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Abstract
Purpose of Review  The aim of this review is to summarize and provide clear insights into studies that evaluate the interaction 
between air pollution, climate, and health in North Africa.
Recent Findings  Few studies have estimated the effects of climate and air pollution on health in North Africa. Most of the 
studies highlighted the evidence of the link between climate and air pollution as driving factors and increased mortality and 
morbidity as health outcomes. Each North African country prioritized research on a specific health factor. It was observed 
that the health outcome from each driving factor depends on the studied area and data availability. The latter is a major chal-
lenge in the region. As such, more studies should be led in the future to cover more areas in North Africa and when more 
data are available. Data availability will help to explore the applicability of different tools and techniques new to the region.
Summary  This review explores studies related to climate and air pollution, and their possible impacts on health in North 
Africa. On one hand, air quality studies have focused mainly on particulate matter exceedance levels and their long-term 
exposure impacts, namely, morbidity and mortality. The observed differences between the various studies are mainly due to 
the used exposure–response function, the studied population, background emissions, and natural emission from the Sahara 
Desert that characterize the region. On the other hand, climate studies have focused primarily on the impact of heat waves, 
vector-borne disease, and mental disorders. More than half of these studies have been on leishmaniasis disease. The review 
revealed unbalanced and insufficient research on health impacts from air pollution episodes and climate extremes across 
the region.
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Introduction

In the recent years, climate change, extreme climate 
events, and the resulting deterioration in air quality have 
attracted worldwide attention. They had deserved special 
interest from the scientific community as their impact on 
human health and well-being becomes obvious. Climate 
change for example influences temperature and precipita-
tion trends that affect the distribution of climate-sensitive 
diseases and impacts environmental and social conditions. 
Studies revealed a relationship between the incidence of 
certain diseases, especially cardiovascular and respiratory 
diseases, leishmaniases, arboviral diseases, mental disor-
ders, typhoid fever and tick-borne diseases, and climate 
conditions in different regions of the world [1–7].

Cardiovascular and respiratory diseases are also due to 
air quality degradation that was widely recognized as a 
threat to both public health and economic progress. The 
World Health Organization (WHO) estimates that 4.2 mil-
lion deaths annually can be attributed to outdoor air pollu-
tion [8]. Respiratory viral diseases are recognized as annual 
epidemics of the common cold. Influenza, also called flu 
or grippe, for example, is an acute viral infection of the 
upper or lower respiratory tract that is marked by fever, 
chills, and a generalized feeling of weakness and pain in 
the muscles, together with varying degrees of soreness in 
the head and abdomen. Studies have shown that climate 
factors are significantly associated with influenza seasonal-
ity [9]. Moreover, respiratory related epidemics caused by 
viruses such as severe acute respiratory syndrome corona-
virus (SARS-CoV) and the newly emerging SARS-CoV-2 
(COVID-19) occur during the winter months [10–13]. The 
mechanisms underlying the seasonal nature of respiratory 
viral infections have been examined and debated for many 
years. The two major contributing factors are the changes 
in environmental parameters and human behavior [14].

Leishmaniases are tropical endemic diseases, known in 
five epidemiological regions of the world: the Americas, 
East Africa, North Africa, West Asia, and Southeast Asia 
[15]. This group of diseases is caused by infection due to 
several types of parasites. In fact, there are at least twenty 
species of leishmania responsible for the three forms of 
the disease [16]: Mucocutaneous (ML), Visceral (VL), and 
Cutaneous (CL) [15]. Incidence of leishmaniasis in Medi-
terranean countries and across Europe has been on the rise 
[17]. Cases have been recently described in non-endemic 
areas, such as Germany [18], Sweden, or London [19, 20]. 
Leishmaniases are significantly affected by the change and 
instability of the climate in several regions [21]. The lat-
ter is expected to extend the geographical distribution and 
seasonality of phlebotomine vectors responsible for trans-
mission of leishmaniases [22, 23].

Arboviral diseases are a global growing problem due to 
climate change, urbanization, population density, and global 
transportation [24]. They include a set of diseases such as 
Dengue, Chikungunya, Zika, and others. Incidence of dis-
eases caused by arboviruses increased worldwide [25] and 
has aroused considerable concerns in the field of public 
health [26]. This growth may be explained by factors such 
as intensive growth of global transport systems; adaptation 
of vectors to increasing urbanization; inability to contain the 
mosquito population; and changes in environmental factors 
[25]. Five regions with populations of 100 million or more 
are projected to experience climate suitability for Zika trans-
mission: East Africa, North America, East Asia, Western 
Europe, and North Africa and Middle East. A total of 737 
million people worldwide could face their first exposure to 
year-round climate suitability for Zika transmission [27].

Research demonstrates that climate impacts human psy-
chological health as well. Extreme weather events, for exam-
ple, can impair mental health. They can lead to increases 
in depression, post-traumatic stress disorder, violence, and 
aggression. More gradual changes in climatic conditions, 
such as rising temperatures, are also harmful to mental 
health [5]. The study from Thoma and colleagues suggests 
that the climate and environmental crisis not only acts as 
direct stressors, but can also amplify the individual’s biopsy-
chosocial vulnerability to develop mental illness [28]. In 
addition, there is increasing evidence that a significant pro-
portion of people might be experiencing a harmful level of 
anxiety associated with their perception of climate change 
[5].

Typhoid is a serious and sometimes fatal disease caused 
by the bacterium Salmonella enterica serovar Typhi (S. 
Typhi). It spreads through contaminated food and water 
and poor sanitation. Although typhoid has been largely 
eliminated in industrialized countries, it continues to be a 
substantial public health problem in many low and middle-
income countries. Globally, there are nearly 12 million 
cases and more than 128,000 deaths due to typhoid each 
year [29]. Increases in typhoid transmission are a possible 
consequence of climate change and the resulting increase in 
extreme weather events, including floods and droughts that 
lead to more severe surface water contamination [30].

Ticks exist in all continents and carry zoonotic patho-
gens that threaten human as well as livestock health. They 
spend most of their lives in the external environment out-
side their host and are thus expected to be affected by 
changes in climate [31]. Incidence of tick-borne diseases 
increases due to global warming, environmental and eco-
logical changes, and availability of suitable habitat [32]. 
One of the main carriers of tick-borne infections is the 
Ixodes Ricinus (I. Ricinus) that was found related to cli-
mate parameters in many studies (Gilbert et al., 2014; Jore 
et al., 2014). The study of Rogulina and his team found 
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that the parasitism peaks of I. Ricinus and their indica-
tors are directly related to climatic conditions. They have 
observed increased humidity contributes to a decrease in 
the number of ixodids. Meanwhile, the increase of the 
average annual air temperature has the opposite effect and 
contributes to the increase of the arthropods [35].

Extreme weather events threaten lives, food security, and 
water quality and availability [36]. Prolonged heat waves 
causes extreme heat exposure that can result in a large 
number of deaths [37–39] and can lead to heatstroke and 
increased risks of hospitalization. Fluid disorders, renal fail-
ure, urinary tract infections, and septicemia were observed 
in vulnerable populations [36]. The intensity of these effects 
differs and relates to the nature of the geographical loca-
tion. In the future between 2030 and 2050, climate change is 
expected to cause around 250,000 additional deaths per year 
due to heat stress and other climate-sensitive diseases [40].

Air pollution is the introduction of particulates, biological 
molecules, or other toxic chemicals into the Earth’s atmos-
phere. These particulates can take many forms, including 
solid particles, liquid droplets, or gasses. Many previous 
scientific studies assessed the impacts of air pollution on 
human health [41–44]. According to the Global Burden of 
Disease (GBD) study, environmental pollution was respon-
sible for around 9 million premature deaths worldwide, with 
2.9 million deaths caused by household air pollution and 4.2 
million deaths caused by ambient air pollution [45]. Con-
sidering the environmental and economic shifts, pollution 
disproportionately affects both developed and developing 
countries [46]. For instance, in Europe in 2016, 7% of annual 
mortality was attributed to PM2.5 exposure, whereas 1% of 
annual mortality was attributed to NO2 exposure [47]. Of 
note, particulate matter (PM), which is one pollutant among 
others, is the most cited pollutant contributing to major 
harmful effects to global public health. It can induce vari-
ous pathologies including bronchitis, asthma, lung cancer, 
preterm birth, inflammatory, cardiovascular problems, and 
chronic diseases [48–50].

North Africa, as a part of the MENA region (Mid-
dle East and North Africa), is particularly affected by the 
change in climate and is considered among the most water 
scarce regions in the world. Particularly, the whole region is 
expected to be one of the prominent and vulnerable climate 
change ‘‘hot spots’’ where health risks may be faced [51, 
52]. In North Africa, climate change affects the susceptible 
sectors of the region and threatens the already increasing 
older population. This population contains a large percent-
age of those with chronic diseases, as well as poor people, 
who are therefore more vulnerable to the effects of climate 
[53]. The DALY (Disability Adjusted Life Years) estimates 
per million people are 3071.5 in Africa and 1586.5 in East-
ern Mediterranean, compared to 8.9 in the developed coun-
tries [54].

Numerous review papers addressing the impact of climate 
and air pollution on health worldwide are available in the 
scientific literature. Yet, to the best of our knowledge, few 
studies have reviewed the literature in that field in North 
Africa. When doing a search of articles published in Africa 
on climate and air pollution up to December 31, 2016, we 
found a single journal article that only studied the relation-
ship between asthma and Chronic Obstructive Pulmonary 
Disease (COPD) with road traffic–related ambient air pol-
lution. We chose our review to include studies published 
since January 2016 [55]. To fill this gap, we conducted a 
scoping review of the literature with a focus on the impact 
of air pollution and climate on human health. The objec-
tives of this study are to (1) provide a systemic overview of 
relevant studies related to the field; (2) identify the impact 
of air pollution and climate on health in North Africa; and 
(3) summarize the publication results and further explore 
research gaps and needs.

Methods

Figure 1 shows the search strategy used to identify the health 
impacts of air pollution and climate in North Africa (Fig. 2). 
This strategy consists of three steps:

1-	 Articles were identified through a literature explora-
tion. First, an advanced search was performed through 
PubMed. We used the following keywords: “climate,” 
“health,” “air pollution,” “North Africa,” “Morocco,” 
“Algeria,” “Egypt,” “Tunisia.” and “Libya.” Then we 
searched for publications between 2016 and 2021. The 
last search was performed on June 08, 2021. A total of 
970 articles were identified.

2-	 NBIB files, containing the resulting references, from 
PubMed were imported into Mendeley. We examined 
then the relevance of the papers by consulting the titles 
and abstracts and in case of uncertainty by evaluating 
the full texts.

3-	 The full texts of all records were reviewed for eligibility. 
The eligibility criteria are (1) the article is published 
after 2016, 2016 included; (2) the article is an original 
study of the impact of climate or air pollution on human 
health; (3) the study area of the article includes at least 
one of the following regions: North Africa, Morocco, 
Algeria, Tunisia, Libya, and Egypt; (4) and the articles 
selected should not be review articles. The selected stud-
ies were grouped according to two themes: air pollu-
tion and climate, and according to the region as well. 
The following information was extracted: authors, study 
area, calculated health effects, data, population and age, 
included periods, factors taken into account, methods, 
and the main results.
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Fig. 1   The search strategy

Fig. 2   The study area
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Results

Air Pollution and Public Health

Air Pollution Sources

In North Africa where there are a variety of sources of air 
pollution, air quality is mostly determined by location, 
meteorological conditions, season, and human activity. 
So far, there are limited accurate inventory studies in the 
region. Transportation, biomass burning, domestic com-
bustion, energy, and industry are the main anthropogenic 
sources. Saharan dust and re-suspension of dust are the 
most common natural sources. The WHO has set pollution 
thresholds, whose exceeding can lead to numerous harmful 
effects on health. Nevertheless, some countries in the study 
region have established their own standards for monitoring 
air quality at the national level. In North Africa, the major-
ity of available studies related to air pollution sources focus 
mainly on PM.

In Morocco, exceedance of WHO air quality guideline 
values was frequently observed in heavy traffic zones [56, 
57], industrial zones, and in cities known by their important 
economic activities [57]. Moreover, due to the geographical 
position of the country, the natural process involving Sahara 
dust is an additive factor contributing to the increase in pol-
lution precisely by PM10 [58]. Furthermore, the season has 
a significant impact on pollution levels. For example, dur-
ing summer and spring, ozone (O3) concentration reached 
alarming levels in the city of Marrakech and the PM10 lev-
els exceeded the threshold limits [59]. Other studies have 
shown that particulate pollution in the cities of Meknes and 
Kenitra is characterized by a high proportion of coarse par-
ticles, showing the importance of terrigenous inputs and soil 
resuspension [60–62]. In the Greater Casablanca region, a 
study concluded that road traffic and meteorological condi-
tions are the main causes of air pollution [57]. In Algeria, 
data collected in urban and roadside stations at Algiers 
showed that the observed annual average concentration of 
PM1, PM2.5, and PM10 was 18.24, 32.23, and 60.01 µg m−3, 
respectively. The analysis revealed the anthropogenic and 
natural origins of PM. Desert dust influences the atmos-
pheric composition of PM in Algiers [63]. PM10 samples 
collected between January 2015 and February 2016 at an 
urban site at Zouaghi, in the south of Constantine, showed 
that PM concentrations exceeded the WHO’s 24-h guide-
line value (50 µg m−3), linking such levels to resuspended 
dust and Saharan dust [64]. In Tunisia, the analysis of PM10 
constituents revealed the anthropogenic and natural sources 
of PM, derived from traffic emissions, heavy industries, bio-
mass burning, mechanic and electronic factories, and agri-
cultural activities gathered with meteorological conditions 

[65]. In Egypt, a study in the residential-industrial area Shu-
bra El-Kheima in the north of Greater Cairo revealed that 
fine aerosol particle concentrations, collected during the 
period from October 2010 to May 2011, exceed the WHO 
annual Air Quality Standard levels. The existence of PM2.5 
unveiled the dominance of elements linked to mineral dust, 
heavy traffic, and industrial activities [66].

Overall, in North Africa, the main types of PM sources 
are industry, heavy traffic, and biomass combustion, as well 
as the Sahara Desert, and dust resuspension.

In the context of this review, 9 epidemiological studies 
were identified to examine the association between air pol-
lution and mortality, morbidity and other health outcomes 
in North Africa. Details about these studies are given in 
Table 1.

Mortality‑Related Studies

In North Africa, there are a very limited number of studies 
that relate each pollutant to mortality. In particular, more 
interest is given to health effect of air pollution by ambient 
PM, which, according to its aerodynamic diameter, affects 
the respiratory tract and the cardiovascular system. Indeed, 
the impact of short-and long-term exposure to PM on overall 
mortality is well-documented.

The study carried out by Benaissa and colleagues in Alge-
ria estimates the number of all-cause mortality that could be 
prevented by lowering annual mean levels of PM10 in Bejaia 
city to 5 µg/m3 that might prevent 4 deaths per year. Further-
more, a reduction in annual PM10 levels to 20 µg/m3 (WHO 
Air Quality Guidelines for PM10) could prevent 55 deaths 
per year [67]. Also, the authors emphasize the potential 
underestimation of the aforementioned risks, given the fact 
of the absence of a local concentration–response function.

Furthermore, a study conducted in Morocco that focused 
on the assessment of PM2.5 pollution health outcomes found 
that in 2014, exposure to ambient PM2.5 caused about 2200 
deaths in the country, due to ischemic heart disease, stroke, 
and lung cancer, in which risk of premature mortality for 
adults over 55 is mainly due to ischemic heart disease and 
strokes. The risk of premature mortality for children under 
the age of 5 years old is mainly due to an acute lower respira-
tory tract infection [68].

Another study conducted by Wheida and colleagues [69] 
in Egypt assessed the number of deaths that can be attributed 
to long-term exposure to three pollutants: PM2.5, NO2, and 
O3, in the Greater Cairo area. The study claims that PM pol-
lution causes mortality of 62/100000 relative to the whole 
population of the area. O3 is responsible for between 2.4 
and 8.8% of mortality due to respiratory diseases and NO 
is thought to be responsible for 7850 to 10,470 deaths each 
year in the study area.
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It is worth mentioning that studies investigating the 
potential health effects of air pollution do not focus on 
mortality only, but also on a wide range of human diseases, 
namely, hospital admission due to cardiovascular and res-
piratory diseases.

Morbidity‑Related Studies

In various studies, cardiovascular and respiratory diseases 
are frequently linked to air pollution. An analysis of diverse 
populations in Bejaia city in Algeria shows possible preven-
tion respectively of 5.2% and 3.2% from getting admitted to 
hospital for pulmonary and cardiovascular diseases for each 
5 µg/m3 decrease in PM10 [67].

In another study in Algeria, Ghennam and colleagues 
have investigated the association between air pollution and 
the spatial prevalence of asthma and bronchitis based on 
lichen biomonitoring tools. The results have unveiled a sig-
nificant link between air pollution levels and hospitalizations 
for asthma and bronchitis with increased hospitalization risk 
related to asthma [70]. In this same context, Mohammed and 
colleagues have estimated the number of hospital admis-
sion for respiratory diseases attributed to SO2 and NO2, in 
Shoubra El-Khaima and Ain Sokhna in Egypt, using Air 
Quality Health Impact Assessment (Air Q 2.2.3) tools. They 
showed important differences in the SO2 and NO2 hospital 
admission between the two studied cities [71]. For exam-
ple, while Shoubra El-Khaima’s sector reported the largest 
risk estimates (311/234 cases attributed to exposure to SO2/
NO2), smaller estimates were found in Ain Sokhna (18/15 
cases attributed to exposure to SO2/NO2). These findings 
have been subsequently attributed to the fact that Shoubra 
El-Khaima has a higher density of population and industry 
than the Ain Sokhna coastal sector.

Other Health Outcome Studies

At a larger scale, a study covered 183 individual countries, 
including North Africa, found that the exposure of pregnant 
women to PM2.5 is a risk factor for preterm birth. Results 
show that the region has been a major contributor to the 
global PM2.5-associated preterm births [72].

Another study conducted in Egypt, precisely in Greater 
Cairo, investigated the in vitro toxicity of fine PM. The study 
found that this toxicity is linked to the season. Indeed, in 
warmer-season, possible genotoxic effects appear, while in 
colder seasons, potential cell xenobiotic responses and pro-
inflammatory effects appear [73].

In sports science, two studies were conducted in Tunisia 
[74, 75]. They have assessed the impact of air pollution on 
soccer players. The first study investigated effects on perfor-
mance variation, cardiovascular, hematological parameters, 
and blood gasses. The comparison between body reaction 

in polluted and non-polluted areas has reported that accord-
ing to the time of the day, polluted areas influence health 
and then athletic training performances. Also, the impact is 
intensified in the evening. The second study has confirmed 
these results and has revealed that ROJS (Red Orange Juice 
Supplementation) unlike PLA (Red orange or placebo) is an 
appropriate measure to reduce the risk of pollution exposure, 
particularly on muscle damage and oxidative stress.

Climate and Public Health

For the purpose of this review, and considering the criteria 
adopted, we identified a total of 23 studies conducted in the 
region and relating climate to health; 3 focused on climate 
extremes, 18 on vector-borne diseases, and 2 on mental dis-
orders. Details about the considered studies are gathered in 
Table 2.

Climate Extremes

According to our search, 3 recent studies dealt with cli-
mate extremes and public health in some countries from 
North Africa. The study by Bellizzi and colleagues [76] was 
dedicated to the Eastern Mediterranean Region including 
Morocco, Tunisia, Egypt, and Libya and was performed 
from 1990 through 2019. It assessed the health consequence 
vulnerability index score and concluded that Libya is at risk 
of drought more than the other considered countries. The 
study highlighted that drought potentially has greater impact 
on people with underlying chronic conditions, such as res-
piratory diseases, as well as on people with disabilities. In 
Tunisia, two studies dealt with heat, seasonality, and public 
health. In 2020, Bettaieb and colleagues [77] conducted the 
study to estimate the impact of heat on total daily mortality 
in Tunis, the capital of Tunisia, during the summer season 
(May–October) over a 3-year period (2005 to 2007). They 
concluded that the daily mortality increased significantly 
by 2% for a 1 °C increase, above the breakpoint, in daily 
maximum temperature. The second study was conducted 
by Trablesi and colleagues [78]. They investigated the epi-
demiological and fungal environmental profile in 49 asth-
matic patients, in 2014. Authors found that the frequency of 
attacks of asthma was significantly associated with seasonal-
ity, which is closely related to climate.

Vector‑Borne Diseases

For the purpose of this review, we have studied 18 papers 
dealing with vector-borne diseases related to climate. Eight 
papers focus on leishmaniases studies, two on arboviral dis-
eases, six on influenza and respiratory diseases, one on Tick-
borne diseases, and one on Typhoid fever.
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Leishmaniases  Leishmaniases are considered well-estab-
lished in the North Africa region [79–89]. In Morocco, the 
disease occurs in unpredictable outbreaks in the south and 
the southeast regions of the Atlas Mountains and recently 
migrated from the west to the east of the country. In 2008, 
the Moroccan Ministry of Health reported 3414 CL cases 
caused by Leishmania major and Leishmania tropica (L. 
major and L. tropica which are species of parasites found 
in the Leishmania genus, and are associated with the CL) 
against 2028 cases in 2001. This shows a sharp increase in 
the incidence of leishmaniases in the country [90]. In 2020, 
a study led by Hakkour and colleagues investigated the rela-
tionship between climate and leishmaniasis in 9 provinces 
of Morocco [81]. Authors concluded that humidity was sig-
nificant for CL and VL (caused by the species Leishmania 
donovani and Leishmania infantum) whereas temperature 
was significant only for VL. The incidence of leishmaniasis 
is higher during the wet season (October to April) than dur-
ing the dry season (May to September), especially for CL. 
In 2017, Ait Kbaich and his team concluded that the epide-
miological pattern of CL in two provinces from Morocco, 
Ouarzazate and Zagoura, has changed, from a predominantly 
Zoonotic CL (ZCL), transmissible from animals to humans 
caused by L. major, to a polymorphic CL that can be due 
to any one of the three Leishmania species (L. major, L. 
tropica, or L. infantum) [91]. In the same year, Hmamouch 
and colleagues examined the impact of several factors on 
the distribution of CL in Boulemane Province, Morocco. 
This province recorded a total of 1009 CL cases between the 
years 2000 and 2015. It is characterized by several micro-
climates, and Leishmania species [86]. The authors found 
that the Saharan microclimate, characterized by the pres-
ence of L. major, was the most affected and has recorded 
the highest number of CL cases followed by the semi-arid 
area where L. tropica was mostly identified. Another study 
was carried out in the prefecture of Meknes and showed 
the positive correlation of Leishmania sandfly abundance 
with temperature (r = 0.99) and the negative correlation with 
humidity and precipitation (r =  − 0.87 and r =  − 0.72) [89]. 
Another study compared the densities and genetic charac-
teristics of Phlebotomus sergenti (kind of Leishmania sand-
fly) populations in two nearby localities, one in an anthro-
ponotic cutaneous leishmaniasis (ACL, transmissible from 
humans) endemic area and another in a non-endemic area 
[92]. Authors found that P. sergenti density was significantly 
higher in the endemic area than in the non-endemic town. 
Bioclimatic differences were detected between both locali-
ties. Differences in both the density and the mitochondrial 
lineage of P. sergenti populations may explain the different 
epidemiological situation. P. sergenti in the locality without 
ACL cases seems sufficient to allow transmission but is not 
endemic; the non-endemic character could be justified by 
the absence of sufficient P. sergenti, which seems to prefer 

warmer and drier climates. Leishmaniases were also studied 
in Libya, by two researchers and their colleagues: Amro in 
2017 and Dokhan in 2016 [80, 93]. The first study revealed 
that coastal regions have a higher level of risk due to more 
favorable conditions for the transmitting vectors and that 
future projection of CL until 2060 showed a trend of increas-
ing incidence of CL in the Northwestern part of the country; 
a spread along the coastal region and a possible emergence 
of new endemic areas in the Northeastern districts of the 
country were highlighted as well. The second study, carried 
out in Al Rabta in the North-West of the country, indicated 
that the abundance of sandflies is influenced by climatologi-
cal factors. It is directly related to temperature and relative 
humidity while inversely related to wind speed. In Tunisia, 
Talmoudi and his team built a regression model of ZCL 
cases to identify the relationship between ZCL occurrence 
and possible risk factors, and to develop a predicting model 
for ZCL’s control and prevention purposes [94]. The created 
model highlighted that rodent density, average temperature, 
cumulative rainfall, and average relative humidity, with dif-
ferent time lags, all play role in sustaining and increasing the 
ZCL incidence in the region. The abovementioned studies 
added to others out of the region confirm that the increase 
in leishmaniasis incidence and prevalence is mainly attrib-
uted to several risk factors mainly environmental condi-
tions, socio-economic status, and demographic and human 
behaviors [95–97]. The climate change impacting different 
parameters and the population movements probably leads 
to alterations in the number, range, and density of the vec-
tors and reservoirs and consequently may increase human 
exposure to infected sandflies [98].

Arboviral Diseases  Only a few studies focused on arboviral 
diseases in North Africa. Abdelkrim and colleagues have 
modeled and mapped the habitat suitability and the poten-
tial distribution of arboviruses vectors in Morocco using 
maximum entropy (Maxent) modeling under current cli-
matic conditions. Results show that areas with maximum 
risk and high potential distribution were mainly located in 
the Northwestern and central parts of Morocco [99]. Some 
other authors focused on Zika as arbovirus; they investigated 
suitable temperatures for their transmission [27]. They used 
experimentally derived mechanistic model of Zika virus 
transmission by Aedes aegypti (the principal vector of Zika 
Virus) to map temperature-driven transmission risk in the 
North Africa and Middle East regions. Authors found that 
in the worst-case scenario, by 2050, over 270 million new 
people could be living in temperatures suitable for ZIKA 
virus transmission [27].

Influenza and Respiratory Diseases  Some studies were 
focused on Influenza in the North Africa region. Caini 
and colleagues have described the epidemiological 
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characteristics, pattern of circulation, and geographical dis-
tribution of influenza B viruses and its B/Victoria and B/
Yamagata lineages. They concluded that over 1.8 million 
influenza cases have occurred during 2000–2018 in thirty-
one countries including Morocco from North Africa. The 
authors found that B/Yamagata was more frequent in the 
country that has a temperate climate [100]. In Egypt, two 
studies were found related to avian influenza. The study of 
Elsobky examined the degree to which a HPAI-H5N1 dis-
ease event is being influenced by climate variability as a 
potential risk factor [101]. Results revealed that the effect 
of climate variability differs according to the timing of the 
outbreak occurrence. Temperature and relative humidity 
could have both positive and negative effects on disease 
events. During the cold seasons, especially in the first quar-
ter, higher minimum temperatures consistently show higher 
risks of disease occurrence, as this condition stimulates viral 
activity, while lower minimum temperatures support virus 
survival in the other quarters of the year with the highest 
negative effect in the third quarter. Relative humidity nega-
tively affects the outbreak in the first quarter of the year as 
the humid weather does not support viral circulation, while 
the highest positive effect was found in the second quarter 
during which low humidity favors the disease event. The 
second study was from Salaheldin and his team [102]; the 
researchers explored factors contributing to the endemic-
ity or re-emergence of A/H5N1 in Egypt; they showed that 
ambient temperature during winter months influenced the 
spread of the A/H5N1 avian flu virus.

Horton and colleagues conducted a sentinel surveil-
lance for severe acute respiratory infections (SARI) from 
December 2007 through February 2014 at 20 hospitals in 
five countries including ten hospitals in Egypt from North 
Africa [103]. Nasopharyngeal and oropharyngeal swabs 
were collected from hospitalized patients meeting SARI case 
definitions and were analyzed for infection with influenza, 
respiratory syncytial virus (RSV), adenovirus (AdV), human 
metapneumovirus (hMPV), and human parainfluenza virus 
types 1 ± 3 (hPIV1-3). The surveillance observed monthly 
variation, indicating seasonal differences in levels of infec-
tion, for all pathogens. Influenza was the most common 
pathogen in Egypt.

Other studies involving the effect of climate are those 
related to COVID-19 cases and deaths. Two studies of that 
kind have interested our region. One study was conducted 
in 43 countries, including Morocco and Tunisia and showed 
an inverse relationship between COVID-19 per million and 
temperature in only two observations out of 12, indicating 
that factors other than temperature have greater influence on 
COVID-19 transmission [104]. The second study was con-
ducted in 20 countries around the world, including Algeria, 
and showed that COVID-19 cases and deaths per million 
population were significantly lower in countries with high 

temperature and low humidity (the hottest countries), com-
pared to countries with low temperature and high humidity 
(the coldest countries) [105].

Tick‑Borne Diseases  The castor bean tick (I.Ricinus) is the 
most abundant and common tick in Europe [106]. It has 
a significant impact on public health [107]. It is the pri-
mary vector for Borrelia burgdorferi sensu lato spirochetes, 
causing Lyme borreliosis, and tick-borne encephalitis virus 
[106]. Moreover, many other tick-borne pathogens such as 
Borrelia miyamotoi, Rickettsia slovaca, Rickettsia helvet-
ica, Rickettsia monacensis, Anaplasma phagocytophilum, 
Babesia divergens, Babesia venatorum, Babesia microti, 
Bartonella henselae, Coxiella burnetii, and Francisella tula-
rensis have been detected in I. Ricinus [108, 109].

In North Africa, a study showed that current and potential 
future distributions of I.Ricinus largely overlap in parts of 
North Africa in the coastal regions of Morocco, Algeria, 
and Tunisia. The global warming is expected to increase 
the geographic distribution of I. Ricinus in the region and 
it could emerge in areas where they are currently absent, 
posing increased risks to human health in the region. For 
example, increasing temperatures lead to milder winter 
conditions, which prolongs the spring and fall seasons in 
Northern regions, making them more suitable for Ixodes 
Ricinus [110].

Typhoid Fever  In Meknes, a city of Morocco, Essayagh and 
his team showed that climatic conditions could facilitate the 
invasion of certain pathogens [111]. Authors showed that the 
average incidence of typhoid fever was highest during the 
dry season (5 cases per 100,000 inhabitants in summer and 
2.8 cases per 100,000 inhabitants in spring).

Mental Disorders

In 2017, Bauer and colleagues explored the relationship 
between solar insolation in spring time and age of onset 
of bipolar I disorder [112]. They collected data from 5536 
patients in 32 countries, including Tunisia, and applied the 
diagnosis of bipolar disorder according to DSM-IV crite-
ria from a psychiatrist. Authors confirmed that the larger 
the maximum monthly increase in solar insolation in spring 
time, the younger the age of onset of bipolar disorder. In 
2019, the same authors studied the association between solar 
insolation and the history of suicide attempts in bipolar I 
disorder using the same sample from the same region and 
the generalized estimating equations (GEE) statistical tech-
nique. Suicide-related data were available for 3365 patients 
from 310 onset locations in 51 countries including Tunisia. 
A large number of 1047 (31.1%) had a history of suicide 
attempt. The study showed that living in locations with large 
changes in solar insolation between winter and summer may 
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be associated with increased suicide attempts in patients 
with bipolar disorder [113].

Discussion

We conducted a systematic review of the link between air 
pollution, climate, and human health. We identified 34 
appropriate manuscripts published since 2016. Among these 
manuscripts, nine studied air pollution and health, and 24 
investigated climate and health.

To the best of our knowledge, this is the only system-
atic review of published studies on climate and air pollution 
and their relationship with health in North Africa in the last 
6 years.

Air Pollution and Public Health

Even though the North Africa region is missing accurate 
source apportionment studies, the location of the region in 
the North of the Saharan desert raised awareness about the 
region’s vulnerability to particulate pollution [30]. Thus, 
most of the studies related to air pollution and health in the 
region focused on PM10/PM2.5. These studies showed that 
PM pollution levels induce deaths due to pulmonary and 
cardiovascular diseases [39], ischemic heart disease, stroke, 
and lung cancer [38], and cause preterm births as well [43]. 
The extent of the air pollution impact in the region depends 
on the density of population in the different studied areas. 
Other pollutants such as O3, SO2, and NO2 were less exam-
ined in the literature and it is necessary to mention that they 
are in need of more attention. Indeed, the paucity of data 
for environmental and epidemiology makes it difficult to 
estimate the health effects of air pollution, particularly the 
long-term health effects of exposure which are difficult to 
detect. As a result, assumptions for estimating long-term 
air pollution exposure are frequently adopted. However, we 
can use some alternative data such as model outputs, satel-
lite data [114], and data from some institutions such as the 
Institute for Health Metrics and Evaluation.

Health outcomes, mortality, and short-term exposures 
linked to PM have received the most attention. More research 
on the effects of exposure to all pollutants is required. 
Indeed, many studies were led outside the region to analyze 
the effect related to long-term exposure to pollution. For 
instance, people who have been exposed to PM for long-term 
periods have a significantly higher rate of cardiovascular and 
respiratory diseases, cerebrovascular disease, and mortality 
[115]. Also, chronic respiratory diseases (CRD), particularly 
asthma and chronic obstructive pulmonary disease (COPD), 
have been well-documented in developed countries. Hence, 
in comparison to developed countries, the burden related to 
these diseases is less documented in North Africa [55, 116].

As it is mentioned in Table 1, the methodology adopted 
in most North Africa studies used simple statistical meth-
ods or special tools (AirQ) to quantify the relationships 
between some diseases and PM pollutants. Hence, more 
studies are required in every country in terms of health 
impact assessment. A diversity of tools can be employed 
such as AIRQ2.2, AirCounts TM, BenMAP-CE, and 
LEAP-IBC. It is worth mentioning that not all of these 
tools are flexible in scope, thus each technique should be 
chosen according to the predefined study resolution (local, 
national, regional, global) and the tool’s configuration 
needs. Other factors define the choice of the most suit-
able method, talking of a trade-off between technical and 
operational characteristics. Overall, the AirQ tool is more 
frequently adopted in North Africa studies to explore the 
relationships between the short-term and long-term expo-
sure to atmospheric pollutants mainly PM and morbidity 
and mortality cases. This tool has a global scope and there-
fore can be used for any city, country, or region. It is an 
open source software developed by the WHO. Like other 
methods of risk assessment, this method requires basi-
cally four inputs: (1) the number of people at risk, (2) the 
baseline health statistics, (3) the concentration–response 
association, and (4) the air pollution concentration [39]. 
The application of the Health Impact Assessment of Air 
Pollution (HIA-AP) method relies on the Concentra-
tion–response functions (CRF) to provide the number of 
health events that could be either prevented by reducing 
pollutant levels or increased due to increased concentra-
tions of air pollutants.

To evaluate the impact of various levels of pollutants on 
health, many studies, according to pollution levels, extrapo-
lated the shape of the concentration–response function gen-
erated from historical associations primarily conducted in 
the USA and Europe. The shape of the prior studies’ Con-
centration–Response functions (CRF) was almost linear, 
log-linear, and log–log. Understanding the true nature of the 
Concentration–Response functions between each pollutant 
and adverse health effects is a worthy endeavor.

None of the areas in the studied regions possess a CRF. 
Consequently, CRFs are frequently derived from epidemio-
logical studies in other part of the world that differ basi-
cally on pollution levels, chemical composition, and health 
care system. Assumptions are often made which can lead 
to more uncertainty in the results. Hence, the absence of 
direct epidemiological evidence is an important limita-
tion and it seems highly desirable for future work to define 
specific CRFs related to the studied areas. To assess PM2.5 
pollutant, the IER (Integrated Exposure Response) curve 
function is generally well-used in the literature. This func-
tion relates PM2.5 to five causes of death, namely, ischemic 
heart disease, cerebrovascular disease, chronic obstructive 
pulmonary diseases, lung cancer, and acute lower respiratory 
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infections. Consequently, it quantifies adverse health impact 
especially, where population-specific risk information is 
unavailable.

Results presented in this review display little evidence on 
the health impacts of air pollution. Regarding other studies 
outside the study region, the finding results underestimate 
the total mortality and morbidity related to air pollution due 
to the assumptions of the used models, namely, susceptible 
and non-susceptible populations, the thresholds of pollution 
effects, and health endpoints. Indeed, the literature covers a 
few ranges of possible adverse health effects linked to dif-
ferent groups of the population. The most reported cases are 
the number of deaths, hospital admission for pulmonary and 
cardiovascular diseases, and preterm birth. All of these find-
ings indicate that additional efforts are required to close the 
gap. This review showed that air pollution and health studies 
did not equally cover all the countries within the region. In 
Libya, no similar research has been found. Furthermore, no 
studies linking air pollution episodes and health emergencies 
were found. Therefore, future research should fill this gap in 
order to improve health system preparedness and contribute 
in setting an alert system for a quick decision and air pollu-
tion management in the North Africa region.

The Impact of Climate on Public Health

To review studies related to climate and public health, we 
focused on climate extremes, vector-borne diseases, and 
mental disorders. Given the specificity of each study with 
its own parameters, we have opted in this part for a quantita-
tive comparison rather than a qualitative one. Considering 
the number of studies related to climate and health taken 
into account from 2016 to 2021, we note on the one hand 
that Morocco ranks first with 50% of studies. On the other 
hand, 50% of total researches have focused on leishmaniasis.

Tunisia is the country studied in the three studies found in 
Northern Africa, in relation to climate extremes and health, 
during the selected period. These studies were interested 
in heat, seasonality, and drought. The study about drought 
included Morocco, Egypt, and Libya. However, the North 
African region lacks studies on climate extremes and public 
health, particularly the effects of floods, forest fires, and heat 
waves. The health impact of these phenomena was well-stud-
ied in many regions outside North Africa. Graeme Horton 
et al. [117] focused on the health impact of heat, drought, 
and dryness for aging Australians in rural areas. Carla 
Stanke et al. [118] used data from the following sources: 
MEDLINE, CINAHL, Embase, PsychINFO, and Cochrane 
Collection to investigate the health impact of drought in all 
countries.

Our work showed that most researches have focused on 
vector-borne diseases, especially those related to leishma-
niasis. More than 50% of the studies related to leishmaniasis 

were performed in Morocco. The rest were carried out in 
Libya and Tunisia. Egypt and Algeria lack leishmaniasis-
related studies during the study period. Even though the 
latter is a common health problem to all countries of the 
region, special areas are being affected within every country 
according to weather and climate conditions. Future climate 
change may modify areas of leishmaniasis and change its 
dispersion map in the region. More studies are needed to 
explore this aspect.

In the study region, we considered two studies on arbo-
viral diseases in North Africa. One of them focused on 
Morocco. Concerning the studies related to influenza and 
respiratory diseases, Egypt was ranked first with 50% of the 
studies considered followed by Morocco (33%) then Alge-
ria and Tunisia by studies related to COVID-19. Tick-borne 
diseases and typhoid fever have recorded each of them only 
one study and mental disorders have been considered only 
in Tunisia. In the other regions, a study presented some 
research on nutrition-related effects [119]; water-related 
diseases [120]; air- and dust-related diseases [121]; vector-
borne diseases [122]; mental health effects [123]; and other 
health effects (including forest fires, migration effects, and 
infrastructure damage) [124]. Most health effects are indirect 
because of the link to other mediating circumstances such 
as loss of livelihoods. Some papers have studied the impact 
of drought on various vector-borne diseases such as [125]. 
Others have examined the relationship between climate vari-
ability and transmission of vector and rodent-borne diseases 
including malaria, dengue, Ross River virus infection, and 
hemorrhagic fever with renal syndrome [126]. The review 
of these papers showed that existing analysis methods have 
limitations. Research with different populations in various 
climatic/ecological regions using appropriate statistical 
models is needed. Walte Leal Filho et al. [127] agreed on the 
existence of important impacts of climate change on health 
and mentioned that climate change contributes to the spread 
of vector-borne diseases. The health effects of leishmaniasis 
[128], arboviral diseases [129], and influenza [130] have 
been studied and developed in different regions of the world. 
Shigemura and Kurosawa [131] studied the mental health 
impact of the COVID-19 pandemic. During our work, it was 
clear to us that researchers were interested in the most chal-
lenging pathogens in every country from the study region. 
Research related to other pathogens linked to climate and 
impacted by climate change is still needed.

Studies related to the joint impact of air pollution and 
climate on public health are missing as well. In fact, in 
studying the impacts of climate and air quality on health, 
it remains unclear whether air pollutants are confounders 
or effect modifiers of the association between the climate 
factor and mortality. In the North Africa region, only 2 
studies tried to discover/control this association. Bettaieb 
et al., mentioned earlier [77], tried to estimate the impact 
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of heat on daily all-cause mortality in Tunis while control-
ling for the effects of air pollution considering NO2. He has 
found that increase in NO2 was associated with a significant 
increase in daily mortality, which highlights the combined 
effect of heat and NO2 on daily mortality in the study area. 
Besides, a study carried out in Morocco [132] analyzed the 
potential concurrence of heat waves and O3  episodes and 
their human health impact based on the AQHI (Air Quality 
Heat Index) and the Heat Index. In light of the latter study 
results, local sources and large-scale atmospheric circulation 
are considered as the main sources behind the occurrence 
of these events. Overall, studies of the joint impact of air 
pollution and climate on public health are limited and fur-
ther researches need to be carried out to fill this gap. Every 
further study linking climate/climate change to health will 
help decision makers to set appropriate adaptation strategies 
mainly for the health care system.

Future research directions could focus on studies related 
to air pollution and climate and their impact on health to fill 
this scientific gap. More research should be done in Algeria 
and Libya. Studies of health co-benefits; identification of 
vulnerable populations; prioritization of resource allocation, 
capacity, and skill building; development of appropriate risk 
communication strategies; and community health education 
packages for vulnerable communities in the context of cli-
mate change are desirable throughout the study region.

Conclusion

This work provides a timely guide to existing evidence, 
missing gaps, and potential next steps to researches related 
to climate, air pollution, and health in the North Africa 
region. The results of this review highlighted the great lack 
of scientific studies investigating the interaction between 
air pollution, climate, and health in North Africa in recent 
years. Each country in the study area prioritizes studies 
according to its own challenges in the field. However, the 
majority of studies relates to climate and vector-borne dis-
eases especially leishmaniasis.

Air quality can affect climate change, climate can affect 
air quality, and both can directly or indirectly affect health. 
Given the importance of air pollution as a global risk factor 
for premature death and diseases, and the direct impact of 
climate on health and the strong link between climate and air 
quality, a huge need exists nowadays for studies discovering 
this link. Yet, these types of studies remain limited in North 
Africa. A direction in this research area should be taken in 
future scientific researches.

The effect of climate and damage caused by drought, 
flooding of infrastructure, forest fires, etc. can be increased 
by extremely hot weather as well. Assessing the impact of 
these extremes on health is a needed research direction in 

our region. Researches can provide tools to help decision 
makers manage the risks and emergencies in the health 
sector.

As for air quality, future studies using new tools dedicated 
to the assessment of air pollution are highly recommended. 
Furthermore, alternative solutions such as satellite data are 
strongly proposed in a future study to solve the problem of 
data scarcity.

The North African region also lacks empirical research to 
identify and quantify causal mechanisms as well as projec-
tion studies that encompass multiple climate-related param-
eters and outcomes. At the same time, obtaining results at 
spatial and temporal scales relevant to decision makers will 
remain a significant challenge.
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