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Systematic Review of Air Pollution in Morocco: Status,
Impacts, and Future Directions
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Mohamed El jarmouni, and Gábor Géczi

Despite the recognition of the importance of air pollution in Morocco, current
scientific studies are predominantly descriptive and limited. This systematic
review aims to provide a comprehensive overview of air pollution in Morocco,
delineating the research status and identifying gaps. Searches conducted
across PubMed, Google Scholar, and Scopus from 2016 to May 2023 yielded
over 3200 articles. From these, 64 original studies are deemed eligible and
selected, focusing on air pollution in Moroccan regions or cities. Review
articles and those dealing with indoor air quality are excluded, with no
restriction on specific pollutant. Research highlights road traffic as the
primary contributor to air pollution in Morocco, followed by industrial
activities. Exposure to air pollutants is associated with adverse health effects,
including mortality, lung disease, respiratory disorders, asthma attacks, and
cardiovascular disease. Pollution levels vary among cities, with Casablanca,
Kenitra, and Essaouira consistently facing higher pollution levels due to
transportation and industrial emissions. Altitude also influences air quality,
with higher-altitude areas generally experiencing lower pollutant
concentrations. The review highlights the need for extensive research on air
pollution’s health and economic effects, improved air quality modeling, and
broader pollutant focus beyond just regulated ones.

1. Introduction

Air pollution is the presence of harmful or excessive quantities of
substances in the air, which can have negative effects on human
health and the environment. These substances can be gases, par-
ticulate matter, or other pollutants (Dahir n° 1-03-61 of 10 rabii
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1 1424, May 12, 2003, promulgating Law
n° 13-03 on the fight against air pollu-
tion).

The impacts of air pollution are sig-
nificant, particularly for vulnerable pop-
ulations such as young children, the el-
derly, and individuals with allergies, res-
piratory, ocular, or cardiac conditions.[1]

Air pollution can cause a variety of health
problems, including respiratory prob-
lems, heart disease, and cancer. It can
also damage ecosystems and contribute
to climate change and also impact the
economy.[2]

Given the multitude of issues associ-
ated with air quality, it is crucial to pri-
oritize their consideration to safeguard
human health and environmental preser-
vation. Recognizing the importance of
these concerns, international institutions
and organizations have addressed the
topic since the 1970s. The World Health
Organization (WHO) has conducted nu-
merous studies on air quality, estimating
that in 2018, 7 million people worldwide

died due to excessive exposure to fine particulate matter (PM),
with 4.2 million victims attributable to outdoor air pollution.[3]

The WHO identifies air pollution as a “major risk factor” for non-
communicable diseases, accounting for 70% of global deaths.[4]

Other studies conducted by international organizations and spe-
cialized agencies have reached similar conclusions, raising alarm
about air quality issues and the risks faced by populations.[5,6]
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Air pollution, a pervasive challenge impacting human health
and the environment, necessitates a concerted effort to achieve
sustainable development goals. This study significantly con-
tributes to the realization of key United Nations’ Sustainable De-
velopment Goals (SDGs), notably SDG 3 (Good Health and Well-
being), SDG 7 (Affordable and Clean Energy), SDG 8 (Decent
Work and Economic Growth), and SDG 11 (Sustainable Cities
and Communities).

In alignment with SDG 3, which strives for good health and
well-being, this research delves into the intricate nexus between
air pollution and its profound health implications. By compre-
hensively assessing the impacts of air quality on human health,
we aim to provide valuable insights that can inform policies and
interventions for safeguarding public health. Addressing SDG 7,
which centers on affordable and clean energy, this study under-
scores the importance of understanding the sources and impli-
cations of air pollution, especially in regions like Morocco un-
dergoing efforts in renewable energy and sustainable develop-
ment. By illuminating the links between air quality and energy
choices, we contribute to fostering cleaner, more sustainable en-
ergy solutions. In the pursuit of SDG 8—Decent Work and Eco-
nomic Growth, our research explores the economic dimensions
of air pollution. We investigate the economic repercussions of
poor air quality, emphasizing the importance of addressing this
issue to ensure sustainable economic growth and opportunities
for decent work. Furthermore, our study resonates with SDG
11—Sustainable Cities and Communities.[7]

In Morocco, the government has strengthened its legislative
and regulatory framework with several texts and provisions that
allow better protection of the air. Similarly, a national air pro-
gram and several national projects on renewable energies, trans-
port, and changing the type of fuel have been developed (Min-
istry of Energy Transition and Sustainable Development, https://
www.environnement.gov.ma/fr/air, 2018). In 2018, the national
air quality measurement network is made up of 29 fixed stations
and 4 mobile stations. The network mainly monitors sulfur diox-
ide (SO2), nitrogen dioxide (NO2), particle matter with an aerody-
namic diameter less than 10 μm (PM10), ozone (O3) and carbon
monoxide (CO). These measuring stations are spread over 7 re-
gions, which raises the alarm about the lack of space and the need
to set up new measuring stations.

Researchers have conducted numerous studies on air quality
in Morocco to assess specific cities and locations, estimate the
health, environmental, and economic impacts of air pollution,
forecast air quality, and conduct simulations and modeling. How-
ever, due to the inadequacy of observation stations covering the
entirety of Moroccan territory, these studies have also relied on
models and satellite data.

In this regard, a recent study has proposed a solution for
addressing PM10 concentrations, which could potentially be
extended to other parameters. This study suggests that PM10
concentrations from Copernicus Atmosphere Monitoring Service
Reanalysis (CAMSRA) global analysis data could be effectively
utilized in certain areas of Morocco to compute climatology,
study trends, evaluate models, benchmark other reanalysis,
or serve as boundary conditions for regional models for past
periods.[8a]

Based on an assessment conducted across North Africa be-
tween 2016 and 2021, findings indicate a predominant focus

within air quality studies on surpassing levels of particulate
matter and their associated long-term exposure effects, notably
on morbidity and mortality. Notably, during this period, Mo-
rocco emerged as a leading contributor to research concern-
ing climate and health, accounting for 50% of the studies con-
ducted, with half of the total research efforts dedicated to in-
vestigating leishmaniasis.[8b] Moreover, another review specific
to air pollution in Morocco highlighted a significant correlation
between exposure to air pollutants—including PM10, O3, SO2,
and NOx—and adverse health outcomes, particularly affecting
asthma, respiratory, and cardiac infections across both children
and adults. Notably, all 31 eligible studies in this review reported
annual air pollutant concentrations exceeding WHO Air Quality
Guidelines.[9a] Likewise, a study in Africa highlighted that prox-
imity to traffic, whether at residence or workplace, correlates with
an increased risk of asthma, showing a dose–response relation-
ship. Additionally, the estimated prevalence of chronic obstruc-
tive pulmonary disease (COPD) ranges from 2.7% to 38.5%.[10]

By conducting a comprehensive evaluation of air pollution at
both local and national levels in Morocco, our research aims to
illuminate critical factors impacting urban and community sus-
tainability. Identifying existing gaps and proposing avenues for
enhancement, our study contributes substantively to the broader
discourse on fostering sustainable cities and communities. Fun-
damentally, through an exhaustive examination of air pollution,
this research endeavors to advance comprehension and instigate
actions that align with key SDGs, manifesting a commitment to
enhancing public health, advocating for accessible and clean en-
ergy, facilitating equitable employment and economic advance-
ment, and nurturing the development of sustainable urban envi-
ronments.

This review will showcase studies addressing specific inquiries
concerning air quality status and analysis, the health and eco-
nomic repercussions of air pollution, air quality modeling and
forecasting, and the interplay between Covid-19 and air pollution,
alongside other studies illustrating pollutant concentrations in
Morocco. The added value of this review lies in its comprehen-
sive and contemporary perspective, as well as in the qualitative
contribution of the analysis, underscored by detailed tables and
spatial distribution figures depicting the studies.

This article provides a thorough review of pertinent studies
concerning the focal topic of our review: air pollution in Morocco.
The methodology employed for this review is meticulously out-
lined in Section 2. Following this, Section 3, which presents the
findings, is subdivided into five distinct subsections. These in-
clude the status and analysis of air quality, the impacts on health
and economic implications of air pollution, modeling and fore-
casting of air quality, the interaction between Covid-19 and air
pollution, and the Morocco’s main Commitment in favor of Air
Quality. Section 4 offers conclusions and future directions based
on the review’s findings.

2. Experimental Section

The methodology utilized for this systematic review on air pol-
lution studies in Morocco consists of three main steps, adhering
to the main guidelines of the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) method.[11]
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1) Documentary search and article identification: An extensive
search was conducted in the primary documentary databases,
namely “PubMed,” “Scopus” and “Google Scholar,” utilizing
the following keywords: “air pollution,” “air quality,” and “Mo-
rocco” for PubMed and Scopus, AND “air pollution,” “air qual-
ity,” “Status and analysis,” “health and economic impacts,”
“Modelling and forecasting,” “COVID-19,” “Morocco” for the
Google scholar search engine. This search yielded more than
3200 articles.

2) Assessment of article relevance: A comprehensive review of
titles and abstracts was performed to evaluate the relevance
of the identified articles. Instances of ambiguity were resolved
through careful assessment of the full-text content. Eligibility
criteria included: 1) original studies focusing on air pollution
in Morocco, 2) studies published between 2016 and 2023, with
the final search conducted on May 15, 2023, and 3) studies
covering at least one specific geographic region in Morocco,
such as a city, a region, or the entire country, while 4) exclud-
ing review articles and articles dealing with indoor air quality.

3) Categorization and data extraction: The results are divided
into two groups.
The first group comprises studies that assess the four themes,

namely 1) state and analysis of air quality, 2) health and eco-
nomic impacts, 3) modeling and forecasting of air quality,
and 4) interaction between Covid-19 and air pollution. For
data extraction from this group, we established a table con-
taining various variables we deemed necessary, including
the study area, datasets used, period covered, methodologies
and tools employed, and the primary results.

The second group comprises studies demonstrating the con-
centrations of air pollutants in Morocco, primarily PM10,
PM2.5, NO2, SO2, O3, CO, and BC. For data extraction from
this group, we established a table containing necessary vari-
ables, including location, site type, sampling period, alti-
tude, predefined pollutants, and type of observations.

Figure 1 illustrates the methodology employed and outlines
the studies according to the four themes, comprising a total of
52 studies with specific details on the number of studies per
theme and per area/city. The second aspect delineates the num-
ber of studies, totaling 16, showcasing the concentrations of at-
mospheric pollutants. In total, 64 studies were examined, with
four studies overlapping between the two categories.

These tables were populated by double-reading each study or
article, with verification conducted by another author. The se-
lected studies were classified based on thematic congruence.

3. Results

After ensuring that all eligibility criteria were met, a total of 64
studies regarding air pollution in Morocco were examined in this
review. Of these, one study focused specifically on Morocco in
the African context, while 10 studies covered the entire country.
The other studies were conducted in various regions of Morocco,
with a notable concentration observed in the northern and central
regions of the country. Figure 2 illustrates the spatial distribution
of these studies.

Notably, Agadir emerged with the greatest number of stud-
ies, totalling 11. Following Agadir, Casablanca and Marrakech

each recorded 10 studies. Additionally, Meknes and Mohamme-
dia were each recorded 7 studies. Kenitra and Grand Casablanca
were each the subject of 5 studies. Additionally, separate stud-
ies were carried out along the Atlantic coast between Kenitra-
Mohammedia, Oualidia-Essaouira, and Safi-Essaouira. The re-
maining studies were scattered across other cities, with each city
having between 1 and 4 studies. It is important to mention that
several studies have focused on multiple areas or cities simulta-
neously.

3.1. Air Quality Status and Analysis

This section is divided into two subsections. The first part
presents various studies conducted either across Morocco as
a whole or specifically focusing on cities and areas lacking
detailed information on atmospheric pollutant concentrations.
Conversely, the second part focuses on studies that demonstrate
the concentrations of atmospheric pollutants in the specified
area.

3.1.1. A Holistic Analysis

Morocco, a rapidly developing nation with a growing population,
faces escalating challenges related to air pollution, particularly
in its urban areas. The two main sources of air pollution in Mo-
rocco are road traffic and industrial emissions (Ministry of En-
ergy Transition and Sustainable Development, 2020, State of the
Environment in Morocco).

In impoverished regions of Morocco, unconventional sources
such as public baths, street food vendors, and second-hand stores
contribute significantly to deteriorating air quality, surpassing
road traffic in terms of particulate matter (PM) concentrations.
This underscores the critical need to address these unconven-
tional pollution sources.[12] Moreover, transboundary flows have
been identified as a contributing factor to PM and nitrogen diox-
ide pollution in Morocco, emphasizing the importance of re-
gional cooperation in tackling air pollution.[8b]

The surge in demographic growth and the growing number of
vehicles constitute the primary factors behind CO2 emissions in
Morocco’s road transport sector, ranking it as the second-largest
polluter after the electricity sector.[13] In 2011, 40% of cars in
Morocco were over 10 years old, with an average fuel consump-
tion of 8.57 l/100 km, compared to the European Union average
of 7.1489 l/100 km. This emphasizes the importance of imple-
menting measures to reduce emissions from the transportation
sector.[14]

Daily variations in nitrogen dioxide levels in Morocco are intri-
cately tied to daily commuting and vehicular traffic, with concen-
tration peaks occurring during morning and evening rush hours.
This relationship is strongly influenced by local dispersion con-
ditions. Furthermore, in Casablanca and Khouribga, where ele-
vated nitrogen dioxide levels underscore the significant impact
of road traffic, particularly revealing that emissions from older
vehicles exceed those from newer ones by at least 25%. Shifting
focus to Marrakech, the city’s air quality exhibits positivity for cer-
tain pollution indicators such as NO2 and SO2, but it raises con-
cerns regarding PM10 and O3 levels. Despite SO2 concentrations
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Figure 1. Refining the Search Strategy: A Bibliographic Review of Air Pollution Studies in Morocco.

remaining below emission limits due to limited industrial oper-
ations and the use of cleaner fuels, NO2 levels have incremen-
tally risen since 2009, especially during winter months due to in-
creased heating and transportation activity. On the other hand,
photochemical pollution in Marrakech primarily results from its
geographical location and abundant sunshine, leading to criti-
cal O3 concentrations during spring and summer that frequently
exceed authorized limits. Additionally, PM10 levels, attributed to
road traffic, industrial emissions, and natural sources, consis-
tently surpass limit values at all monitoring sites. These find-
ings underscore the intricate relationship between background
and traffic-related pollution at an urban scale, emphasizing the
need for targeted interventions in specific geographical sectors
to mitigate heightened air pollution levels.[15a]

The analysis of various regulated pollutants, along with their
adherence to national standards, was conducted across different

cities in Morocco. This analysis highlighted instances where cer-
tain cities exceeded the prescribed limit values for the protection
of health or the ecosystem.[16]

In the context of regional and city-level analysis, several capti-
vating studies converge to offer an in-depth understanding of air
quality across diverse Moroccan landscapes. This exploration pri-
marily focuses on major coastal cities, offering a panoramic view
of the intricate web of air pollution challenges within the nation.

The Moroccan Ministry of Energy has reported high levels
of nitrogen dioxide in Safi, exceeding the standard concentra-
tion, underscoring the urgency of addressing this issue (Min-
istry of Energy, Mines, Water, and Environment, 2014, https://
www.academia.edu/29606040/Rapport_national_IDD). Around
the industrial zone of Safi, situated along the Moroccan At-
lantic coastline, notably high concentrations of pollution have
been recorded.[19] An intriguing pattern emerged from this
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Figure 2. Spatial distribution of air pollution studies in Morocco.
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investigation: pollution levels gradually decrease as one moves
north or south from this industrial epicenter, with an approx-
imately 20 km radius of urban and industrial areas exhibiting
worse air quality than areas beyond this threshold. This suggests
that urban and industrial zones have a detrimental impact on air
quality, while rural areas generally maintain better air quality.[17a]

Innovative methods employing lichens as bioaccumulators have
facilitated detailed mapping of air quality and pollution source
tracing. Notably, urban and industrial zones exhibited higher
concentrations of lead and cadmium within lichen samples, in
stark contrast to cleaner rural settings.[17b]

Mapping the Atlantic coast between Kenitra and Mohamme-
dia exposed the “Sidi Yahya El Gharb” zone as the most contam-
inated area, attributed not only to lithogenic sources but also to
industrial activities and traffic, followed by Mohammedia city.[18]

In Mohammedia, industrial operations and road traffic are the
primary contributors to air pollution, particularly due to older
vehicles that do not comply with contemporary environmental
norms. The industrial vicinity and city center showcased peak
lead and cadmium levels, while the less contaminated sector ex-
hibited higher zinc concentrations.[19] The air quality index (AQI)
indicated an overall improvement in air quality within the lower
urban sector of Mohammedia, with 47% of peak-hour observa-
tions rated as good in 2014 and 70% during the winter of 2016.
Nonetheless, an elevation in NO2 concentration was noted dur-
ing the winters between 2014 and 2016.[20a]

In the Greater Casablanca Region (GCR), specific monitoring
stations occasionally recorded annual NO2 levels that exceeded
the national health protection threshold of approximately 50 μg
m−3 annually, although the overall trajectory remained within
prescribed standards.[15b] However, regarding PM10, the major-
ity of measuring sites consistently exceeded health protection
limits. Additionally, daily profiles of NO2 or CO exhibited cor-
related peaks during morning and evening rush hours, indicat-
ing consistent temporal patterns at all locations. Transitioning
from outdated public transportation to modern alternatives in the
GCR could potentially reduce road traffic-related air pollution by
nearly 30%, encompassing particulate matter, black smoke, un-
burned hydrocarbons, and ozone precursors under sunlight ex-
posure. Carbon monoxide emissions in the GCR exceeded 28100
tons, with vehicular traffic accounting for 82%, and combustion
in manufacturing and residential/tertiary sectors accounting for
17%.[15b]

Districts and municipalities heavily affected by road traffic,
such as Casa Anfa and Ain Sebâa-Hay Mohammedi, documented
the highest emissions. In Mohammedia, approximately 1750
tons of CO emissions, which comprise 6% of the regional to-
tal, were attributed to the municipality, with 68% originating
from coal and heavy fuel oil combustion and 32% from fuel
consumption.[21]

An investigation into the impact of air pollution on his-
toric limestone structures focused on the Al-Quds Mosque
in Casablanca and the Burg Al-Klab Tower in Sale, utilizing
ATR-Mid-FTIR measurements to monitor chemical reactions.
This examination unveiled the presence of perilous polycyclic
aromatic hydrocarbons, gypsum calcite degradation products
resulting from SO2 exposure, and oxalates derived from age-
old biological changes within the black crusts on the exterior
facades.[22]

Furthermore, correlations have been observed between tem-
peratures, ozone extremes, and ozone-related events during heat
waves in Casablanca and Marrakech. These extreme events in
these cities are influenced by their geographic settings.[23a] Addi-
tionally, particle pollution in these cities is influenced by a conti-
nental flow associated with low pressure, further influenced by a
high-pressure area in the north. In winter, statistically significant
correlations were found between the Saharan Oscillation index,
mean PM10 levels, and the MO and NAO indices.[23b]

The concentration levels of PM and metals within Kenitra ex-
ceeded those in other African cities such as Dar es Salaam in Tan-
zania, Accra in Ghana and Meknes in Morocco. These concentra-
tions exceeded the World Health Organization guideline values
(WHO, 2006, WHO’s global air-quality guidelines, Lancet). Mea-
surements taken from February 2007 to February 2008 revealed
heightened PM2.5-10 concentrations during the summer, contrast-
ing with lower levels during the winter. Roughly 40% of PM2.5-10
mass in Kenitra constituted PM2.5, primarily originating from an-
thropogenic and transport-related sources. Elements related to
anthropogenic origins, particularly traffic emissions, posed sub-
stantial risks in both PM2.5-10 (Cd and Mn) and PM2.5 (Pb and
Cd) samples. Additionally, Ca, Na, and K, which are from crustal
sources, posed notable environmental risks. Crustal origin ele-
ments were more prevalent in PM2.5-10 samples, whereas those
presumed to be anthropogenic in origin were more abundant in
the PM2.5 fraction.[24]

In the city of Meknes, situated in the northern-central region of
Morocco and ranking as the sixth-largest city by population in the
kingdom, terrigenous sources and soil resuspension play a sig-
nificant role in particulate pollution, especially during periods of
wind speeds exceeding 3 m s−1. Additionally, the presence of au-
tomobile traffic and natural sources influences the concentration
of pollutants, particularly Ca, SO4

2−, and an excessive amount of
Na. Correlations between Ca, Mg, and K with NO3-, SO4

2−, and
Na were recorded.[25a] The chemical composition of both the fine
and coarse fractions of PM showed seasonal variations. High con-
centrations of Pb and Ni were found to exceed air quality stan-
dards, with Cr and Pb primarily originating from anthropogenic
sources.[25b] The average concentration of C6H6 in Meknes was
1.77 μg m−3, aligning closely with the European Union’s qual-
ity benchmark (2 μg m−3) and well below the Moroccan annual
limit (10 μg m−3).[26a] A survey conducted in Meknes city found
that 62% of respondents attributed environmental deterioration
to air pollution, primarily caused by road traffic. The most pol-
luted neighborhoods in Meknes included Sidi Bouzekri, the new
city, El Bassatine, and Ouislane.[26b]

In Oujda, located in the northeast of Morocco, emissions from
the cement kiln contained trace quantities of diverse metals, in-
cluding mercury (Hg), cadmium (Cd), thallium (Tl), cobalt (Co),
antimony (Sb), arsenic (As), lead (Pb), tin (Sn), selenium (Se),
tellurium (Te), chromium (Cr), copper (Cu), manganese (Mn),
nickel (Ni), vanadium (V), and zinc (Zn). However, mean metal
concentrations generally remained under the regulatory limit of
0.5 mg Nm3. Slightly elevated levels of Zn, Mn, and Se were noted
due to coal mine waste and tire utilization but still within the al-
lowed limits. Gaseous emissions consistently adhered to national
regulations.[27]

Four main clusters of air masses affect the city of Tetouan,
each presenting distinct characteristics in terms of origin and
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composition. The most frequent cluster consisted of polluted air
masses originating from the Mediterranean basin, with contri-
butions from urban and maritime vessel emissions from Spain
and North Africa.[28a]

A low-cost electrochemical sensor, utilizing a glassy carbon
electrode modified ex situ with a thin mercury film (GCE/TMF),
has been developed to monitor heavy metal pollutants in re-
gions where existing air quality monitoring networks can be lim-
ited or non-existent. This sensor was then applied to monitor
Cd2+ and Pb2+ in total atmospheric fallout (TAF) and particu-
late matter (PM10) samples collected in Mohammedia city, reveal-
ing some exceedances of limit standards for cadmium and lead
elements.[29]

Marrakech, from 2009 to 2012, saw low levels of SO2 due to
limited industrial activity and the use of cleaner fuels, yet PM10
concentrations surpassed permitted limits at all monitoring sites,
underscoring the influence of road traffic, industry, and natural
sources on pollution levels.[15c]

Agadir, a city in the midst of expansion and the establishment
of new industrial sites, is confronted with the task of bolstering its
monitoring infrastructure.[30] Monitoring of PM10 levels at mul-
tiple sites across Agadir, classified by traffic or industrial sources,
uncovered instances where Moroccan PM10 standards were sur-
passed at an industrial site on day 110. The study underscored
the significant influence of weather conditions on pollution dis-
persion, potentially carrying PM10 from the southeast to north-
ern Morocco.[31] The NO2/NO ratio was employed to assess the
urban atmosphere’s photo stationary balance, applicable to both
field measurements and modeling.[32]

Table A1 encapsulates and elaborates on the various studies
included in this review concerning the status and analysis of air
quality.

3.1.2. Overview of Air Pollutants Concentrations in Morocco

This section provides an overview of studies conducted to as-
sess atmospheric pollutant concentrations in various regions of
Morocco, including urban, rural, and coastal areas. The primary
objective is to investigate the variations in air pollutant concen-
trations across Moroccan cities, shedding light on disparities in
air quality and identifying regions requiring immediate pollution
control measures. This investigation leverages data from multi-
ple monitoring sites and timeframes, offering valuable insights
into specific pollutants and locations with elevated pollution lev-
els.

Table 1 offers a comprehensive breakdown of air pollutant
concentrations in different Moroccan cities and region, detail-
ing precise locations, site types, altitudes, and measurements
in micrograms per cubic meter (μg m−3). The table covers vari-
ous pollutants, including nitrogen dioxide (NO2), carbon monox-
ide (CO), PM with diameters of 10 and 2.5 micrometers or less
(PM10/PM2.5), sulfur dioxide (SO2), ozone (O3), and black carbon
(BC). Additionally, it outlines the sampling periods and observa-
tion methods, encompassing both ground-based monitoring and
satellite data.

These studies collectively reveal spatial and seasonal variations
in pollutant concentrations in Morocco, with urban areas typi-
cally experiencing higher pollution levels, particularly during the

winter months. The research findings disclose notable dispari-
ties in air pollutant concentrations among the cities studied. The
data also indicate that certain cities, including Casablanca, Keni-
tra, and Essaouira, consistently experience high levels of air pollu-
tion in multiple pollutants, reflecting significant emissions from
various sectors, such as transportation and industry.

Casablanca exhibits elevated levels of NO2, PM10 and SO2
(specifically in Casablanca ain Sebâa and Al Fida).[33] Average
daily concentrations of SO2, NO2, O3, and PM10 in Casablanca
were measured at 209.4, 61, 113.2, and 75.1 μg m−3, respectively.
Similarly, Kenitra records a substantial concentration of black
carbon,[34a] while Essaouira demonstrates the highest concentra-
tion of PM2.5 among the cities studied.[16]

By examining the altitude in relation to pollutant concen-
trations, we can observe any potential relationships. Generally,
higher altitude locations may experience lower pollutant concen-
trations due to factors like dispersion and atmospheric condi-
tions. Comparing sites at different altitudes, such as urban ar-
eas (lower altitudes) and high-altitude regions (e.g., Atlas Moun-
tains), can help analyze the influence of altitude on pollutant
levels.[35]

Regarding the comparison of pollutant concentrations with
national standards, it is worth noting that only one instance of
exceeding the information threshold for PM10 was observed in
Casablanca Ain Sebâa in 2011, and this threshold did not reach
the alert level.[36] The study also highlights the contribution of
black carbon (BC) to air pollution. BC concentrations tend to be
higher in urban areas, such as Kenitra and Tetouan, indicating
the impact of vehicular emissions on local air quality.[28b,37]

This research presents a comprehensive analysis of air pol-
lutant concentrations in various Moroccan cities resulting from
scientific studies and international sources such as the State of
Global Air.[38] The findings underscore the significance of ad-
dressing air pollution in urban areas, particularly in cities such
as Casablanca, Kenitra, and Marrakech, where elevated levels of
multiple pollutants were observed. Additionally, the study high-
lights the influence of geographical factors, such as altitude, on
air pollution levels. The insights gleaned from this research can
assist policy makers and environmental authorities in imple-
menting targeted pollution control measures and promoting sus-
tainable urban development to enhance air quality and safeguard
public health. Future studies should focus on long-term monitor-
ing to evaluate the effectiveness of pollution reduction strategies
over time.

3.2. Impact of Air Pollution on Health and Economy

3.2.1. Impact of Air Pollution on Health

Limited research exists on the relationship between air pollution
from traffic and chronic respiratory diseases in Africa. Neverthe-
less, recent studies have illuminated the concerning impacts of
air pollution on public health in the region.

In Africa, a study revealed a significant surge in annual deaths
attributed to ambient particulate air pollution on the continent,
with a 36% increase in premature deaths recorded in Morocco
alone in 2013. Additionally, deaths from domestic air pollution
continued to escalate, indicating an 18% increase in premature
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deaths in Morocco during the same year (Rana Roy, The cost of
air pollution in Africa, 2016).

Two studies conducted in Morocco shed light on the impact
of exposure to fine particulate matter PM2.5 on public health.
The first study revealed that in 2014, approximately 5450 prema-
ture deaths occurred among adults due to ischemic heart disease,
stroke, lung cancer, chronic obstructive pulmonary disease, and
among children due to acute lower respiratory tract infections.
Vulnerable groups identified were adults over 55 years old, partic-
ularly susceptible to ischemic heart disease, and children under
5 years old, prone to acute lower respiratory tract infections.[39]

The second study emphasized reducing PM2.5 concentrations
by an average of −4.7 μg m−3 in Morocco, which resulted in the
prevention of 187 deaths from ischemic heart disease and 89
deaths from lung cancer.[8d]

A study conducted in the city of Meknes revealed high at-
mospheric concentrations of NO2 in the city center, decreasing
toward its outskirts, indicating a correlation between road
traffic and air pollution levels. Epidemiological analysis from
2010 to 2014 showed a higher prevalence of acute respiratory
illnesses among women aged 15 to 49 and asthma attacks
among women aged 50 and above, particularly in winter and
autumn. Pneumonia was more common in children younger
than 11 months.[26b]Additionally, another study on odor emis-
sions highlighted 24 identified volatile organic compounds
(VOCs) and the suitability of gas chromatography methods for
assessing odor emissions based on environmental measure-
ments. The study results indicated satisfactory discrimination
between odor air samples, highlighting the potential of elec-
tronic nose technology to assess odor air quality and provide
valuable information on odor emissions based on environmental
measures.[40]

In 2014, out of the 4652 admissions to the Al Idrissi regional
hospital in Kenitra, 1557 were attributed to air pollution, with
children under 5 years old being the most affected. There was a
high incidence of cardiovascular diseases during the hot months,
and the incidence of these diseases increased with age.[20c]

In Agadir, three studies shed light on various aspects of air pol-
lution and its impacts. Firstly, research indicates that collected
dust exhibited varying ecotoxicity levels, which are closely linked
to road traffic intensity and the potential for contaminants to
mix with airborne dust particles from surrounding area.[41] Ad-
ditionally, another study found that lowering ozone concentra-
tions to less than 100 μg m−3 in Agadir could potentially pre-
vent an estimated 13 deaths annually, emphasizing the neces-
sity of implementing effective air quality management strategies
in Morocco.[9b] Moreover, a study aimed to assess the long- and
short-term impacts of PM2.5 on the population of Agadir, reveal-
ing significant associations with respiratory mortality and mor-
bidity, with attributable proportions of 14.19% for long-term total
mortality and 1.27% for short-term total mortality, underscoring
the importance of informing decision-making and promoting lo-
cal policies on ambient air quality.[9c]

Ambient air pollution, specifically NO2, SO2, O3, and PM10,
significantly impacts morbidity and emergency department visits
among both children and adults in the Great Casablanca region
of Morocco. Conducted from 2011 to 2013, the study revealed that
daily average concentrations of these pollutants exceeded recom-
mended levels. In children under 5 years old, the risk of asthma

increased by up to 12% for every 10 μg m−3 increase in NO2,
PM10, SO2, and O3. For children over 5 years old and adults, a
10 μg m−3 increase in air pollutants was associated with up to a
3% and 4% increase in respiratory consultations and acute respi-
ratory infections, respectively. Additionally, the study established
an impact on emergency department visits due to respiratory and
cardiac illnesses. Overall, the results suggest a significant and
concerning impact of outdoor air pollution on morbidity in the
region.[41]

3.2.2. Impact of Air Pollution on Economy

In Africa, the economic burden of premature deaths due to air
pollution is staggering, estimated at around $215 billion for am-
bient PM and $232 billion for household air pollution (Rana Roy,
The cost of air pollution in Africa, 2016). Similarly, in Morocco,
environmental degradation has imposed significant costs on
society, amounting to approximately US$3.9 billion, equivalent
to 3.5 percent of the country’s GDP in 2014. The mortality
and morbidity resulting from exposure to fine particles have
contributed to an overall cost of air pollution reaching approx-
imately $1.15 billion, or 1.5 billion euros, equivalent to 1.05%
of GDP. These findings underscore the substantial economic
impact of air pollution on both regional and national levels,
highlighting the urgent need for effective measures to mitigate
its adverse effects on public health and the environment.[39]

Ambient air pollution contributes to 75% of this cost, with
particularly high levels observed in Casablanca, Marrakech, and
Tangiers, where large populations are exposed to elevated PM2.5
concentrations.16

In Morocco, the overall external costs associated with health
damages caused by air pollution resulting from energy produc-
tion in 2015 were estimated to range from 8.4 to 18 billion euros,
equivalent to 18% of the country’s GDP.[42] Additionally, a reduc-
tion in PM2.5 concentrations by an average of −4.7 μg m−3 could
lead to savings estimated at 226 million dollars (USD 153 mil-
lion for ischemic heart disease and 73 million for lung cancer).[8d]

Moreover, a study conducted in Fez demonstrated that the costs
incurred from air quality degradation and noise pollution far out-
weigh the expenses involved in reducing harmful air emissions
and mitigating noise pollution.[43]

Table A2 encompasses and details the various studies included
in this review regarding the health and economic impact of air
pollution.Haut du formulaire

3.3. Air Quality Modeling and Forecasting

There is an increasing demand for air quality modeling and fore-
casting in Morocco, as air pollution is a multifaceted issue in-
fluenced by various factors such as weather conditions, traffic,
and industrial emissions. Air quality models play a crucial role
in predicting pollution levels and identifying vulnerable areas.
Notably, nonlinear models demonstrate superior performance,
outperforming linear models by over 50% in accurately predict-
ing hourly ozone levels in Marrakech. Ensemble models also ex-
hibit higher forecast accuracy compared to individual models.[44]

Also, in Marrakech, the development of an air quality recom-
mendation and traffic regulation system has proven to be feasible
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and efficient, utilizing data processing and algorithms on a large
scale. Additionally, a model based on a hidden layer and four
neurons within artificial neural networks (ANN) showed the best
performance.[45]

In the Greater Casablanca region, parametric models like
SPLS and Lasso are identified as superior for ozone forecasting,
with a simplified linear regression model showing high predic-
tive accuracy.[46]

In Agadir, simulations using the CHIMERE model, an open-
source multi-scale chemistry-transport model, underscore the
importance of controlling anthropogenic emissions to reduce
PM10 levels by up to 15%. Discrepancies between meteorological
observations and models, as well as the impact of emissions, con-
tribute to the underestimation of PM10 concentrations.[46a] Evalu-
ation of air quality modeling based on CHIMERE/WRF in Agadir
reveals an overestimation of wind speed and concentrations of
O3 and CO, along with an underestimation of temperature, NO2,
SO2, and PM10 concentrations.[47b]

Table A3 encompasses and develops the various studies in-
cluded in this review regarding air quality modeling and fore-
casting.

3.4. Interaction between Covid-19 and Air Pollution

The Covid-19 pandemic presented an unprecedented opportu-
nity to examine the status of reducing anthropogenic emissions
and their effects on the atmosphere. With global containment
measures in place and a sudden decrease in human activity,
this scenario offered insights into air pollution abatement poli-
cies and sparked various political, policy, and environmental
considerations.[48]

The Covid-19 pandemic has had a significant impact on air
pollution in Morocco. The lockdown measures that were imple-
mented to control the spread of the virus led to a decrease in traf-
fic and industrial activity, which resulted in a decrease in air pol-
lution levels.

During the Covid-19 lockdown, Morocco witnessed improved
air quality.[8c] There was a notable reduction in surface PM2.5 and
tropospheric NO2 levels, with average decreases of approximately
10% and 4%, respectively. However, the total ozone column ex-
hibited a slight increase of around 1% on average.[8e] In north-
ern Morocco, during the COVID-19 lockdown period, secondary
pollutants such as PM2.5, PM10, and ozone are more influenced
by meteorological factors. Additionally, other pollutants like NO2
and SO2 are also affected. Furthermore, the significant contribu-
tion of atmospheric oxidation capacity to air pollution changes
during confinement is evident, particularly in response to in-
creasing levels of atmospheric oxidants.[49]

In the Casablanca region of Morocco, between March and De-
cember 2020, using general additive models, the analysis re-
vealed positive associations between COVID-19 cases and high
wind speeds and humidity levels, while temperatures above 25 °C
showed a negative correlation. Additionally, air pollutants such
as PM10 and O3 were found to increase the number of daily
confirmed cases, while precipitation showed a borderline effect.
These results highlight the importance of considering weather
and air quality factors to understand and manage COVID-19
transmission effectively.[50]

Notably, the containment period led to a significant decrease
in tropospheric NO2 levels in Casablanca compared to the av-
erage NO2 levels observed from 2015 to 2019. The reduction in
Casablanca was more pronounced than in Rabat. Vehicle trans-
port was identified as the primary source contributing to tropo-
spheric NO2 in Casablanca.[23c]

In Casablanca and Marrakech, NO2 levels decreased by 12 and
7 μg m−3, respectively, during the lockdown period. Similarly,
PM2.5 concentrations decreased by 18 μg m−3 in Casablanca and
14 μg m−3 in Marrakech. CO levels also experienced a decline
of 0.04 mg m−3 in Casablanca and 0.12 mg m−3 in Marrakech.
This reduction in air pollution resulted in decreased mortality
and saved lives, particularly in cardiovascular disease.[23c]

In Sale, concentrations of PM10, NO2, and SO2 were reduced
by more than half during the Covid-19 containment period.
The difference between pre-containment and containment pe-
riod concentrations was 75% for PM10, 49% for SO2, and 96%
for NO2. Despite local PM10 emission reductions associated with
the closure, the benefits were outweighed by contributions from
long-range transported aerosols.[39]

In Rabat, drastic reductions in NO (up to 94%), NO2 (up to
51%), PM2.5 (up to 45%), and PM10 (up to 53%) concentrations
were observed during the lockdown period compared to the pre-
lockdown period. These reductions were primarily attributed to
the containment measures implemented to control the spread
of Covid-19, resulting in a significant decrease in traffic and in-
dustrial activities. Additionally, there was an approximately 20%
increase in average ozone concentrations, likely due to reduced
nitrogen oxides and fine particulate matter (PM2.5), leading to de-
creased HO2 scavenging and subsequent increased O3 levels.[52]

Table A4 encompasses and develops the various studies in-
cluded in this review regarding the interaction between Covid-19
and air pollution.

3.5. Morocco’s Commitment to Air Quality: Progress and
Prospects

Efforts to improve air quality in Morocco have been ongoing since
1997, marked by the implementation of robust legal and insti-
tutional frameworks. The enactment of Law 13-03, coupled with
the issuance of decrees, orders, strategies, and programs address-
ing air pollution, underscores the nation’s steadfast commitment
to this critical issue. Moreover, Morocco has diligently produced
comprehensive reports on environmental conditions and con-
ducted numerous cadasters of atmospheric emissions.

Presently, Morocco boasts a national air quality monitoring
network comprising 5 mobile and over 29 fixed measurement
stations, with plans to expand to 101 stations as mandated by the
National Air Program (PNAir). Spearheaded by the Department
of the Environment, the PNAir for the 2018–2030 period collab-
orates with various stakeholders to reinforce existing measures
aimed at preventing and mitigating atmospheric emissions from
both stationary and mobile sources.

The PNAir comprises four key components:

1) Strengthening and expanding the national air quality moni-
toring network.

2) Reducing atmospheric emissions from transportation and in-
dustry.
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3) Enhancing the regulatory framework for air pollution from
transportation and industry.

4) Promoting communication and awareness regarding air pol-
lution.

Additionally, Morocco has embarked on ambitious projects fo-
cused on decarbonization and reducing greenhouse gas emis-
sions, alongside initiatives to promote renewable energy adop-
tion and transition towards a green economy. Efforts are also
directed at raising awareness among citizens about air qual-
ity issues and advocating for sustainable practices through cit-
izen engagement, education, and advocacy projects, fostering
a broader understanding of the importance of mitigating air
pollution and embracing a cleaner, more sustainable future
(Ministry of Energy Transition and Sustainable Development,
https://www.environnement.gov.ma/fr/air, 2018).

4. Conclusion and Future Directions

This study conducted a systematic review of 64 studies on air
pollution in Morocco, revealing significant variations in air
quality across different regions, primarily influenced by road
traffic and industrial activities. It was evident that residents in
areas with heavy road traffic are more susceptible to air pollution
compared to those residing near industrial zones. The eco-
nomic and health implications of air pollution are substantial,
leading to increased mortality, respiratory illnesses, asthma
attacks, as well as diseases such as ischemic heart disease and
strokes.

The analysis also unveiled noteworthy differences in pollutant
levels among cities, with Casablanca, Kenitra, and Essaouira con-
sistently experiencing higher pollution levels due to transporta-
tion and industrial emissions. Moreover, altitude was found to
have a notable effect, with higher-altitude areas generally exhibit-
ing lower pollutant concentrations.

Throughout the study period in Morocco, the CHIMERE and
WRF models emerged as the most frequently used tools for air
quality simulation and modeling. Furthermore, the impact of
Covid-19 containment measures on air pollution was examined,
revealing a significant improvement in air quality during this
period.

This review provides a timely overview of the existing evidence
on air pollution in Morocco and underscores potential future re-
search directions. The findings underscore a significant gap in
scientific studies focusing on air quality modeling, forecasting,
and health and economic impacts. Each city within the study
area should prioritize research based on its specific challenges
in these domains.

It is strongly recommended that future studies incorporate
new tools dedicated to air pollution assessment, as well as air
quality simulation and forecasting models. Additionally, there is
a pressing need for more epidemiological studies to further elu-
cidate the health effects of air pollution. Complementary data
sources, such as reanalysis data, are also suggested to address
data scarcity issues.

The findings underscore the severity of air pollution in Mo-
rocco, prompting the government to take decisive action to miti-
gate this issue. Measures such as improving public transporta-
tion, promoting the use of renewable energy, and enforcing
stricter emission standards are crucial steps forward.

By consolidating existing knowledge and identifying knowl-
edge gaps, this study contributes to advancing understanding
and informs future research efforts in the field of air pollution
in Morocco.

Future research endeavors should prioritize the following
areas:

• Air quality modeling and forecasting,
• Health effects of air pollution,
• Economic impact of air pollution,
• Policy options for reducing air pollution.
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