecosystem modeling and socio-economic analysis to meet these objectives.  

To meet the objectives of the study, it will focus on the following research questions: 
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• How might natural and agro-ecosystems change in response to various climatic 
scenarios? What are the information needs and methodologies that can be used to 
asses these spatial and temporal shifts?  

• To what extent will projected climate variables such as temperature and precipitation 
impact the agro-ecosystems selected for the study, under various climate scenarios 
for the mid- and late-century time periods (2040-2069 and 2070-2099)? 

• How can planners use this information and guidance to prepare and adapt to both 
the short-term and long-term consequences of climate change – at the land-use level 
to achieve more climate-resilient development.  

This study focuses on a better understanding of the biophysical impacts of climate change 
on natural and agro-ecosystems and the implications of these changes on the livelihoods of 
rural populations.  

Figure 1-1 summarizes the methodological framework of the study, highlighting the linkages 
between different levels of modeling and data requirements. The overall approach begins 
with climate data and modeling, including downscaling climate scenarios; ecosystem 
modeling; and agro-ecosystems land evaluations and modeling.  

The rationale for focusing on the MENA region is that the region has high water stress and 
has a long history of autonomous adaptation knowledge and practices due to changing 
climatic conditions (temperature and rainfall). The region is also a part of the Fertile Crescent 
and has important in-situ agro-biodiversity. The region is home to a rich gene pool of local 
land races and their wild relatives.  For example, wheat, barley, sorghum are some of the 
globally important crops with a history of early domestication in the region.  

1.3 Characteristics of the MENA Region and the four selected countries 

The MENA Region is considered to be the most water-scarce area in the world with 
water resources of less than 1000 m3 per person per year (about 3 % of the world 
average) in most of the countries. From the climatic perspective, Syria, Tunisia and 
Morocco are situated at the northern edge of the subtropical high-pressure zone, which is 
characterized by winter rains. As a consequence of climate change, the northern frontier of 
the zone will move north, resulting in a drier climate (the northern Sahara desert frontier will 
migrate north). The climate of Yemen is affected by the inter-tropical convergence zoned 
resulting in summer rains. But as Yemen is situated at the northern edge of this climatic 
system, its climate is equally vulnerable to climate change. IPCC AR4 projections indicate 
that in most countries the climate will become hotter and drier, and an already challenging 
situation with regard to natural resource management will thus become even more difficult. 
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Figure 1-1: Methodological setting of the study 

The agricultural sector is important in these non-petroleum exporting countries4 and 
climate change is likely to cause changes in agro-ecosystems that will significantly 
impact their social and economic situation. Yemen is the poorest and most dependent of 
the four countries in this study on the performance of the agricultural sector for the 
livelihoods of its rural populations. About 70 percent of its population is rural and its value 
added per worker in the agricultural sector is the lowest at US$ 750 per year. The other 
three countries’ rural population is about 30 percent for Syria and 40-45 percent for Tunisia 
and Morocco. The value added per worker per year in the agricultural sector is an order of 
magnitude higher than that of Yemen’s at US$ 3,000-3,500. The low productivity in the 
agricultural sector in Yemen is further reflected in that despite that 70 percent of the 
population is rural and only 8 percent of total GDP originates in the agricultural sector while 
this number is 20 percent for Syria and between 10-15 percent in Morocco and Tunisia. 

 
4Yemen is a small oil producer and relies heavily on foreign oil companies that have production-
sharing agreements with the government. Income from oil production constitutes 70 to 75 percent of 
government revenue and about 90 percent of exports. 
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1. Land utilization type suitability 

classification
2. Dynamic and automated land 

evaluations
3. Crop yield modeling 
4. Climate change impacts on 

crop yield, and land suitability
5. Assessment of shifts in crop 

land suitability & crop 
productivity leading to a food 
security

Climate Change
(e.g., changes in temperature and precipitation)

Ecosystem and Agro-Ecosystem Resilience Improvements

Effects of Climate Change on Ecosystem Shifts

Mainstream Climate Resilience and Build Coping Capacity

Raise Awareness of Climate Change Impacts
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Tunisia has reached food self-sufficiency but this is being threatened by the impact of 
climate change. Morocco has experienced six droughts in the last decade and its agricultural 
potential is being challenged by droughts and desertification. A study by Cline (2007) 
indicates that Syria, Yemen and Morocco are likely to experience a drop in agricultural 
productivity by 50 percent or more by 2080 as a consequence of climate change 

Syria and Yemen, including parts of North Africa are part of eco-regions of global 
significance; Syria is part of the so-called Fertile Crescent or cradle of civilization and 
agriculture whereas the highlands of Yemen are part of the Southwest Arabian 
montane woodlands that support about 2000 plant species, of which about 170 are 
endemic. These regions are the home of wild relatives of some of the world’s main 
agricultural crops such as the cereals (wheat, oat and barley), legumes (chickpea, lentil, and 
pea), vegetables (cabbage, onion, garlic, and carrot), fruit trees (fig, almond, apricot, and 
olive) and forage plants (alfalfa, berseem and vetch). The abundance of wild relatives of 
these crops in the Fertile Crescent allows for continuous evolution of the gene pool of these 
crops, which is essential for development of new and better-adapted varieties. Fertile 
Crescent, including parts of North Africa, also encompasses three of Vavilov’s centers of 
origin of crop species (the Near Eastern, Central Asian and Mediterranean regions). It is 
therefore critical to understand the implications of climate change on the natural as well as 
the agro-ecosystems of this region. 

The MENA region is by definition arid and natural and agro-ecosystems are adapted 
to an arid climate but current predictions of higher temperatures and changes in 
precipitation patterns will likely go beyond the coping capacities of many individual 
farmers, communities, and government agencies. Climate change is expected to affect a 
number of ecosystems and sectors in the MENA region over the coming decades, with 
specific impacts on agriculture resulting in:  

• Variability in the quantity and quality of water flows with serious implications for 
rainfed agriculture and for irrigation potential;  

• Increasing aridity, land degradation, and desertification; 

• Change in type of, and increasing incidence and impacts of crop pests and diseases; 

• Potentially decreasing plant and animal species diversity and changes in biome 
boundaries, agro-ecological zones and boundary shifts, and perturbations to 
ecosystem services (e.g. carbon sequestration, functional biodiversity, water 
regulation) needed to sustain the productivity of current agricultural areas. 

1.4 Outline of report 

The report first introduces the different methodologies adopted in this study and details the 
main modeling results for each country (and collectively) in the following order: Chapter 2 
focuses on the climate change analyses. Chapter 3 presents natural ecosystems modeling 
and results, and Chapter 4 presents agro-ecosystems modeling and results for selected 
crop. Chapter Error! Reference source not found. provides a synthesis of the results and 
recommendations and discusses the policy implications, based on the main findings of the 
study. 
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2. Chapter 2: Climate Change Analysis 

2.1 Introduction 

The main objective of this study is to assess the spatial and temporal shifts in natural- and 
agro-ecosystem induced by climate change. The study has three components: analysis of 
projected climate data trends, natural-ecosystem modelling and agro-ecosystem modelling.  

This chapter focuses on the development of climate change scenarios for the four focus 
countries namely, Yemen, Tunisia, Morocco and Syria. 

Reliable projections of climatic changes (climate change scenarios) at the regional and local 
scale provide crucial information to undertake vulnerability and impact assessments and 
assess impacts in sectors where the economic, social / cultural, and public health 
consequences are high. Scenarios can be described as pertinent, plausible, alternative 
futures. Their pertinence, in the case of climate change, lies in providing information on how 
changes in climate may affect natural and agricultural systems. This information is also 
required to help decision makers manage resources that may be affected by climate change 
and take appropriate measures for climate-resilient development activities that are locally or 
regionally relevant in relation to varying time horizons for appropriate adaptation options and 
for investment decisions. 

2.2 Climate change projections: Approach, methodology and validation 

The tools most commonly adopted for projecting future climate are global (or general) 
climate (or circulation) models (GCMs). Today, the "best" estimates of future climate come 
from coupled global climate models. Chapter 11 of the IPCC AR4 Working Group 1 
(Christensen et al. 2007) provides a concise overview of the key climate characteristics for a 
set of regions, including a short round-up of the evaluations of the performance of the 
climate models, discussing their strengths and weaknesses in terms of reproducing regional 
and local climate characteristics. 

The accuracy of GCMs is limited by grid resolution and the ability to describe the 
complicated atmospheric, oceanic, and chemical processes mathematically. To achieve a 
higher resolution, we downscaled global model outputs using regional climate models 
(RCMs) or other downscaling techniques. RCMs not only give greater geographical detail, 
they take better account of features such as mountains and coastlines and give a much 
improved simulation of (and hence can be expected to give better projections of) changes in 
extremes such as heavy rainfall events. The accuracy of projections from RCMs is limited, 
however, by the accuracy of the inputs fed from global models. The application for RCMs is 
currently limited to a few regions due to high computing resources and trained human skills. 
No RCM simulations have been carried out for countries in the MENA Region as yet. In view 
of this, the study undertook the standard downscaling exercise with the data sets generated 
from long-term climate simulations by GCMs at leading climate modeling centers across the 
world for region-specific validation to evaluate their performance in simulating the “baseline 
climatological normals” in the region. Subsequently, the model-simulated datasets for the 
selected time periods were downscaled and analyzed to understand the likely changes in 
regional climatic patterns in the future under two of the six emission pathways outlined in the 
IPCC - Special Report on Emission Scenarios (SRES) and adopted by the modeling 
communities for use in GCM simulations for  the Third and Fourth Assessment Reports.  

One of the criteria commonly used in selecting a GCM in constructing regional climate 
scenarios for impact assessment is its performance simulating the present-day climate in the 
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region. This is evaluated by comparing the model outputs with observed climate in the target 
region. The GCM outputs that are globally available, can be validated for a particular region 
by considering the observed national records for the baseline climatic conditions, normally 
taken as the 1961-90 period. Toward this, the climatological data from observed data 
archives of different countries have been combined into various supranational and global 
data sets to facilitate the validation of global climate models, in order to compare simulated 
with observed climate. One such widely accessible data set - the Climate Research Unit 
(Norwich, UK) Global Climate Data Set (CRU Observed Climate Data Set) for the 
“climatological normal” - has been quality-controlled, transformed, homogenized, and 
interpolated to a regular grid of 0.5o X 0.5o latitude/longitude and has been widely used not 
only for model development, testing, and validation purposes in many countries but also to 
facilitate the vulnerability assessments. The study reported here has based its validation 
exercise using the CRU data sets for baseline inter-comparison purposes. 

Prior to deriving future projections of climate parameters on a regional scale, it is necessary 
to validate the performance of the global climate models in realistically simulating the 
present day climatology for a specific region or country. Simulations with a set of six GCMs 
developed by the Hadley Centre (United Kingdom), Max Planck Institute for Meteorology 
(MPI Germany), the Meteorological Research institute (MRI Japan), the Commonwealth 
Scientific and Industrial Organization (CSIRO Australia), the Center for Climate System 
Research at the National Institute for Environmental Studies (CCSR-NIES Japan) and the 
Geophysical Fluid Dynamics Laboratory (GFDL USA) performed for IPCC-AR4 were 
reviewed in terms of their relative agreement in simulating the surface air temperature and 
rainfall and their inter-annual variability during the baseline period (1961-90) in the selected 
MENA countries. A robust validation exercise on the skill of each of these models in terms of 
their performance of the baseline climatology was undertaken using both the CRU data sets 
and the observed data on temperature and rainfall obtained from individual stations in the 
selected countries. Subsequent to this, the climate models with baseline temperature biases 
higher than 2oC for monthly mean temperatures in MENA countries or poor replication of the 
observed characteristics in annual cycle were discarded for generation of the future climate 
change scenarios. Three GCMs - namely, the CSIRO-MK3.0.1, MPI-ECHAM5.1, and MRI-
CGCM2.3.2A models - were found to compare well with the observed annual mean surface 
air temperature (bias was less than 1 oC in any month of the year) over the region as well as 
annual total rainfall. These GCMs were applied for long-term simulations under the SRES-
A1B and SRES-A2 emission pathways and the data generated in these simulations were 
used for detailed analysis of the changes in future climatic conditions for this study. 

The choice of the two greenhouse gas emissions pathways – namely, SRES-A2 and SRES-
A1B pathways - was based on the fact that the A2 emission pathway follows a relatively 
higher emission rate while the A1B or Business As Usual pathway has a relatively slower 
rate of increase in GHG emissions beyond the mid-century (Figure 2-1), and these were 
considered most plausible.  

Recently, the climate modeling community has undertaken GCM simulations with newly 
developed Representative Concentration Pathways (RCPs), which are still being evaluated 
as part of the Fifth Assessment Report of the IPCC. The interesting point to note here is that 
the global mean temperature increase projected by the GCMs by the end of the twenty-first 
century under the RCP 8.5 emission pathway5 is only marginally higher than the SRES A2 
emission pathway and likewise that under RCP 6 (which is the most plausible unless the 
new GHG mitigation treaty proposed for 2015 is in place to arrest the increasing GHG trend 
beyond a 2oC warming threshold to RCP 4.5 or other plausible pathways), it is close to the 
SRES A1B pathway (as shown in Figure 2-2 below). Thus, the projected changes in 

 
5 RCP8.5 is the baseline greenhouse gas concentration trajectory that does not include any specific 
climate mitigation target. 
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temperature and rainfall for MENA Region presented here should be valid at least until mid-
century,  but they may need revisions in the late century depending on the concerted efforts 
of the world in arresting and reversing the increasing trends in GHG emissions. 

 

Figure 2-1: Projections of global mean surface temperatures for A2 and A1B emission 
pathways. Also shown is the projected warming for other SRES family emission pathways and 
the year 2000 constant concentration (Source: IPCC, 2007). Red dotted line indicates the 2oC 
warming threshold proposed in Copenhagen Accord by the Parties to Climate Change 
Negotiations 

 

Figure 2-2: Comparison of future global mean temperature projections under the SRES and 
RCP emission pathways (Source: Rogelj et al., 2012) 

To enable the assessment of long term changes in the natural and agro-ecosystems the 
mid- and late-century time periods were compared against the historical and current time 
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periods. The downscaled climatic datasets for the twentieth and twenty-first century were 
divided into four time periods or time horizons: the baseline (1961-90; 360 ppmv CO2), 
current period (1991-2020; CO2 ~400 ppmv and ~430 ppmv for A1B and A2 respectively), 
mid-century (2040-69; CO2 ~512 ppmv and ~530 ppmv for A1B and A2 respectively), and 
late-century (2070-99; CO2 ~712 ppmv and ~780 ppmv for A1B and A2 respectively). Two 
key meteorological parameters - rainfall and mean temperature - were considered for 
assessing the climatic changes in MENA Region, focusing specifically on Yemen, Morocco, 
Syria, and Tunisia. Rainfall and mean surface air temperature were further analyzed for 
variations in time as well as space, as discussed here. 

It is noteworthy that in terms of global projections of rainfall for the current and future 
periods, the CSIRO model has a tendency towards less pronounced changes with time (dry 
model), while the MRI model has a tendency toward the most pronounced changes with time 
(wet model) of the three. The changes in rainfall with time in MPI model simulations are 
rather modest relative to the other two models (medium model). These three GCMs have 
been considered for the study of the MENA region, and the relevant data sets were 
downscaled individually for the four countries in the region. 

2.3 Future climate change projections 

Temporal variations in surface air temperature and rainfall were calculated to see the relative 
changes under A1B and A2 greenhouse gas emission pathways for each of the three global 
climate models considered in this study. These variations were analyzed in terms of annual 
average, seasonal average, and monthly average fluctuations in rainfall and mean surface 
air temperature. The relative temporal changes in the climate projection scenarios were 
calculated by comparing the baseline scenarios. These temporal changes were calculated in 
percentage terms for rainfall and in absolute terms for mean surface air temperature, per the 
IPCC convention. In the temporal variations, wherever the term rainfall is used, it represents 
the annual average rainfall or monthly average rainfall; wherever the term temperature is 
used, it represents the annual mean surface air temperature or monthly mean surface air 
temperature. 
 

2.3.1 Yemen 

Yemen is located in Western Asia, in the southern half of the Arabian Peninsula, bordering 
the Arabian Sea, the Gulf of Aden, and the Red Sea. It lies in tropics between 12°–19°N and 
42°–55°E, and the season rainfall is strongly modulated by its position at the inter-tropical 
convergence zone. The Tihamah form a very arid and flat coastal plain, but despite the 
aridity, the presence of many lagoons makes this region very marshy and contributes to 
extensive groundwater reserves for agricultural use. The country, dry in the east and humid 
in the west, has very limited natural freshwater; land degradation caused by aridity and 
overgrazing have been a cause for concern. The western highlands receive the highest 
seasonal monsoon rainfall in Arabia, rapidly increasing from 100 mm per year to about 760 
mm in Taizz and over 1,000 mm in Ibb. Agriculture here is very diverse, with such crops as 
sorghum dominating. Cotton is also grown as a cash crop. An estimated 43% of Yemenis 
live in poverty, and 32% of the population does not have access to enough food. Although 
the country has already been coping with the impact of climate variability for decades, the 
magnitude of climate variability and change anticipated in this century is unprecedented. The 
impacts of climate change on ecosystems, based on robust projections for the future, are 
extremely salient, considering Yemen’s high levels of food import dependency, food 
insecurity, and poverty. 
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2.3.1.1 Temporal variations in projected surface air temperature and rainfall 

a. Future projections of model-simulated climatology  

The three global climate models are able to realistically simulate the annual cycle in 
observed surface temperature and rainfall over Yemen. The minima and maxima in 
monthly mean surface temperature occur in January and June both in the observations and 
in the model simulation over the region of study. Further, the minima and maxima in monthly 
mean rainfall occur in February and August both in the observations and in the model 
simulation, thereby suggesting that the selected models are able to realistically simulate the 
annual cycle in observed surface temperature and rainfall over Yemen.  

b. Annual mean surface air temperature change 

Table 2-1 illustrates the annual mean surface air temperature for Yemen averaged over the 
baseline period and the likely changes in (area-averaged) annual mean surface air 
temperature for A1B and A2 pathways of selected GCMs relative to the baseline period 
(1961-90). 

Table 2-1: Yemen: Projected changes in area-averaged annual mean surface air temperature 
for A1B and A2 pathways of selected GCMs relative to average model simulated annual mean 
surface air temperature for baseline period 

Time Periods Statistics 
A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline       
(1961-90) 

Mean 
Temperature(°C) 

23.2 23.1 23.2 23.2 23.1 23.2 

Current period 
(1991-2020) 

Temperature 
Change (°C) 

0.4 0.6 0.5 0.6 0.5 0.5 

Mid Century 
(2040-69) 

Temperature 
Change (°C) 

1.7 2.5 2.0 1.9 2.3 1.8 

Late Century 
(2070-99) 

Temperature 
Change (°C) 

2.5 4.4 2.8 3.2 4.6 3.2 

 

The projected rise in area-averaged mean surface air temperature over Yemen in the 
selected models ranges between 0.4ºC and 0.6ºC for the current period, between 1.7ºC 
and 2.5ºC for mid-century, and between 2.1ºC and 4.0ºC for the late-century period. 
The analysis suggests that for the current period (1991–2020), all three models uniformly 
project a rise in annual mean surface air temperature ranging from 0.4ºC to 0.6ºC averaged 
across Yemen for both the emission pathways. In the mid-century (2040–69), the CSIRO 
model projects an increase in annual mean surface air temperature of 1.7ºC averaged over 
the country under the A1B emission pathway, whereas a slightly higher increase of 1.9ºC is 
projected under the A2 emission pathway. The MPI model projects increases in annual 
mean surface temperature of 2.5ºC and 2.3ºC averaged over the country for the A1B and A2 
emission pathways respectively. The MRI model projects increases of 1.8ºC and 2.0ºC 
respectively under the two emission pathways. 

In late century (2070–99), the CSIRO model projects a moderate increase in annual mean 
surface air temperature (2.1 ºC –3.0ºC) under the A1B emission pathway, whereas under A2 
emission pathway it projects higher increases (3.1ºC –4.0ºC) averaged over the country. The 
MPI model projects the highest increase in annual mean surface air temperature (4.1ºC –
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5.5ºC) under the A1B and A2 emission pathways. The MRI model projects a moderate 
increase (2.1ºC –3.0ºC) averaged over the country under A1B emission pathway as well as 
under the A2 emission (3.1ºC –4.0ºC) (Table 2-1 and Figure 2–3).  

In summary, the findings detailed above highlight that a progressively increasing warming 
trend can be expected over Yemen in the twenty-first century. 

 

Figure 2-3: Yemen: Projected trends in model-simulated annual mean surface air temperature 
(deg C) as simulated by the three GCMs during the 21st century (broken lines are the 
temperature trends for the highest and lowest rates of change within the 30 year time period in 
one of the three models) under either of the two emission pathways6 

Annual rainfall changeTable 2-2 below illustrates the total annual rainfall for Yemen 
averaged over the baseline period and the likely changes in area-averaged annual average 
rainfall for A1B and A2 emission pathways relative to the baseline period (1961-90).  

Table 2-2: Yemen: Projected changes in area-averaged annual total rainfall for A1B and A2 
pathways of selected GCMs relative to average model simulated total annual rainfall for 
baseline period 

Time Periods Statistics 

A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline (1961-
90) 

Average Rainfall 
(mm) 

253.9 275.1 253.4 253.9 274.8 253.2 

Current period 
(1991-2020) 

Rainfall Change (%) 19.8% -10.0% 20.0% 9.0% 12.1% 16.0% 

 

6 To enable the assessment of long term changes in the natural and agro-ecosystems the mid- and 
late-century time periods were compared against the historical and current time periods. 
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Time Periods Statistics 

A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Mid Century 
(2040-69) 

Rainfall Change (%) -2.1% 17.9% 26.4% -0.3% 13.8% 21.5% 

Late Century 
(2070-99) 

Rainfall Change (%) -13.6% -3.0% 24.0% -13.0% 1.9% 33.6% 

 

The rainfall projections for the future exhibit strong variations over Yemen and are very 
divergent across models at all time scales and emission pathways. The rainfall projections under 
the A1B emission pathway are highly variable, ranging from a reduction of 10% (MPI) to increases of 
up to 20% (CSIRO and MRI) over the current period (1991–2020). Under the A2 pathway, however, 
all three models project a consistent increasing trend, ranging from 9% to 16% during the current 
period (Table 2-2). The inter-model variability rainfall projections continue through the mid-century, 
when the projected changes range from –2% in the CSIRO model to 26% in the MRI model under the 
A1B pathway. In the A2 emission pathway, the range of inter-model variability is marginally lower (0% 
in the CSIRO model to 16% increase in rainfall in the MRI model) than under the A1B pathway. 
Likewise, in the late-century period, the CSIRO model suggests a decline in annual rainfall of 13% in 
both emission pathways, the MPI model projects insignificant change in rainfall, and the MRI model 
projects significantly large increases in rainfall (24% under A1B pathway and 34% under A2 pathway). 

 

Figure 2-4: Yemen: Projected trends in annual total rainfall (mm) for Yemen as simulated by 
the three GCMs during the 21st century under two emission pathways (broken lines are the 
trends from the start of baseline period until the end of current period) under the two emission 
pathways 

Overall, in the late century period for both pathways the CSIRO model depicts a decreasing 
trend, the MPI climate model depicts marginally insignificant change, and the MRI model 
depicts a higher increase in rainfall (Table 2-2 and Figure 2-4). Accordingly, as in global 
projections of rainfall changes, the CSIRO model could be termed the dry model, the MPI 
model as medium, and the MRI model as the wet model for Yemen. In summary, the highly 
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divergent future rainfall projections across models at all time scales and emission pathways 
limit the degree of confidence that could be placed in regional rainfall projections over 
Yemen. 

c. Monthly mean surface air temperature and rainfall changes 

The area-averaged monthly mean surface warming over Yemen is at a minimum in 
January and at a maximum in June. An analysis of projected changes in monthly mean 
surface air temperature and mean rainfall at various time horizons is more meaningful for 
their applications in impact assessment studies—particularly when related to crops and crop 
needs. The findings from this analysis for each of the three models and both the emission 
pathways are detailed in Figure 2-5 and Figure 2-6. As evident from Figure 2-5, the 
projected changes in monthly mean surface air temperatures are rather uniform and follow 
the annual march as observed in the baseline (minimum in January and maximum in June) 
for each time period. The rise in surface air temperature during mid-century and late century 
is most pronounced in the MPI model. 



 
Climate Induced Spatio-Temporal Shifts in Natural and Agro-ecosystems in the Middle East and North Africa Region    

  Page 13 

 

Figure 2-5: Yemen: Model-simulated changes in monthly mean surface air temperature (deg C) 
as simulated by the three GCMs and two emission pathways for the baseline period and the 
three time slices into the 21st century 
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Figure 2-6: Yemen: Simulated changes in monthly total rainfall (mm) as simulated by the three 
GCMs and two emission pathways for the baseline period and the three time slices into the 
21st century 

The maximum change in future projections of monthly rainfall is likely to occur in 
August. The findings of analysis of projected changes in monthly mean rainfall at various 
time horizons are shown in Figure 2-6. The projected changes in monthly mean rainfall vary 
significantly in different months of the year. Further, the monthly march of change in rainfall 
is not uniform in the three models or under the two emission pathways. Nonetheless, the 
annual march in the monthly total rainfall at all future time periods follows the same pattern 
as observed in the baseline (minimum rainfall in January and maximum in August, with a 
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secondary maximum in March followed by a secondary minimum in June) for each time 
period. The maximum change in monthly rainfall occurs in August, when significant inter-
model differences are evident (highlighting the inability of the models in simulating the 
convective rainfall in tropics during summer due to inadequacies in parameterization of cloud 
radiation interaction processes). All the climate models and pathways for various time 
horizons project similar trends except that the CSIRO model projects an increase in rainfall 
during the months of July-August in the current period under the A1B emission pathway. The 
MPI model projects higher variability in rainfall over the selected time periods. The MRI 
model predicts more consistent results for A1B and A2 compared with the CSIRO and MPI 
models. 

d. Inter-annual and inter-model variability in simulation of monthly mean 
temperature and rainfall over Yemen 

In view of the large inter-model variability in simulation of country-level climate at all time 
scales and also with a view to investigate the trends in inter-annual variability, it is pertinent 
to examine the variance in each of the two climate elements simulated by the three climate 
models on a month-to-month basis. The simulated data sets of monthly mean surface air 
temperatures and rainfall over Yemen for the baseline period as well as the three time 
periods for each of the three models and two emission pathways were subjected to rigorous 
tests using the established “R statistical test software”. This analysis provided the range of 
extremes, mean and median, and the outliers (if any) for both the surface air temperature 
and rainfall for each month of the year. 

 

 

Figure 2-7: Yemen: Inter-annual and inter-model variability in simulation of monthly mean 
temperature (deg C) for the baseline period and three time slices 
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In terms of inter-annual variability in future projections of monthly mean surface air 
temperature and monthly total rainfall averaged over Yemen, the study suggests that 
June exhibits the largest variability in surface air temperature while May to September 
have a large variability in rainfall (with the highest range being projected in August). 
The monthly variations in surface air temperature were plotted using box plots for the 
different time periods and emission pathways to analyze the monthly variability and 
deviations from the mean. Figure 2-7 shows the variations in monthly mean temperatures 
averaged for the three global climate models and two emission pathways for the baseline, 
current, mid, and late-century periods. The modes of variability and the simulated range 
between highest and lowest mean temperatures follow an annual cycle pattern, with maxima 
in June and minima in January, and are relatively consistent over the months. Thus, a higher 
degree of confidence can be placed in the future projections of surface air temperature than 
in the rainfall. 

 

Figure 2-8: Yemen: Inter-annual and inter-model variability in simulation of monthly rainfall 
(mm) for the baseline period and three time slices 

Similarly, the monthly variations in total rainfall were also plotted using box plots for the 
different time periods and emission pathways to analyze the monthly variability and 
deviations from the mean. Figure 2-8 shows variations in monthly rainfall totals averaged for 
the three global climate models and two emission pathways for the baseline, current, mid, 
and late-century periods. November to February show the least variability while May to 
September have relatively larger variability (with the highest range being projected in 
August). The differences between the maximum and minimum rain as well as the outliers are 
obtained in August, when models also project the largest changes in future projections of 
rainfall. This limits the degree of confidence in the model projections of rainfall over the 
region. 
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2.3.1.2 Spatial variations in projected surface air temperature and rainfall 

The analysis of spatial distribution in surface air temperature and rainfall over Yemen 
provide the likely shifts in spatial changes under different emission pathways which is vital 
for investigations on time-dependent shifts in natural and agro-ecosystems. These shifts in 
spatial variations of annual average surface air temperature and total rainfall have been 
analyzed at the selected time horizon. The relative spatial changes in the climate elements 
were calculated. The spatial changes in annual mean surface air temperature were 
calculated in degree Celsius and the changes in annual total rainfall are calculated in 
percent. 

Figure 2-9 to Figure 2-11 depict the shifts in spatial variations of change in annual average 
surface air temperature at the selected time periods as simulated by the CSIRO model for 
the A1B and A2 emission pathways. Also included is the simulated surface air temperature 
pattern for the baseline period. 
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Figure 2-9: Yemen: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface temperature of the baseline period as simulated in CSIRO model 
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Figure 2-10: Yemen: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MPI model 
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Figure 2-11: Yemen: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MRI model 

Each of the three models project significant surface warming progressively with time 
over most of the continental areas of Yemen. A maximum surface warming in excess 
of 4ºC is projected to occur over the northern and central parts of the country by late 
century. A comparison of Figure 2-9, Figure 2-10, and Figure 2-11 suggests that all three 
models project uniform spatial change in surface air temperature, with increases ranging 
from 0ºC to 1.0ºC for the current period (1991–2020) with respect to the baseline all across 
the country for both the emission pathways.  
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In mid-century (2040–69), the CSIRO model projects an increase in surface air temperature 
that is spatially distributed, ranging from 1.1ºC to 2.0ºC all over the country except in north-
central Yemen, where it projects slightly higher warming in temperature (2.1ºC –3.0ºC). The 
MPI model projects an increase in surface air temperature within 2.1ºC –3.0ºC and between 
1.1ºC and 2.0ºC all over the country for the A1B and A2 pathways respectively. The MRI 
model projects an increase in surface air temperature within 2.1ºC and 3.0ºC in northern 
Yemen and within 1.1ºC –2.0ºC in the southern part of the country. 

In the late-century period (2070–99), the CSIRO model projects a moderate increase in 
surface air temperature within the range 2.1ºC –3.0ºC across the country under the A1B 
emission pathway. Under the A2 emission pathway, it projects a higher increase in surface 
air temperature, ranging from 3.1ºC to 4.0ºC over the country except along the coastline, 
where the temperature increases in the range 2.1ºC –3.0ºC. The MPI model projects the 
highest increase in surface air temperature, in the range 4.1ºC –5.5ºC under the A1B and A2 
emission pathways. The MRI model projects a moderate increase (2.1ºC –3.0ºC) in 
temperature almost all over the country under A1B emission pathway, except in the far 
north, where the increase is observed to range between 3.1ºC and 4.0ºC. Under the A2 
emission pathway, a moderate increase (2.1ºC –3.0ºC) in the southeastern part of the 
country and a higher increase (3.1ºC –4.0ºC) in temperature in the rest of the country is 
projected. 

The shifts in spatial variations of change in annual total rainfall over Yemen at the selected 
time periods as simulated by the three climate models for the A1B and A2 emission 
pathways are depicted in Figure 2-12 to Figure 2-14. Also included is the spatial distribution 
of simulated rainfall over the region for the baseline period.  

Each of the three models projects changes in rainfall over most of the continental 
areas of Yemen. While annual total rainfall is projected to decline between 10% and  
25% over the northern and central parts of the country in the CSIRO model, the MRI 
model shows an increase in annual total rainfall over most of Yemen by as much as 
35% and more over central Yemen by late in the century. As evident from the Figures, 
the CSIRO model projects an increase in annual total rainfall in the range 21–35% over the 
western part of the country and between 6% and 20% in the east under the A1B emission 
pathway for the current period (1991–2020). These increases in rainfall are substantially 
lower under the A2 emission pathway, when the increase in rainfall is limited to 6–20% in the 
western part and a further decline in increase by 5–9% over most of the eastern part of 
Yemen. In the MPI model, the simulated increase in rainfall is 5–9% in the northern and 
eastern part and there is a decline in rainfall of 10–25% in the southwestern part of the 
country under A1B emission pathway. Under the A2 pathway, the MPI model projects an 
increase in rainfall within 6–20% across most of the country. The MRI model projects rainfall 
increase in the range of 21–35% in the central and northeastern parts and an increase in the 
range of 6–20% in the rest of the country for the two emission pathways. Overall, in the 
current period, the MPI model projects a slightly decreasing trend, whereas the other two 
models project increasing trends in spatial variations of rainfall over Yemen.  

In mid-century (2040–69), the CSIRO model projects an increase in rainfall within the range 
of 5–9% with respect to the baseline period for most parts of the country. The MPI model 
projects rainfall increase in the range of 21–35% in the central part and of 6–20% over the 
rest of the country. The MRI model projects increases in rainfall of 21–35% over most parts 
of Yemen except in the central-south and northern far east, which get much higher increases 
(36–55%) in rainfall. The increase in rainfall is in the range of 36–55% in central Yemen and 
in the range of 21–35% in eastern and western parts of the country. Overall in the mid-
century, for both the A1B and A2 pathways, the CSIRO model projects a slight change, the 
MPI model projects a moderate increase, and the MRI model projects significantly higher 
increases in rainfall.  
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In the late-century period (2070–99), the CSIRO model projects a spatial decline in rainfall in 
the range 10–25% under the A1B emission pathway while only a marginal increase of 5–9% 
across the country under the A2 emission pathway. The MPI model projects a small change 
(5–9%) all across the country under the A1B emission pathway, but the projected increase in 
rainfall is marginally higher (6–20%) under the A2 emission pathway, and more so in the 
central part of the country. The MRI model projects the highest increase in rainfall, ranging 
from 21% to 55% in the central part and from 6% to 20% over the eastern and western parts 
of the country under both emission pathways. Overall in this period, the CSIRO model 
depicts a decreasing trend for the A1B and A2 emission pathways; the MPI model projects a 
marginal change; and the MRI model depicts significantly higher increases in rainfall. 
Accordingly, as in global projections of rainfall changes, the CSIRO model could be 
categorized as the dry model, the MPI model as the medium model, and the MRI model as 
the wet model for Yemen. 
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Figure 2-12: Yemen: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in CSIRO model 
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Figure 2-13: Yemen: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in MPI model 
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Figure 2-14: Yemen: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in MRI model 

There are notable but consistent changes in the simulated patterns in each of the three 
climate models considered in this study, reflecting a moderate degree of certainty in 
simulations of temperature and rainfall changes in both temporal and spatial rainfall over a 
country with time. 
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The findings summarized above provide a fair degree of confidence in the representative 
range of plausible climate change pathways for Yemen, which can be applied in assessment 
of agro-ecosystem shifts in the twenty-first century. 

2.3.1.3 Key Findings on Projections 

To summarize, it can be stated that all three climate models for both A1B and A2 emission 
pathways project an increase in annual mean surface air temperature ranging of 0.4–0.6ºC 
for the current period, with the CSIRO model projecting higher variability in comparison to 
the other two models. In mid-century, all three models for both emission pathways project an 
increase in temperature in the range of 1.7–2.5ºC, with the MPI model projecting a higher 
increase than the other two. In the late-century period, all the models project an increase in 
temperature in the range of 2.5–4.6ºC; the MPI model projects relatively higher increases in 
mean surface air temperature in both emission pathways. 

The analysis also suggests that the CSIRO and MRI models project an increase in rainfall 
for both emission pathways, while the MPI model projects a decrease in rainfall in A1B and 
an increase in the A2 pathway during the current period. During mid-century, all three 
models project similar trends for the first half of the year. For the second half of the year, the 
MPI and MRI models project an increase in rainfall while the CSIRO model projects a 
decrease for both emission pathways. During the late-century period, the CSIRO model 
projects a decrease in rainfall over most of the year except in October-November, when it 
projects a marginal increase for both emission pathways. The MPI model, for both emission 
pathways, projects a small change in annual average rainfall, with a decrease in rainfall in 
June. The MRI model projects an increase in rainfall over the second half of the year late in 
the century (Figure 2-15). 

 

Figure 2-15: Yemen: Projected changes relative to baseline in surface air temperature (deg C) 
and rainfall (%) as simulated by the three GCMs at the current period (1991-2020), mid-century 
(2040-69), and late century (2070-99) 
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2.3.2 Morocco 

Morocco is a northern African country bordering the North Atlantic Ocean and the 
Mediterranean Sea. It is bordered by Algeria and Western Sahara. The topography of 
Morocco varies: its northern coast and interior regions are mountainous, while its coast 
features fertile plains where much of the country's agriculture takes place. There are also 
valleys interspersed between Morocco's mountainous areas. A large part of Morocco is 
mountainous. The Atlas Mountains are located mainly in the center and the south of the 
country.  

The climate of Morocco, like its topography, also varies with location. Along the coast it is 
Mediterranean, with warm, dry summers and mild winters. Farther inland, the climate is more 
extreme, and the closer one gets to the Sahara Desert, the hotter and more extreme it gets. 
For example, Morocco's capital, Rabat, is on the coast and has an average January low 
temperature of 8˚C and an average July high temperature of 28˚C. By contrast, Marrakesh, 
which is located farther inland, has an average July high temperature of 37˚C and a January 
average low of 6˚C.  

Rain falls between April and May and during October and November. The Atlantic coast 
(Casablanca) sees the most rain, with the heaviest rainfalls in winter. Further south the 
climate is drier. The coast is very mild in winter and avoids the snow that can be seen 
throughout the year on the peaks of the Atlas Mountains. Parts of Morocco have suffered 
from a series of dry years since the late 1970s, including the winter of 1999–2000. Moreover, 
a distinct reduction of precipitation in the Mediterranean region has already occurred during 
the last two decades. Therefore a better understanding of precipitation variability is a 
decisive key to managing future problems with water supply in Morocco. Semiarid regions—
particularly southern and eastern Morocco—are confronted with a high year-to-year 
precipitation variability and are therefore highly sensitive to climate change. A northward shift 
of the storm track over the North Atlantic has been reported with increasing GHG 
concentrations (the decreased number of cyclones over the Western Mediterranean and the 
reduced frequency of northerly weather situations make the simulated decrease in 
precipitation quite comprehensible). In addition, most parts of Morocco are mountain areas, 
which are known to be potentially vulnerable to the impacts of global warming. 

Agriculture plays a role in Morocco's economy; the main products in this sector include 
barley, wheat, citrus, grapes, vegetables, olives, livestock, and wine. Agriculture here is very 
diverse, with such rainfed crops as barley and common and durum wheat dominating. Some 
75% of rural poor people depend on agriculture for their livelihoods. Yet many of them have 
access to only a limited amount of non-irrigated arable land, which has a poor agricultural 
potential. Because farmers often do not have formal title to land, it is difficult for them to 
obtain credit to start activities that diversify their sources of income.  

About 3 million people in the rural areas of the country live below the national poverty line. 
Difficult geographical conditions and deteriorating infrastructure affect rural poverty. Among 
the primary causes of poverty are factors that hinder agricultural development, such as land 
tenure, frequent climatic fluctuations, poor soil and water resources, and the degradation of 
natural resources. Mountainous zones, where soil is susceptible to erosion, are among the 
poorest areas. Although the country has already been coping with the impact of climate 
variability for decades, the magnitude of climate variability and change anticipated in the 
twenty-first century is unprecedented. The impacts of climate change on ecosystems, based 
on robust projections for the future, are extremely salient, considering Morocco’s high levels 
of food import dependency, food insecurity, and poverty. 
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2.3.2.1 Temporal variations in projected surface air temperature and rainfall 

a. Future projections of model-simulated climatology  

The three global climate models are able to realistically simulate the annual cycle in 
observed surface temperature and rainfall over Morocco. The minima and maxima in 
monthly mean surface temperature occur in January and July both in the observations and in 
the model simulation averaged over Morocco. Further, the minima and maxima in monthly 
mean rainfall occur in July and December both in the observations and in the model 
simulation, thereby suggesting that the selected models are able to realistically simulate the 
annual cycle in observed surface temperature and rainfall over the country.  
 

b. Annual mean surface air temperature change 

Table 2-3 illustrates the annual mean surface air temperature for Morocco averaged over the 
baseline period and the likely changes in area-averaged annual mean surface air 
temperature for A1B and A2 pathways of selected GCMs relative to the baseline period 
(1961-90) in Morocco as simulated by the three GCMs considered in this study.  

Table 2-3: Morocco: Projected changes in area-averaged annual mean surface air temperature 
for A1B and A2 pathways of selected GCMs relative to average model simulated annual mean 
surface air temperature for baseline period 

Time Periods Statistics 
A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline       
(1961-90) 

Mean Temperature 

(°C) 
23.08 20.01 20.04 20.14 20.01 20.04 

Current period 
(1991-2020) 

Temperature Change 
(°C) 

0.52 0.61 0.64 0.44 0.56 0.65 

Mid Century 
(2040-69) 

Temperature Change 
(°C) 

1.73 2.71 2.35 1.74 2.28 2.06 

Late Century 
(2070-99) 

Temperature Change 
(°C) 

2.61 4.25 3.21 2.86 4.34 3.59 

 

The projected rise in area-averaged mean surface air temperature over Morocco in the 
selected models is 0.4–0.6ºC for the current period, 1.7–2.7ºC for mid-century, and 
2.6ºC –4.6ºC for the late-century period. The analysis suggests that for 1991–2020, all 
three models uniformly project a rise in annual mean surface air temperature of 0.4–0.6ºC 
averaged across Morocco for both emission pathways. In mid-century (2040–69), the CSIRO 
model projects an increase in annual mean surface air temperature of 1.7ºC averaged over 
the country under both the A1B and the A2 emission pathways. The MPI model projects an 
increase in annual mean surface temperature of 2.7ºC and of 2.3ºC averaged over the 
country for the A1B and A2 emission pathways respectively. The MRI model projects an 
increase in annual mean surface air temperature of 2.0ºC and 2.3ºC respectively under the 
two pathways. In the late-century period (2070–99), the CSIRO model projects a moderate 
increase in annual mean surface air temperature of 2.6ºC under the A1B emission pathway, 
whereas under A2 emission pathway it projects a higher increase of 2.9ºC averaged over 
the country. The MPI model projects the highest increase in annual mean surface air 
temperature of 4.2º and 4.3ºC respectively under A1B and A2 emission pathways. The MRI 
model projects a moderate increase in of 3.2ºC averaged over the country under the A1B 
emission pathway and of 3.6ºC under A2 emission pathway (Table 2-3 and Figure 2-16). In 
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summary, the findings detailed above highlight that a progressively increasing warming trend 
can be expected over Morocco in the twenty-first century. 

 

 

Figure 2-16: Morocco: Projected trends in model-simulated annual mean surface air 
temperature (deg C) as simulated by the three GCMs during the 21st century (broken lines are 
the temperature trends for the highest and lowest rates of change within the 30 year time 
period in one of the three models) under either of the two emission pathways 

c. Annual rainfall change 

Table 2-4 illustrates the total annual rainfall averaged over the baseline period and the likely 
changes in area-averaged annual average rainfall for A1B and A2 pathways of selected 
GCMs relative to the baseline period (1961-90) in Morocco as simulated by the three GCMs 
considered in this study.  

Table 2-4: Morocco: Projected changes in area-averaged annual total rainfall for A1B and A2 
pathways of selected GCMs relative to average model simulated total annual rainfall for 
baseline period 

Time 
Periods 

Statistics 
A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline 

(1961-90) 

Average Rainfall 
(mm) 

197.04 209.74 199.64 197.04 209.74 199.67 

Current 
period 

(1991-2020) 

Rainfall Change 
(%) 

-1% -12% 4% 1% -15% 3% 

Mid Century 
(2040-69) 

Rainfall Change 
(%) 

-15% -35% -21% -19% -24% -4% 

Late Century 
(2070-99) 

Rainfall Change 
(%) 

-21% -38% -3% -21% -41% -7% 

 

The rainfall projections for the future exhibit strong variations (–3% to –41%) over 
Morocco but exhibit a consistent declining trend with time. The rainfall projections 
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under the A1B emission pathway are highly variable, ranging from a decline in annual total 
rainfall of 1–12% (CSIRO and MPI models) to increases of up to 4% (MRI model) over the 
current period (1991–2020). Under A2 pathway, while the MPI model projects a decline in 
annual rainfall of 15%, the CSIRO and MRI models project a consistent increasing trend of 
between 1% and 3% during the current period (Table 2.8). The inter-model variability in 
rainfall projections continues through mid-century, with declines in rainfall of from 15% in the 
CSIRO model to 35% in the MPI model under the A1B pathway. In A2 emission pathway, 
the range of inter-model variability is marginally lower (from –4% in the MRI model to –24% 
in the MPI model). Likewise, in the late-century period, the MPI model suggests a significant 
decline in annual rainfall of about 40% in both A1B and A2 emission pathways; the CSIRO 
model projects a 21% decline in rainfall; and the MRI model projects only a small decline in 
rainfall (3% under the A1B pathway and 7% under the A2 pathway). In summary, the study 
suggests that rainfall projections for the future exhibit an overall decline in rainfall at all time 
scales and emission pathways, which is consistent in each of the three models—albeit the 
precise magnitude of decline differs among the models. 

 

Figure 2-17: Morocco: Projected trends in annual total rainfall (mm) as simulated by the three 
GCMs during the 21st century under two emission pathways (broken lines are the trends from 
the start of baseline period until the end of current period) under the two emission pathways 

d. Monthly mean surface air temperature and rainfall changes 

All three models suggest a rise in area-averaged monthly mean surface air 
temperature over Morocco with time. The projected rise is minimum in January and 
maximum in June. An analysis of projected changes in monthly mean surface air 
temperature and monthly mean rainfall at various time horizons is more meaningful for their 
applications in impact assessment studies—particularly when relating it to crops and crop 
needs. The findings from this analysis for each of the three models and both the emission 
pathways are detailed in Figure 2-18 and Figure 2-19. As evident from Figure 2-18, the 
projected changes in monthly mean surface air temperatures are rather uniform and follow 
the annual march as observed in the baseline (minimum in January and maximum in June) 
for each time period. The rise in surface air temperature during mid-century and late in the 
century is most pronounced in the MPI model. In summary, all three models suggest a rise in 
surface air temperature in Morocco over this century. 
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Figure 2-18: Morocco: Model-simulated changes in monthly mean surface air temperature (deg 
C) as simulated by the three GCMs and two emission pathways for the baseline period and the 
three time slices into the 21st century 
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Figure 2-19: Morocco: Simulated changes in monthly total rainfall (mm) as simulated by the 
three GCMs and two emission pathways for the baseline period and the three time slices into 
the 21st century 

The projected changes in monthly total rainfall over Morocco are maximum in 
December for each time period. During the wet winter season, the projected changes 
in monthly rainfall (particularly in October and February) are most prominent. The 
findings of analysis of projected changes in monthly mean rainfall at various time horizons 
are illustrated in Figure 2-19. The projected changes in monthly mean rainfall vary 
significantly in different months. Further, the monthly march of change in rainfall is not 
uniform in the three models or under the two emission pathways. Nonetheless, the annual 
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march in the monthly total rainfall at all future time periods follow the same pattern as 
observed in the baseline (minimum rainfall in July and maximum in December for each 
period). The maximum change in monthly rainfall occurs in December–January, when 
significant inter-model differences are also evident. All the climate models and scenarios for 
various time horizons project a similar trend except that the MPI model projects an increase 
in rainfall during December in the late-century period under the A2 emission pathway. The 
MPI model projects higher variability in rainfall over the selected time periods. Each of the 
three models project more-consistent results for the dry season compared with the wet 
winter season (particularly in October and February), when the changes in the monthly total 
rainfall are most prominent. This should have implications for Morocco’s water resources 
and food productivity. In summary, while the models project an overall decline in total annual 
rainfall with time, this decline is largely due to a substantial decline in the winter months. 

e. Inter-annual and inter-model variability in simulation of monthly mean 
temperature and rainfall over Morocco 

In view of the large inter-model variability in simulation of regional climate at all time scales 
and also with a view to investigating the trends in inter-annual variability, it is pertinent to 
examine the variance in each of the two climate elements simulated by the three climate 
models on a month-to-month basis. The simulated data sets of monthly mean surface air 
temperatures and rainfall for the baseline period as well as the three time periods for each of 
the three models and two emission pathways were subjected to rigorous tests using the 
established “R statistical test software.” This analysis provided the range of extremes, mean 
and median, and the outliers (if any) for both the surface air temperature and rainfall for each 
month of the year. 

 

Figure 2-20: Morocco: Inter-annual and inter-model variability in simulation of monthly mean 
temperature (deg C) for the baseline period and three time slices 
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The inter-annual variability in future projections of monthly mean surface air 
temperature averaged over Morocco is largest in June–August, while for monthly total 
rainfall, it is in December–February. The monthly variations in surface air temperature 
were plotted using box plots for the different time periods and emission pathways to analyze 
the monthly variability and deviations from mean. Figure 2-20 shows variations in monthly 
mean temperatures averaged for the three global climate models and two emission 
pathways for the baseline, current, mid-, and late-century periods. It can be observed that 
the modes of variability and the simulated range between highest and lowest mean 
temperatures follow an annual cycle pattern, with maxima in July–August and minima in 
December–January, and are relatively consistent over the months. Thus, a higher degree of 
confidence can be placed in the future projections of surface air temperature. 

 

 

Figure 2-21: Morocco: Inter-annual and inter-model variability in simulation of monthly rainfall 
(mm) for the baseline period and three time slices 

Similarly, the monthly variations in monthly total rainfall were also plotted using box plots for 
the different time periods and emission pathways to analyze the monthly variability and 
deviations from mean. Figure 2-21 shows variations in monthly rainfall totals averaged for 
the three global climate models and two emission pathways for the baseline, current, mid, 
and late century periods. It can be observed that June to August months show least 
variability while December to February months have relatively larger variability. The 
differences between the maximum and minimum rain as well as the outliers are obtained in 
the December-January months when models also project largest changes in future 
projections of rainfall. This limits our degree of confidence in the model projections of rainfall 
over the region. 
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2.3.2.2 Spatial variations in projected surface air temperature and rainfall 

The analysis of areal distribution in surface air temperature and rainfall over Morocco 
provides the likely shifts in spatial changes in key climate elements under different emission 
pathways, which is vital for investigations of time-dependent shifts in natural and agro-
ecosystems. These shifts in spatial variations of annual average surface air temperature and 
total rainfall over Morocco have been analyzed at the selected time horizons. The relative 
spatial changes in the climate elements are calculated by comparing these with the baseline 
scenarios. The spatial changes in annual mean surface air temperature are calculated in 
degrees Celsius and the changes in annual total rainfall are calculated in percent. 

Figure 2-22 to Figure 2-24 depict the changes in spatial distribution of incremental shifts in 
the annual average surface air temperature over Morocco at the selected time periods as 
simulated by the CSIRO model for the A1B and A2 emission pathways. Also included here is 
the simulated surface air temperature pattern over the region for the baseline period. 
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Figure 2-22: Morocco: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface temperature of the baseline period as simulated in CSIRO model 
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Figure 2-23: Morocco: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MPI model 
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Figure 2-24: Morocco: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MRI model 

Each of the three models project significant surface warming progressively with time 
over most of the continental areas of Morocco. Maximum surface warming in excess 
of 3ºC is projected to occur over the northern and central parts of the country by late 
in the century. A comparison of Figure 2-23 and Figure 2-24 suggests that all three models 
project uniform spatial change in surface air temperature, with increases ranging from 0ºC to 
1.0ºC for the current period (1991–2020) with respect to the baseline all across the country 
for both emission pathways.  
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In the mid-century (2040–69), the CSIRO model projects an increase in surface air 
temperature that is spatially distributed, ranging from 0.5ººC to 2.0ºC all over the country 
except in the northeast, where it projects a slightly higher warming in temperature (2.1ºC –
3.0ºC). The MPI model projects an increase in surface air temperature of 1.5ºC –3.5ºC and 
1.1ºC –3.0ºC in temperature all over the country for the A1B and A2 pathways respectively. 
The MRI model projects an increase in surface air temperature 2.1ºC –3.0ºC throughout the 
country for the A1B emission pathway and an increase of 2.1ºC –3.0ºC in the east and of 
1.1ºC –2.0ºC in the west for the A2 emission pathway. 

In the late-century period (2070–99), the CSIRO model projects a moderate increase in 
surface air temperature of 2.1ºC –3.0ºC across the western part of the country under the 
A1B emission pathway and of 3.1ºC –4.0ºC across the eastern part under A2 emission 
pathway. The MPI and MRI models both project higher increase in surface air temperature of 
3.1ºC –5.5ºC under the A1B and A2 emission pathways. The rise in surface air temperature 
is rather moderate (3.1ºC –4.0ºC) in temperature along the western part of the country under 
the A1B emission pathway. Under the A2 emission pathway, higher increases (>4.0ºC) in 
surface air temperature in the east are projected in the MPI and MRI models. 

The shifts in spatial variations of change in annual total rainfall over Morocco at the selected 
time periods as simulated by the three climate models for the A1B and A2 emission 
pathways are depicted in Figure 2-25 to Figure 2-27. Also included here is the spatial 
distribution of simulated rainfall over the region for the baseline period.  

Each of the three models project changes in rainfall over most of the continental 
areas of Morocco. While annual total rainfall is projected to decline more than 25% 
over the northern parts of the country in the CSIRO and MPI models, the three models 
show a marginal increase in annual total rainfall over south Morocco by late in the 
century. As evident from Figure 2-25 to Figure 2-27, the CSIRO model projects a marginal 
decline in annual total rainfall in the range of ±10% over the north-central part of the country 
and an increase of 11–25% in the south under the A1B emission pathway for the current 
period (1991–2020). The increase in rainfall over the southern part of the country is 
substantially higher (11–25%) under the A2 emission pathway. In the MPI model, the 
simulated decline in rainfall should exceed 10% in the northern part while rainfall should 
increase by 11–25% in the southwest under the A1B emission pathway. Under the A2 
pathway, the model projects a decline in rainfall in excess of 10% across north and central 
Morocco. The MRI model projects rainfall increase in the range of 11–25% only in the 
central-eastern part but an overall marginal decline of ≤10% over the rest of the country for 
the two emission pathways. Overall, in the current period all three models project a marginal 
decreasing trend in spatial distribution of rainfall over Morocco.  

In the mid-century period (2040–69), the CSIRO model projects an increase in rainfall in 
excess of 10% with respect to the baseline period for the southern part of the country and a 
decline of ≥10% in the north under both emission pathways. The MPI model projects rainfall 
decline in excess of 10% in the central part and a decline in excess of 25% in the north of 
the country. The MRI model projects a decline in rainfall in excess of 25% in rainfall in the 
central and northern parts and in the range of 0–25% in the south. Overall, in mid-century for 
both the A1B and A2 pathways, the CSIRO and MRI models project a modest decline in 
rainfall over north Morocco and a marginal increase in southwest Morocco, while the MPI 
model projects a severe deficit in rainfall over north Morocco.  

In the late-century period (2070–99), the CSIRO model projects spatial decline in rainfall of 
≥25% over north Morocco under both emission pathways but only a marginal increase of 
10–25% in rainfall in the southern part of the country. The MPI model projects a significant 
decline in rainfall over most of the northern and central parts of the country under both 
emission pathways. The MRI model projects only a marginal decline of ≥10% in rainfall in 
the northern and southern parts of the country under the two emission pathways. Overall, in 
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the late-century period for both the A1B and A2 emission pathways, the CSIRO model 
depicts a decreasing trend in rainfall and the MPI model projects a significant decline in 
rainfall in northern and central parts of the country, whereas the MRI model depicts only a 
marginal decline in rainfall. 

 

Figure 2-25: Morocco: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in CSIRO model 
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Figure 2-26: Morocco: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in MPI model 
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Figure 2-27: Morocco: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in MRI model 

There are notable but consistent changes in the simulated patterns in each of the three 
climate models considered in the study reflecting a moderate degree of certainty in 
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simulation of temperature and changes in both temporal and spatial rainfall over a country 
with time. 

The findings summarized above provide a fair degree of confidence in the representative 
range of plausible climate change scenarios for Morocco which would be applied in 
assessment of agro-ecosystem shifts in the twenty-first century.  

2.3.2.3 Key Findings on Projections 

To summarize, it can be stated that all the three climate models for both the A1B and A2 
emission pathways project an increase in annual mean surface air temperature of 0.4ºC –
0.6ºC for the current period, with the CSIRO model projecting higher variability in 
comparison to the other two models. In mid-century, all three models for both emission 
pathways project an increase in temperature in the range of 1.7ºC –2.7ºC, with the MPI 
model projecting higher increases than the other two models. In the late-century period, all 
the models project an increase in temperature in the range of 2.3ºC –4.3ºC; the MPI model 
projects relatively higher increases in mean surface air temperature in both emission 
pathways. The analysis also suggests that all three models project a decline in annual total 
rainfall for both emission pathways in the future (Figure 2-28). On average, all three models 
project an increase in surface air temperature and a decline in rainfall over the country, 
which is significant over the northern part of Morocco. 

 

Figure 2-28: Morocco: Projected changes relative to baseline in surface air temperature (deg 
C) and rainfall (%) as simulated by the three GCMs at the current period (1991-2020), mid-
century (2040-69), and late century (2070-99) 

2.3.3 Tunisia 

Tunisia is situated on the Mediterranean coast of North Africa, midway between the Atlantic 
Ocean and the Nile Delta, between Algeria and Libya. Its geographic coordinates are 
between latitudes 30° and 38°N and longitudes 7° and 12°E. Tunisia occupies an area of 
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163,610 square kms, of which 8,250 kms are water. Tunisia has great environmental 
diversity due to its north-south extent. Its east-west extent is limited. The Sahel, a 
broadening coastal plain along Tunisia's eastern Mediterranean coast, is among the world's 
premier areas of olive cultivation.  

Tunisia's climate is temperate in the north, with mild rainy winters and hot, dry summers. 
Temperatures in July and August can exceed 40°C. Winters are mild, with temperatures 
rarely exceeding above 20°C (the exception is the southwest of the country). Much of the 
southern region is semiarid and desert, which merges into the Sahara. The terrain in the 
north is mountainous, which, moving south, gives way to a hot, dry central plain. About 17% 
of the land area in Tunisia is arable, with 13% occupied by permanent crops.  

Agricultural output is central to the Tunisian economy, accounting for 12–16% of the GDP, 
depending on the size of the harvest. The two most important export crops are cereals and 
olive oil, with almost half of all the cultivated land sown with cereals and another third 
planted with more than 55 million olive trees. Tunisia is one of the world's biggest producers 
and exporters of olive oil, and it exports dates and citrus fruits that are grown mostly in the 
northern parts of the country. The center of the country is used largely to raise cattle, the 
Sahel region is famous for its olive groves, and the south is known for its date production. 
Tunisia remains one of the few Arab countries that is self-sufficient in dairy products, 
vegetables, and fruit. Annual agricultural production can vary significantly from year to year 
due to Tunisia's unpredictable and largely irregular rainfall patterns. Climatic variations—
periodic droughts and sporadic rainfall—often jeopardize harvests. Much of the country’s 
agricultural investment since the late twentieth century has focused on irrigation schemes, 
well and dam construction, and programs to prevent soil erosion and desertification. 

Rainfed agriculture here is very diverse, with such crops as barley, common and durum 
wheat, and tobacco dominating. The rural poor derive their incomes primarily from 
agricultural activities (own-farm activities and agricultural wage labor) but commonly also 
earn income outside agriculture. Many rural poor also own land and livestock, but their 
landholdings are small, are rarely irrigated, and have low productivity. Although Tunisia, due 
to its proximity to the Sahara in the south, has been coping with the impact of climate 
variability for decades, the magnitude of climate variability and change anticipated in the 
twenty-first century is unprecedented. The impacts of climate change on ecosystems, based 
on robust projections for the future, are extremely salient, considering Tunisia’s high levels of 
food import dependency, food insecurity, and poverty. 

2.3.3.1 Temporal variations in projected surface air temperature and rainfall 

a. Future projections of model-simulated climatology  

The three global climate models are able to realistically simulate the annual cycle in 
observed surface temperature and rainfall over Tunisia. The minima and maxima in 
monthly mean surface temperature occurs in January and July both in observations and in 
the model simulation over the region of study. Further, the minima and maxima in monthly 
mean rainfall occurs in July and January both in observations and in the model simulation, 
thereby suggesting that the selected models are able to realistically simulate the annual 
cycle in observed surface temperature and rainfall over the region.  

b. Annual mean surface air temperature change 

The projected rise in area-averaged mean surface air temperature over Tunisia in the 
selected models is 0.3ºC –0.7ºC for the current period, 1.3ºC –2.5ºC for mid-century, 
and 2.1ºC –4.1ºC for the late-century period. Table 2-5 illustrates the annual mean 
surface air temperature for Tunisia averaged over the baseline period and the likely changes 
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in area-averaged annual mean surface air temperature for the A1B and A2 pathways of 
selected GCMs relative to the baseline period (1961–90) in Tunisia, as simulated by the 
three GCMs considered in this study.  

The analysis suggests that for the current period (1991–2020), all three models uniformly 
project a rise in annual mean surface air temperature, ranging from 0.3ºC to 0.7ºC averaged 
across Tunisia for both emission pathways (Table 2-5 and Figure 2-29).  

In mid-century (2040–69), the CSIRO model projects an increase in annual mean surface air 
temperature of 1.3ºC averaged over the country under the A1B emission pathway, whereas 
a slightly higher increase of 1.6ºC is projected under the A2 pathway. The MPI model 
projects increases in annual mean surface temperature of 2.5ºC and 2.2ºC in temperature 
averaged over the country for the A1B and A2 emission pathways respectively. The MRI 
model projects an increase of 2.0ºC under the A1B emission pathway and of 1.7ºC under 
the A2 emission pathway. 

In the late-century period (2070–99), the CSIRO model projects a moderate increase in 
annual mean surface air temperature of 2.1ºC under the A1B emission pathway, whereas 
under the A2 emission pathway it projects a rise of 3.1ºC averaged over the country. The 
MPI model projects the highest increase in annual mean surface air temperature of 4.1ºC 
under both the A1B and A2 emission pathways. The MRI model projects moderate increases 
of 2.7ºC under the A1B emission pathway and 3.1ºC under the A2 emission pathway (Table 
2-5 and Figure 2-29). 

Table 2-5: Tunisia: Projected changes in area-averaged annual mean surface air temperature 
for A1B and A2 pathways of selected GCMs relative to average model simulated annual mean 
surface air temperature for baseline period 

Time Periods Statistics 
A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline 
(1960-90) 

Mean 
Temperature (°C) 

19.5 19.4 19.4 19.5 19.4 19.4 

Current Period 
(1991-2020) 

Temperature 
Change (°C) 

0.32 0.68 0.49 0.59 0.51 0.63 

Mid Century 
(2040-69) 

Temperature 
Change (°C) 

1.26 2.52 1.99 1.63 2.17 1.74 

Late Century 
(2070-99) 

Temperature 
Change (°C) 

2.07 4.04 2.72 3.10 4.04 3.07 
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Figure 2-29: Tunisia: Projected trends in model-simulated annual mean surface air temperature 
(deg C) as simulated by the three GCMs during the 21st century (broken lines here are the 
temperature trends for the highest and lowest rates of change within the 30-year time period in 
one of the three models) under either of the two emission pathways 

c. Annual rainfall change 

The rainfall projections for the future exhibit strong variations over Tunisia but 
consistently exhibit a decline for mid-century and the late-century period in each of 
models under both emission pathways. Table 2-6 illustrates the total annual rainfall for 
Tunisia averaged over the baseline period and the likely changes in area-averaged annual 
average rainfall for the A1B and A2 scenarios of selected GCMs relative to the baseline 
period (1961–90) in Tunisia, as simulated by the three GCMs considered in this study. 

Table 2-6: Tunisia: Projected changes in area-averaged annual total rainfall for A1B and A2 
pathways of selected GCMs relative to average model simulated total annual rainfall for 
baseline period 

Time 
Periods 

Statistics 
A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline 
(1960-90) 

Average Rainfall 
(mm) 

305.2 298.6 295.7 305.2 298.7 295.7 

Current 
Period 

(1991-2020) 

Rainfall Change 
(%) 

2.71% -5.8% 5.0% -8.0% -0.1% -0.3% 

Mid Century 
(2040-69) 

Rainfall Change 
(%) 

-12.2% -20.6% -16.9% -8.3% -8.5% -13.2% 

Late Century 
(2070-99) 

Rainfall Change 
(%) 

-19.7% -28.2% -14.4% -16.4% -29.3% -11.6% 
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The rainfall projections under the A1B emission pathway are marginally variable, ranging 
from an increase of 3% (the MPI model) to a decline of up to 6% (the CSIRO model), with a 
clear indication of an overall decline in rainfall over the current period (1991–2020). Under 
the A2 pathway, however, all three models project a consistent declining trend of 0–8% 
during the current period (Table 2-6). The inter-model variability rainfall projections continue 
through mid-century, when the projected decline ranges from 12% in the CSIRO model to 
21% in the MPI model under the A1B pathway. In the A2 emission pathway, the range of 
inter-model variability is marginally lower (–8% in the CSIRO model to –13% in the MRI 
model). Likewise, in the late-century period, the CSIRO model projects a decline in annual 
rainfall of 20% under the A1B pathway and 17% under the A2 emission pathway; the MPI 
model projects a significant decline in rainfall (28%), while the MRI model projects a 
moderate decline (14% under the A1B emission pathway and 11% under the A2 pathway). 
In summary, the study suggests that rainfall projections for the future exhibit a plausible 
decline over Tunisia. 

  

 

Figure 2-30: Tunisia: Projected trends in annual total rainfall (mm) for Tunisia as simulated by 
the three GCMs during the 21st century under two emission pathways (broken lines are the 
trends from the start of baseline period until the end of current period) under the two emission 
pathways 

d. Monthly mean surface air temperature and rainfall changes 

The area-averaged monthly mean surface warming over Tunisia is projected to be 
minimum in January and maximum in July. An analysis of projected changes in monthly 
mean surface air temperature and mean rainfall at various time horizons is more meaningful 
for their applications in impact assessment studies—particularly when related to crops and 
crop needs. The findings from this analysis for each of the three models and both the 
emission pathways are detailed in Figure 2-31 and Figure 2-32. As evident from Figure 2-31, 
the projected changes in monthly mean surface air temperatures are rather uniform and 
follow the annual march as observed in the baseline (minimum in January and maximum in 
July) for each time period. December, January, and February show marginally higher 
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variability whereas June–August shows a marginally lower variability in rise in monthly mean 
surface air temperature during the current, mid, and late-century periods in relation to the 
baseline. The rise in surface air temperature during mid-century and late in the century is 
most pronounced in the MPI model.  

 

Figure 2-31: Tunisia: Model-simulated changes in monthly mean surface air temperature (deg 
C) as simulated by the three GCMs and two emission pathways for the baseline period and the 
three time slices into the 21st century 
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Figure 2-32: Tunisia: Simulated changes in monthly total rainfall (mm) as simulated by the 
three GCMs and two emission pathways for the baseline period and the three time slices into 
the 21st century 

Each of the three models suggests that significant decline in future projections of 
monthly total rainfall is likely to occur during January–March. The findings of analysis 
of projected changes in monthly mean rainfall at various time horizons are illustrated in 
Figure 2-32. The projected changes vary significantly in different months of the year 
(prominent declines are observed during October–November and January–March; 
insignificant changes are seen during June–August). Further, the change in rainfall in the 
month of March is not uniform in each of the three models or under each of the two emission 
pathways. Nonetheless, the annual march in the monthly total rainfall at all future time 
periods follow the same pattern as observed in the baseline (minimum rainfall in July and 
maximum in January, with a secondary maximum in March) for each time period. The 
maximum change in monthly rainfall occurs in January, when significant inter-model 
differences are also evident. All the climate models and scenarios for various time horizons 
project a similar trend of a decline in rainfall during December–January at all time horizons 
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under both emission pathways. The MPI model projects the highest variability in rainfall over 
the selected time periods. 

e. Inter-annual and inter-model variability in simulation of monthly mean 
temperature and rainfall over Tunisia 

In view of the large inter-model variability in simulation of regional climate at all time scales 
and also with a view to investigating the trends in inter-annual variability, it is pertinent to 
examine the variance in each of the two climate elements simulated by the three climate 
models on a month-to-month basis. The simulated data sets of monthly mean surface air 
temperatures and rainfall for the baseline period as well as the three time periods for each of 
the three models and two emission pathways were subjected to rigorous tests using the 
established “R statistical test software.” This analysis provided the range of extremes, mean 
and median, and the outliers (if any) for both the surface air temperature and rainfall for each 
of the months of the year.  

 

Figure 2-33: Tunisia: Inter-annual and inter-model variability in simulation of monthly mean 
temperature (deg C) for the baseline period and three time slices 

In terms of inter-annual variability in future projections of monthly mean surface air 
temperature and total rainfall averaged over Tunisia, the study suggests that January 
exhibits the largest variability in surface air temperature while October to March have 
large variability in rainfall. The monthly variations in surface air temperature were plotted 
using box plots for the different time periods and emission pathways to analyze the monthly 
variability and deviations from mean. Figure 2-33 shows the variations in monthly mean 
temperatures in terms of minimum, maximum, median, twenty-fifth percentile, and seventy-
fifth percentile averaged for the three global climate models and two emission pathways for 
the baseline, current, mid-, and late-century periods. The plot shows the statistical dispersion 
or clustering of rainfall about the median. Values greater than 1.5 times the inter-quartile 
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range (seventy-fifth to twenty-fifth percentile) are treated as outliers (extreme temperatures). 
Outliers, represented by dots in the plot, show the number of extreme events in the month. It 
can be observed that the modes of variability and the simulated range between highest and 
lowest mean temperatures follow an annual cycle pattern, with maxima in July and minima in 
January, and are relatively consistent over the months. Thus, a higher degree of confidence 
can be placed in the future projections of surface air temperature than in rainfall.  

 

 

Figure 2-34: Tunisia: Inter-annual and inter-model variability in simulation of monthly rainfall 
(mm) for the baseline period and three time slices 

Similarly, the monthly variations in total rainfall were also plotted using box plots for the 
different time periods and emission pathways to analyze the monthly variability and 
deviations from mean. Figure 2-34 shows variations in monthly rainfall totals in terms of 
minimum, maximum, median, twenty-fifth percentile, and seventy-fifth percentile averaged 
for the three global climate models and two emission pathways for the baseline, current, 
mid-, and late-century periods. Values greater than 1.5 times the inter-quartile range 
(seventy-fifth to twenty-fifth percentile) are treated as outliers (extreme rainfall). Outliers, 
represented by dots in the plot, show the number of extreme events in the month. It can be 
observed that inter-quartile range of monthly average rainfall shows less variability during 
January to May (May showing the lowest variability) in the late-century period, while October 
shows the highest variability in monthly average rainfall. The differences between the 
maximum and minimum rain as well as the outliers are obtained in January, when models 
also project the largest changes in future projections of rainfall. This limits our degree of 
confidence in the model projections of rainfall over the region. 
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2.3.3.2 Spatial variations in projected surface air temperature and rainfall 

The analysis of areal distribution in surface air temperature and rainfall over Tunisia provide 
the likely shifts in spatial changes in key climate elements under different emission pathways 
over the country of interest which is vital for investigations on time dependent shifts in 
natural and agro-ecosystems. These shifts in spatial variations of annual average surface air 
temperature and annual total rainfall over Tunisia have been analyzed at the selected time 
horizon. The relative spatial changes in the climate elements are calculated by comparing 
these with the baseline scenarios. The spatial changes in annual mean surface air 
temperature are calculated in degree Celsius and the changes in annual total rainfall are 
calculated in percent. 

Each of the three models project significant surface warming progressively with time 
over most of the continental areas of Tunisia. Maximum surface warming in excess of 
3ºC is projected to occur over the southern and central parts of the country by late in 
the century. Figure 2-35 to Figure 2-37 depict the shifts in spatial variations of change in 
annual average surface air temperature over Tunisia at the selected times as simulated by 
CSIRO model for the A1B and A2 emission pathways. Also included here is the simulated 
surface air temperature pattern over the region for the baseline period. 

 

Figure 2-35: Tunisia: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface temperature of the baseline period as simulated in CSIRO model 
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Figure 2-36: Tunisia: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MPI model 
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Figure 2-37: Tunisia: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MRI model 

A comparison of the three figures suggests that all three models project uniform spatial 
change in surface air temperature, with increases ranging from 0ºC to 1.0ºC for the current 
period (1991–2020) with respect to the baseline all across the country for both emission 
pathways. In mid-century (2040–69), the CSIRO model projects an increase in surface air 
temperature that is spatially distributed ranging, from 1.1ºC to 2.0ºC all over except in the 
north-central part of the country, where it projects slightly higher warming in temperature 
(2.1ºC –3.0ºC). The MPI model projects an increase in surface air temperature within 2.1ºC 
–3.0ºC and 2.1ºC–3.0ºC in temperature all over the country for the A1B and A2 pathways 
respectively. The MRI model projects an increase in surface air temperature of 1.1ºC –2.0ºC 
over most parts of the country. 

In the late-century period (2070–99), the CSIRO model projects a moderate increase in 
surface air temperature of 2.1ºC –3.0ºC and of 1.1ºC –2.0ºC across the south and north of 
the country respectively under the A1B emission pathway. Under the A2 pathway, however, 
the projected warming is more pronounced. The MPI model projects the highest increase in 
surface air temperature in the range of 3.1ºC –4.5ºC both under emission pathways; in 
particular, the highest rise is over southern Tunisia. The MRI model projects a moderate 
increase (2.1ºC –3.0ºC) in temperature almost all over the country under the A1B emission 
pathway. Under A2 emission pathway, it projects a moderate increase (2.1ºC –3.0ºC) in the 
north and a higher increase (3.1ºC –4.5ºC) in the south of the country. 
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Each of the three models projects a decline in rainfall over most of northern Tunisia 
by late in the century. While annual total rainfall is projected to decline 15–25% over 
the north-central parts of the country in the CSIRO model, the MPI model shows a 
decline in annual total rainfall over northern and central Tunisia of as much as 35% by 
late in the century. The shifts in spatial variations of change in annual total rainfall over 
Tunisia at the selected time periods as simulated by the three climate models for the A1B 
and A2 emission pathways are depicted in Figure 2-38 to Figure 2-40. Also included here is 
the spatial distribution of simulated rainfall over the region for the baseline period.  

As evident from the three Figures, the CSIRO model projects an increase in annual total 
rainfall in the range of 1%–20% over the northern part of the country and a decline of up to 
14% in the south under the A1B emission pathway for the current period (1991–2020). The 
decline in rainfall is more widespread across the country under the A2 emission pathway. In 
the MPI and MRI models, a reverse pattern of increase and decline in rainfall is simulated; 
the increase in rainfall is over the southern part of the country under the A1B emission 
pathway. Under A2 pathway, the MRI model projects an increase in rainfall of 21–45% 
across the southernmost part of the country. Overall, in the current period each of the three 
models projects a declining trend in rainfall over the northern part of Tunisia , while the MPI 
and MRI models project a marginal increasing trend in rainfall over southern Tunisia.  

In mid-century (2040–69), the CSIRO model projects a decline in rainfall of up to 14% with 
respect to the baseline period for most part of the country under both A1B and A2 pathways. 
The MPI model projects a decline in rainfall of up to 25% with respect to the baseline period 
for most part of the country under the A1B pathway, and the decline is limited to 14% under 
the A2 pathway. The MRI model also projects a decline in rainfall of up to 25% over most 
part of the country under the A1B emission pathway (with the maximum decline confined to 
north Tunisia). Overall in mid-century, for both the A1B and A2 pathways all three models 
project a decline in rainfall over Tunisia, with the largest decline projected over the north.  

In the late-century period (2070–99), the CSIRO model projects a decline in rainfall, with a 
range of 15–25% under both emission pathways. Under the A1B pathway, the decline is 
projected to be more severe (up to 33%). The MPI model projects the most significant 
decline in rainfall (25–33%) all across the country (except over southern Tunisia, where the 
decline is confined to 24%) under both emission pathways. The MRI model projects a 
modest decline in rainfall of 0–14% over most parts of the country except in the north, where 
the decline is projected to be more pronounced. Overall in the late-century period, all three 
climate models project a declining trend for rainfall for the A1B and A2 emission pathways.   
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Figure 2-38: Tunisia: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in CSIRO model 
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Figure 2-39: Tunisia: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in MPI model 
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Figure 2-40: Tunisia: Changes in spatial distribution of increments to annual rainfall for 
current, mid-, and late century periods relative to annual rainfall of the baseline period as 
simulated in MRI model 

There are notable but consistent changes in the simulated patterns in each of the three 
climate models considered in the study, reflecting a moderate degree of certainty in 
simulation of temperature and rainfall changes in both temporal and spatial rainfall over a 
country with time. The findings summarized above provide a fair degree of confidence in the 
representative range of plausible climate change scenarios for Tunisia, which can be applied 
in assessment of agro-ecosystem shifts in the twenty-first century. 
 

2.3.3.3 Key Findings on Projections 

To summarize, it can be stated that all three climate models for both the A1B and A2 
emission pathways project an increase in annual mean surface air temperature of 0.3ºC –
0.7ºC for the current period. In mid-century, all three models for both emission pathways 
project an increase in temperature of 1.3ºC –2.5ºC, with the MPI model projecting a higher 
increase than the other two models. In the late-century period, all the models project a rise in 
temperature in the range of 2.1ºC –4.0ºC; the MPI model projects relatively higher increases 
in mean surface air temperature in both emission pathways. 

The analysis also suggests that each of the three models project a decline in rainfall for both 
emission pathways at all time horizons in the future. During the late-century period, the area-
averaged decline in rainfall over Tunisia is likely to be within the range of 15–30% for both 
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emission pathways. The MPI model projects a significant decline in rainfall late in the century 
(Figure 2-41). 

 

Figure 2-41: Tunisia - Projected changes relative to baseline in surface air temperature (deg C) 
and rainfall (%) as simulated by the three GCMs at the current period (1991-2020), mid-century 
(2040-69), and late century (2070-99) 

It is evident from the inter-model scatter in the simulation of likely changes in rainfall for 
Tunisia (Figure 2-41) that the key scientific uncertainties in our current understanding of the 
climate change issue lies in our ability to predict the exact degree of climate change 
expected in the future. 

2.3.4 Syria 

Syria, located in southwestern Asia, consists of mountain ranges in the west and a steppe 
area farther inland. In the east is the Syrian Desert and in the south, the Jabal al-Druze 
Range. The former is bisected by the Euphrates valley. A dam built in 1973 on the 
Euphrates created a reservoir named Lake Assad, the largest lake in Syria. Between the 
humid Mediterranean coast and the arid desert regions lies a semiarid steppe zone 
extending across three-quarters of the country, which receives hot, dry winds blowing across 
the desert. Some 28 percent of the land in Syria is arable, 4 percent is dedicated to 
permanent crops, 46 percent is used as meadows and pastures, and only 3 percent is forest 
and woodland.  

The climate here is predominantly dry; about three-fifths of the country has less than 250 
millimeters of rain a year. Rainfall in the semiarid steppe zone area is, however, fairly 
abundant, with annual precipitation ranging between 750 and 1,000 millimeters. Most of the 
rain, carried by winds from the Mediterranean, falls between November and May. The 
annual mean temperature ranges from 7°C in January to 27°C in August. In the southeast, 
the humidity decreases, and annual precipitation falls below 100 millimeters.  
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The scanty rains here are highly variable from year to year, causing periodic droughts. The 
overgrazing of land and a rapidly growing population has compounded the land 
desertification process in Syria. During 2006–11, the worst long-term drought and most 
severe set of crop failures since agricultural civilizations began was experienced on 60% of 
Syria’s land. Strong and observable evidence is reported in a study on linkages between the 
recent prolonged period of droughts in the Mediterranean and the Middle East and climate 
change. 

Agriculture here is very diverse, with such rainfed crops as barley, cotton, and wheat 
dominating. The livelihoods of about 56% of rural poor people depend on agriculture, a 
sector characterized by low productivity and an irregular demand for labor. Almost 50% of 
the labor force in rural Syria works in agriculture. About 62% of the country's poor people live 
in rural areas, and poverty is most severe and most widespread in the northeastern part of 
the country. The malnutrition rate in this region is one-and-a-half times as high as in the rest 
of the country and is one of the major effects of the recurrent droughts in the region. 
Although the country has already been coping with the impact of climate variability for 
decades, the magnitude of climate variability and change anticipated in the twenty-first 
century is unprecedented. The impacts of climate change on ecosystems based on robust 
projections for the future are extremely salient, considering Syria’s high levels of food import 
dependency, food insecurity, and poverty.  

2.3.4.1 Temporal variations in projected surface air temperature and rainfall 

a. Future projections of model simulated climatology  

Each of the three global climate models is able to realistically simulate the annual 
cycle in observed surface temperature and rainfall over Syria. The minima and maxima 
in monthly mean surface temperature occur in December–January and June–July months 
both in the observations and in the model simulation over the region of study. Further, the 
minima and maxima in monthly mean rainfall occur in June–September and December–
March both in the observations and in the model simulation, thereby suggesting that the 
selected models are able to realistically simulate the annual cycle in observed surface 
temperature and rainfall over the region.  

b. Annual mean surface air temperature change 

Table 2-7 illustrates the annual mean surface air temperature for Syria averaged over the 
baseline period and the likely changes in area-averaged annual mean surface air 
temperature for the A1B and A2 pathways of selected GCMs relative to the baseline period 
(1961–90) in Syria as simulated by the three GCMs considered in this study.  

The projected rise in area-averaged mean surface air temperature over Syria in the 
selected models is 0.4–0.7ºC for the current period, 1.3ºC –2.8ºC for mid-century, and 
2.4ºC –4.7ºC for the late-century period. The analysis suggests that for the current period 
(1991–2020), all three models uniformly project a rise in annual mean surface air 
temperature ranging from 0.4ºC –0.7ºC averaged across Syria for both emission pathways 
(Table 2-7 and Figure 2-42).  

In mid-century (2040–69), the CSIRO model projects an increase in annual mean surface air 
temperature of 1.3ºC averaged over the country under the A1B emission pathway, while a 
slightly higher increase of 1.8ºC is projected under the A2 pathway. The MPI model projects 
an increase in annual mean surface temperature of 2.8ºC and of 2.5ºC in temperature 
averaged over the country for the A1B and A2 pathways respectively. The MRI model 
projects an increase in annual mean surface air temperature of 2.2ºC under both emission 
pathways. 
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In the late-century period (2070–99), the CSIRO model projects a moderate increase in 
annual mean surface air temperature of 2.4ºC under the A1B emission pathway, while under 
the A2 emission pathway it projects a higher increase (3.4ºC) averaged over the country. 
The MPI model projects the highest increase in annual mean surface air temperature of 4.3–
4.7ºC under both emission pathways. The MRI model projects a moderate increase in 
annual mean surface air temperature (3.3ºC) averaged over the country under the two 
pathways (Table 2-7 and Figure 2-42). 

Table 2-7: Syria: Projected changes in area-averaged annual mean surface air temperature for 
A1B and A2 pathways of selected GCMs relative to average model simulated annual mean 
surface air temperature for baseline period 

Time Periods Statistics 
A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline       
(1961-90) 

Mean Temperature 

(°C) 
17.84 17.71 17.71 17.84 17.71 17.71 

Current period 
(1991-2020) 

Temperature 
Change (°C) 

0.44 0.57 0.56 0.65 0.46 0.72 

Mid Century 
(2040-69) 

Temperature 
Change (°C) 

1.33 2.77 2.17 1.77 2.47 2.16 

Late Century 
(2070-99) 

Temperature 
Change (°C) 

2.40 4.26 3.26 3.41 4.69 3.35 

 

Figure 2-42: Syria: Projected trends in model-simulated annual mean surface air temperature 
(deg C) as simulated by the three GCMs during the 21st century (broken lines shown are the 
temperature trends for the highest and lowest rates of change within the 30-year time period in 
one of the three models) under either of the two emission pathways 

c. Annual rainfall change 

Table 2-8 illustrates the total annual rainfall for Syria averaged over the baseline period and 
the likely changes in area-averaged annual average rainfall for the A1B and A2 pathways of 
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selected GCMs relative to the baseline period (1961-90) in Syria as simulated by the three 
GCMs considered in this study. 

Table 2-8: Syria: Projected changes in area-averaged annual total rainfall for A1B and A2 
pathways of selected GCMs relative to average model simulated total annual rainfall for 
baseline period 

Time 
Periods 

Statistics 
A1B A2 

CSIRO MPI MRI CSIRO MPI MRI 

Baseline 

(1961-90) 

Average Rainfall 
(mm) 

361.7 357.7 351.9 361.7 357.5 351.9 

Current 
period 

(1991-2020) 

Rainfall Change 
(%) 

-1.7% -0.2% -1.6% -0.4% -0.5% -4.0% 

Mid Century 
(2040-69) 

Rainfall Change 
(%) 

-4.5% -16.4% -21.0% -8.6% -11.5% -13.2% 

Late Century 
(2070-99) 

Rainfall Change 
(%) 

-12.8% -22.8% -22.8% -17.4% -23.9% -27.2% 

 

The rainfall projections for the future exhibit a consistent decline over Syria in each of 
the three models at all time scales and emission pathways. The rainfall projections 
under the A1B emission pathway are more or less consistent among the three models, 
ranging from no change (MPI) to a marginal decline of 2% (CSIRO and MRI) over the 
current period (1991–2020). Under the A2 pathway, all three models project a consistent 
declining trend, ranging between 1% and 4% during the current period (Table 2-8). The inter-
model variability rainfall projections are moderate in mid-century, when the projected decline 
ranges from 4% in the CSIRO model to 21% in the MRI model under the A1B pathway. In 
the A2 pathway, the range of inter-model variability in rainfall projections is marginally lower 
(–9% in the CSIRO model to –13% in the MRI model) than in the A1B pathway. Likewise, 
late in the century, the CSIRO model suggests a decline in annual rainfall of 13% under the 
A1B pathway and 17% under the A2 emission pathway, while the MPI and MRI models 
project declines in rainfall of 23% and 27% respectively. In summary, the study suggests that 
rainfall projections for the future exhibit drier conditions over Syria and are rather consistent 
across models at all time scales and emission pathways. This allows a reasonable degree of 
confidence in regional rainfall projections over Syria. 
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Figure 2-43: Syria: Projected trends in annual total rainfall (mm) for Syria as simulated by the 
three GCMs during the 21st century under two emission pathways (broken lines are the trends 
from the start of baseline period until the end of current period) under the two emission 
pathways 

d. Monthly mean surface air temperature and rainfall changes 

The area-averaged monthly mean surface warming over Syria is least during the 
winter (December–February) and largest during the summer (June–August). An 
analysis of projected changes in monthly mean surface air temperature and monthly mean 
rainfall at various time horizons is more meaningful for its application in impact assessment 
studies—particularly when related to crops and crop needs. The findings from this analysis 
for each of the three models and both the emission pathways are detailed in Figure 2-44 and 
Figure 2-45. As evident from Figure 2-44, the projected changes in monthly mean surface air 
temperatures are rather uniform and follow the annual march as observed in the baseline 
(minimum in January and maximum in July) for each time period. The rise in surface air 
temperature during mid-century and in the late-century period is most pronounced in the MPI 
model. Another interesting feature is that the rate of warming is not uniformly spread over 
the year. It is largest during the peak summer season (June–August) and least during the 
winter season (December–February) in each of the three models and for both the emission 
pathways. 
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Figure 2-44: Syria: Model-simulated changes in monthly mean surface air temperature (deg C) 
as simulated by the three GCMs and two emission pathways for the baseline period and the 
three time slices into the 21st century 
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Figure 2-45: Syria: Simulated changes in monthly total rainfall (mm) as simulated by the three 
GCMs and two emission pathways for the baseline period and the three time slices into the 
21st century 

The maximum decline in future projections of monthly rainfall is likely to occur in the 
months of December and January. The analysis of projected changes in monthly mean 
rainfall at various time horizons is illustrated in Figure 2-45. The projected changes in 
monthly mean rainfall vary significantly in different months, particularly during the winter 
(rainy) season. Further, the monthly march of change in rainfall is not uniform in each of the 
three models or under each of the two emission pathways. Nonetheless, the annual march in 
the monthly total rainfall at all future time slices follows the same pattern as observed in the 
baseline (minimum rainfall in June–August and maximum in December–January, with a 
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secondary maximum in March) for each time period. The maximum change in monthly 
rainfall occurs in the December–March period, when significant inter-model differences are 
also evident. All the climate models and scenarios project a declining trend for future time 
horizons. In summary, it could be concluded that significant rainfall decline is likely in Syria 
from December to March in the future.  

e. Inter-annual and inter-model variability in simulation of monthly mean 
temperature and rainfall  

In view of the large inter-model variability in simulation of regional climate at all time scales, 
and also with a view to investigate the trends in inter-annual variability, it is pertinent to 
examine the variance in each of the two climate elements simulated by the three climate 
models on a month-to-month basis. The simulated data sets of monthly mean surface air 
temperatures and rainfall for the baseline period as well as the three time periods for each of 
the three models and two emission pathways were subjected to rigorous tests using the 
established “R statistical test software.” This analysis provided the range of extremes, mean 
and median, and the outliers (if any) for both the surface air temperature and rainfall for each 
of the months of the year.   

 

Figure 2-46: Syria: Inter-annual and inter-model variability in simulation of monthly mean 
temperature (deg C) for the baseline period and three time slices 

In terms of inter-annual variability in future projections of monthly mean surface air 
temperature and monthly total rainfall averaged over Syria, the study suggests that 
November–February exhibits the largest variability in surface air temperature while 
largest variability in rainfall is projected for December. The monthly variations in surface 
air temperature were plotted using box plots for the different time periods and emission 
pathways to analyze the monthly variability and deviations from mean. Figure 2-46 shows 
the coefficient of variation in monthly mean temperatures averaged for the three global 
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climate models and two emission pathways for the baseline, current, mid-, and late-century 
periods. In general, November–February shows the higher variability and April–September 
shows relatively low variability in all periods. The modes of variability and the simulated 
range between highest and lowest mean temperatures follow an annual cycle pattern, with 
maxima in July and minima in January, and are relatively consistent over the time horizons. 
Thus, a higher degree of confidence can be placed in future projections of surface air 
temperature than in the rainfall.   

 

Figure 2-47: Syria: Inter-annual and inter-model variability in simulation of monthly rainfall 
(mm) for the baseline period and three time slices 

Similarly, the monthly coefficient of variations in monthly total rainfall were also plotted using 
box plots for the different time periods and emission pathways to analyze the monthly 
variability and deviations from mean. Figure 2-47 shows variations in monthly rainfall totals 
averaged for the three global climate models and two emission pathways for the baseline, 
current, mid-, and late-century periods. In general, November–March shows the highest 
variability while June–September shows least variability at all time horizons (with highest 
range projected for December). The differences between the maximum and minimum rain as 
well as the outliers are obtained in December–January, when the models also project the 
largest changes in future projections of rainfall. This limits our degree of confidence in the 
model projections of rainfall over the region. 

2.3.4.2 Spatial variations in projected surface air temperature and rainfall 

The analysis of areal distribution in surface air temperature and rainfall over Syria provides 
the likely shifts in spatial changes in key climate elements under different emission 
pathways, which is vital for investigations of time-dependent shifts in natural and agro-
ecosystems. These shifts in spatial variations of temperature and rainfall over Syria have 
been analyzed at the selected time horizon. The relative spatial changes in the climate 
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elements are calculated by comparing these with the baseline scenarios. The spatial 
changes in annual mean surface air temperature are calculated in degrees Celsius and the 
changes in annual total rainfall are calculated in percent. 

Figure 2-48 to Figure 2-50 depict the shifts in spatial variations of change in annual average 
surface air temperature over Syria at the selected time periods as simulated by the three 
models for the A1B and A2 emission pathways. Also included here is the simulated surface 
air temperature pattern over the region for the baseline period. 
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Figure 2-48: Syria: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface temperature of the baseline period as simulated in CSIRO model 
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Figure 2-49: Syria: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MPI model 
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Figure 2-50: Syria: Changes in spatial distribution of incremental shifts in the annual mean 
surface air temperature for current, mid-, and late century periods relative to the annual mean 
surface air temperature of the baseline period as simulated in MRI model 

Each of the three models projects significant surface warming progressively with time 
over most of the continental areas of Syria. Maximum surface warming in excess of 

3C is projected to occur over the most of the country by late in the century. A 
comparison of Figure 2-48, Figure 2-49, and Figure 2-50 suggests that, broadly speaking, all 
three models project uniform spatial change in surface air temperature, with increases 
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ranging from 0ºC to 1.0ºC for the current period (1991–2020) with respect to the baseline all 
across the country for both emission pathways.  

In mid-century (2040–69), the CSIRO model projects an increase in surface air temperature 
that is spatially distributed, ranging from 1.1ºC to 2.0ºC all over the country. The MPI model 
projects an increase of 2.1ºC –3.0ºC all over the country for both A1B and A2 emission 
pathways (but within 1.1ºC–2.0ºC in a small pocket in the southwest part of the country). The 
MRI model projects the highest rise in surface air temperature: within 2.1ºC–3.0ºC all across 
the country except in the northwest, where it projects slightly lower warming (1.1ºC –2.0ºC).  

In the late-century period (2070–99), the CSIRO model projects a moderate increase in 
surface air temperature within the range 2.1ºC –3.0ºC across the country under the A1B 
emission pathway. Under the A2 pathway, it projects a higher increase, ranging from 3.1ºC 
to 4.0ºC over the country. The MPI model projects the highest increase in surface air 
temperature, within 4.1ºC –5.0ºC all across the country, under both emission pathways 
except in the southwest, where it projects slightly lower warming (2.1ºC –3.0ºC). The MRI 
model projects a moderate increase (2.1ºC –3.0ºC) in temperature almost all over the 
country under A1B emission pathway except in the far north, where the increase is projected 
to range between 3.1ºC and 4.0ºC under both emission pathways. In summary, the study 
suggests that each of the three models projects a significant warming all across the country 
by the end of century. 

Each of the three models projects a decline in annual total rainfall over most of the 
continental areas of Syria. While annual total rainfall is projected to decline by more 
than 10% over most parts of the country in the CSIRO model, the MPI and MRI models 
project a decline in annual total rainfall over most parts of west Syria by as much as 
20% or more by late in the century. The shifts in spatial variations of change in annual 
total rainfall over Syria at the selected time periods as simulated by the three climate models 
for the A1B and A2 emission pathways are depicted in Figure 2-51 to Figure 2-53. Also 
included here is the spatial distribution of simulated rainfall over the region for the baseline 
period.  

As evident from Figure 2-51, the CSIRO model projects a marginal decline in rainfall all 
across the country for the two emission pathways except for a marginal increase in the 
range 1–10% over the western part of the country under the A2 emission pathway for the 
current period (1991–2020). The MPI model (Figure 2-52) projects an increase in rainfall of 
1–10% in the western part and a marginal decline of about ≤9% in rainfall over the rest of the 
country under the A1B emission pathway. Under the A2 pathway, the MPI model projects a 
marginal increase in rainfall within 1–10% over north Syria but a marginal decrease across 
most of the country. The MRI model (Figure 2-53) projects a rainfall increase in the range of 
1–10% in eastern Syria with an overall marginal decrease across the rest of the country for 
the two emission pathways. Overall, in the current period, each of the models projects a 
marginal declining trend in rainfall over most of Syria.  

In mid-century (2040–69), the CSIRO model projects a decline in rainfall of ≤-9% with 
respect to the baseline period for most of the country under the two emission pathways 
except that under A2 the decline along central-east Syria is in the range of 10–19%. The 
MPI model projects a decline in rainfall in the range of 10–19% across the country under 
both emission pathways, but the decline is only marginal (≤9%) over the eastern part of the 
country. The MRI model projects a significant decline in rainfall of 11–20% over most of the 
country except in central-south and northern far-east, which get much higher increases (36–
55%) in rainfall. The MRI model projects a decline in annual rainfall in the range of 20–29% 
in the west-central part and in the range of 10–19% in the northeastern parts of the country 
under the A1B emission pathway. The projected decline in rainfall under the A2 pathway is 
relatively marginally low. Overall in mid-century, for both the A1B and A2 pathways the three 
models project a decline in rainfall.  
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In the late-century period (2070–99), the CSIRO model projects a decline in rainfall in the 
range 10–19% under the A1B emission pathway, while a significant decline of 20–29% 
across the central-east part of the country is projected under the A2 emission pathway. The 
MPI model projects a significant decline all across the country under both emission 
pathways. The MRI model projects a decline in rainfall of 10–30% over most parts of the 
country under the A1B emission pathway and a stronger decline of more than 30% over 
west Syria under the A2 emission pathway. In summary, each of the three models projects a 
decline in rainfall at all time horizons, with the decline most significant in the MRI model for 
the late-century period. 
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Figure 2-51: Syria: Changes in spatial distribution of increments to annual rainfall for current, 
mid-, and late century periods relative to annual rainfall of the baseline period as simulated in 
CSIRO model 
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Figure 2-52: Syria: Changes in spatial distribution of increments to annual rainfall for current, 
mid-, and late century periods relative to annual rainfall of the baseline period as simulated in 
MPI model 
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Figure 2-53: Syria: Changes in spatial distribution of increments to annual rainfall for current, 
mid-, and late century periods relative to annual rainfall of the baseline period as simulated in 
MRI model 

There are notable but consistent changes in the simulated patterns in each of the three 
climate models considered in the study, reflecting a moderate degree of certainty in the 
simulation of temperature and rainfall changes in both temporal and spatial rainfall over a 
country with time. 

The findings summarized above provide a fair degree of confidence in the representative 
range of plausible climate change scenarios for Syria, which can be applied in assessment 
of agro-ecosystem shifts in the twenty-first century.  



 
Climate Induced Spatio-Temporal Shifts in Natural and Agro-ecosystems in the Middle East and North Africa Region    

  Page 77 

2.3.4.3 Key Findings on Projections  

To summarize, it can be stated that all three climate models for both A1B and A2 emission 
pathways project an increase in annual mean surface air temperature of 0.4–0.7ºC for the 
current period, with the CSIRO model projecting higher variability between the two emission 
pathways in comparison to the other two models. In mid-century, all three models for both 
emission pathways project an increase in temperature in the range 1.3–2.8ºC, with the MPI 
model projecting the highest increase. In the late-century period, all the models project an 
increase in temperature in the range of 2.4–4.7ºC; the MPI model projects relatively higher 
increases in mean surface air temperature in both emission pathways. 

The analysis also suggests that all three models project a decline in rainfall for both emission 
pathways. During mid-century, all three models project similar trends. During the late-century 
period, all three models project a decline in rainfall over most of the country (Figure 2-54). 

 

Figure 2-54: Syria - Projected changes relative to baseline in surface air temperature (deg C) 
and rainfall (%) as simulated by the three GCMs at the current period (1991-2020), mid-century 
(2040-69), and late century (2070-99) 

It is evident from the inter-model scatter in the simulation of likely changes in rainfall for Syria 
(Figure 2-54) that the key scientific uncertainties in our current understanding of the climate 
change issue lie in our ability to predict the exact degree of climate change expected in the 
future. 

2.4 Synthesis 

To summarize our findings for the four countries in the MENA Region, the most prominent 
change by the end of this century would be a shift toward warmer and drier conditions (all 
simulations show a continuation of the observed warming trend and are statistically 
significant) and, therefore, a further increase in the existing water stress. (Yemen is an 
exception, as wetter conditions are projected for the future.) It is also evident from the inter-
model scatter in the simulation of likely changes in rainfall that the key scientific uncertainties 
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in the current understanding of the climate change issue lie in our ability to predict the exact 
degree of change in rainfall expected in the future. Of course, the assessment of future 
climate scenarios in a very heterogeneous region is still a challenge for the climate research 
community. In order to have a confident outlook into future climate conditions, rainfall and 
temperature variability for future climate scenarios need to be estimated by an RCM 
approach particularly in heterogeneous region consisting of both temperate and tropical 
climates.  

The dynamical downscaling performed by an application of a dynamic regional climate 
model embedded in atmospheric fields of GCM simulations is expected to produce the most 
reliable results, as the model is able to simulate smaller-scale circulations caused by 
mountains and coastlines. Leading climate modeling centers could potentially facilitate 
development of high-resolution regional climate change scenarios for the already water-
stressed developing countries in order to improve future projections. But better future 
projections would also require that more data (ground truths) from a denser network in the 
region are collected by the concerned countries as input to the models. 

There are several levels of uncertainty in the generation of regional climate change 
information, and the sources of uncertainty are of a different nature. The first level is 
associated with emission pathways of greenhouse gases and aerosols that are strongly 
related to the socioeconomics of the countries in the region and could be strongly dependent 
on development pathways followed by individual nations (Webster et al. 2002). The second 
level of uncertainty is related to the simulation of the transient climate response by GCMs for 
a given emission pathway. The natural variability of the climate system adds a further level 
of uncertainty in the evaluation of a climate change simulation.  

There are significant gaps in the available database in remote regions of the globe, such as 
deserts or mountainous regions, as a result of which some key water balance components 
and energy budget components cannot be properly validated in global climate models, which 
necessitates further strengthening of the data observing network in data-sparse regions 
across the globe. Regional climate is often influenced by forcings and circulations that occur 
at smaller scales (see, for example Giorgi and Mearns 1991, 1999). GCMs cannot explicitly 
capture the fine-scale structure that characterizes climatic variables in many regions of the 
world and that is needed for impact assessment studies. In order for assessments of future 
impacts of climate change to be credible, the climate scenarios on which they are based 
should account as effectively as possible for the sources of uncertainty on account of the 
future emission pathways  and inter-model differences in future projections. 

The climate change projections presented here are described in terms of average changes in 
temperature or precipitation, but most of the social and economic costs associated with 
climate change will result from shifts in the frequency and severity of extreme events. 
Extreme weather events, such as the widespread flooding over eastern Yemen in October 
2008 and recurrent droughts in Morocco since the beginning of the century, are equally 
important to social and economic vulnerabilities due to climate change. In fact, extreme 
events across the globe in recent decades provide snapshots of a larger statistical trend 
toward more-frequent and more-intense extreme weather events. The rising frequency of 
record daytime and nighttime high temperatures and of both droughts and floods are an 
expected consequence of a warming climate, and both trends have been observed. Some 
areas will see more droughts as overall rainfall decreases and other areas will flood more 
regularly. Still other regions may not experience a change in total rainfall amounts, but they 
might see rain come in rarer, more-intense bursts, resulting in periodic flash flooding 
punctuating periods of chronic drought.  

Our understanding of climate physics indicates that this trend should continue into the future 
as the earth continues to warm. However, this study primarily focused on the long-term 
changes in key climate elements that significantly affect the agro-ecosystem in a country or 
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region rather than attempting to forecast individual chaotic weather extreme events. 
Nonetheless, agricultural production systems have their own dynamics, and adaptation to 
climate-related risks, including extreme temperatures, floods, and droughts, has a particular 
impact on future agriculture. 
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3. Chapter 3: Natural Ecosystems 

3.1 Introduction 

Natural ecosystems play an important role in sustaining human livelihoods. For 
several years it has been increasingly understood that natural ecosystems and biodiversity 
play an important role in sustaining human livelihoods. Agricultural systems depend on the 
water-regulating functions of natural ecosystems, for example. Deforestation leads to rapid 
runoff of rainwater, causing erosion, soil loss, siltation of dams, and insufficient 
replenishment of groundwater. The pollinating functions of insects and their importance for a 
productive agricultural system are well known and depend on agro-ecosystems being 
blended with natural ecosystems. The important roles that natural ecosystems play for 
sustaining human livelihoods depend, in most cases, on them being blended with agro-
ecosystems. Maintaining a mosaic of natural and agro-ecosystems is therefore the best way 
of securing a productive agricultural system. Natural ecosystems provide other important 
services. The biodiversity that exists in natural ecosystems is a source of genetic material 
that over the millennia has been used to develop agricultural plants. The Middle East, and in 
particular Syria and Yemen, is home to wild relatives and landraces of many of the world’s 
main agricultural crops. Herbs and other natural products are still important in traditional 
medicine and play an increasingly important role as herbal medicine. In 2001, the World 
Health Organization estimated the global market in herbal medicine at US$65 billion. These 
services depend on natural habitats being protected and managed for their inherent value. 
This can and is being done in many various forms, from totally protected national parks (so- 
called strict nature reserves), the most valuable of which are included in UNESCO’s list of 
natural heritage sites, to areas that are protected for their biodiversity but allows the 
extraction of resources within sustainability limits (IUCN 1994). 

Climate change modifies the structure, functioning, and distribution of natural 
ecosystems and risks a loss of biodiversity. Changes in climate and related systems 
drive changes in ecosystem structure (such as the predominant vegetation and species 
composition), function (such as productivity, decomposition of organic material, nutrient 
cycling, and water flows), and distribution within and across landscapes. The profound 
influence of a changing climate on the distribution of ecosystems and species has been 
evidenced by records of historical changes and, even further back in time, by geological 
archives such as changes in plant pollen deposited in lake sediments (Woodward 1987).  

The accelerated changes in climate that are now taking place has potentially serious 
implications for ecosystems, particularly related to the migration lag of species as climatic 
zones shift. It is therefore logical to expect that future climate change, a consequence of 
human-induced emissions of GHGs, will alter the distribution and properties of ecosystems. 
Simulation studies show that if migration fails to keep up with climate-induced local losses of 
species, then a net decline in local biodiversity can occur (Sykes and Prentice 1996). 

An increase in temperature above 4°C could result in climate change becoming the 
dominant force in ecosystem shift (Bellard et al. 2012; New et al. 2011). The main reason 
for disturbance and destruction of ecosystems has in the past been human-induced habitat 
destruction in the form of deforestation, desertification, and other forms of land degradation. 
These processes are in turn linked to expansion of the agricultural frontier and extension of 
urban settlements and are thus human-induced. This also means they can be managed and 
their impact controlled. If climate change itself becomes the triggering factor in ecosystem 
shifts and loss of biodiversity, however, it becomes much more difficult to counteract these 
processes. They may even result in loss of land cover and related loss of ecosystem 
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services like water supply for human settlements and many environmental services upon 
which agricultural systems depend. 

CO2 fertilization will also contribute to a shift in the composition of plant biodiversity 
and vegetation expansion in selected regions. Higher atmospheric CO2 concentrations 
will stimulate plant productivity and have the potential to offset limiting factors on productivity 
such as water stress through an increase in the plants’ water use efficiency (McMurtrie et al. 
2008). For instance, an increase in global mean temperature of 2–3°C caused by higher 
atmospheric CO2 concentrations is likely to increase the potential of natural ecosystems as a 
carbon sink (Scholze et al. 2006). The significance of the different responses to increased 
CO2 concentration on agro-ecosystems is discussed in Chapter 4.  

Wide-ranging models have been developed to represent how ecosystems and species 
respond to climate change. Climate envelope models (or species distribution models) 
relate the probability of a species living in a certain place to certain climate conditions based 
on prior knowledge about the envelope or window of tolerable conditions for a particular 
species. Dynamic vegetation models, on the other hand, are a kind of mechanistic model 
that represent the way ecosystems are structured and function. By simulating how plants 
interact with the air, soil, and water via processes such as carbon and nitrogen fluxes, 
nutrient cycling, and evapo-transpiration, these models are used to estimate a wide variety 
of impacts—from changes in vegetation type (that is, land cover) to changes in biological 
productivity and carbon storage. 

The current terrestrial biodiversity patterns are a consequence of the interplay 
between past and present climates and the degree of the specie-response (Ricklefs 
and Jenkins 2011). The same rationale can be extended to modeling the shifts in the current 
biome distribution due to anticipated climate change. This is accomplished by closely 
monitoring the changes in the current climate and the projected future changes, 
understanding the external (climate change) and internal (resident and invasive species 
interactions) forces, and ascertaining the vulnerability of the current biomes to these 
stressors.  

Climate-space analysis, despite some caveats, is strongly supported to explain biome 
vulnerability and predict the biotic responses to climate stressors (Ohlemüller et al. 
2012). According to this approach, the impacts of temporal shifts in the rainfall-temperature 
regime will result in expansion or contraction of the physical space, which in turn will 
aggravate inter- and intra-specie competitions, ultimately leading to the alteration of biome 
diversity patterns. Climate-space analyses broaden the understanding of how environments 
change in space and time and how this in turn affects patterns of disappearance, 
persistence, and emergence of novel climates, species, and ecosystems (Ohlemüller et al. 
2012). Important caveats are that these analyses can only be as good as the climate data 
upon which they are based; of particular concern is the issue of circular argumentation when 
gridded data are used and filled in using spatial interpolation. Further, shifts in climate space 
should be interpreted with caution to infer shifts in species or ecosystems found in this 
space. However, combining space analysis with recent advances in community (Mokany et 
al. 2011) and in individual and population modeling will help address these shortcomings 
and advance the understanding of large-scale biotic responses to changing environmental 
conditions. Finally, under changing climatic conditions and over time, adaptation and altered 
interactions between species will affect whether species remain limited to the condition they 
currently occur in or whether they can occupy new climate space (Dormann et al. 2010).  

This chapter focuses on the climate-induced shifts in natural ecosystems under 
future changing climates using the BIOME4 model. 
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3.2 Methodological framework 

The BIOME4 model has been used in this study to simulate the impacts of climate 
change on biodiversity and ecosystem distribution in the MENA Region and in 
particular in the four countries on which this study is focused. This model (Kaplan 
2001; Kaplan et al. 2003), the most advanced model in the BIOME family, is based on both 
the climate under which different plant types can survive and the functioning of plants (plant 
physiology). The two factors taken together provide a basis for determining climatic limits for 
the distribution of species (Woodward 1987).  

The prediction of future biome distribution is based on the composition of plant 
functional types (PFTs) using changes in net primary productivity (NPP). PFT is a 
concept that has been developed to be able to simulate the extremely high diversity of plant 
communities through just a few functional types. The assessment of climate-change-induced 
expansion or contraction in ecosystems requires information on land (soils, gradient), current 
and future climate, and atmospheric characteristics. Figure 3-1 describes the methodological 
framework adopted in the present study. Data on soil, current and future climates, 
atmospheric CO2, and location defined by latitude have been used as inputs to model the 
occurrence of PFTs at a given location (grid cell), their changes in NPP, and biome 
distributions, using BIOME4.   

 

 

Figure 3-1: Methodological framework for assessing climate-induced shifts in natural 
ecosystems. LAI represents Leaf Area Index, NPP represents Net Primary Productivity, and 
PAR represents Photosynthetic Active Radiation (Note that in this figure one grid cell can have 
one or more PFT). 

The competitiveness between PFTs, measured through their NPP (their growth), 
reflects how fit a specific PFT is under given environmental conditions (basically 
temperature and water availability). The models that are now used to predict future biome 
distribution thus take into account both climate change and important physiologically based 
variables characterising ecosystem functioning and structure, such as leaf area, exchange 
fluxes of energy, and water availability, all factors that influence plant productivity. 
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BIOME4 simulates the distribution of 13 major natural PFTs, which then generate a 
total of 27 biomes. For each PFT, occurrence is based on plant physiology, latitude (for the 
calculation of potential sunlight availability), atmospheric CO2 concentration, mean monthly 
climate (precipitation, temperature, and percent sunshine), and soil type (water-holding 
capacity). The PFTs are listed in Table 3-1.  

Table 3-1: List of all plant functional types as simulated in BIOME4 

Number Plant Functional Type (PFT) 

1 Tropical broadleaved evergreen trees 

2 Tropical broadleaved rain green trees 

3 Temperate broadleaved evergreen trees 

4 Temperate summer green trees 

5 Temperature evergreen coniferous trees 

6 Boreal evergreen coniferous trees 

7 Boreal summer green trees 

8 C3/C4 cold 

9 C4 warm grass 

10 C3/C4 woody desert plant type 

11 Cold shrub 

12 Cold graminoid or forb 

13 Cushion forb 

 

The next step in the modeling process is to choose the biome for a given location 
(grid cell), and for this purpose the model orders the tree and non-tree PFTs that were 
calculated for the given grid cell and uses a semi-empirical rule that takes account of the 
climatic conditions as well as the simulated leaf area and NPP of the PFTs in order to assign 
each grid cell to one of 27 biomes. Twelve of these biomes are found in the MENA Region. 
The concept of biomes can then be more generalized to broader types of ecosystems. In 
general, the relationship between biomes and ecosystems is such that any forest biome 
represents a forest ecosystem, and any shrubland, woodland, or grassland biome 
represents the corresponding ecosystem. The 12 biomes in the MENA Region correspond to 
five ecosystems as shown in Table 3-2 

Table 3-2: lists all biomes generated by BIOME4, the twelve Biomes of the MENA region and 
their corresponding ecosystem 

Number Biomes Generated by BIOME4 
MENA Region 

Biomes 
Corresponding 

Ecosystem 

1 Tropical evergreen forest   

2 Tropical semi-deciduous forest   

3 Tropical deciduous forest/woodland X Forest 

4 Temperate deciduous forest   

5 Temperate conifer forest X Forest 

6 Warm mixed forest X Forest 

7 Cool mixed forest   

8 Cool conifer forest X Forest 

9 Cold mixed forest   

10 Evergreen taiga/montane forest   

11 Deciduous taiga/montane forest   

12 Tropical savannah   

13 Tropical xerophytic shrubland X Shrubland 
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Number Biomes Generated by BIOME4 
MENA Region 

Biomes 
Corresponding 

Ecosystem 

14 Temperate xerophytic shrubland X Shrubland 

15 Temperate sclerophyll woodland X Woodland 

16 Temperate broadleaved savannah   

17 Open conifer woodland X Woodland 

18 Boreal parkland   

19 Tropical grassland X Grassland 

20 Temperate grassland X Grassland 

21 Desert X Desert 

22 Steppe tundra   

23 Shrub tundra   

24 Dwarf shrub tundra   

25 Prostrate shrub tundra   

26 Cushion forb lichen moss tundra   

27 Barren/Desert X Desert 

 
Figure 3-2 illustrates the interactions within the BIOME4 modelling strategy.  
 

 

Figure 3-2: An illustration of the modeling strategy in BIOME4 

To assess the range of possible future ecosystem changes in the MENA Region, 
BIOME4 was run for the CSIRO, MPI, and MRI climate models and the two emission 
scenarios (A1B and A2) selected for this study. The simulations were run for the baseline 
period (1961–90) using observed climate data as assembled in the CRU climate data set 
(New et al. 2000) and for the two future time periods (2040–69 and 2070–99). Thus, unlike 
the case for agro-ecosystems, the current period (1991–2020) has not been included. 
However, three sensitivity experiments were performed to investigate the impact on different 
time periods (current period: 1991–2020) of CO2 fertilization and of inter-annual variability in 
the climate input data. These experiments were run only for one climate model and one 
scenario (the MPI climate model under the A1B scenario). For the experiment with the 
additional time period (1991–2020), it turned out that the results were very close to the 
results obtained for the baseline period, which is why the current period has not been further 
included. For the experiment investigating the impact of CO2 fertilization, the BIOME4 model 
was run for the two time slices with an atmospheric CO2 concentrations of 360 ppm (the 
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baseline value—that is, without CO2 fertilization) instead of 540 ppm (650 ppm) “normally” 
used for the time period 2040–69 (and 2070–99). For the experiment with inter-annual 
variability in the climate input data, BIOME4 was run in inter-annual mode—that is, BIOME4 
simulated each year individually within the 30-year period and the output results were 
averaged afterwards as compared with the climatological mode, where BIOME4 used the 
mean climate over the 30-year period as input to simulate one mean year. 

3.3 Natural ecosystem modeling results 

3.3.1 Yemen 

Current biome diversity in Yemen is dominated by the temperate xerophytic 
shrubland biome, desert, and tropical dry forest biome in mountainous areas. The 
natural vegetation areas are affected by anthropogenic land use, and although only some 
3% of Yemen’s land area is covered by arable land and less than 1% by cropland, large 
areas that are not under cultivation have been heavily affected by grazing. Figure 3-3 shows 
current land cover and land use in Yemen. As will be seen from the analysis below, current 
arable land and cropland are closely overlaid with the more productive natural ecosystems. 
However, it is also clear that a good part of the cultivated land in fact co-exists with natural 
ecosystems in what is called mosaic cropland. 

 

Figure 3-3: Land use Cover Map of Yemen, Global Cover Map, 2009 
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Under future climate change there is likely to be a strong increase in the extent of the 
tropical xerophytic shrubland biome, accompanied by a reduction in the area covered 
by desert. This is the case with regard to both the mid- and late-century periods (2040–69 
and 2070–99) and both emission scenarios, although it is less pronounced for the late-
century period and for the drier climate model (CSIRO), where there is a much smaller 
reduction in the desert biome and subsequently also a much smaller increase in the tropical 
xerophytic shrubland biome. In fact, for the late-century period there is even an increase in 
the desert biome and a very small increase in the tropical xerophytic shrubland biome. 
These results are consistent with the different rainfall projections of the three models. The 
MPI and MRI models are relatively wet while the CSIRO model simulates much lower 
rainfall, as shown in the climate chapter. Figure 3-4 and Figure 3-5 show the spatial 
distribution of the simulated biome coverage for all model runs. 

Overall, there is not much difference in the simulated biome distribution between the 
two scenarios except for some small shifts in the detailed locations of specific biomes. For 
all three models and for both scenarios and both time periods, the sclerophyll and open 
conifer woodland biomes in the baseline simulation are absent in the future. For both 
scenarios there is a small extension of the temperate conifer forest biome for the 2040–69 
period. For the later time period, this biome is not apparent anymore. Again the exception is 
when using the CSIRO model input data. For this model and the period 2070–99, there is a 
stronger reduction in the coverage of the conifer forest biome under the A2 scenario, which 
is mainly replaced by grasslands in the mountainous regions. 

In summary, two major biomes—sclerophyll woodlands and open conifer 
woodlands—will be fully replaced by either desert or tropical xerophytic shrublands 
under future climate change, regardless of the chosen scenario and climate model. 
These two biomes are also the ones that which experience the largest changes under future 
climate change, whereas temperate conifer forests and tropical grasslands show only 
comparatively small changes. 
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Figure 3-4: Simulated biome distribution for Yemen under the A1B scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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Figure 3-5: Simulated biome distribution for Yemen under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 

Further, net primary productivity may increase in Yemen at mid- and late-century 
periods because of CO2 fertilization. For all simulations under future climate change 
conditions, the modeled annual NPP is higher than for the baseline period (Figure 3-6 and 
Figure 3-7 and Table 3-3). The increase in atmospheric CO2 concentration for the future time 
periods stimulates photosynthetic uptake of CO2 and thus gross and net productivity. 
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Table 3-3: Annual NPP in MtC/year for Yemen as simulated by BIOME4 for the time periods 
2040-69 and 2070-99 using climate input data from three different climate models (MPI, MRI 
and CSIRO models) as well as for the sensitivity experiment without CO2 fertilization for A1B 
scenario. For comparison, the NPP value for the baseline period (1961-1990) is 216 MtC/year 

Scenario A1B A2 

Time period 2040-69 2070-99 2040-69 2070-99 

MPI 299 311 304 350 

MPI no CO2 fert. 213 184 n.a. n.a. 

MRI 342 362 343 439 

CSIRO 291 294 300 342 

 

The largest simulated NPP value of 439 MtC/year, which is about twice the value for 
the baseline period, is modeled under the A2 scenario with the MRI model for 2070–99 
and can, in large part, be attributed to CO2 fertilization and wetter conditions. This 
combination, the wetter scenario and the highest atmospheric CO2 concentration (730 ppm), 
leads to a large CO2 fertilization effect. The sensitivity experiment with a fixed atmospheric 
CO2 concentration input value of 360 ppm for BIOME4 for future periods (same value as 
used for the baseline period) shows that for mid-century the simulated NPP of 213 MtC/yr is 
in fact very close to the baseline value of 216 MtC/yr and that the increase in productivity 
(299 MtC/yr with CO2 fertilization) is due to a combination of higher moisture and the CO2 
fertilization effect. The situation is even more pronounced for the end-century time period, 
where productivity is even lower than the baseline period (184 MtC/yr versus 311 MtC/yr 
with CO2 fertilization compared with 216 MtC/yr for baseline) if the CO2 forcing is kept at the 
baseline value. This is due to a large increase in temperature for 2070–99, which is 
unfavorable for the plants without an increase in atmospheric CO2. 

The spatial patterns of simulated NPP indicate that there is a strong increase in NPP along 
the southeastern coastal region (Figure 3-6 and Figure 3-7). This is also the region in which 
the vegetation cover changed from desert to xerophytic shrublands, which are much more 
productive than the desert biome. 

Taking into account inter-annual variability reduces the deserts in favor of the 
xerophytic shrubland biome. There is a large increase in the area covered by tropical 
xerophytic shrubland (biome no. 13) when using inter-annual climate input data, at the 
expense of a substantial reduction in the area covered by the desert biome for both time 
periods. This is likely due to sporadic intensive rainfall events that enable a larger area to 
sustain the xerophytic shrubland biome in contrast to the lower climatological precipitation 
amounts, which only sustain the desert biome. 

 

 



 
Climate Induced Spatio-Temporal Shifts in Natural and Agro-ecosystems in the Middle East and North Africa Region    

  Page 90 

 

Figure 3-6: Simulated NPP in kgC/year/m2 for Yemen under the A1B scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI,MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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Figure 3-7:Simulated NPP in kgC/year/m2 for Yemen under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 

Due to increasing rainfall and CO2 fertilization, the natural ecosystems may be 
expected to become more productive by mid-century, but the CO2 fertilization effect 
would be even more pronounced for the late-century period. The climate models for 
Yemen project increasing rainfall for the current and mid-century periods with a decreasing 
trend toward the late-century period. The initial favorable soil/water conditions will result in 
the spread of the more water-demanding xerophytic shrubland over the desert biome. 
Toward the end of the century, however, projected dry conditions combined with the 
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increased variability in rainfall and the fertilizer effect of CO2 could largely help sustain the 
shrubland biome. The species composition may be altered within the biome at the end of the 
century compared with mid-century, when a wider variety of species can benefit from the 
improved soil/water balance. 

These shifts in natural ecosystems have important consequences and implications 
for the long-term biodiversity and conservation strategies of Yemen. Of particular 
concern are the highlands, which as an eco-region support about 2,000 plant species, of 
which about 170 are endemic. This eco-region is important for its wealth of agro-biodiversity; 
crop diversity consisting of cultivated crop varieties, heterogeneous landraces, and wild 
relatives that are still an integral part of the area’s agro-ecosystems. Among the major crops, 
sorghum, barley, and wheat have a large variety of landraces that have adapted to the 
varying ecological conditions of the highlands. About 40 varieties and landraces of wheat 
belonging to five species and hundreds of landraces of sorghum are currently cultivated; 
other crops with a wide range of local varieties include lentils, coffee, pomegranate, grape, 
and date palm. Wild crop relatives have been used and are still used as food supplements 
and as a means of survival during times of drought and famine. Some of the well-known wild 
crop relatives in this eco-region are pomegranate, cotton, and olive. 

This wealth of biodiversity is under increasing threat from climate change but also from 
expanding agricultural land use, triggered by low productivity in predominantly subsistence 
farming systems and by population increase. Landraces as well as wild relatives of 
agricultural crops are under threat, and with them genetic material risks being lost forever. 

The sensitive highlands are also the most exploited land. It is not a coincidence that the 
most productive land is also the land in which most of Yemen’s agricultural production is 
taking place. Much of this land is classified as mosaic cropland, which as explained above is 
positive. It provides a good starting point for developing the productivity of Yemen’s 
agriculture and also for protecting its natural ecosystems with its biodiversity and the 
ecosystem services it provides. However, even a well-managed process for agricultural 
development must be combined with a network of various forms of protected areas, drawing 
upon all the categories and management options that have been developed by the 
International Union for Conservation of Nature. The Current Protected Area coverage is 
insufficient to safeguard biodiversity and protect against future shifts in biome distribution. 
Yemen has three protected areas on islands off the western coastline. No formal system of 
protection is yet in place on the mainland to manage consequences of shifts in biome 
distribution over time and space; a shift that is not linear but fluctuating. As the climate 
projections for the late-century period are also uncertain, the challenge of safeguarding 
habitats and biodiversity increases. Some biomes might be lost entirely, as indicated above, 
but it might also be that this will not necessarily happen; it is therefore important to establish 
a network of protected areas that will permit species migration and will safeguard existing 
biodiversity as well as be allow for species migration in response to future shifts in biome 
distribution. 

Further, a productive agricultural system depends on environmental services 
provided by natural ecosystems. Agro-ecosystems do not operate in a vacuum. They 
depend on such things as water regulation, erosion control, and pollinating insects that are 
provided by natural ecosystems. A successful strategy for optimizing the agricultural 
potential of Yemen, whatever the future climatic conditions might be, therefore also depends 
on the development and implementation of a conservation strategy that protects wild 
biodiversity and landraces as well as a landscape in which natural ecosystems can provide 
the ecosystem services upon which successful agro-ecosystems depend.  
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3.3.2 Morocco 

Morocco’s current vegetation cover can be categorized into two parts. The southern 
region (Western Sahara) is dominated by the desert biome interspersed with sporadic barren 
land. The northern region is mainly covered by tropical xerophytic shrubland, temperate 
sclerophytic woodland (also referred to as the Mediterranean biome, and some temperate 
conifer forest in the northeast. There are also some remaining forests, mainly in the Atlas 
mountain ranges, and a thin strip of open deciduous shrubland, classified as sparse 
grassland, bordering the steppe biome. 

Some 21% of the land in Morocco is used for cultivation, going up to 50% along the 
Mediterranean coastline. And 10% of the cultivated land is used for crop production 
(barley, wheat, and maize). Areas that are not under cultivation have been heavily affected 
by grazing. Figure 3-8 shows current land use in Morocco. 

 

Figure 3-8: Land use Cover Map of Morocco, Global Cover Map, 2009 

The northern part of Morocco will see significant biome shifts due to climate change. 
Two major biomes, temperate conifer forest and temperate scerophyll woodlands, will be 
reduced in coverage and replaced by an increase in desert, tropical xerophytic shrublands, 
or tropical grassland. These changes will occur mainly along the coastlines. When using 
climate data from the MPI model, the temperate conifer forest becomes extinct in the late-
century period. These shifts are consistent with the projected migration to the north of the 
subtropical desert high climate system, which projects a northward migration of the Sahara 
desert margin. Consequently, the southern part of the country, dominated by the desert 
biome, will see a very small shift in biome distribution. Figure 3-9 and Figure 3-10 show the 
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spatial and temporal distribution of biomes as generated by the three climate models and 
two emission scenarios 

 

Figure 3-9: Simulated biome distribution for Morocco under the A1B scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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Figure 3-10: Simulated biome distribution for Morocco under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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CO2 fertilization contributes to higher NPP under future climate scenarios in northern 
Morocco. The increase in atmospheric CO2 concentration for the future time periods 
stimulates higher photosynthetic uptake of CO2 and thus the plant’s gross and net 
productivity. Table 3-4 shows the annual NPP in Morocco under different climate scenarios. 

Table 3-4: Annual NPP in MtC/year for Morocco as simulated by BIOME4 for the time periods 

2040-69 and 2070-99 using climate input data from three different climate models (MPI, MRI 
and CSIRO models) as well as for the sensitivity experiment without CO2 fertilization. For 
comparison, the NPP value for the baseline period (1961-1990) is 249 MtC/year 

Scenario A1B A2 

Time period 2040-69 2070-99 2040-69 2070-99 

MPI 300 341 324 362 

MPI no CO2 fert. 204 197 n.a. n.a. 

MRI 325 389 355 433 

CSIRO 346 396 361 416 

 

The largest simulated NPP value of 416 MtC/year, which is an increase of about two-thirds 
compared with the value for the baseline period, is modeled under the A2 scenario with the 
CSIRO climate model data for the 2070–99 time period. For this scenario and time period 
there is a high atmospheric CO2 concentration (730 ppm) leading to the CO2 fertilization 
effect. The sensitivity experiment with a fixed atmospheric CO2 concentration input value of 
360 ppm for future periods (the same value as used for the baseline period) shows that for 
both periods, simulated NPP of 204 MtC/yr and 197 MtC/yr respectively are smaller than the 
baseline value of 249 MtC/yr. This is due to a general drying trend under a warmer future 
climate in Morocco. 

The spatial patterns of simulated NPP show that there is likely to be an increase in northern 
Morocco while there is hardly any change for the southern Sahara region compared with the 
baseline. This is consistent with decreasing rainfall in the southern region, indicating that 
even with increased CO2 concentrations moisture availability will be too limited for CO2 
concentration to affect plant growth. Figure 3-11 and Figure 3-12 show the spatial and 
temporal distribution of NPP for the three climate models and two emission scenarios used 
in this study. 
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Figure 3-11: Simulated NPP in kgC/year/m2 for Morocco under the A1B scenario for the two 
time periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, 
and CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU 
climate data (bottom left) 
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Figure 3-12: Simulated NPP in kgC/year/m2 for Morocco under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 

Shifts in natural ecosystems will primarily affect northern Morocco. It is mainly the 
temperate forest biomes there that are under threat from climate change. These biomes will 
decrease in coverage and be replaced by tropical biomes. The NPP effect of CO2 will be 
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restricted to northern Morocco, as rainfall will be too low in the south to allow the CO2 effect 
to come through. 

The predominance of a mosaic cropland land use combined with a good network of 
protected areas provides a good basis for managing biome shifts and protecting 
Morocco’s biodiversity. Although protected areas cover only 1.25% of Morocco’s land 
area, there are 10 protected areas and 160 sites of biological and ecological interest, 
including three biosphere reserves and a number of Ramsar sites. A study was done in 1996 
to ensure that the country’s natural environment would be safeguarded for future 
generations. Maintaining the mosaic cropland structure will be an important component of a 
safeguard strategy.  

However, most of the agricultural production takes place in the same areas that are 
significant for biodiversity and that hold most of the protected areas—that is, in the 
northern part of the country. This is not surprising, as this is the most productive part with 
the highest NPP. The challenge is to find a balance between the shrinking productivity of 
rainfed agriculture and preservation for biodiversity and other economic values (tourism). 
Morocco is an important tourist destination for many Europeans and, as tourism is one of the 
fastest-growing industries, it is likely to be an important economic sector for the country for a 
long time. A productive agricultural system depends on a healthy natural environment, so 
there is in principle no contradiction between the objectives of preserving natural biomes and 
biodiversity, developing tourism, and sustaining agricultural production. But it requires an 
overall approach that can balance the different interests and “mediate” between shorter-term 
interests pursued by representatives of different stakeholders. 

Long-term land use planning based on knowledge of the impact of future climate 
scenarios and their impact on the natural resource base will be important to balance 
these interests properly. This planning needs to be accompanied and supported by an 
economic theory and practice that allows for long-term evaluation of the options at hand and 
of the costs and benefits that accompany them. Such a theory, called the Real Options 
Theory, is presented in the socioeconomic chapter of this study. Suffice it here to say that it 
has been applied to Moroccan forests, the most threatened biome by climate change, and 
shown that it makes eminent economic sense to protect this threatened resource.  

3.3.3 Tunisia 

Tunisia’s current vegetation from south to north is dominated by desert, grassland, 
shrubland, and to the very north along the coast temperate sclerophyll woodland. 
Anthropogenic land use dominates about 30% of the land and about half of this land (17% of 
the total) is covered by crops (wheat, barley, and olives). The cultivated area is primarily in 
the northern part of the country, taken over by shrubland and grassland to the south. 
Grazing heavily affects large areas that are not under cultivation. Figure 3-13 shows current 
land use in Tunisia. 
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Figure 3-13: Land use Cover Map of Tunisia, Global Cover Map, 2009 

Most of the changes triggered by climate change will happen around the coastline, 
with one new biome appearing and two biomes that might disappear. The  new biome, 
tropical grassland, will appear in the northern part of the country along the coastal areas. 
This will go along with a reduction in the temperate sclerophyll woodland biome, which is 
disappearing completely under one of the future scenarios. The warm mixed forest will also 
completely disappear in the late-century period under one of the scenarios. 

The areas away from the coast and in the interior of the country seem fairly robust 
against climate change. They are covered by desert and tropical xerophytic shrubland. 
There is no change for the desert biome in southern Tunisia regardless of time period and 
climate change scenario used in this study. 

These changes are consistent with climate projections that project reduced winter 
rains along the Mediterranean coast. This is also reflected in projected northward shift in 
the area that will have no surface runoff, a feature that becomes more pronounced in the 
late-century period and with the A2 scenario. Figure 3-14 and Figure 3-15 show the spatial 



 
Climate Induced Spatio-Temporal Shifts in Natural and Agro-ecosystems in the Middle East and North Africa Region    

  Page 101 

and temporal distribution of biomes as generated by the three climate models and two 
emission scenarios. 

 

 

Figure 3-14: Simulated biome distribution for Tunisia under the A1B scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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Figure 3-15:Simulated biome distribution for Tunisia under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 

CO2 fertilization contributes to a marginally higher net primary productivity (NPP) of 
natural ecosystem under future climate scenarios. The increase in atmospheric CO2 

concentration for the future time periods stimulates higher photosynthetic uptake of CO2 and 
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thus the natural ecosystem’s gross and net primary productivity. Table 3-5 shows the annual 
NPP in Tunisia under different climate scenarios. 

Table 3-5: Annual NPP in MtC/year for Tunisia as simulated by BIOME4 for the time periods 
2040-69 and 2070-99 using climate input data from three different climate models (MPI, MRI, 
and CSIRO models) as well as for the sensitivity experiment without CO2 fertilization. For 
comparison, the NPP value for the baseline period (1961-1990) is 94 MtC/year 

Scenario A1B A2 

Time period 2040-69 2070-99 2040-69 2070-99 

MPI 123 129 136 142 

MPI no CO2 fert. 74 67 n.a. n.a. 

MRI 131 158 139 183 

CSIRO 141 165 148 171 

 

The largest simulated NPP value of 183 MtC/year, which is almost a doubling of the value 
for the baseline period, is modeled under the A2 scenario with the MRI climate model data 
and for the 2070–99 time period. For this scenario and time period there is a high 
atmospheric CO2 concentration but for a decline in rainfall of greater than or equal to 10% in 
rainfall the two factors act in opposite direction for plant productivity in this region. The 
sensitivity experiment with a fixed atmospheric CO2 concentration input value of 360 ppm for 
the future periods (the same value as used for the baseline period) shows that for both 
periods simulated NPP of 74 MtC/yr and 67 MtC/yr respectively are in fact close to the 
baseline value of 94 MtC/yr. The reduction is due to climate change, especially to the decline 
in precipitation, which is most pronounced in the MPI model for Tunisia. 

NPP will increase in northern forest regions during the late-century period. The spatial 
patterns of simulated NPP are shown in Figure 3-16 and Figure 3-17. In general, the 
increase in NPP relative to the baseline period is confined to the forest regions in the 
northern part of the country for the late-century period and for the A2 emission scenario. 



 
Climate Induced Spatio-Temporal Shifts in Natural and Agro-ecosystems in the Middle East and North Africa Region    

  Page 104 

 

Figure 3-16:Simulated NPP in kgC/year/m2 for Tunisia under the A1B scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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Figure 3-17:Simulated NPP in kgC/year/m2 for Tunisia under the A2 scenario for the two time 
periods 2040-69 and 2070-99 and using input data from the three climate models (MPI, MRI, 
and CSIRO  models) compared with the baseline simulation for 1961-1990 using the CRU 
climate data (bottom left) 

Shifts in natural ecosystems will primarily affect northern Tunisia. It is mainly the 
temperate forest biomes in this area that are under threat from climate change. These 
biomes will decrease in coverage and be replaced by tropical grassland. The NPP effect of 
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CO2 will be restricted to northern Tunisia, as rainfall will be too low in the south to allow the 
CO2 effect to come through. 

The competition for space between agro- and natural ecosystems is likely to increase 
due to climate change. Man-made agro-ecosystems seek to exploit the most productive 
areas, areas where the NPP is the highest. Much of the area with the highest NPP is 
currently classified as rainfed cropland or mosaic cropland, and it is likely to remain so but 
with decreased productivity, mainly due to a decline in future rainfall. One response to 
reduced productivity is to expand the area under cultivation, but that infringes on the 
shrinking area of threatened biomes. It will be a challenge to retain enough natural 
ecosystems outside protected areas of one form or other, as the competition for productive 
land will only increase over time. 

Tunisia has a well-established network of protected areas to manage shifts in biome 
distribution. The country has 24 protected areas, four biosphere reserves, and one Ramsar 
site, covering 2.5% of the total land area. It has an ambitious National Biodiversity Strategy 
and Action Plan (adopted in 1998) that aims at not only preserving what is there but also 
restoring and rehabilitating areas, ecosystems, and elements of biodiversity currently being 
degraded. It further has the goal of establishing new protected areas, and for this purpose 
the consequences of climate change on biome shifts and the likely increasing demand for 
land for agricultural production should be taken into consideration as an important criterion 
for site selection and for classification of the entire protected area system so that the best 
system for safeguarding biodiversity and ecosystem services is established. 

The ambitious plan for protected areas must be reconciled with the need for 
maintaining or even increasing Tunisia’s hard-earned self-sufficiency in food 
production. To safeguard Tunisia’s biodiversity through its ambitious plan and maintain self-
sufficiency in food production, it must reconsider its agricultural strategy and aim for a 
farming system that is still in harmony with its natural environment but is adapted to the 
limitations as compared with the current situation, primarily through reduced availability of 
water.  

3.3.4 Syria 

Syria’s current vegetation is dominated by the steppe biome, although the coastal 
Mediterranean biome appears as patches of needle-leaved forest interspersed with 
deciduous shrubs and with a small area of broadleaved deciduous forest in the northwest. 
About 30% of the total land area is dominated by anthropogenic land use. And although only 
about 5% of total land area is used for crops (wheat, pulses, and barley), large areas that 
are not cultivated are heavily affected by grazing. Cultivated areas are concentrated in the 
transitional zone to the steppe biome and along the river oases, for example along the 
Euphrates. Figure 3-18 shows current land use in Syria. 
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Figure 3-18: Land use Cover Map of Syria, Global Cover Map, 2009 

Under climate change, tropical biomes will increase in extent but none of the existing 
biomes will completely vanish. Tropical xerophytic shrubland, tropical grassland, and 
desert biomes will take over from temperate scelrophyll woodlands and temperate 
grasslands, reflecting drier conditions under future climate scenarios used in this study. Most 
of the changes in vegetation cover will occur around the coastline. The area away from the 
coast and in the interior of the country, covered by desert and tropical xerophytic shrubland, 
seems to be fairly robust against climate change. There is hardly any change in biome cover 
for this region regardless of the time period, climate model, or emission scenario applied. 
Figure 3-19 and Figure 3-20 show the spatial and temporal distribution of biomes as 
generated by the three climate models and two emission scenarios. 

A small increase in runoff is projected for the coastal region, but due to the small 
amounts of precipitation the runoff is limited, especially in the interior. Under the CSIRO 
model there is, however, a slight increase in runoff in the coastal area, resulting in a 
decrease in the shrubland and in desert biomes, especially along the northern border.  
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Figure 3-19:Simulated biome distribution for Syria under the A1B scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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Figure 3-20: Simulated biome distribution for Syria under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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CO2 fertilization results in marginally higher net primary productivity. The increase in 
atmospheric CO2 concentration for the future time periods stimulates photosynthetic uptake 
of CO2 and thus the plant’s gross and net productivity. Table 3-6 shows the annual NPP in 
Syria under different climate scenarios. 

Table 3-6:Annual NPP in MtC/year for Syria as simulated by BIOME4 for the time periods 2040-
69 and 2070-99 using climate input data from three different climate models (MPI, MRI, and 
CSIRO model) as well as for the sensitivity experiment without CO2 fertilization. For 
comparison, the NPP value for the baseline period (1961-1990) is 114 MtC/year 

Scenario A1B A2 

Time period 2040-69 2070-99 2040-69 2070-99 

MPI 148 178 157 195 

MPI no CO2 fert. 106 105 n.a. n.a. 

MRI 148 173 158 188 

CSIRO 153 179 153 194 

The largest simulated NPP value of 195 MtC/year, which is an increase of about 70% over 
the value for the baseline period, is modeled under the A2 scenario with the MPI climate 
model data and for the 2070–99 time period. This scenario combines the higher atmospheric 
CO2 concentration (730 ppm) with the MPI model, both factors that are favorable for plant 
growth. The sensitivity experiment with a fixed atmospheric CO2 concentration input value of 
360 ppm for future periods (the same value as used for the baseline period) shows that for 
both periods simulated NPP of 106 MtC/yr and 105 MtC/yr respectively are in fact marginally 
lower than the baseline value of 114 MtC/yr. 

The temporal and spatial patterns of simulated NPP are shown in Figure 3-21 and Figure 
3-22. In general, the increase in NPP is simulated for the 2070–99 time period and for the A2 
scenario. This is especially true for the desert regions in the interior of Syria, which show a 
large increase compared with the baseline period. There is no significant difference in the 
patterns among the three models or the two scenarios except for the higher values for the 
A2 scenario, as mentioned. Overall, net primary productivity is likely to increase in Syria 
under future climate change. 
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Figure 3-21: Simulated NPP in kgC/year/m2 for Syria under the A1B scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 

 



 
Climate Induced Spatio-Temporal Shifts in Natural and Agro-ecosystems in the Middle East and North Africa Region    

  Page 112 

 

Figure 3-22:Simulated NPP in kgC/year/m2 for Syria under the A2 scenario for the two time 
periods 2040-69 and 2070-99 using input data from the three climate models (MPI, MRI, and 
CSIRO models) compared with the baseline simulation for 1961-1990 using the CRU climate 
data (bottom left) 
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Syria will get drier and hotter which will result in shifts in biome distribution across 
the country. The changes will be concentrated along the coastline with a decreasing 
coverage of temperate woodland and grassland. The interior of the country will see 
moderate changes and will remain dominated by tropical shrubland and desert. 

Syria is part of the so-called Fertile Crescent or cradle of civilization and agriculture 
and is home to wild relatives of the world’s main agricultural crops, such as cereals (wheat, 
oat, and barley), legumes (chickpea, lentil, and pea), vegetables (cabbage, onion, garlic, and 
carrot), fruit trees (fig, almond, apricot, and olive) and forage plants (alfalfa, berseem, and 
vetch). The abundance of wild relatives of these crops in the Fertile Crescent allows 
continuous evolution of landraces, which is essential for development of new and better-
adapted varieties. The Fertile Crescent, including parts of North Africa, also encompasses 
three of Vavilov’s centers of origin of crop species (the Near Eastern, Central Asian, and 
Mediterranean regions). Given this unique position, what is happening in Syria with regard to 
biodiversity conservation is vital not only to Syria itself but to the larger Fertile Crescent. 

Syria is aware of its international responsibility and has established 23 protected areas, 
five Ramsar sites, 13 forest sites, and 30 rangeland protected areas. It further plans to 
expand from the current 1.28% to 10% the land area covered by protected areas, according 
to its National Biodiversity Strategy and Action Plan. However, biome and biodiversity 
protection will also require that agro- and natural ecosystems cohabit outside protected 
areas in order to secure maximum productivity in the agricultural sector for the benefit of the 
Syrian people and that species protection does not rest entirely on the existence of protected 
areas in combination with ex-situ conservation. The climate impacts as projected for the 
A1B and A2 scenarios suggest that much of current land use which is characterized 
by mosaic cropland is expected to be within the limits of what current ecosystem 
distribution can cope with, and it should be possible for Syria to safeguard its natural 
ecosystems with accompanying biodiversity.  
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4. Chapter 4: Agro-ecosystem shifts due to climate change 

4.1 Introduction 

The Millennium Ecosystem Assessment (MA 2007) established that conversion of 
natural ecosystems to agricultural land has been the main reason for land cover 
change over the past 50 years. During the same period, the Green Revolution was 
instrumental in overcoming the food crises of the 1960s and the 1970s through spectacular 
increases in production and productivity of the three main food staples: rice, wheat, and 
maize. Between 1950 and 2000, grainland productivity increased by 160% largely through 
the adoption of high-yield varieties and the use of fertilizers and irrigation, combined with an 
enabling environment that facilitated marketing of inputs as well as produce and many times 
subsidized inputs such as water for irrigation. However, the intensification of agriculture has 
carried with it a number of negative externalities, such as reduced groundwater supply, 
eutrophication of water bodies, salinization, and soil erosion. 

Over the same 50 years, changes in terrestrial biodiversity have been more rapid than 
at any time in the human history, and the most direct and important alteration to the 
terrestrial ecosystem has been the conversion of terrestrial ecosystems into agricultural and 
urban ecosystems (Wirsenius et al. 2010). This rate of change is expected to continue or 
accelerate. Thus currently 11% (approximately 1.6 billion ha) of the Earth’s surface (13.4 
billion ha) is used for crop production, with a potential 2.8 billion ha of land available for 
future agricultural purposes (Bruinsma 2010). 

The mutually reinforcing negative trends of intensive agriculture causing negative 
impacts on natural ecosystems need to be broken. Lin (2011) explained that more 
diverse agro-ecosystems with broader structures and functions would be able to better 
withstand changing precipitation and temperature regimes. It is suggested that 
diversifications of both within-field scale (for example, trap cultivation) and at landscape 
scale (such as agro-forestry, livestock, and fallow land mixing) will be able to increase the 
resilience to the temporal fluctuations in climate. 

Climate change adds an additional challenge to increasing agricultural production 
and productivity. Climate change will aggravate the effects of stressors such as heat, 
drought, and salinity (Kang et al. 2009) as well as patterns of pest infestations. Lobell et al. 
(2008) undertook an analysis of such climate risks for crops in 12 food-insecure regions to 
identify adaptation priorities based on crop models and climate projections for the 2030s. 
The analysis reinforced the importance of improving agricultural practices to better cope with 
climate-related stressors but also the role of plant breeding to develop drought- and heat-
resistant crop varieties—hence the importance of safeguarding wild relatives and landraces 
of agricultural crops, as discussed in Chapter 3. 

A number of studies have been undertaken to understand the impact of climate 
change on crop productivity. In order to set this study in context, one recent study 
commissioned by the U.K. Department for International Development and undertaken by the 
Cranfield University, entitled What Are the Projected Impacts of Climate Change on Food 
Crop Productivity in Africa and S Asia?, is relevant (Knox et al. 2011). It covered eight crops 
and analyzed changes against three parameters: temperature, rainfall, and CO2 
concentration. The analyses, based on several GCMs, found that the variations in 
observations were smallest for the projections based on multiple GCMs. It applied the period 
1961–90 as the baseline and analyzed changes up to the 2080s. It based its findings on a 
total of nearly 1,000 references on the issue of climate change related to crops, yields, and 
adaptation. Crop productivity is projected to decrease as a consequence of climate change. 
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The study found that, overall, the median projected yield variation is negative in all time-
slices, with smaller decreases in temperature projected for the 2020s and 2030s compared 
with the 2050s and the 2080s. However, there are considerable variations between regions 
and crops and even within regions and crops.  

Parry et al. (2007) predicted that in tropical and seasonally dry low-latitude regions, crop 
productivity will decrease even for small local temperature increases of 1–2°C. They also 
predicted that crop productivity will be adversely affected by an increase in the frequency of 
droughts and floods, especially in areas dependent on subsistence agriculture in the tropics. 
Increases in temperature alone are expected to reduce yields from grain crops due to a 
reduced growth period and earlier maturation of the crops (Semenov et al. 2012). Field 
experiments have demonstrated high sensitivity of crops to temperatures above thresholds 
of 30–36°C during flowering, leading to sharp declines in grain set and yields. Recently 
published results point to even more rapid escalating risk of crop yield reductions with 
warming (Schlenker and Lobell 2010; Schlenker and Roberts 2009) in warmer regions, 
notably in Africa. Since 1980, global crop production has been adversely affected by climate 
change, with maize declining by 3.8% and wheat production by 5.5% (Lobell et al. 2011). 
Droughts will intensify in this century in many areas (IPCC 2012, SPM p. 11), including the 
Mediterranean region. Tao and Zhang (2010) studied regional yield changes due to global 
mean temperature increase resulting in different levels of global warming (1°, 2°, and 3°C) at 
five different stations in China. In this case, regional climate change projected by different 
climate models was used to simulated 100 years of regional climate, and a process-based 
crop model was then applied to project maize yields in comparison to yields under baseline 
(1961–90) conditions. (See Table 4-1.) 

Table 4-1: Projected change in median maize yields under different global mean warming 
levels 

 1°C 

above 1961 - 1990 

2°C 

above 1961 - 1990 

3°C 

above 1961 - 1990 

Irrigated maize 

no CO2 fertilization 
-1.4% to -10.9% -9.8% to -21.7% -4.3% to -32.1% 

Irrigated maize 

with CO2 fertilization 
-1.6% to -7.8% -10.2% to -16.4% -3.9% to -26.6% 

rainfed maize 

no CO2 fertilization 
-1.0% to -22.2% −7.9% to −27.6% −4.6% to −33.7% 

rainfed maize 

with CO2 fertilization 
0.7% to -10.8% −5.6% to −18.1% −1.6% to −25.9% 

Source: Tao and Zhang (2010)  

This chapter focuses on understanding climate-induced impacts on cropland 
suitability and agro-ecosystems for Yemen, Morocco, Tunisia, and Syria. It focuses on 
climate-induced impacts on land suitability for selected rainfed crops and agro-ecosystems. 
The baseline was established by taking into account a number of soil- and location-specific 
parameters that are not changing with time, allowing the climate parameters to cause 
changes in land suitability. Rainfall and temperature can be related to specified requirements 
for individual crops, while the same is not the case with regard to CO2 concentration. 
Therefore, the impacts of CO2 concentration changes can only be assessed in qualitative 
terms at this stage. 
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4.2 Approach, methodology and assumptions 

An agro-ecosystem is fundamentally a manmade ecosystem where land used for 
food, fuel, and fiber cultivation gets embedded into the natural ecosystem (Cabell and 
Oelofse 2012). The agro-ecosystems of the MENA region are particularly vulnerable to 
climate change due to their position at the edge of two climate systems. In this study, 
climate-change-induced shifts in the agro-ecosystems of the region have been assessed by 
establishing land suitability for a baseline period (1961–90) and then analyzing changes in 
land suitability as compared with the baseline for three time periods: the current (1991–
2020), mid-century (2040–69), and late-century (2070–99) periods. 

The methodology for evaluating spatio-temporal shifts in agro-ecosystems consists 
of four steps: parameterization of land characteristics, parameterization of climate 
characteristics, evaluation of land suitability for principal crops for the four predefined time 
periods, and analyses of the relative changes in land suitability for the current, mid-, and 
late-century periods compared with the baseline for the selected principal crops as well as 
for the aggregated cropping systems (agro-ecosystem). Figure 4-1 depicts the detailed 
framework adopted in the present analysis. 

 

Figure 4-1: Methodological framework for land suitability assessment in agro-ecosystems 
using Automated Land Evaluation System approach 

Parameterization of soil and land characteristics was accomplished by extracting 
information on physical (bulk density), chemical (pH), erosion hazard, hydraulic property 
(permeability), and texture (sand-silt-clay) from the harmonized soil database of the Food 
and Agriculture Organization (FAO). These data were assembled for the preferred spatial 

Land suitability - S1 (high), S2 (moderate), S3 (mild) and N (unsuitable) 
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resolution of the study—that is, the soil mapping unit (SMU) as defined by FAO. (An SMU is 
an FAO-delineated polygon with different soil characteristics.) 

Parameterization of climate characteristics consisted essentially of establishing a 
baseline scenario using rainfall and temperature data from weather stations maintained by 
the national meteorological departments of the four countries. The main reason for using 
weather station data was that this land suitability analysis requires the use of well-defined 
polygons representing agro-ecosystems rather than rainfall or temperature grids. The 
projected rise in temperature and changes in rainfall with time are the consequences of 
increase in CO2 and other greenhouse gases. Although CO2 buildup in the atmosphere can 
contribute to an increase in crop productivity due to enhanced CO2 fertilization, this effect is 
relatively small compared with the response of the crops to an increase in temperature 
and/or change in moisture availability. 

The future climate change analysis consisted of generating rainfall and temperature 
projections for the current (1991-2020), mid (2040-2069) and late century periods (2070-
2099) using two emissions scenarios, A1B and A2, and three climate models –CSIRO, MPI 
and MRI models as explained in more detail in Chapter 2.  

Climate model outputs were anomaly corrected (this process is referred to as the 
perturbation method7) using weather station data according to the following equations: 

 

where, T/P is the model data,TStation data/PStation data is the weather station data and  

Tinput,2040-69/Pinput,2040-69 is the projected climate input data for the Automated Land Evaluation 
System (ALES). The anomalies for the current (1991-2020) and late-century (2070-99) 
periods were also calculated accordingly. 

Land evaluation for agricultural suitability was accomplished by using a computerized 
land evaluation tool. Such an approach was first used in 1983 by an FAO team working 
with the Centre for Soil Research at Bogor in Indonesia. The team developed and published 
a computerized method called the Land Evaluation Computer System. This was later 
incorporated into FAO’s agricultural planning toolkit (Wood and Dent 1983). Another 
computerized approach for land evaluation, the Micro Land Evaluation Information System, 
was used in the Mediterranean region and documented by De la Rosa et al. (1992). Rossiter 
(1990) and Rossiter and van Wambeke (1995) developed a map-unit based expert-systems 
approach to analyze land suitability. This approach was instrumental in developing the 
computerized land suitability evaluation software called ALES, which has been used in this 
study. ALES was developed by Cornell University and is now the most commonly used 
software for evaluating land suitability (FAO 1976, 1983, 1991). The rationale for using ALES 
over a crop growth model (such as Decision Support System for Agro-technology Transfer, 
or DSSAT) is described in Box 4-1. 

 

 

 

 
7In the perturbation method, the historical record is modified (“perturbed”) so as to accommodate the 
shifts in the temperature and precipitation detected under a given climate change scenario. 
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Box 4-1: Rationale for using ALES 

 
  

 
The food security concerns in most countries have been threatened in recent years due to 
increasing population pressure, low agriculture productivity, pressure for land, overexploitation of 
natural resources, and the adverse impacts of climate change. This calls for timely information on 
the present land use situation to facilitate decision making on possible ways to improve the 
situation and on the consequences of implementing each alternative solution. ALES, a multi-
criteria assessment model, is a computerized framework to facilitate different aspects of land use 
planning, including optimal land use for a wide range of scales (from individual fields to regional 
groups of fields, nations, and continents) in order to maximize agricultural production in the most 
efficient manner. In comparison, crop growth models such as the Decision Support System for 
Agro-technology Transfer are an explicit suite of models of crop biomass production that is 
routinely applied at the level of individual fields in order to help individual farmers make tactical 
decisions about what crop, if any, the land is best suited for. As the DSSAT makes relatively 
precise predictions, it requires reasonably explicit information, such as the genetic coefficients of 
the variety of crops to be simulated, detailed weather data for the cropping calendar, and the 
particular level of a soil nutrient. The ALES requires only limited input data, while the DSSAT 
model requires comprehensive data for each crop. 

In the past, ALES has been used to undertake several provincial, country, and regional land 
evaluations: see Delsert (1993), Johnson and Cramb (1991), León Pérez (1992), Mantel 
(1994), van Lanen et al. (1992), van Lanen and Wopereis (1992), Venema and Daink 
(1992), and INGC (2009). ALES can evaluate land either in physical terms or in both 
physical and economic terms. In this study, only physical parameters have been used. The 
rationale for using ALES over other models is that ALES provides analysis over larger 
geographical areas, and it has the ability to isolate climate parameters as agents of change 
that cause model shifts in agricultural suitability. ALES, a land evaluation software, requires 
input data readily available from global FAO databases and climate models and is more 
appropriate for meeting the objective of this study.  

The details of the ALES framework are described in Figure 4-2. The first step in the 
modeling process is to enter data on land and climate that establish the upper and lower 
boundaries with regard to land properties and climate variables (rainfall and growing degree 
days, GDD) for the crop(s) to be analyzed. This is represented by the steps in the left-hand 
column in Figure 4–2, and the data are based on expert knowledge of crop requirements, 
hence the “expert-system approach.” The climatic boundaries for the crops included in this 
study and the concept of GDD are shown and explained in Box 4-2.  

The second step in the process is to enter actual data (soil and climate) for the SMUs for 
which the suitability of the selected crops will be analyzed. This is represented by the land 
characteristic parameters shown at the right of Figure 4-2. Climate parameters are taken 
from actual data and/or from climate models. 

Based on the above inputs, the module computes and matches land qualities and land 
requirements for the selected crops and arrives at a land suitability class for each crop and 
SMU. There are four land suitability classes: S1 (high suitability), S2 (moderate suitability), 
S3 (marginal suitability), and N (not suitable).  
 
 
Table 4-2 explains how the suitability coding has been applied in this study. Changes in 
suitability class depend on changes in temperature and/or rainfall, as other land 
characteristics fed into the ALES model do not change with time. Limitations are therefore 
indicated with m for moisture limitation, c for temperature limitation, and mc for both 
moisture and temperature limitations. 
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Figure 4-2: Automated Land Evaluation System framework 

Box 4-2: The Concept of Growing Degree Days 

 

Growing Degree Days (GDD) is a measure of accumulated heat required by a plant 

during the growing season. Each crop has a boundary within which it can grow and 

mature. If the GDD is below or above these boundaries, the productivity of the crop 

will decline.  

 

GDD is calculated based on following equation: 

𝐺𝐷𝐷 =  ∑ 𝑇𝑎𝑣𝑔𝑖

𝑛

𝑖=1

− 𝑇𝑏𝑎𝑠𝑒 

Where Tbase is the particular crop base temperature, “i” is the beginning day of the 

growth stage and incrementing daily until the end of the growth stage, and Tavgi is 

the average 24-hour temperature from 0 to 24 hours computed as given below: 

𝑇𝑎𝑣𝑔𝑖
=  

𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛

2
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Table 4-2: Land suitability coding system used in the present study 

Suitability Coding S2, m S2, c S3, m S3, c N,  m, c 

Limitation 

Moderately 
suitable 

(moisture 
limitation) 

Moderately 
suitable 

(temperature 
limitation) 

Marginally 
suitable 

(moisture 
limitation) 

Marginally 
suitable 

(temperature 
limitation) 

Not suitable 
(moisture and 
temperature 
limitation) 

Note: m = moisture limitation; c = temperature limitation 

It follows from the above that ALES is an indirect way of measuring crop productivity in 
selected SMUs as affected by the parameters entered into the module. When in this study 
crops are moving up or down between suitability classes, it implies that their productivity is 
improving or declining based on changes in rainfall or temperature or a combination of the 
two.  

In this study, which is limited to rainfed crops only, the purpose is to analyze the two 
parameters of rainfall and temperature, their impact on GDD, and how changes in the values 
of these two parameters will affect the productivity (the land suitability class) of the selected 
crops in the areas where they are now cultivated. Climate-change-induced rises in 
temperature and changes in rainfall were singled out as the only drivers of a shift in the agro-
ecosystem. Changes are identified as marginal, moderate, significant, or highly significant, 
as shown in Table 4-3. 

Table 4-3: Values indicating percentage change in rainfall and temperature compared with 
baseline to move from one suitability class to one above or below 

Climate variables Marginal Moderate Significant Highly significant 

Rainfall (%) < 10 10 – 20 20 - 30 > 30 

Temperature (°C) <1.0 1.0 - 2.5 2.5 – 4.0 > 4.0 

4.3 Agro-ecosystem modeling results 

The results of climate change induced shifts in the agro-ecosystem in terms of land 
suitability are presented country by country in this section. 

4.3.1 Yemen 

The Republic of Yemen is situated at the southwestern corner of the Arabian Peninsula. The 
total land area of Yemen is about 555,000 km2 and the population is 17,100,000. Yemen has 
five main agro-ecological zones: coastal plain, western mountains, highland plain, eastern 
mountains, and eastern desert plain (Scholte et al. 1991). The mountainous area and the 
highland plain are Yemen’s main rainfed agricultural areas, where most of the cereals and 
pulses are grown. The study area for the climate-change-induced impact assessment on 
Yemen’s agro-ecosystems included all five agro-ecological zones (see Figure 4-3). 
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Figure 4-3: Agro-ecological map of Yemen. The regions within the red ovals indicates the 
study area 

The agriculture sector plays an important role in the Yemen economy. Although its 
contribution to GDP is only about 8%, the share of the population dependent on the 
agricultural sector is 70% (FAO-AQUASTAT 2008). The discrepancy between the 
contribution of agriculture to GDP and the percentage of those employed in this sector 
reflects low productivity in the sector, resulting in low incomes and poor standards of living 
for workers in agriculture. Women are involved in nearly all agricultural activities, providing 
44% of the population economically active in this sector. According to the Agriculture 
Census, the total cereal area showed a negative trend between 1998 and 2004, with total 
cereal production decreasing by 0.6% per year (FAO-AQUASTAT 2008).  

Further, the cropping pattern in this country is based on cereals (barley, wheat, 
sorghum) and pulses cultivated during the main rainy season, June–September. Of 
1,452,000 ha under permanent cultivation, 58% is rainfed. Cereals (sorghum, wheat, millet, 
maize, and barley) occupy the major share of planted area, followed by cash crops and 
plantation crops. As per the statistics of 2011, cereal crops occupy 78% of the total 
agricultural land. The rest of the cropland is occupied by cash crops (9%), vegetables (8%), 
and pulses (5%). The crop area statistics also indicate that cotton is the major cash crop in 
addition to coffee, qat, sesame, and other miscellaneous crops (Figure 4-4a).  
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Figure 4-4: Yemen: Cropping pattern: (a) depicts the crop cultivation extents by groups; (b) 
shows area break-up for cereal crops (Source: Ministry of Agriculture, Yemen) 

Among the cereal crops, sorghum cultivation constitutes 59% of the total of cereal 
crops, making it the country’s principal crop, followed by wheat (16%), millet (15%), 
and maize and barley each occupying (5%) of the total cereal crop area (Figure 4-4b). 
As sorghum, wheat, maize, and cotton occupy about 70% of the rainfed agricultural land, 
these crops, in different combinations depending on the agro-ecological zone, are 
considered to form the rainfed agro-ecosystem fabric of Yemen. Therefore, these four crops 
were selected for the climate-change-induced impact assessment on agro-ecosystems in 
Yemen. It is to be noted that in this study, high-value crops (such as fruits, vegetables, and 
qat) were not considered, as most of them in general are cultivated under irrigation. 

The ALES was used to assess the climate-change-induced shifts in cropland 
suitability class. Based on land characteristics (sand, silt, clay, pH, organic carbon, depth, 
permeability, erosion hazard, flood hazard, lime stone, and slope) and climate data inputs 
(rainfall and growing degree days), ALES determines a land suitability class for each SMU 
and identifies its suitability for each selected crop. As land characteristics fed into the ALES 
model do not change with time, the shifts in land suitability class depend on projected 
changes in temperature and/or rainfall. Details of the methodological framework and the 
ALES model are given in Section 4.2. 

The optimum rainfall and optimum growing degree days requirements and values for 
maize, sorghum, and wheat grown during June–September and for cotton grown during 
April–September are shown in Figure 4-4. As explained in Section 4.2, cropland cannot be 
classified as highly suitable above or below the threshold values of GDD or rainfall, either 
singularly (rainfall or GDD) or together (rainfall and GDD).  

Table 4-4: Optimum rainfall and GDD requirements for highly suitable crop land condition in 
Yemen 

Crop Growing 
Season 

Optimum rainfall for 
highly suitable crop 

land state (mm) 

Base temperature 
used to calculate 

GDD (°C/°F) 

Optimum GDD for 
the highly suitable 
crop land state (°F) 

Cotton April-September 700-850 15°C (59°F) 4890-5590 

Maize June-September 500-620 10°C (50°F) 3270-3970 

Sorghum June-September 450-560 10°C (50°F) 3800-4500 

Wheat June-September 465-575 10°C(50°F) 3632-4332 
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The spatio-temporal climate-change-induced shifts in land suitability classes were 
assessed for the three time periods and the two emission pathways. For each agro-
ecosystem, a three-step procedure was undertaken: The existing cultivated crops areas 
(2011) were used to establish the present cropping pattern and land suitability class, which 
in turn is assumed to represent current ago-ecosystems in Yemen. Changes in the land 
suitability for individual crops using the three climate models (CSIRO, MPI, and MRI) and 
two emission pathways (A1B and A2) were determined on the basis of results generated 
through ALES. And aggregation of areas of crops done in the same way as in the first step 
represented changes at the agro-ecosystem level. 

Land characteristics (sand, silt, clay, pH, organic carbon, depth, permeability, erosion 
hazard, flood hazard, limestone, and slope) that were fed into the ALES model are assumed 
to remain the same over the entire study period, as these parameters take several decades 
to change, and changes in cropland suitability are the result of changes in the two 
strongest limitations—rainfall and temperature. An increase in temperature is expected 
to result in earlier maturation, reducing the growth period and leading to lower yields of grain 
crops. Furthermore, high rainfall intensity causes soil erosion, thus reducing suitability of 
lands; soil conservation measures are expected to mitigate this effect, however, hence the 
assumption is made in this study that land characteristics will remain the same during the 
entire study period. 

As per the baseline scenario, most of the cotton is cultivated on marginally suitable land 
(93%), while as much as 78% of the area under maize, sorghum, and wheat cultivation is 
taking place on land in the land suitability class “unsuitable” (N) (Table 4-5). 

Table 4-5: Percentage distribution of land under different land suitability classes under BL and 
future climate scenarios for rainfed cotton, maize, sorghum and wheat crops in Yemen 

Time period 

Distribution of land suitability classes (%) 

BL scenario Current period Mid Century Late Century 

S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N 

Cotton 0 0 93 7 0 15 59 26 0 20 67 13 0 8 51 41 

Maize 0 2 19 78 0 9 12 79 0 10 11 79 0 6 7 87 

Sorghum 0 4 18 78 0 9 13 78 1 10 11 78 0 7 14 79 

Wheat 0 4 18 78 0 9 13 78 1 9 15 75 1 7 12 80 

S1: Highly suitable, S2: Moderately suitable, S3: Marginally suitable, and N: Unsuitable 

For the current period, climate models project a moderate increase in rainfall and a 
marginal increase in temperature (0.4–0.6°C) compared with the baseline (BL) scenario. The 
increased rainfall is projected to result in significant improvements in land suitability 
for cotton, while land suitability for sorghum, wheat, and maize improves only 
marginally; therefore, crop productivity will improve accordingly. Significant 
improvement in cotton land suitability can be attributed to the fact that the cotton crop uses 
moisture from two rainy seasons: March–May (spring) for crop establishment and June–
September (summer) for crop growth and maturity. Rainfall during May and June is much 
lower than April or July (see Figure 2-6 in Chapter 2).  

For the mid-century period, climate models project a moderate increase in temperature 
(1.7–2.5°C) as well as a moderate increase in rainfall. The increase in rainfall modulates the 
negative effect of increased temperature to some extent, resulting in a marginal 
improvement in land suitability for cotton, and therefore crop productivity will also 
improve accordingly. However, no improvement in land suitability and consequently 
productivity of sorghum, wheat, and maize crops in relation to current period is likely, as 
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the positive effect of increase in rainfall is nullified by a negative effect due to additional 
thermal stress. 

For the late-century period, there is very high variability in the projected changes in 
temperature and rainfall. All models project significant increases in temperature of between 
2.4°C and 4.6°C. With regard to rainfall, there is no common trend and rainfall may increase 
or decrease. Although an increase in rainfall would trigger an improvement in cropland 
suitability, the significant temperature increase results in GDD for cotton, maize, and wheat 
that surpass the optimum range, resulting in a significant decline in land suitability 
and consequently productivity for three crops. Land suitability for sorghum is likely to 
decline only marginally, reaching close to BL level, as it requires the least amount of 
water among the four crops. Furthermore, as maize and sorghum are C4 crops,8 a decline in 
their yields due to thermal stress at higher temperatures is very significant compared with 
only a very small increase in yield due to enhanced CO2 fertilization.  

In summary, this study demonstrates that, under select climate change scenarios, 
and for the selected crops (sorghum, maize, wheat, and cotton) under rainfed 
conditions, there is a shift in land suitability classes toward less suitable ones due to 
the increase in temperature. This could undermine the productivity of Yemen’s agro-
ecosystems and pose concerns for food security in the future, particularly during the 
late-century period. The decline in land suitability, and therefore yield, may be more 
pronounced for rainfed maize cultivation, followed by wheat and sorghum. Rainfed cropland 
is projected to be less suitable for cultivation in the late-century period than in the current 
period due to asignificant rise in temperature, in spite of a plausible increase in rainfall. 

Figure 4-5 shows the spatio-temporal shifts in Yemen’s agro-ecosystems for cotton, maize, 
sorghum, and wheat crops for all three climate models and the two emission scenarios. The 
major characteristic of this figure is that it allows for a comparison of land suitability for agro-
ecosystem under all the different climate change scenarios. 

 

 

 
8C4 is named for the 4-carbon molecule present in the first product of carbon fixation in a small subset 
of plants known as C4 plants, in contrast to the 3-carbon molecule products in C3 plants. 
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Figure 4-5: Climate change induced shifts in suitability classes in agro-ecosystems in Yemen 
consisting of sorghum, cotton, wheat, and maize using A1B and A2 pathways of CSIRO, MPI, 
and MRI models 

All climate models under the A1B emission scenario project that the agro-ecosystem in Taizz 
(western coastland) is likely to remain moderately suitable throughout the century. However, 
the MRI climate model under the A2 emission scenario projects that some parts of the agro-
ecosystem in Taizz may improve to the highly suitable class during the current period and is 
likely to remain in this state until late in the century. It implies that the highest increase in 
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rainfall in the MRI climate model is expected to result in an improved land suitability class 

since GDD (T ≤ 3.0C) also does not surpass the upper boundary. 

The agro-ecosystem in Abyan (southern plain) is expected to improve to the moderate 
condition during mid-century but may revert back to the marginal state in the late-century 
period per the CSIRO and MRI models. However, the MPI model does not project any 
significant changes for the Abyan agro-ecosystem for any of the studied time periods. All 
three models, under both emission scenarios, project that some part of the agro-ecosystem 
in Raymah (highland region) is expected to improve to the moderate state during the current 
period and remain in this state until the late-century period. 

The MRI climate model under the A2 emission scenario projects an improvement in the 
agro-ecosystem in Sana’a (highland region) to the moderate state during the current period 
and that it may remain in this state until the late-century period, with a 20–30% increase in 
rainfall. However, the other climate models project that some parts of this agro-ecosystem 
may revert back to the marginal state, as the marginal decline in rainfall projected in the 
CSIRO and MPI models may not be able to sustain the moderate state during the late-
century period. 

The agro-ecosystem in Al Hudaydah (coastal region) is not projected to change for the mid-
century period. But for the late-century period, all three climate models for both emission 
scenarios project that some parts of this agro-ecosystem are expected to degrade to 
unsuitable state, as the negative effect of thermal stress is much higher than the positive 
impact of a marginal increase in rainfall. 

The MRI climate model under the A2 emission scenario projects an improvement in the 
agro-ecosystem in Al Bayda (highland region) to the moderate state, mainly due to 
increased rainfall, and it is expected to remain in this state until the late-century period. 
However, the CSIRO and MPI models project that the agro-ecosystem in Al Bayda may 
improve to the moderate state during mid century but revert back to marginal during the late-
century period due to enhanced thermal and water stresses. 

Agro-ecosystems in other governorates are expected to remain in the unsuitable state, the 
same as during the BL period, because the projected changes in rainfall and temperature do 
not support any improvements in land suitability classification.  

Among the three models, the most significant changes in the agro-ecosystem have 
been observed for the MPI model, followed by the MRI and CSIRO models. This can be 
attributed to the fact that under scenarios A1B and A2, the MPI model projects the highest 

increases in temperature (4.4–4.6C), resulting in the optimum GDD for the agro-ecosystem 
being surpassed with a large margin, causing a significant negative effect on land suitability 
and thus reducing crop yields significantly. The MRI model projects a significant increase in 

temperature (2.8–3.2C), with a moderate negative effect on land suitability. The CSIRO 

model projects the lowest increase in temperature (2.5–3.2C), causing a slightly lower 
negative effect on land suitability compared with MRI model.  

On average, the agro-ecosystem in Taizz (semiarid to subhumid, western coast region) is 
likely to remain moderately suitable throughout the century. In Abyan (arid to semiarid, 
southern coastal region), some parts of the agro-ecosystem are expected to improve from 
marginally suitable to moderately suitable state during the current period and in mid-century 
but may revert back to marginal state in the late-century period due to increased thermal 
stress. Some parts of the agro-ecosystem in Raymah (semiarid to subhumid, highland 
region) and Sana’a (semiarid, highland region) are projected to improve to a moderately 
suitable condition during the current period and to remain in this state until the late-century 
period. The agro-ecosystem in Al Hudaydah (semiarid to subhumid, coastal region) is likely 
to remain unchanged during current period. But during the mid-century, some parts of the 
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agro-ecosystem in Al Hudaydah are likely to degrade from marginally suitable to unsuitable; 
during the late-century period, most of this agro-ecosystem is likely to be in an unsuitable 
condition. The agro-ecosystem in Al Bayda (arid to semiarid, highland region) is likely to 
improve from marginally suitable to moderately suitable state during the current period and 
in mid-century, mainly due to increased rainfall, and then is expected to degrade slightly in 
the late-century period. The agro-ecosystems in Hadramaut and Shabwah (hyper-arid, 
eastern plateau region) are expected to remain unchanged in an unsuitable state.  

4.3.2 Morocco 

The Kingdom of Morocco is situated in the northwest of the continent of Africa, between 21° 
and 36º N and 1° and 17º W. The total land area of Morocco is 710,850 km2 and the 
population is 33,241,259. Morocco has eight main agro-ecological zones: arid tropical, dry 
semiarid tropical, moist semiarid tropical, subhumid tropical, arid temperate, dry semiarid 
temperate, moist semiarid temperate, and subhumid temperate. Most of the rainfed cereals 
and pulses are grown in subhumid tropical, moist semiarid temperate, and subhumid 
temperate zones. The study area for the climate-change-induced impact assessment on 
Morocco’s agro-ecosystems covers four agro-ecological zones (see Figure 4-6). 

 

Figure 4-6: Agro-ecological map of Morocco. The regions within the white ovals indicate the 
study area 

Agriculture contributes a significant 17% to GDP in Morocco, and about one-third of 
the population depends on the agricultural sector for their livelihoods (FAO-
AQUASTAT 2010, 2008). Agriculture and therefore the climate thus has a significant 
influence on the Moroccan economy. It is of particular importance to women, as about 57% 
of them are economically active in the sector. The long-term analysis of agricultural 
production shows a steady increase of industrial crops, vegetables, and fruit and milk 
production due mainly to the expansion of irrigated areas and higher yields in these 
schemes (FAO-AQUASTAT 2005). 

However, the cropping pattern in Morocco is based on cereals (barley, common 
wheat, and durum wheat), oil crops, and pulses cultivated during the rainy season, 
October-April, and only 12% of the total land area is arable, of which only 14% is irrigated 
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(Morocco’s Ministère de l’Agricultureet du Développement Rural 2003). Cereals (barley, 
common wheat, and durum wheat) occupy the major share of planted area, followed by oil 
crops and pulses. As per the statistics of 2008, cereal crops occupy 78% of the agricultural 
land. The rest of the cropland is occupied by oil crops (8%), pulses (5.7%), cash crops (4%), 
fruits (3.9%), vegetables (2.3%), legumes (1.8%), and sugarcane (0.2%) (Figure 4-7a). 

 

Figure 4-7: Morocco: Cropping pattern: (a) depicts the crop cultivation extents by groups; (b) 
shows the crop-wise break-up of total cereals (Source: Ministry of Agriculture, Morocco) 

Among the cereal crops, rainfed barley and common wheat and durum wheat occupy 
together about 90% of total cultivated area, making them the country’s principal crops 
(Figure 4-7b). Thus these crops, in different combinations depending on the agro-ecological 
zone, are considered to form the agro-ecosystem fabric of Morocco. Therefore, these three 
crops were selected for the climate-change-induced impact assessment on agro-ecosystems 
in Morocco. 

The Automated Land Evaluation System was used to assess the climate-change-
induced shifts in cropland suitability class. Based on land characteristics (sand, silt, clay, 
pH, organic carbon, depth, permeability, erosion hazard, flood hazard, limestone, and slope) 
and climate data inputs (rainfall and growing degree days), ALES determines a land 
suitability class for each Soil Mapping Unit and identifies its suitability for each selected crop. 
There are four land suitability classes: S1 (highly suitable), S2 (moderately suitable), S3 
(marginally suitable), and N (unsuitable). As land characteristics fed into the ALES model do 
not change with time, the shifts in land suitability class depend on projected changes in 
temperature and/or rainfall. Details of the methodological framework and the ALES model 
are given in the methodology section of agro-ecosystem modeling. 

The optimum rainfall and growing degree days requirements/values for barley, 
common wheat, and durum wheat are shown in Table 4-6 below. As explained in Section 
4.2, cropland cannot be classified as highly suitable above or below the threshold values of 
GDD or rainfall, either singularly (rainfall or GDD) or together (rainfall and GDD). All three 
crops are grown November–May.  
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Table 4-6: Optimum rainfall and GDD requirements for highly suitable crop land condition in 
Morocco 

Crop 
Growing 
Season 

Optimum rainfall for 
highly suitable crop 

land state(mm) 

Base temperature 
used to calculate 

GDD (°C/°F) 

Optimum GDD for 
the highly suitable 
crop land state (°F) 

Barley 
November to 

May 
400-500 8°C (46.4 °F) 2912-3412 

Common 
Wheat 

November to 
May 

450-550 7°C (44.6 °F) 3272-3772 

Durum 
Wheat 

November to 
May 

400-500 7°C (44.6 °F) 3272-3772 

The spatio-temporal climate-change-induced shifts in land suitability classes were 
assessed for the three time periods and two emission pathways. For each agro-
ecosystem, a three-step procedure was undertaken: The existing cultivated crops areas 
(2011) were used to establish the present cropping pattern and land suitability class, which 
in turn is assumed to represent current ago-ecosystems in Morocco. Changes in the land 
suitability for individual crops using the three climate models and two emission pathways 
were determined on the basis of results generated through ALES. And aggregation of areas 
of crops was done in the same way as in the first step to represent changes at agro-
ecosystem level, which are depicted in Figure 4-8. 

Land characteristics (sand, silt, clay, pH, organic carbon, depth, permeability, erosion 
hazard, flood hazard, limestone, and slope), which were fed in to ALES model, are assumed 
to remain the same over the entire study period, as these parameters take several decades 
to change, and changes in cropland suitability are the result of changes in the two 
strongest limitations—rainfall and temperature. An increase in temperature is expected 
to result in earlier maturation, reducing the growth period and leading to lower yields of grain 
crops. Furthermore, high rainfall intensity causes soil erosion, thus reducing suitability of 
lands; soil conservation measures are expected to mitigate this effect, however, hence the 
assumption in this study is that land characteristics will remain the same during the entire 
study period.  

As per the baseline scenario, barley cultivation is spread over three land suitability classes 
(marginal: 58%, moderate: 24%, and highly suitable: 18%). Common wheat is cultivated on 
moderate (52%), marginal (36%), and unsuitable (12%) land; and durum wheat is cultivated 
on moderate (55%), marginal (34%), and unsuitable (12%) land (Table 4-7). 

Table 4-7: Percentage distribution of land under different land suitability classes under BL and 
future climate scenarios for barley, common wheat, and durum wheat crops in Morocco 

Time period 

Distribution of land suitability classes (%) 

BL Scenario Current period Mid Century Late Century 

S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N 

Barley 18 24 58 0 6 37 57 0 0 11 82 7 0 2 38 60 

Common Wheat 0 52 36 12 5 42 41 12 2 42 38 19 0 16 56 28 

Durum Wheat 0 55 34 12 8 47 39 6 4 54 27 15 0 18 56 26 

S1: Highly suitable, S2: Moderately suitable, S3: Marginally suitable, and N: Unsuitable 

 

For the current period, climate models project a marginal increase in temperature (0.4–
0.6°C) and insignificant change in rainfall compared to the BL scenario. Consequently, 
overall land suitability and hence productivity of all three crops remains more or less 
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the same as in the BL scenario, with only marginal adjustments between the two 
consecutive land suitability classes. 

For the mid-century period, the climate models project a moderate increase in temperature 
(1.73–2.35°C) and a moderate decrease in rainfall (4–35%). Due to the decrease in rainfall, 
the land suitability and hence productivity of common wheat and durum wheat is 
likely to decrease marginally while for barley it is likely to decline significantly 
compared with the current period due to both a decline in rainfall and an increase in 
temperature.   

For the late-century period, all models project a significant increase in temperature of 
between 2.61 and 4.34°C. The CSIRO and MPI models project a significant reduction in 
rainfall, while the MRI model projects only a marginal decrease (3–7%). The significant 
decline in rainfall projected by two models may result in significant degradation in land 
suitability for all three crops, leading to a decline in productivity. In addition, the 
significant increase in temperature is likely to result in GDD for all three crops surpassing the 
optimum range, which may also trigger a significant decline in land suitability. 

In summary, this study demonstrates that under select climate change scenarios, for 
the selected crops (barley, common wheat, and durum wheat) under rainfed 
conditions, there is a shift in land suitability toward less suitable classes due to 
increases in temperature. This could undermine the productivity of Morocco’s agro-
ecosystems and pose concerns for food security in the future, particularly during the 
late-century period. The decline in land suitability, and hence productivity, is expected to be 
more pronounced for rainfed barley, followed by common wheat and durum wheat crops. 
Rainfed cropland is projected to be less suitable for cultivation in the late-century compared 
with the current period due to severe thermal stress and a decline in rainfall. 

Figure 4-8 depicts the overall spatio-temporal shifts in Morocco’s agro-ecosystems of barley, 
common wheat, and durum wheat crops for future projections by all three climate models 
and under the two emission scenarios. The major characteristic of this figure is that it allows 
for a comparison of land suitability for agro-ecosystems under all the different climate 
change scenarios. 
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Figure 4-8: Climate change induced shifts in suitability classes in agro-ecosystems in Morocco 
consisting of barley, common wheat, and durum wheat using A1B and A2 pathways of CSIRO, 
MPI, and MRI models 

The agro-ecosystem in Nador and Berkane (subhumid temperate) is expected to degrade 
from a moderately suitable to marginal state during the late-century period as projected by 
the CSIRO and MRI models (in both cases the decline in rainfall is ≤20% and influences the 
crop productivity to a lesser extent). However, according to the MPI model the agro-
ecosystem in Nador and Berkane is likely to degrade to the lower land suitability class of 
unsuitable in the late-century period due to a significant decline in rainfall (~40%). In Oujda-
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Angad, Taourirt (arid temperate), and Jrada (dry semiarid temperate), the agro-ecosystem 
may remain almost unchanged (in a marginal state) throughout the century as projected by 
the CSIRO and MRI models. However, per the MPI model some part of the agro-ecosystems 
in Oujda-Angad, Taourirt, and Jrada are projected to degrade to unsuitable condition in the 
late-century period due to a highly significant increase in temperature (4.0–4.5oC) relative to 
those projected in the other two models. 

According to the CSIRO and MPI models, the agro-ecosystem in Figuig (dry semiarid 
temperate) is projected to degrade to the unsuitable state in late in the century. However, the 
MRI model projects only a marginal decline in rainfall, so the agro-ecosystem there is not 
projected to change throughout the century. All three models under both emission scenarios 
project that the agro-ecosystem in Boulemane (dry semiarid temperate) may degrade from 
the partly moderate and partly marginal state to partly marginal and partly unsuitable state in 
the late-century period due to rise in temperature and decline in rainfall. 

The MRI model under the A1B scenario and the MPI model under both scenarios project 
that the agro-ecosystem in Khenifra (moist semiarid temperate) is likely to degrade from a 
moderately suitable to an unsuitable state during the late-century period. However, the MRI 
model under the A2 scenario and the CSIRO model under both scenarios project that it may 
degrade to a marginal state in late in the century. The agro-ecosystem in Taza (subhumid 
temperate) is projected to degrade from a moderately suitable to a marginal state during the 
late-century period as projected by the MPI and MRI models. But no change in agro-
ecosystem in Taza is projected under the CSIRO model. 

Among the three models, the most significant changes in agro-ecosystems have been 
observed for the MPI model, followed by the MRI and CSIRO models. This can be 
attributed to the fact that under scenarios A1B and A2 the MPI model projects the highest 

increases in temperature (4.25–4.34C), resulting in the optimum GDD for the agro-
ecosystem being surpassed with a large margin and a highly significant decline in rainfall 
(38–41%), causing a significant negative effect on land suitability and resulting in a decline in 

yield. The MRI model projects a significant increase in temperature (3.21–3.59C) and only a 
marginal decline in rainfall (3–7%), causing a moderately negative effect on land suitability. 

The CSIRO model projects the lowest increase in temperature (2.61–2.86C) and decline in 
rainfall (21%), causing a slightly lower negative effect on land suitability than the MRI model. 
In between the two emission pathways, no significant changes in agro-ecosystems have 
been observed in our findings. 

On average, some parts of the agro-ecosystem in Nador (subhumid temperate) and 
Khenifra (moist semiarid temperate) are likely to degrade to a marginally suitable state from 
moderately suitable condition by mid-century. Some parts in these regions are likely to 
degrade further to an unsuitable state due to significant thermal stress and decline in rainfall 
by late in the century (see Table 2-3 and Table 2-4 in Chapter 2). In Berkane (subhumid 
temperate), the agro-ecosystem during the late-century period is projected to degrade to 
marginally suitable and unsuitable conditions from moderately and marginally suitable 
states. In Jrada (dry semiarid temperate) and Taourirt (arid temperate), the agro-ecosystem 
may remain almost unchanged (in the marginal state) throughout the century. In Oujda-
Angad (arid temperate), the agro-ecosystem is likely to remain unchanged until mid-century. 
However, it is expected to degrade during the late-century period to a marginal state due to 
significant thermal stress and a decline in rainfall. The agro-ecosystem in Figuig (dry 
semiarid temperate) is likely to remain unchanged throughout the century. In Boulemane 
(dry semiarid temperate), the agro-ecosystem may degrade from a partly moderate and 
partly marginal state to a partly marginal and partly unsuitable state late in the century due to 
a rise in temperature and decline in rainfall. The agro-ecosystem in Taza (subhumid 
temperate) is projected to degrade in the late-century period to marginal and unsuitable 
conditions.  
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4.3.3 Tunisia 

Tunisia is situated on the Mediterranean coast of North Africa, midway between the Atlantic 
Ocean and the Nile Delta. It is bordered by Algeria on the west and Libya on the southeast. 
It is situated between 30° and 38°N, and 7° and 12°E. The total land area of Tunisia is about 
162,155 km2 and the population is 10,673,800 (Tunisia’s Institut National de la Statistique 
2011). Tunisia has seven main agro-ecological zones: humid, subhumid, semiarid with mild 
winter, semiarid with cool winter, arid with mild winter, arid with cool winter, and Saharan. 
The study area for the climate-change-induced impact assessment on Tunisia’s agro-
ecosystem included four agro-ecological zones: humid, subhumid, semiarid with cool winter, 
and arid with mild winter) (see Figure 4-9). 

 

Figure 4-9: Agro-ecological map of Tunisia. The regions within the black ovals indicate the 
study area 

The agricultural sector plays an important role in Tunisia. Although its contribution to 
GDP is only about 10.6%, about 25% of the population is dependent on the 
agricultural sector (FAO-AQUASTAT 2005). Agricultural products (mainly olive oil and fruit) 
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account for more than 20% of total exports. However, due to random weather, agriculture 
remains dependent on a limited resource base and fragile. The average growth rate of 
agricultural GDP was 2.6% during the period 1997–2001, although this growth was generally 
not uniform. Women are involved in nearly all agricultural activities, providing 42% of the 
population economically active in this sector. The agricultural sector is growing faster than 
the population, which is reflected in the agricultural GDP / capita more than doubling, with 
other positive impacts on the economy in general. However, food security continues to pose 
problems in Tunisia, because of both climatic and non-climatic stresses as well as the 
depletion of natural resources (FAO-AQUASTAT 2005). 

Further, the cropping pattern in Tunisia is mainly based on cereals (durum wheat and 
barley) cultivated during the main rainy season, September–April. Of 4,936,000 ha 
under permanent cultivation, 92% is rainfed (FAO 2010). As per the statistics of 2008, cereal 
crops occupy 92.7% of the total agricultural land. The rest of the cropland is occupied by 
legumes (5.7%), vineyards (1.5%), and tobacco (0.1%) (Figure 4-10a).  

 

Figure 4-10: Tunisia: Cropping pattern: (a) depicts the crop cultivation extents by groups; (b) 
shows the crop-wise break-up of total cereals (Source: Ministry of Agriculture, Tunisia) 

Among the cereal crops, durum wheat and barley occupy 49% and 41% of the total of 
cereal crops area, respectively making them the country’s principal crops, followed 
by common wheat at 10% (Figure 4-10b). As barley, common wheat, and durum wheat 
occupy about 93% of the rainfed agricultural land, in different combinations depending on 
the agro-ecological zone, these are considered to form the rainfed agro-ecosystem fabric of 
Tunisia. Therefore, these three cereal crops and tobacco (as an important cash crop) were 
selected for the climate-change-induced impact assessment on agro-ecosystems in Tunisia. 

The Automated Land Evaluation System was used to assess the climate-change-
induced shifts in cropland suitability class. Based on land characteristics (sand, silt, clay, 
pH, organic carbon, depth, permeability, erosion hazard, flood hazard, limestone, and slope) 
and climate data inputs (rainfall and growing degree days), ALES determines a land 
suitability class for each Soil Mapping Unit and identifies its suitability for each selected crop. 
There are four land suitability classes: S1 (highly suitable), S2 (moderately suitable), S3 
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(marginally suitable), and N (unsuitable). As land characteristics fed into the ALES model do 
not change with time, the shifts in land suitability class depend on projected changes in 
temperature and/or rainfall. Details of the methodological framework and the ALES model 
are given in the methodology section. 

The optimum rainfall and growing degree days requirements/values for the four crops 
in November–May are shown in Table 4-8. As explained in Section 4.2, a cropland cannot 
be classified as highly suitable above or below the threshold values of GDD or rainfall, either 
singularly (rainfall or GDD) or together (rainfall and GDD). 

Table 4-8: Optimum rainfall and GDD requirements for highly suitable crop land condition in 
Tunisia 

Crop 
Growing 
Season 

Optimum rainfall for 
highly suitable crop 

land state (mm) 

Base temperature 
used to calculate 

GDD (°C/°F) 

Optimum GDD for 
highly suitable 

crop land state (°F) 

Barley 
November to 

May 
450-550 8°C (46.4 °F) 2552-3152 

Common 
Wheat 

November to 
May 

450-550 7°C (44.6 °F) 3272-3772 

Durum 
Wheat 

November to 
May 

400-500 7°C (44.6 °F) 3272-3772 

Tobacco 
November to 

May 
450-550 6°C (42.8 °F) 2732-3382 

The spatio-temporal climate-change-induced shifts in land suitability classes were 
assessed for three time periods and two emission pathways. For each agro-ecosystem, 
a three-step procedure was undertaken: The existing cultivated crops areas (2011) were 
used to establish the present cropping pattern and land suitability class, which in turn is 
assumed to represent current ago-ecosystems in Tunisia. Changes in the land suitability for 
individual crops using the three climate models and two emission pathways were determined 
on the basis of results generated through ALES. And aggregation of areas of crops was 
done in the same way as in the first step, representing changes at agro-ecosystem level that 
are depicted in Figure 4-11. 

Land characteristics (sand, silt, clay, pH, organic carbon, depth, permeability, erosion 
hazard, flood hazard, limestone, and slope) that were fed into the ALES model are assumed 
to remain the same over the entire study period, as these parameters take several decades 
to change, and changes in cropland suitability are the result of changes in the two 
strongest limitations—rainfall and temperature. An increase in temperature is expected 
to result in earlier maturation, reducing the growth period and leading to lower yields of grain 
crops. Furthermore, high rainfall intensity causes soil erosion, thus reducing the suitability of 
lands; however, soil conservation measures are expected to mitigate this effect, hence the 
assumption in this study that land characteristics will remain the same during the entire study 
period.  

Per the baseline scenario, most of the durum wheat is cultivated on moderately suitable land 
(98%), while most of the tobacco crop is grown on highly suitable land (94%). The barley 
cultivation is spread over highly suitable (17%), moderately suitable (41%), and marginally 
suitable (40%) land. Common wheat is cultivated on moderately suitable (59%) and 
marginally suitable (39%) land (Table 4-9).  
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Table 4-9: Percentage distribution of land under different land suitability classes under BL and 
future climate scenarios for barley, common wheat, durum wheat, and tobacco crops in 
Tunisia 

Time period 

Distribution of land suitability classes (%) 

BL Scenario Current period Mid Century Late Century 

S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N 

Barley 17 41 40 2 19 32 45 4 0 35 59 6 0 6 46 48 

Common Wheat 0 59 39 2 1 57 39 3 7 36 56 1 0 30 68 2 

Durum Wheat 0 98 0 2 8 87 3 3 27 69 4 0 2 38 58 2 

Tobacco 94 1 0 5 0 95 1 4 0 63 36 1 0 13 86 1 

S1: Highly suitable, S2: Moderately suitable, S3: Marginally suitable, and N: Unsuitable 

For the current period, climate models project marginal increases in temperature (0.32–
0.68°C) and negligible change in rainfall as compared to the BL scenario, so the land 
suitability, and hence productivity, of all three cereal crops remains more or less the 
same as in the BL scenario, while land suitability for tobacco declines. This decline in 
suitability class in tobacco from highly suitable in the BL to moderately suitable is due to the 
temperature increase, which implies that tobacco is more sensitive to change in temperature 
than the other three crops. 

For the mid-century period, climate models project a moderate increase in temperature 
(1.26–2.52°C) and a moderate decrease in rainfall. The land suitability for tobacco 
continues to decline significantly, while land suitability for common wheat and barley 
is likely to decline marginally, and for durum wheat it is likely to increase marginally 
compared with the current period. This might be due to the fact that durum wheat requires 
slightly less rainfall than common wheat. The significant decline in land suitability for tobacco 
in mid-century compared with the current period can be attributed to its sensitivity to 
increase in temperature. The crop yields will change according to changes in land suitability. 

For the late-century period, there is very high variability in the projected changes in 
temperature and rainfall accompanied by a significant increase in temperature (2.07–4.04°C) 
and a significant reduction in rainfall, so land suitability and consequently productivity 
declines significantly for all three cereals and tobacco. A significant increase in 
temperature results in a larger value of growing degree days, which is likely to cause a 
significant decline in crop suitability, as the optimum range for the GDD may be surpassed 
for all three crops. Due to these projected changes in climate elements, suitability classes for 
all three cereal crops are likely to decline significantly in relation to the mid-century period. 
The land suitability for tobacco is likely to degrade very significantly the during late-century 
period due to increased thermal stress and a decline in rainfall. 

In summary, this study demonstrates that under selected climate change scenarios 
for barley, common wheat, durum wheat, and tobacco under rainfed conditions, there 
is a shift in land suitability classes toward less suitable ones due to the increased 
temperature. This could undermine the productivity of Tunisia’s agro-ecosystems and 
pose concerns to food security in future, particularly during the late-century period. 
The decline in land suitability is projected to be more pronounced for rainfed barley, followed 
by tobacco, common wheat, and durum wheat. Rainfed cropland is projected to be less 
suitable for cultivation in the late-century period compared with the current period, due to a 
significant rise in temperature and decline in rainfall. 

Figure 4-11 shows the spatio-temporal shifts in Tunisia’s agro-ecosystems, consisting of 
barley, common wheat, durum wheat, and tobacco crops, for all three climate models 
(CSIRO, MPI and MRI models) and two emission scenarios (A1B and A2). The major 
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characteristic of this figure is that it allows for a comparison of land suitability for agro-
ecosystem under all the different climate change scenarios. 

 

 

Figure 4-11: Climate change induced shift in suitability classes in agro-ecosystem in Tunisia 
consisting of barley, common wheat, durum wheat, and tobacco using A1B and A2 pathways 
of CSIRO, MPI, and MRI models 

All three models under both emission scenarios project that the agro-ecosystem in Bizerte 
(subhumid) may not change significantly until mid-century. During the late-century period, 
some part of the agro-ecosystem in Bizerte is projected to degrade from highly suitable to 
moderate state, and the remaining part is projected to degrade from a moderate and 
marginal state, primarily due to temperature increase resulting in the GDD value surpassing 
the optimum range, causing a negative effect on cropland suitability. The CSIRO model 
under the A1B scenario does not project any significant changes for the agro-ecosystem in 
Beja (subhumid) during any of the studied time periods. However, the MPI and MRI models 
project that the agro-ecosystem in Beja is likely to degrade to a marginal state in the late-
century period. 

The agro-ecosystem in Le kaf (semiarid) is projected to degrade from a moderate to 
marginal state mid-century, as projected by all three models. Again, the agro-ecosystem in 
Le kaf is likely to remain in marginal state in the late-century period per the climate scenarios 
projected by the CSIRO and MRI models, while the MPI model projections suggest that 
some part of the agro-ecosystem may become unsuitable, as that model projects a higher 
rise in temperature and a greater decline in rainfall than the other two climate models. In Sidi 
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Bou Said (arid), the agro-ecosystem is likely to remain unchanged until mid-century, and in 
the late-century period some part of it may degrade to unsuitable condition, as projected by 
all three climate models. 

Among the three models, the MPI projects slightly more shifts in land suitability 
toward the unsuitable state than the CSIRO and MRI models do, which project very 
similar trends with regard to shifts in the agro-ecosystems. This can be attributed to the 
fact that under scenarios A1B and A2, the MPI model projects highest increases in 

temperature (4.04C), resulting in the optimum GDD for the agro-ecosystem being 
surpassed by a large margin, and a significant decline in rainfall (28–29%), causing a 
significant negative effect on land suitability. The MRI model projects a significant increase in 

temperature (2.72–3.07C) and a moderate decline in rainfall (12–14%), causing a 
moderately negative effect on land suitability. The CSIRO model projects a significant 

increase in temperature (2.07–3.10C) and a moderate decline in rainfall (16–20%), causing 
an almost similar negative effect on land suitability as the MRI model. The A2 scenario 
projects a more unsuitable land condition than the A1B scenario for the agro-ecosystem in 
Tunisia. 

On average, the agro-ecosystem in Bizerte (humid to subhumid) and Beja (humid to 
subhumid) may not change significantly until mid-century. However, during the late-century 
period some parts of the agro-ecosystem are projected to degrade from highly suitable to 
moderately suitable, and the remaining part is projected to degrade from moderately suitable 
to marginally suitable. The agro-ecosystem in Le kaf (semiarid) is projected to degrade from 
moderately to marginally suitable during mid-century and to remain in this state during the 
late-century period. In Sidi Bou Said (arid to semiarid), the agro-ecosystem is likely to remain 
unchanged until mid-century; however, in the late-century period it is expected to degrade to 
marginal and unsuitable conditions. 

4.3.4 Syria 

Syria is situated between 32° and 38°N and 35° and 43°E. The total land area of Syria is 
about 185,180 km2 and the population is 18,448,752. Syria has five main agro-ecological 
zones. It consists mostly of arid plateau, although the northwest part of the country bordering 
the Mediterranean is fairly green. The northeast of the country ("Al Jazira") and the south 
("Hawran") are important agricultural areas. The study area for the climate-change-induced 
impact assessment on Syria’s agro-ecosystems selected includes all five agro-ecological 
zones (Figure 4-12). 
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Figure 4-12: Agro-ecological map of Syria. The regions within the black ovals indicate the 
study area 

Agriculture contributes a significant 17.6% to the GDP in Tunisia, and about one-
fourth of the population depends on the agricultural sector for their livelihoods (FAO-
AQUASTAT 2008). Agriculture and therefore the climate thus have a significant influence on 
the Syrian economy. It is of particular importance to women, as about 66% of women are 
economically active in the sector (FAO-AQUASTAT 2008).The agricultural sector generates 
more than 25% of the national income and employs about 30% of the labor force. Most land 
is privately owned, a crucial factor behind the sector’s success (Syria Country Profile 2005). 

The cropping pattern in Syria is based on cereals (barley and wheat), a cash crop 
(cotton), and pulses cultivated during the rainy season, October–May. Of the 5,664,000 
ha total cultivated area, 76% is rainfed (FAO-AQUASTAT 2010). As per the statistics of 
2008, cereal crops occupy 84% of the agricultural land. The rest of the cropland is occupied 
by cotton (7%), pulses (5%), vegetables (3%), and others (1%) (Figure 4-13a). 
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Figure 4-13: Syria: Cropping pattern: (a) depicts the crop cultivation extents by groups; (b) 
shows the crop-wise break-up of total cereals(Source: Ministry of Agriculture, Tunisia) 

Among the cereal crops, barley and wheat occupy 64.1% and 35.8% of the total of 
cereal crops area, respectively, making them the country’s principal crops (Figure 
4-13b). Cotton is the important cash crop in Syria. As barley, wheat, and cotton occupy 
about 91% of the rainfed agricultural land, these crops, in different combinations depending 
on the agro-ecological zone, are considered to form the rainfed agro-ecosystem fabric of 
Syria. Therefore these three crops were selected for the climate-change-induced impact 
assessment on agro-ecosystems in Syria. 

The Automated Land Evaluation System was used to assess the climate-change-
induced shifts in cropland suitability class. Based on land characteristics (sand, silt, clay, 
pH, organic carbon, depth, permeability, erosion hazard, flood hazard, limestone, and slope) 
and climate data inputs (rainfall and growing degree days), ALES determines a land 
suitability class for each Soil Mapping Unit and identifies its suitability for each selected crop. 
There are four land suitability classes: S1 (highly suitable), S2 (moderately suitable), S3 
(marginally suitable), and N (unsuitable). As land characteristics fed into the ALES model do 
not change with time, the shifts in land suitability class depend on projected changes in 
temperature and/or rainfall. Details of the methodological framework and the ALES model 
are given in the methodology section. 

The optimum rainfall and growing degree days requirements/values for barley and 
wheat grown in December–June and for cotton grown in January–July are shown in 
Table 4-10. As explained in Section 4.2, a cropland cannot be classified as highly suitable 
above or below the threshold values of GDD or rainfall, either singularly (rainfall or GDD) or 
together (rainfall and GDD).  

Table 4-10: Optimum rainfall and GDD requirements for highly suitable crop land condition in 
Syria 

Crop Growing Season 
Optimum rainfall for 
highly suitable crop 

land state(mm) 

Base temperature 
used to calculate 

GDD (°C/°F) 

Optimum GDD for 
the highly suitable 

crop land state  (°F) 

Barley December to June 450-560 7°C (44.6 °F) 2525-3125 

Cotton January to July 500-600 6°C (42.8 °F) 2660-3360 

Wheat December to June 450-560 6°C (42.8 °F) 2669-3229 



 
Climate Induced Spatio-Temporal Shifts in Natural and Agro-ecosystems in the Middle East and North Africa Region    

  Page 141 

The spatio-temporal climate-change-induced shifts in land suitability classes were 
assessed for the three time periods and two emission pathways. For each agro-
ecosystem, a three-step procedure was undertaken: The existing cultivated crops areas 
(2011) were used to establish the present cropping pattern and land suitability class, which 
in turn is assumed to represent current ago-ecosystems in Syria. Changes in the land 
suitability for individual crops using the three climate models and two emission pathways 
were determined on the basis of results generated through ALES. And an aggregation of 
areas of crops done in the same way as in the first step represents changes at the agro-
ecosystem level, which are depicted in Figure 4-14. 

Land characteristics (sand, silt, clay, pH, organic carbon, depth, permeability, erosion 
hazard, flood hazard, limestone, and slope) that were fed into the ALES model are assumed 
to remain the same over the entire study period, as these parameters take several decades 
to change, and changes in cropland suitability are the result of changes in the two 
strongest limitations—rainfall and temperature. An increase in temperature is expected 
to result in earlier maturation, reducing the growth period and leading to lower yields of grain 
crops. Furthermore, high rainfall intensity causes soil erosion, thus reducing the suitability of 
lands; however, soil conservation measures are expected to mitigate this effect, hence the 
assumption in this study is that land characteristics will remain the same during the entire 
study period.  

As per the baseline scenario, barley and wheat cultivation are spread over three land 
suitability classes (moderate: 17%, marginal: 46%, and non-suitable: 38%). Cotton 
cultivation is also spread over three land suitability classes (moderate: 44%, marginal: 17%, 
and non-suitable: 39%) (Table 4-11). 

Table 4-11: Percentage distribution of land under different land suitability classes under BL 
and future climate scenarios for rainfed barley, cotton, and wheat crops in Syria 

Time period 

Distribution of land suitability classes (%) 

BL Scenario Current period Mid Century Late Century 

S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N S1 S2 S3 N 

Barley 0 17 46 38 0 16 46 39 0 14 44 42 0 7 47 46 

Cotton 0 44 17 39 0 40 20 40 0 22 37 40 0 2 41 57 

Wheat 0 17 46 38 0 17 43 40 0 15 44 41 0 5 53 43 

S1: Highly suitable, S2: Moderately suitable, S3: Marginally suitable, and N: Unsuitable 

For the current period, the climate models project marginal increases in temperature 
(0.44–0.72°C) and an insignificant change in rainfall compared with the BL scenario. 
Consequently, land suitability and hence productivity of all the three crops remain 
more or less same as in the BL scenario.  

For the mid-century period, climate models project a moderate increase in temperature 
(1.33–2.77°C) and a moderate decline in rainfall (4.5–21%). Due to these changes, land 
suitability and productivity of wheat and barley crops are likely to decline only 
marginally, while for cotton these are likely to decline significantly due to the higher 
sensitivity of cotton to both declines in rainfall and increases in temperature.  

For the late-century period, there is very high variability in the projected changes in 
temperature and rainfall. All models project a significant increase in temperature (2.40–
4.69°C) and a significant decline in rainfall (up to 27.2%). The significant increase in 
temperature results in surpassing of optimum GDD range for all three crops. Due to these 
changes in climate, land suitability for the cotton crop is likely to decline very 
significantly, while only a significant decline is projected for the cereal crops. 
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Accordingly, the yield of all crops is likely to decline further in the late-century 
compared with the mid-century period.  

In summary, this study demonstrates that under select climate change scenarios for 
barley, wheat, and cotton under rainfed conditions, there is a shift in land suitability 
classes toward less suitable ones due to increased temperature and decreased 
rainfall. This could undermine the productivity of Syria’s agro-ecosystems and pose 
concerns to food security in the future, particularly during the late-century period. The 
decline in land suitability and hence productivity may be more pronounced for rainfed cotton 
cultivation, followed by barley and wheat crops. Rainfed cropland is projected to be less 
suitable for cultivation in the late-century period compared with the current period, due to 
significant rise in temperature and decline in rainfall. 

Figure 4-14 depicts the spatio-temporal shifts in Syria’s agro-ecosystems for all three climate 
models (the CSIRO, MPI, and MRI models) and under the two emission scenarios (A1B and 
A2). The major characteristic of this figure is that it allows a comparison of land suitability for 
agro-ecosystem under all the projected climate change scenarios.  
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Figure 4-14: Climate change induced shift in suitability classes in agro-ecosystem inSyria 
consisting of barley, wheat, and cotton using A1B and A2 pathways of CSIRO, MPI, and MRI 
models 

According to the CSIRO model climate projections, the agro-ecosystem in some part of 
Aleppo is likely to degrade from marginal to unsuitable condition in the late-century period 
due to a moderate decline in rainfall and relatively less thermal stress. The climate 
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projections in both the MPI and MRI models allow the agro-ecosystems to remain in a 
marginal state simmkilar to the baseline period. The agro-ecosystem in Raqaa is projected 
to remain in a marginal state as in the baseline period per climate projections for all three 
models due to insignificant future changes in temperature and rainfall.  

According to the MRI model, the agro-ecosystem in Al Hasakah is projected to degrade to a 
marginal state in the late-century period, with significant water stress conditions. However, 
with CSIRO and MPI model projections the agro-ecosystem in Al Hasakah may degrade to 
partly marginal and partly unsuitable by the late-century period. All three models, combined 
with both emission scenarios, project that some of the agro-ecosystems in Hamah may 
degrade to marginal state late in the century due to the combined effects of thermal and 
moisture stress.  

According to all the models, some part of the agro-ecosystem in Homs is likely to degrade 
from a moderate to a marginal state in the late-century period. The agro-ecosystem in 
Sweyda is projected to remain in the unsuitable state, as during the baseline period.  

The most significant changes in the agro-ecosystem have been observed for the MPI 
model. The CSIRO and MRI models project very similar trends with regard to shifts in 
the agro-ecosystems. This can be attributed to fact that under scenarios A1B and A2, the 

MPI model projects the highest increases in temperature (4.3–4.7C), resulting in the 
optimum GDD for the agro-ecosystem being surpassed by a large margin and having a 
significant negative effect on land suitability. The MRI model projects a significant increase in 

temperature (3.26–3.35C), causing a moderate negative effect on land suitability. The 

CSIRO model projects the lowest increase in temperature (2.4–3.4C), causing almost a 
similar negative effect on land suitability as in the MRI model. According to the A2 scenario, 
land suitability of agro-ecosystems is projected to shift more toward unsuitable compared 
with the A1B scenario. 

On average, the agro-ecosystem in Aleppo (arid to subhumid) is likely to remain almost 
unchanged until mid-century; however, during the late-century period a small part of the 
agro-ecosystem is expected to degrade from marginally suitable state to unsuitable. The 
agro-ecosystem in Raqaa (arid to subhumid) is projected to remain the same as in the 
baseline period. In Al Hasakah (arid to semiarid), the agro-ecosystem may degrade to partly 
marginally suitable and partly unsuitable by late in the century due to thermal stress and 
decline in rainfall (see Table 2-7 and Table 2-8 in Chapter 2). In Hamah (semiarid to humid), 
some part of the agro-ecosystem may degrade to marginally suitable from its moderately 
suitable state by the late-century period due to the combined effects of thermal and moisture 
stress. In Homs (semiarid to humid), some part of the agro-ecosystem is likely to degrade 
from moderately suitable to marginally suitable during the late-century period. The agro-
ecosystem in Sweyda (very arid to subhumid) is projected to remain in the unsuitable state 
of the baseline period. 

4.4 Agro-ecosystems Summary 

For all four countries under study, most of the crops were grown in moderately and 
marginally suitable areas during the baseline period, with some crops even in unsuitable 
areas. The exceptions were barley in Morocco and Tunisia, which were grown in highly 
suitable areas, and tobacco in Tunisia (although the area under tobacco production in 
Tunisia  was very small). 

For the current period, only a marginal increase in temperature and an insignificant change 
in rainfall are projected. Consequently, the land suitability and hence productivity for cereal 
crops in all countries remains more or less the same as in BL period. In the case of cotton in 
Yemen, the land suitability improves due to the modulating effect of an increase in rainfall on 
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the thermal stress, resulting in an increase in productivity. In the case of tobacco in Tunisia, 
the land suitability declines due to sensitivity of the crop to even a marginal increase in 
temperature. 

During the mid-century period, the three climate models project a moderate increase in 
temperature and a moderate decline in rainfall for Syria, Tunisia, and Morocco, while for 
Yemen rainfall is likely to increase moderately. In the case of Yemen, the increase in rainfall 
modulates the negative effect of an increase in temperature, to some extent resulting in a 
marginal improvement in land suitability for cotton. However, no improvements in land 
suitability are likely to occur for sorghum, wheat, and maize crops in relation to the current 
period, as the positive effect of the increase in rainfall is nullified by the negative effect of the 
rise in temperature. In Morocco, the land suitability for common wheat and durum wheat is 
likely to decline marginally, while for barley it is likely to decline significantly. In the case of 
Tunisia, land suitability for tobacco continues to decline significantly, while land suitability for 
common wheat and barley is likely to decline marginally and for durum wheat is likely to 
increase marginally. In Syria, land suitability for wheat and barley is likely to decline only 
marginally, while land suitability for cotton is likely to decline significantly.  

During the late-century period, the climate models project a significant increase in 
temperature and a significant decrease in rainfall (with high variability) for Syria, Tunisia, and 
Morocco. Consequently, land suitability declines significantly for all crops in these countries 
except for cotton in Syria, where it is likely to decline even more, very significantly. For 
Yemen, all the models project a significant increase in temperature, while projected rainfall 
may either increase or marginally decrease, resulting in a significant decline in land 
suitability for cotton, maize, and wheat crops, while for sorghum it is likely to decline only 
marginally, reaching close to the baseline level. 

This study confirms the findings of other studies (Lobell, 2011; Tao and Zhang, 2010), 
which demonstrated that climate change has a negative impact on crop productivity. 
By just much of an impact is difficult to say with certainty, especially for the late-century 
period, but the trends are consistent. 

4.5 Looking forward 

Agriculture is about improving productivity under given circumstances and within the limits 
that natural ecosystems can tolerate and still provide their all-important environmental and 
economical services for the sustained livelihood of the society. Soil and water management 
techniques have been developed to this end, irrigation techniques have been refined over 
the years, chemical fertilizers are used to give crops all the nutrients they need, and 
pesticides are applied to protect crops from weeds and harmful insects. These technologies 
could be applied to the most suitable crops for a given location and fundamentals in terms of 
soil characteristics and climatic conditions. Agricultural techniques and technologies could 
be changed, including the properties of crops and farm animals, through plant and animal 
breeding, although these are time-consuming processes. However, climatic conditions 
cannot be modified in a similar way. Farmers will have to operate within the climatic 
conditions of their agro-ecological zone, and if those conditions are changing due to climate 
change, then farming practices will have to adjust. 

The responses to adapt the agricultural sector in the MENA region, and in the four countries 
studied must include a blend of short, medium and long term measures. Short-term 
measures include changes in crop varieties and planting dates, rainwater harvesting and 
conservation, soil conservation, and the efficient use of inputs. These technical measures 
should be accompanied by training for farmers combined with financial support (low-interest 
credit) to enable them to undertake various types of well-known no-regret measures. 
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In the medium term, mixed farming systems (crops and livestock)—being more resilient to 
climate change—could be promoted, for animals serve as insurance in case of crop failures. 
Tree crops are more resilient to climate change hazards (drought) in arid areas, and the 
areas under such crops could be increased. These types of measures are well known no-
regret interventions but require more time, technical skill, and financial support. The demand 
on government to support these measures with more-intensive extension services and more-
developed financial support mechanisms could be bolstered. 

Long-term measures could include investment in human resource development, research, 
infrastructure, and reliable weather forecasting services. Investment in research should 
include development of drought- and heat-stress-tolerant varieties, resource conservation 
technologies, and cropping and farming systems that can match changed rainfall patterns. 
All plausible alternate cropping options and farming systems would need to be piloted first in 
multiple field trials under various settings before being adopted. There is a need to classify 
the countries into well-defined agro-ecological zones as a basis for identifying economically 
beneficial and sustainable farming systems. The ALES system is well suited to this task, as it 
allows socioeconomic data to be entered into its analytical framework. 

The development of reliable seasonal weather forecast systems would be needed to provide 
agro-advisories for crops in different agro-ecological zones. This could also include 
information on disaster risk management measures. 

As the four countries studied—Yemen, Morocco, Tunisia, and Syria—are only marginally 
suitable for agricultural production, the impact of climate change could exacerbate the 
challenges that are already apparent under current circumstances. 
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