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Abstract 
Areas infested by Aedes aegypti usually record 

a high outbreak of dengue. The Aedes aegypti 
mosquito and dengue transmission are climate 
sensitive. In this study, we used simulation analysis 
to project different parameters, e.g. temperature, 
moisture, dryness and heat, and related alterations 
in order to establish the potential effects of 
climate change on the distribution of Aedes 
aegypti and dengue transmission in the Arab 
World. The study was based on different Climate 
Models (CMs) and scenarios, using CLIMEX. 
The two CMs used were CSIRO-Mk3.0 (CS) and 
MIROC-H (MR). These were run with the A2 
SRES (Special Report on Emissions Scenarios) 
for 2050 and 2100. The model was calibrated 
using data from several knowledge domains, 
including geographical distribution records. The 
current climate model shows the favorability for 
Aedes aegypti and dengue transmission within 
most of the known areas in Saudi Arabia, Somalia, 
Sudan, Djibouti and Yemen. In the future models, 
we observed a general reduction or contraction 
in the very favorable climate areas. The models 
indicate a reduction in very favorable climate 
areas in 2050, and this trend was observed to be 
exacerbated by 2100. New areas of favorable 
climate conditions are observed to appear in the 
north east of Oman and UAE, the west of  Yemen 
and the north of Libya.  A study of the models’ 
results can help to reduce the challenges facing 

the national health services in the Arab World; 
especially where they are improving the early 
detection of mosquito favorable areas and dengue 
transmission, and striving for the prevention of 
dengue fever. The strategy presented here should 
be supported by a surveillance system sufficient to 
prevent the spread of this virus and the resulting 
public health threat.

Keywords: Aedes aegypti, Dengue transmission, 
CLIMEX, Arab World, Climate Change 
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ملخص :
)الإيدي�ص  امل�سرية  الزاعجة  ببعو�سة  املوبوءة  املناطق 

وبن�سب  ال�سنك  حمى  مر�ص  فيها  يتف�سى  ما  عادة  ايجبتاي( 

الناقل ملر�ص  البعو�ص  املناخ على كثافة  ياأثر  عالية. وعادة ما 

بعمل  قمنا  الدرا�سة،  هذه  يف  املر�ص.  وكذلك  ال�سنك  حمى 

حتليل وحماكاة بالإعتماد على جمموعة من العنا�سر املناخية 

واجلفاف  والرطوبة  احلرارة،  درجة  املثال،  �سبيل  على  ومنها 

واحلرارة، والعنا�سر اأو املتغريات  ذات ال�سلة من اأجل حتديد 

للزاعجة  ااملكاين  التوزيع  على  املناخي  للتغري  املحتملة  الآثار 

حمى  مر�ص  وانت�سار  ايجبتاي(   الإيدي�ص  )بعو�سة  امل�سرية 

ال�سنك يف العامل العربي. واعتمدت هذه الدرا�سة على مناذج 

وجمموعة   )Climate Models( خمتلفة  مناخية   تنبوؤ 

با�ستخدام  وذلك  م�ستقباًل،  املتوقعة  ال�سيناريوهات  من 

من  اثنني  ا�ستخدام  مت   .)CLIMEX( كالميك�ص  برنامج 

 CSIRO-Mk3.0( وهي  املناخية  التنبوؤ  مناذج  اأ�سهر 

التقرير  على  وبالأعتماد   .MIROC-H (MR(و  (CS
توؤدي  التي  الغازات  انبعاث  ب�سنياريوهات  اخلا�ص   A2
 I)Special Report on Emissions( لالأنحبا�ص احلراري

Scenarios للعام 2050 وعام 2100م. متت معايرة منوذج 
للمر�ص  الناقل  للبعو�ص  املكاين  للتوزيع  امل�ستقبلي  التنبوؤ 

بالإعتماد على م�سادر معرفية و بيانات من م�سادر خمتلفة 

احلايل  اجلغرايف  التوزيع  ومواقع  �سجالت  ذلك  يف  مبا 

نتائج منوذج  اأظهرت  الدرا�سة.  واملر�ص يف منطقة  للبعو�ص 

االتنبوؤ للمناخ احلايل بالأعتماد على بيانات للفرتة من 1950 

اإىل العام 2000م ، تواجد لبعو�سة الزاعجة امل�سرية وانت�سار 

بتاأثرها  حاليًا  املعروفة  املناطق  معظم  يف  ال�سنك  حلمى 

اململكة  مثل  دول  ويف  للمر�ص  الناقل  البعو�ص  اأو  باملر�ص 

العربية ال�سعودية، وال�سومال ، وال�سودان ، وجيبوتي واليمن. 

واأظهرت نتائج التنبوؤ امل�ستقبلية انخفا�سًا ب�سكل عام وتقل�ص 

يف م�ساحات املناطق املالئمة مناخيًا )درجة املالئمة: عالية 

ال�سنك.  حمى  ملر�ص  الناقل  البعو�ص  وانت�سار  لتوالد  جدًا( 

املناخية  املناطق  يف  انخفا�ص  وجود  اإىل  النتائج  ت�سري  كما 

2050م،  العام  يف  جدًا(   عالية  املالئمة:  )درجة  املالئمة 

ولوحظ الجتاه  نحو النخفا�ص يف درجة املناخ املالئم حتى 

مواقع  ظهور  احتمالية  النتائج  اأظهرت  كما  2100م.  العام 

حديدة ذات ظروف مناخية مالئمة لنت�سار البعو�ص واملر�ص 

والإمارات  �سلطنة عمان  من  ال�سرقي  ال�سمال  وخ�سو�سًا يف 

نتائج  ليبيا.  من  وال�سمال  اليمن  وغرب  املتحدة،  العربية 

مناذج التنبوؤ امل�ستقبلي للمناخ املالئم لنت�سار البعو�ص الناقل 

يف  ت�ساعد  اأن  ميكن  العربي  العامل  يف  ال�سنك  حمى  ملر�ص 

احلد من التحديات التي تواجه اخلدمات ال�سحية الوطنية 

يف العامل العربي وخا�سة اأن هذه املنهجية ت�ساعد يف الك�سف 

الناقل  البعو�ص  لنت�سار  مناخيًا  املالئمة  املناطق  عن  املبكر 

واملنهجية  ال�سرتاتيجية  منه.  للوقاية  �سعيًا  ال�سنك  حلمى 

اأن تكون معتمدة يف  التي مت تقدميها يف هذه الدرا�سة يجب 

حمى  انت�سار  ومراقبة  ر�سد  عن  امل�سوؤولة  اجلهات  اأعمال 

ال�سنك والمرا�ص امل�سابهة له والتي تهدد ال�سحة العامة يف 

العامل العربي.

 ، ال�سنك  حمى   ، امل�سرية  الزاعجة  البحث:  كلمات 

CLIMEX، العامل العربي، التغري املناخي.
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Background
Climate has been known to be one of the 

fundamental forces behind the diseases affecting 
health. The recognition of climate change is growing, 
and has lead to an increased interest by researchers 
in measuring the potential mechanisms by which 
climate change can influence health [1]. Health can 
be impacted by climate change through a range of 
pathways, such as cold related deaths, and increased 
flood and drought related changes in the distribution 
of mosquito-borne diseases, e.g. dengue fever [2].
Dengue fever is one of the most important 

mosquito-borne diseases around the world. The 
current estimated data suggests that millions of 
dengue cases are recorded annually, especially 
in tropical and subtropical regions [3]. The main 
vector that transmits the disease is the Aedes 
aegypti mosquito. Unfortunately, no adequate 
vaccine or drugs yet exist to reduce the impact of 
the disease [4]. Therefore, to control and reduce 
the impact of the disease, authorities need to 
monitor and control the disease vector [5].
Areas infested by Aedes aegypti  usually record a 

high outbreak of dengue fever. Aedes aegypti  and 
dengue transmission are climatically sensitive. 
Many studies have investigated the role of 
climate in the dynamics of the Aedes aegypti [1, 
5]. Climatic variables, such as temperature and 
moisture, significantly influence the mosquito’s 
development and survival [6-9].
Transmission increases in warmer temperatures, 

raising the odds of dengue transmission, while 
reproduction rate and replication of the disease 
are slower in cooler temperatures [10]. In 
general, higher amounts of precipitation lead to 
an increase in the number of breeding sites of 
Aedes aegypti, and humidity is often overlooked 
as a factor in the life-cycle of the mosquito and 
in disease replication and transmission [11, 12].

However, we have to consider the fundamental 
mechanisms that can help identify the important 

associations between climate and dengue vector 
ecology [13]. If we examine the fundamental climatic 
and ecological components of the disease phenomenon 
we can identify differences in the biophysical and 
socioeconomic drivers of spatial dengue and its vector 
patterns. Therefore, an increase in global temperature, 
and other associated climate changes, may affect and 
modify the geographical distribution and range of 
Aedes aegypti [1].

Worldwide, limited studies have been conducted 
to model the impact of climate change on the 
distribution of dengue and its vector (Aedes 
aegypti(. For example, Patz et al. [14] used three 
general circulation models of climate change to 
project the temperatures related to alterations in 
potential dengue transmission resulting from the 
global climate scenarios of the The United Nations 
Intergovernmental Panel on Climate Change (IPCC) 
[15]. However, they focused only on one climate 
parameter, namely temperature. Other earlier 
studies did not assess the impact of climate change 
on the dengue and its vector quantitatively, but 
focused on demonstrating the climatic sensitivity of 
the determinants of dengue fever transmission [14, 
16-20].
In the Arab World, a few studies have investigated 

the impact of climate on the proliferation of Aedes 
aegypti, or on dengue fever cases. For example, 
Khormi et al. [5] described the association between 
Aedes aegypti and relative humidity, temperature, 
and rainfall by quantifying the number of adult 
Aedes mosquitoes detected weekly over a five 
year period, from 2006 to 2010, in Jeddah, Saudi 
Arabia. Another study, conducted by Al-Ghamdi 
et al. [21], illustrated the role of climatic factors 
on the seasonal variations in the number of Aedes 
mosquitoes. Most of the other studies conducted 
to study areas in the Arab World (e.g. Saudi 
Arabia, Sudan, Oman and Yemen) illustrated the 
entomological characteristics of Aedes aegypti 
[22, 23], by determining the demographic, clinical 
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and laboratory profiles [24-26] and by predicting 
vector populations[21, 27-29]. According to a 
literature survey conducted by the author [11], no 
published studies have considered the impact of 
climate change in the Arab world and the resulting 
effects on the distribution of dengue fever and its 
vector.
The suggestion has been made that the average 

global temperature may increase by between 
2.0˚C and 6˚C between 1990 and 2100 [15, 
30]. Of relevance to the disease distribution, 
minimum temperatures are now increasing at a 
disproportionate rate as compared to the average 
and maximum temperatures. This increase is 
predicted to continue under the anticipated climate 
change scenarios, and such conditions may 
allow dengue, its vector and other climatically 
sensitive mosquito-borne diseases to expand into 
regions previously free of the disease. Another 
suggestion is that such conditions may exacerbate 
transmission in the parts of the world to which it 
is endemic [15].
In this study, we used simulation analysis to 

project different parameters, e.g. temperature, 
moisture, dryness and heat, and the related 
potential alterations in climate change on 
the distribution of Aedes aegypti and dengue 
transmission, using different Climate Models 
(CMs) and scenarios.
To model the potential (future) distribution 

of Aedes aegypti, we used CLIMEX, which 
is a useful tool for identifying the association 
between the fundamental and realized niche 
of the species [31, 32]. This is an eco-climatic 
modelling package. It has been used to estimate 
invasive species' potential distribution under 
current and future climatic conditions [32-35]. 
The realized niche of a species is the range 
of conditions and resources under which it 
can persist in the presence of competitors and 
predators, and this is represented as the native 

Dr. Hassan M. Khormi

range of a species (e.g. Aedes aegypti( [36]. 
CLIMEX can be used to model the potential 

distribution of organisms, and draws upon a 
variety of information types, that include direct 
experimental observations of a species' growth 
response to temperature and soil moisture, its 
phenology and the knowledge of its current 
distribution [32].
In the present study, CLIMEX was used to 

develop a model of the climate responses of 
Aedes aegypti and dengue transmission, based 
on their current and invasive distribution in the 
Arab world. This model was then used to project 
their potential distribution under the current 
climate, using extensive distribution data for 
model validation, and to assess the impacts of 
climate change on potential distribution, using 
two climate models (CMs), CSIRO-Mk3.0 (CS) 
and MIROC-H (MR). These were run with A2 
SRES (Special Report on Emissions Scenarios) 
for 2050 and 2100. 

Materials and Methods
Study Area
This study was conducted in the Arab World. The 

Arab world consists of the Arabic-speaking states, 
territories and populations in countries situated in 
North Africa and Western Asia. It includes around 
23 countries, extending from the Arabian Gulf  in 
the east to the Atlantic Ocean in the west, and 
from the Horn of Africa and the Indian Ocean 
in the southeast to the Mediterranean Sea in the 
north. It is home to around 340 million people 
(Figure 1). 
Current distribution of Aedes aegypti in the 

Arab World
The distribution figures for Aedes aegypti in 

the Arab World were collected from different 
sources, such as the Centre for Disease Control 
and Prevention (CDC( [37]; the Centre for 
International Earth Science Information 

How climate change is likely to influence the spatial distribution of  
and dengue fever in the Arab World
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Network (CIESIN( [38]; Gratz [39]; Gubler 
and Tent [40]; Gubler and Clark [4]; Gubler 
[41-45]; Gubler and Kuno [46]; Lounibos [47]; 
Medlock et al. [48]; Moore [49]; Moore and 
Mitchell [50]; Rogers et al. [51]; Khormi et al. 
[5]; Al Thbiani et al. [52]; Al-Ghamdi et al. [21]; 
Abdalmagid and Alhusein [22]; Mohamed et al. 
[23] ; Ayyub et al. [24]; Bin Ghouth et al. [25];  
Al-Araim et al. [26]; Aburas [27]; El-Badry 
and Al-Ali [28]; Rodier et al. [53] and Sharp et 
al. [29]. The identified regions represent areas 
of ongoing transmission risk, and local and 
regional dengue or imported cases of dengue 
and Aedes aegypti, and are based on data 
from Ministries of Health, international health 
organizations, journals, and knowledgeable 
experts (See references above). 
According to Gubler and Kuno [46], it is 

generally accepted that areas that are plagued by 
dengue fever are also infested by Aedes aegypti, 
as the main vector transmitting the disease. 
Figure 1 shows that most of the Aedes aegypti 
and dengue cases are found along the western 
coast of Saudi Arabia, Oman, Yemen, Somalia, 
United Arab Emirates (UAE), Sudan, south east 

of Egypt and Djibouti [54].  In Saudi Arabia, 
Aedes aegypti is thought to be widespread, 
especially in Jeddah, Jizan, AL-Madinah Al-
Munawwarah and Makkah. In Yemen, dengue 
and its vector are mostly recorded in Hajjah, Al 
Hudaydah, Al Mukalla, Taizz and Mareb. Most 
of the dengue fever cases recoded in Oman 
and UAE were by importation, especially 
from South and South East Asia [23], but there 
are also a small number of cases recorded as 
residential.  Dengue fever and Aedes are also 
found in Sudan, especially in East Sudan, and 
particularly in Port Sudan, Kassala, Elgadarief 
State and the Northern Province of Sudan. In 
Djibouti, dengue is recorded, e.g. in the city 
of Djibouti. In Somalia, it has been found, for 
example, in Hargeys. There are few controls 
directed specifically at dengue in Somalia, due 
to a number of reasons, including security.  All 
the data obtained concerning Aedes aegypti 
and dengue fever were used in establishing the 
parameters such as heat stress, cold stress, wet 
stress and temperature index.

 Figure 1: Study area and distribution of Aedes aegypti mosquito
 and dengue cases in the Arab World.
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CLIMEX software 
Climate is the main determinant of the  

distribution of plants and poikilothermal 
animals [55] and this is the key assumption 
behind CLIMEX. The software is dependent on 
the formation of an eco-physiological model. 
According to Sutherst et al. [56], this model 
assumes that a favorable season enables a 
species to flourish, and an unfavorable season 
causes population decline. CLIMEX users can 
infer parameters that explain a species’ response 
to climate, based on phenological observations 
or on its spatial variety [56]. The Eco-climatic 
Index (EI) is an overall annual index of climatic 
suitability, based on weekly calculations of 
growth index (GIA) and stress index e.g. cold, 
wet, hot and dry. The EI is theoretically scaled 
from 0 to 100. A species (e.g. Aedes aegypti) 
can become established if EI > 0. If the value 
of EI is close to 0, the probability of conditions 
conductive to persistence in time and space 
is low, and if the EI value is more than 20, 
the probability of conditions conductive to 
persistence in time and space is very favorable 
[32, 56]. Based on the data available for this 
software, we developed models of the potential 
distribution of Aedes aegypti under current and 
different future climatic scenarios.
Climate Data and Climate Change Scenarios 
We used the CliMond 10’ gridded climate data 

to model the potential distribution. To present 
the historical climate (averaging period 1950-
2000) and the potential climate in 2050 and 
2100, we used average minimum and maximum 
monthly temperatures (Tmin and Tmax, 
respectively), average monthly precipitation 
(Ptotal( and relative humidity at 9:00 h (RH9:00) 
and 15:00 h (RH15:00) respectively. The 
potential distribution was based on two climate 
models (CMs), which are CSIRO-MK3.0 (CS) 
and MIROC-H (MR) (Centre for Climate 

Research, Japan( with A2 SRES scenarios [30, 
57]. These models are available as part of the 
CliMond datasets. The MR model predicts that 
the temperature will increase by roughly 4.31ºC 
by 2100, while the CS model predicts a rise of 
2.11ºC by 2100. There are also differences in 
rainfall patterns as predicted by the CS and MR 
models. For example, the CS model predicts a 
14% decrease in future mean annual rainfall, 
whereas the MR model predicts only a 1% 
decrease.
We selected these two CMs (CS and MR) out 

of 23 possible CMs in the CliMond datasets 
because:1) the temperature, precipitation, mean 
sea level pressure and specific humidity variables 
required for CLIMEX were available for these 
two CMs; 2) the models have relatively small 
horizontal grid spacing; and 3) they performed 
well compared to other CMs in representing 
basic aspects of observed climate on a regional 
scale [32, 58]. We selected A2 scenarios to typify 
the possible geographical range in relation to 
climate possibility of Aedes aegypti in 2050 
and 2100. According to Kriticos et al. [58],  A2 
scenarios describe a varied world with high 
population growth, slow economic development 
and technological change. We selected the two 
project dates (2050 and 2100) as providing a 
reasonable snapshot of the foreseeable future; 
one is in the near future, ≈37 years time from 
now, and one is much later, ≈88 years time from 
now.

Fitting the CLIMEX parameters and using 
Arc Map v.10.3
In the present study, we used distribution data 

of both Aedes aegypti and of some dengue 
cases (where there was a lack of Aedes aegypti 
data), temperature and moisture indices and 
cold and dry stresses, in order to fit the CIMEX 
parameters, because we felt these data could 

How climate change is likely to influence the spatial distribution of  
and dengue fever in the Arab World
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produce a model that better approximated the 
potential distribution. All of the parameters 
were fitted to the known and naturalized 
distribution of dengue and Aedes aegypti. Each 
parameter was adjusted iteratively to satisfy 
agreement with the Aedes distribution, and the 
fitted parameters were checked to ensure that 
they were reasonable.

Many studies have suggested that Aedes 
mosquitoes are critically dependent on temperature, 
and that temperature ranges from 14-18º C at the 
lower end, and 35-40ºC at the upper end can lead 
to higher transmission occurrence [59]. In Saudi 
Arabia, Khormi et al. [5] found that a minimum 
temperature range from 18 to 25 was suitable for 
mosquito survival and that the Aedes mosquito 
survival rate increased at higher temperatures (but 
at not more than 38º C(. Wayne and Graham [60] 
and Conner [61] found that Aedes aegypti was most 
active within a range of temperatures between 15º C 
and 30º C.  Other field observations and laboratory 
tests have determined the survival rates to be from 
about 18º C to not more than 38º C, based on 
daily or monthly data of minimum and maximum 
temperatures [6-8]. 

  Therefore, we set the limiting low temperature 
(DV0( at 18, the lower optimal temperature 
(DV1) at 25, the upper optimal temperature 
(DV2) at 32, and the limiting high temperature 
(DV3( at 38. These sets provided the best fit to 
the observed distribution of dengue and Aedes 
aegypti. 
The lowest limiting moisture (SM0) was set 

at 0 because it represents permanent wilting 
point and this number provided a good fit with 
the observed distribution of Aedes aegypti and 
dengue in drought areas, such Saudi Arabia, 
Somalia, Sudan and Yemen. The lower (SM1) 
and upper (SM2) optimum moisture and the 
highest limiting moisture were set at 0.2, 0.5 
and 4, respectively, if species growth was to be 

increased in the west of Yemen, west and south 
west Saudi Arabia and the south and east of 
Sudan. Additionally, these values provided an 
appropriate fit to the observed distributions.
The heat stress parameter (TTHS) was set 

at 38°C because it is reported that in some 
countries, such as Saudi Arabia and Somalia, 
Aedes aegypti is able to survive up to this 
temperature [4, 5]. The heat stress accumulation 
rate (THHS( was set at 0.9 week –1, which 
allows Aedes aegypti to persist along the west 
and south west of Saudi Arabia and in the east 
of Somalia.

The dry stress parameter was set at 0.001 for 
the dry stress threshold (SMDS) and -0.001 
week -1 for the dry stress rate (HDS), because 
these adjusted values provided an appropriate 
fit to the observed distribution.

For a more efficient visualization of the 
potential and future distributions around the 
world, we transferred the results of the Eco-
climatic Index (EI) to Arc Map version 10.3 EI 
can only be converted as a point feature, each 
point having an EI value. We then converted the 
point feature to a raster and used the EI values 
to assign values to the output raster.  Raster 
surfaces are effective in identifying where 
favorable climate areas are concentrated, by 
highlighting areas based on the EI resulting 
from the CLIMEX analysis.

Results
The resultant historical model shows favorability 

to Aedes aegypti and dengue transmission within 
most of its known areas in Saudi Arabia, Somalia, 
Sudan, Djibouti and Yemen (Figure 2). Comparing 
Figures 1 and 2, we see that the current distribution 
of Aedes aegypti and dengue in the study area are 
almost consistent with the EI values resulting from 
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the predicted models. All of Somalia and Djibouti, 
the southern part of Sudan, the middle to south west 
coast of Saudi Arabia, and the western coast of Yemen 
are modeled as having favorable (EI=10-20) to highly 
favorable (EI=>20) climate conditions for Aedes 
aegypti and dengue transmission.

Small areas in the south of Mauritania, north east 
of Oman and part of east Yemen are projected to 
have favorable conditions (EI=>10-20). Much of 
the area of Saudi Arabia, Oman, UAE, Mauritania, 
the middle and east of Sudan, and the southeast 
of Egypt have marginal conditions (EI=1-10). 
Iraq, Syria, Jordan and Lebanon and most of 
Libya, Algeria and Morocco are modeled as 
having unfavorable conditions (EI=0). This high 
correlation between the modeled result (Figure2) 
and the actual recorded data (Figure1) shows that 
the correct parameter values have been selected 
for CLIMEX modeling.
In the future models, we observed a reduction 

or contraction of the very favorable climate 
areas generally. In 2050, high contraction in 
very favorable conditions was observed along 
the western coasts of Saudi Arabia and Yemen, 

Figure 2: The climate (EI) for Aedes aegypti based on CLIMEX for reference climate 
(averaging period 1950-2000(.

south of Sudan and Somalia with the CS model 
(Figure 3), while less contraction was observed 
in these areas with the MR model (Figure 4(. 
However, both models indicate a reduction in 
the areas with very favorable climate, and this 
trend is observed to be further increased by 
2100 (Figures 3, 4, 5, 6(. 

While these areas are likely to have changed 
from very favorable to favorable by 2050 and 
to marginal climate areas by 2100, new areas 
of favorable climatic conditions are observed to 
appear in the north east of Oman and UAE, the 
west of Yemen (Figures 3 and 4( and the north 
of Libya (Figure 6). This was clearly observed 
in both models, but the changes were greater  in 
the CS  model as compared with the MR model. 
This trend is expected to be further increased 
by 2100 according to the CS model but to be 
reduced according to the MR model (Figures 5 
and 6).
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Figure 3: The climate (EI) for Aedes aegypti and dengue transmission in the 2050s 
based on CLIMEX under the CSIRO-Mk3.0 GCM running the SRES A2 scenario.

Figure 4: The climate (EI( for Aedes aegypti and dengue transmission in the 2050s 
based on CLIMEX under the MIROC-H GCM running the SRES A2 scenario.
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Figure 5: The climate (EI) for Aedes aegypti and dengue transmission in the 2100s 
based on CLIMEX under the CSIRO-Mk3.0 GCM running the SRES A2 scenario.

Figure 6: The climate (EI) for Aedes aegypti and dengue transmission in the 2100s 
based on CLIMEX under the MIROC-H GCM running the SRES A2 scenario.
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Figure 5 (2100 CS) shows that some of these 
areas, e.g. east of Yemen, are likely to be 
changed from favorable to very favorable, while 
Figure 6 (2100 MR) shows a reverse climatic 
condition (from favorable to marginal). Figure 
6 also shows that some parts of western Yemen, 
the north and southeast coast of Somalia, and 
small areas in the south of Sudan will continue 
with favorable climatic conditions. A similar 
pattern is observed in 2100 under CS, but with 
greater contraction of the areas.
By 2050, both models show an increase in 

the marginal climate areas in most of the Arab 
World countries. This trend is expected to be 
exacerbated by 2100, especially in all the 
Arabian Gulf countries and the countries south 
of the Mediterranean Sea.

Discussion
Using current climatic conditions and considering 

future climatic scenarios, by using CLIMEX, we 
have attempted to model the most favorable climatic 
conditions and likely areas for Aedes aegypti and 
dengue transmission in the Arab World. The current 
model has  a good fit with the current distribution 
records of Aedes and dengue, which were gathered 
for model validation purposes. Under current 
climatic conditions, the model shows some areas 
in the west and southwest of Saudi Arabia, west of 
Yemen, Somalia, Djibouti and South of Sudan as 
having favorable to highly favorable conditions for 
the mosquito and for dengue transmission.
The south of Mauritania is projected to 

have favorable climatic conditions for Aedes 
aegypti and dengue transmission, significantly 
exceeding the currently known distribution for 
that area. This could be due to a lack of records 
from this region. Other non-climatic factors, 
such as a lack of dispersal opportunities, could 
also inhibit Aedes aegypti from spreading in 
this region.

These results highlight areas where more detailed 
risk assessments of the mosquito population may 
be prudent. Effective implementation of a mosquito 
monitoring system, together with a public education 
campaign, may contribute towards more effective 
management in this region. Models, such as the 
ones produced in this study, can be useful tools 
in public awareness campaigns so as to enlist the 
help of health authorities in the management of 
existing infestations and in the prevention of further 
mosquito dispersal.
Cold and dry stresses could be the main factors 

limiting the mosquito distribution and dengue 
transmission and preventing its establishment 
in much of the Arabian Peninsula, Egypt, 
Libya, Morocco and Algeria. Within the 
marginal areas, identified as covering much of 
Saudi Arabia, Yemen, Oman, UAE, Mauritania, 
eastern Sudan and south east Egypt, Aedes and 
dengue are patchily distributed, and restricted 
to favorable microhabitats. Thus in these 
areas, the mosquitoes pose limited threat, and 
dispersal is likely to be very slow.
The possible changes indicted by the results of 

the climate change modeling give an overview 
of the potential future distribution of Aedes 
aegypti and dengue transmission. Some areas 
where the mosquito and dengue currently occur 
may become climatically unsuitable as the 
climate changes. All the scenarios considered 
in this study indicate an overall contraction in 
the climatically suitable areas for Aedes in the 
future (Figures 3 to 6). Some of this reduced 
potential area for Aedes aegypti and dengue 
covers currently important hotspots (e.g. 
Somalia and southern Sudan). These results 
may be useful in making informed choices 
about the allocation of resources for mosquito 
control by highlighting areas where climate 
suitability is expected to decrease in the future.
This study has identified new areas of the Arab 
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World that may be at risk for Aedes aegypti and 
dengue transmission due to changes in climate 
in the future, and which may warrant strategic 
control measures to prevent its spread. Although  
an overall reduction in the potential distribution 
is projected for the west of Saudi Arabia, west of 
Yemen, south of Sudan and Somalia under future 
climate scenarios examined here, the potential 
for range expansion in the north east and east of 
Oman, and in the UAE and a small area in the 
north of Libya was identified. Such areas may 
require more detailed risk assessment regarding 
the spread of mosquitoes. The assessment and 
management of mosquito risk depends to a large 
extent on projections of habitat suitability, so 
that threat levels can be assessed. The response 
of Aedes aegypti and dengue transmission to 
changes in climate must form an integral part 
of such assessments. Particularly, areas that 
are currently at risk and that will continue to 
be at risk from the mosquito in the future, are 
identified in this study. Monitoring of these areas 
could be important, especially in the hotspots of  
Djibouti and the north and east coast of Somalia 
and the west of  Yemen. Our results can be used 
in the decision-making processes by health 
managers in prioritizing areas for eradication, 
and in determining areas where containment 
would be cost-effective.
Computer simulation modeling can provide 

an important adjunct to the management 
of a complicated disease system and to the 
traditional methods of investigation. It is useful 
in evaluating long term climate variability, for 
which prospective studies lack feasibility, and 
historical studies lack similarity [14, 62].
Other etiologic factors, such as urbanization, 

population density, poverty, inadequate 
mosquito control, absence of water systems, 
and international travel or migration, that are not 
addressed at this level of integrated modeling, 

should ultimately be incorporated to determine 
human risk from dengue fever and its vector 
[4]. Future integrated models should attempt 
to account for these site specific factors as well 
[63] while climatic conditions contribute to 
epidemic spread and geographic distribution of 
dengue [19, 64].
Many climatologists believe in the reality of 

climate change, and if these occur, there is the 
potential for an increase in dengue carrying 
mosquitoes transmitting the virus to susceptible 
human populations in the future. The models 
suggest that endemic locations may be at the 
greatest risk from hemorrhagic dengue if the 
transmission intensity increases. Other factors, 
such as the source of infection, the mosquito 
population size, and a susceptible human 
population would also need to be present for 
a dengue epidemic to occur under suitable 
climatic conditions. Where and when dengue 
occurs in the future will depend on a number of 
different economic, social and environmental 
factors [11].

Conclusion
In this study, we present the favorable climatic 

locations for Aedes aegypti and dengue 
transmission to survive, and do not predict the 
actual future distribution. Our models are useful for 
management and monitoring purposes, especially 
under conditions of future climate change. We 
can adapt them for informing decisions regarding 
allocating resources for controlling dengue risk 
towards areas where risk infection remains, and 
away from areas where climatic suitability is 
likely to decrease in the future.
The models developed in the study can help 

reduce the challenges faced by national health 
services in the Arab World; especially where 
they are improving the early detection of 
mosquito favorable areas, of dengue transmission 
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and prevention of dengue fever. The strategy 
presented here should be supported by an adequate 
surveillance system for this viral disease to prevent 
the spread of it.
These models would be helpful to inform the 

prioritizing of dengue management initiatives 
in current risk areas, and in those that will 
remain risk locations in the future. Other issues 
include excessive resource consumption in 
rich countries, an increase in social inequality 
and population increases in poor countries, all 
of which should be taken into account since 
addressing these issues will also help to reduce 
the mosquito risk, and dengue prevalence.
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