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Abstract: Aerosols, both natural and anthropogenic, are an important but complex component of
the Earth’s climate system. Their net impact on climate is about equal in magnitude to that of
greenhouse gases but can vary significantly by region and type. Understanding and quantifying
these aerosol effects is critical for accurate climate modeling and for developing strategies to mitigate
climate change. In this paper, we utilize AERONET (Aerosol Robotic NETwork) data from 10 stations
situated in the dust belt region to characterize aerosol properties essential for climate change assess-
ment. Aerosol optical depth (AOD) data at 500 nm and Ångström exponent (α) data at the pair of
wavelengths of 440 and 870 nm (α440-870) in the study region are analyzed to discriminate among
different types of aerosols. The annual and monthly variabilities in AODs are analyzed to see the
aerosols trend in the study region. In addition, the AOD and α440-870 data are utilized in order to
determine different aerosol types during the period of study. Furthermore, the correlation coefficient
between AODs and various meteorological parameters (temperature, wind speed, wind direction,
relative humidity, and visibility) is analyzed. The results of the study indicate that Tamanrasset
(2.49%), KAUST (1.29%), Solar Village (1.67%), and Dalanzadgad (0.64%) indicate an increasing
trend, while Cairo (−0.38%), Masdar (−2.31%), Dushanbe (−1.18%), and Lahore (−0.10%) indicate a
decreasing trend in AODs during the study period. Similarly, the results of characterizing aerosol
types show that the highest percentage of desert dust aerosols (68%), mixed aerosols (86%), and
biomass burning aerosols (15%) are found over Tamanrasset, Lahore, and Dalanzadgad AERONET
stations. The study revealed a strong correlation between AODs and visibility, a moderate correlation
with temperature, and a low correlation with other meteorological parameters (wind speed, wind
direction, and relative humidity) in the study region. The results of the study are very encouraging
and enhance our confidence in using historical AERONET data to improve our understanding of
atmospheric aerosols’ characteristics.
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1. Introduction

Aerosols are tiny particles or droplets suspended in the air. These particles can be
solid or liquid and are often so small that they remain airborne for an extended period due
to their low settling velocity. Aerosols can be naturally occurring, like dust, sea spray, and
volcanic ash, or they can be generated by human activities, such as industrial processes,
vehicle emissions, and the burning of fossil fuels. The composition and behavior of aerosol
particles in various size modes (coarse particles (2.5–100 µm in diameter), accumulation
(0.1–2.5 µm), Aitken (0.01–0.1 µm), and nucleation modes (less than 10 nm)) [1] have far-
reaching implications for climate, visibility, cloud formation, and atmospheric chemistry.
Understanding these modes and their characteristics is crucial for comprehending the
broader impacts of aerosols on the Earth’s climate and environment. Aerosols’ optical
properties play an important role in the radiation balance on a global scale. However,
our knowledge regarding their effects in the assessments and prediction of global climate
change is considerably limited to date [2,3]. In order to precisely measure this aspect of
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climate forcing (for example, surface irradiance), there is an essential need for a thorough
and long-term measurement/classification of the optical properties of aerosols that differ
both in space and time [4–6].

The primary origins of natural aerosols are the dust belt [7], an extensive region
extending from the western coast of North Africa, traversing through the Middle East [8,9],
Central and South Asia [10,11], and reaching all the way to China [12,13]. The Sahara,
the world’s largest dust source, comprises several major dust origins in North Africa,
including Tunisia and Northeast Algeria, the coastal region in Western Sahara and Western
Mauritania, the Western Flanks of the Ahaggar Mountains, the Libyan Desert, the Bodele
Depression, and the Nubian Desert covering parts of Egypt and Sudan [7,14,15]. The
Middle Eastern deserts, notably those in Saudi Arabia (Rub’ al Khali being the largest),
Iraq, and Syria, constitute the second most significant dust source across the dust belt [16].
Similarly, in Asia, the primary natural dust contributors are deserts, like Kharan Desert,
Thar Desert, Taklamakan Desert, and Gobi Desert [17–19]. Many of these dust sources
are situated within topographic depressions characterized by extensive alluvial deposits,
playas, and sand dunes [20].

The dust belt regions of North Africa, the Middle East, and Asia undergo remarkable
seasonal shifts in dust activity, with each region experiencing its peak in different seasons.
For example, the pattern in North Africa reflects the region’s complex climatic dynamics as
the dust activity peaks in the winter months in low latitudes and shifts gradually to higher
latitudes as the year progresses, while the dust activity reaches its highest point in the
Middle East during spring and summer, marked by increased dust emissions and transport,
and the lowest in the winter, creating a clear seasonal contrast [7,13]. In Asia, dust levels
surge dramatically in spring, but they decrease as the monsoon season arrives during
summer, offering relief from dusty conditions [13]. These seasonal patterns highlight
the dynamic nature of dust activity in these regions. When examining global trends
in near-surface dust concentrations, excluding North America and Europe, there is an
observed decrease of 1.2% per year from 1984 to 2012 [21]. The trend in North African dust
concentration aligns closely with the global trend, while that in Northeast Asia exhibits a
significant negative trend. In contrast, the Middle East and Southwest Asia show slightly
positive dust concentration trends, with a notable decrease in dust concentration during
the 1990s [21].

Satellite observations allow the widespread spatial coverage of an area but generally
with a low temporal resolution due to orbital constrains [22–24]. In addition, the variables
retrieved through satellite data are limited by errors due to a number of reasons, including
underneath surface properties, aerosol detection model, and clouds that are associated
with retrieved parameters [25]. In spite of the errors, satellite data undoubtedly have
contributed enormously in order to understand the temporal and geographical variations
in aerosol properties, particularly on a large scale. In contrast, ground-based measurements
of atmospheric aerosols can be very valuable for the absolute and precise classification
of aerosol optical properties. However, these observations are often limited in terms of
spatial resolution. For example, global ground-based networks of sun-photometer, such as
AERONET (AErosol RObotic NETwork), aim to provide a constant record of aerosol data,
which are very important in order to establish the local, regional, and global climatology of
aerosols’ properties [24,26,27]. Communally, ground-based measurements of atmospheric
aerosols also offer decisive data for the verification of satellite retrievals as well as model
validations. Therefore, the measurement of the optical properties of the aerosols over any
area is an important subject, particularly over the dust belt region.

Various researchers in different studies have considered aerosols’ optical properties us-
ing ground-based AERONET data [24,27–31]. Kaskaoutis et al. (2012) [32] used AERONET
data from the year 2001 to 2010 over northern India (Kanpur) in order to analyze the trend
of and the variability in aerosols. They found that anthropogenic emissions increased over
northern India during the study period. Similarly, using data from 14 sites of AERONET
from North Africa and Arabian Peninsula [33] identified the dust optical properties over
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study regions. They found that the effect of dust over the Arabian Peninsula is higher
than that over northern Africa. In another study [34] used AERONET sites all over the
world in order to estimate the concentration of black carbon as well as organic carbon (light-
absorbing) in the atmosphere. They deduced that, during biomass-burning seasons, the
columnar absorbing organic carbon level is higher over South America, China, and India
compared to the US and Europe. Recently [24] validated a MODIS (moderate resolution
imaging spectroradiometer) deep blue AOD (aerosol optical depth) product over Saudi
Arabia with the help of AERONET station data and concluded that the concentration of
AODs is very high over the eastern and northern regions of the country and, particularly,
during the spring season between 2000 and 2013. They also suggested the deployment
of more AERONET stations in the country in order to understand aerosols’ variability
with high precision. Similarly [27] applied the normalized difference dust index (NDDI)
on MODIS data for sand storm monitoring (2002–2011) and validated their results using
AERONET data. They emphasized the importance of AERONET data in dust-related
research, particularly over Saudi Arabia.

This study attempts to enumerate the climatology and trends of and variability in
the concentration of aerosols in the atmosphere at monthly and annual time scales using
AERONET quality-assured (level 2) AOD data from 10 stations located in the dust belt
region. The work presented in this study addresses the atmospheric aerosol concentra-
tion by analyzing the Ångström exponent and AODs for the study period. For this, the
analysis of monthly and annual variations in aerosols (Ångström exponent and AODs)
is performed. In the estimation of the Ångström exponent (linear fit of log λ versus log
AODs), higher values indicate the presence of fine mode aerosols, especially due to an-
thropogenic pollution, whilst low values correspond to the existence of coarse aerosols,
especially due to sand and dust (natural pollution) activities. The unique aspect of this
study lies in its effective utilization of AODs and Ångström exponent (α440-870) data to
discern and classify various aerosol types present during the study period. These datasets
play a pivotal role in characterizing the composition and properties of aerosols within the
atmosphere. By closely examining AODs and Ångström exponent values, distinct patterns
and clusters emerge, facilitating the categorization of aerosols into different types. This
analytical approach provides valuable insights into the origin, behavior, and characteristics
of the aerosols observed in the study regions, enhancing our comprehension of atmospheric
aerosol dynamics. Finally, the trends of AODs, temperature, wind speed, wind direction,
relative humidity, and visibility are also assessed, and a correlation is determined between
the aerosols and these meteorological parameters.

2. Study Area

The composition of aerosols in the atmosphere is extraordinarily complex due to a
number of reasons, including sand and dust storm events and contribution from anthro-
pogenic emissions in a region. In addition, the geographical location and physiography
of the region also play a major role in the contribution of the atmospheric aerosols. Thus,
the nature of aerosols in the atmosphere can be complex due to variabilities in the size,
shape, and type of the atmospheric particles. This led us to choose data from 10 AERONET
stations situated within the dust belt region, including 3 stations in North Africa and Asia
and 4 stations in the Middle East, as shown in Figure 1. These stations typify the key
aerosol characteristics found in different environments, including urban, desert, coastal,
and biomass-burning regions. For example, among the three stations in Asia, the AERONET
station in Dalanzadgad is located in the southern part of Mongolia and is surrounded by the
arid landscapes of the Gobi Desert. The famous Khongor Sand Dunes, one of the iconic fea-
tures of the Gobi Desert, are located relatively close to Dalanzadgad. The city experiences a
cold desert climate, characterized by extreme temperature variations between summer and
winter. The city has seen infrastructure development in recent years that includes improved
transportation connections, accommodations, and amenities for people. This makes the city
an interesting region in terms of both natural and anthropogenic aerosols in the atmosphere.
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On the other hand, the remaining two stations in Asia, Lahore and Dushanbe, are among
the largest metropolitan cities in Pakistan and Tajikistan, respectively. Lahore, which is one
of the largest cities in Pakistan in terms of population, also experiences issues related to
biomass burning, particularly during the months of October and November. In recent years,
Lahore has experienced significant pollution, which, at times, originates from neighboring
China and India and lingers over the city during the winter months. Dushanbe, the capital
city of Tajikistan, is located in a valley along the Varzob River, enveloped by mountains. The
city experiences a continental climate, marked by hot summers and cold winters, with the
majority of its rainfall occurring in the spring and early summer, with July being the wettest
month. Both the aforementioned urban areas are expected to have a higher concentration
of anthropogenic aerosols, primarily from human activities as opposed to natural sources.
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Similarly, among the four stations in the Middle East, the AERONET stations at
Kuwait University and Masdar Institute are in coastal and metropolitan regions, while the
AERONET station at Solar Village is in a desert region, and the station at KAUST is in a
coastal region. Kuwait City is located in the northeastern part of the Arabian Peninsula
along the Arabian Gulf. The city experiences desert climate surrounded by arid desert and
is located on a relatively flat terrain with minimal variation in elevation. Masdar Institute
is located in the arid desert environment of the UAE. The region experiences a hot desert
climate characterized by extremely high temperatures during the summer months and
relatively mild winters. KAUST is situated on the coast of the Red Sea in Saudi Arabia
surrounded by the arid landscapes of the Arabian Desert (sand dunes, rocky terrain, and
minimal vegetation typical of desert regions). It experiences a desert climate with hot,
arid summers and mild, relatively cooler winters. Solar Village is located in the heart of
the Arabian Desert, which is characterized by vast stretches of arid, sandy terrain, rocky
plateaus, and occasional desert vegetation adapted to arid conditions and experiences a
hot desert climate.

Finally, among the three stations in North Africa, the AERONET station in Cairo is in a
metropolitan city. Cairo, the capital and largest city of Egypt, is located in the northeastern
corner of the African continent along the banks of the Nile River and experiences a hot



Atmosphere 2023, 14, 1610 5 of 23

desert climate. The AERONET station in Medenine is located in southeastern Tunisia and
is influenced by its proximity to the Mediterranean Sea and its location on the northern
edge of the Sahara Desert, resulting in some variability in weather conditions throughout
the year. The region can experience occasional strong winds, including hot and dry Sirocco
winds, which originate from the Sahara Desert and can lead to dust and sand in the air.
The AERONET station at Tamanrasset is in a desert region located in the southern part of
Algeria, in the central Sahara Desert. It experiences a hot desert climate, characterized by
extremely hot summers and relatively mild winters. The landscape around Tamanrasset is
typical of the Sahara Desert, characterized by vast expanses of sand dunes, rocky plateaus,
and desert vegetation adapted to arid conditions.

3. Data and Methodology

The spectral behavior of AODs is influenced by both natural and anthropogenic
processes, making it a valuable parameter in the study of atmospheric aerosols. The
ground-based Cimel sky radiometer has been operational in different parts of the world in
collaboration with the NASA (National Aeronautics and Space Administration) AERONET
network to measure atmospheric AODs. A detailed description of the Cimel Sun pho-
tometer, which is the integral instrument of the AERONET network, can be found in [26].
The instrument is a spectral radiometer measuring AODs at eight spectral bands (340 nm,
380 nm, 440 nm, 500 nm, 675 nm, 870 nm, 940 nm, and 1020 nm) with a 15 min temporal
resolution working robotically to point towards sun and sky powered by solar energy and
is weather-shielded [35]. Similarly, the Ångström parameter (α) can be computed based
on measurements taken at different pairs of wavelengths (for example, α340-440, α380-500,
α440-675, α440-870, and α500-870). All the measurements were performed using the instrument,
whilst the data processing was performed within the AERONET standard procedures. An
algorithm was used to obtain the AOD values (with an absolute error between 0.01 and 0.02)
from the acquired data from the observations obtained from the Cimel sun photometer
directly pointed towards the Sun. An additional AERONET standard cloud-screening
algorithm was used in the case of cloud cover during the measurement hours [28].

Three different levels of AERONET data, that is, level 1, level 1.5, and level 2, are
available and can be retrieved free of cost. Level 1 is unscreened data, level 1.5 is cloud-
screened, and level 2 is quality-assured data. One of the most commonly used wavelengths
for monitoring atmospheric aerosols is 500 nm. The values of AODs at 500 nm are in-
dicative of turbid conditions and the aerosol type [36]. AERONET has a long history of
measurements at 500 nm, making it a common reference wavelength for aerosol monitoring.
This consistency enables researchers to compare and analyze data collected over many
years. Thus, in the current study, we utilized AOD data to explore the annual and monthly
variations in aerosol properties and potentially develop regional climatology for the ten
chosen locations. We also attempted to characterize the aerosol types by using AODs and
Ångström exponent (α440-870 data). Typically, the literature reports a wide range of patterns
in AOD and Ångström exponent scatter plots (for example [37,38], making interpretation
quite challenging. However, the comprehensive spectral data provided by the Ångström
exponent can assist in identifying and distinguishing between various aerosol types in a
specific geographic region. Hence, scatter plots between AODs and the exponent generated
for 10 locations were used to identify distinct aerosol types for a particular location by
identifying the physically interpretable cluster regions on the graph. Thus, in the cur-
rent research, level 2 AERONET AOD data at a 500 nm wavelength and the Ångström
exponent (α440-870) were retrieved from 10 different AERONET stations over the study
region for the available period, as shown in Table 1, from the official website, available at
http://aeronet.gsfc.nasa.gov, accessed on 1 June 2023.

In the current research, the relationship between AODs and the temperature, wind
speed, wind direction, relative humidity, and visibility were also investigated over the study
region. The meteorological data (METAR) of the aforementioned parameters used in the
current study were retrieved from Iowa State University’s Iowa Environmental Mesonet

http://aeronet.gsfc.nasa.gov
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(https://mesonet.agron.iastate.edu, accessed on 5 September 2023). First, the aerosols
and meteorological parameters’ hourly values were averaged and extracted over the ten
AERONET sites. For this, we matched AERONET and meteorological points (10 stations)
in a space and time window. The dates for which the meteorological parameters’ data
co-registered with the AERONET station data were extracted from the entire dataset and
analyzed using a correlation coefficient.

Table 1. AERONET stations’ information.

Station
Name

Geographic
Region Country Longitude Latitude Elevation

(m)
Available

Data

Tamanrasset Northern
Africa Algeria 5.53 22.79 1377.0 2006–2022

Medenine Northern
Africa Tunisia 10.64 33.5 33.5 2014–2015

2018–2020

Cairo Northern
Africa Egypt 31.29 30.08 70.0 2010–2023

KAUST Middle East Saudi
Arabia 39.10 22.30 11.2 2012–2023

Solar Village Middle East Saudi
Arabia 46.39 24.90 764.0 1999–2015

Kuwait
University Middle East Kuwait 47.97 29.32 42.0 2006–2012

2016–2022
Masdar
Institute Middle East UAE 54.61 24.44 4.0 2012–2022

Dushanbe Asia Tajikistan 68.85 38.55 821.0 2010–2023
Lahore Asia Pakistan 74.26 31.48 209.0 2006–2023

Dalanzadgad Asia Mongolia 104.41 43.57 1470.0 1997–2023

4. Results and Discussion

4.1. AODs and Ångström Exponent Variability Climatology

Changes in AODs can have far-reaching consequences for climate, air quality, and
public health. Understanding the magnitude of these changes is crucial for assessing their
potential climate and environmental impacts on local and global scales. Therefore, the
percentage change in AODs for each station was calculated and is presented in Table 2.
This information is valuable for determining whether aerosol concentrations are increas-
ing, decreasing, or remaining relatively stable in specific regions, which is essential for
identifying areas with more significant fluctuations in aerosol levels compared to others.

In the current research, we utilized spectral AOD data to explore the fluctuations in
aerosol characteristics and potentially develop a regional climatology for the ten chosen lo-
cations. Since the spectral shape of the extinction is related to the particle size, the Ångström
exponent is generally used as a measure for the main aerosol size in the atmosphere at
the time of observation [39–41]. Thus, in the current study, the mean annual and monthly
AODs as well as the Ångström exponent (α440-870) for ten AERONET stations in the dust
belt region, that is, North Africa (Tamanrasset, Medenine, and Cairo), Middle East (Sollar
Village, KAUST, Kuwait University, and the Masdar Institute), and Asia (Dushanbe, Lahore,
and Dalanzadgad), as shown in Figure 1, for different time periods, were analyzed and are
discussed in the following sections.

https://mesonet.agron.iastate.edu
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Table 2. Percentage changes in AODs for each station (TA = Tamanrasse; ME = Medenine; CA = Cairo;
KA = KAUST; SV = Solar Village; KU = Kuwait University; MA = Masdar; DU = Dushanbe;
LA = Lahore; and DA = Dalanzadga) during the study period.

Year TA ME CA KA SV KU MA DU LA DA

1998 8.48
1999 8.48
2000 18.62 −1.71
2001 −24.31 −3.45
2002 3.03
2003 17.48
2004 −5.45 −12.15
2005 −5.83 10.70
2006 14.02 −1.10
2007 39.91 1.39 −12.55 −0.82
2008 19.68 14.94 41.23 −0.14
2009 −42.30 −1.17 5.30 −19.21
2010 −1.27 −23.75 2.51 24.74 10.42
2011 77.55 −3.94 35.70 0.17 −5.09 −5.94
2012 −11.71 −3.58 −2.30 −10.95 0.47 3.85
2013 −8.70 3.59 −8.79 −19.00 −24.21 1.16 −4.46 −8.95
2014 8.29 −2.80 −20.00 13.20 8.01 1.02 8.85
2015 11.68 −7.94 2.21 44.00 13.28 −14.53 2.11 −5.48
2016 −0.06 −0.54 −6.91 −10.82 9.08 −2.91 0.05
2017 −10.44 2.11 9.05 5.20 10.95 0.24 −1.51
2018 −7.70 4.41 −4.29 −4.09 −9.35 −17.98 −5.62
2019 5.18 44.93 −4.87 −18.03 −8.44 9.86 31.96 19.63
2020 −0.83 −19.65 6.69 −3.32 7.87 −16.16 −10.49 −9.66
2021 6.81 15.41 −0.50 −12.7712 −1.60 0.40
2022 −46.21 −57.01 −1.09
2023 54.07

4.1.1. North Africa

The average annual AOD and Ångström exponent (α440-870) for the North African
AERONET stations (Tamanrasset, Medenine, and Cairo) are shown in Figure 2a,b, while
the average monthly AODs and Ångström exponent (α440-870) for the same stations are
shown in Figure 3a,b. The average annual AOD (Ångström exponent) value for the
Tamanrasset station is 0.29 (0.28) during the study period (2006–2022). It is evident from
Figure 2a,b (black line) that the highest value of the annual AOD (Ångström exponent)
for the Tamanrasset station is 0.36 (0.46) for the year 2011, while the lowest value of the
annual AOD (Ångström exponent) is 0.18 (0.16) for the year 2022 (2014). In Tamanrasset
city, high turbidity events occur annually from March to August due to the increased
frequency of desert dust outbreaks, also referred to as the Saharan dust season (from March
to June), and their transportation, which are also the main characteristics of the region.
During these months, the Sahara Desert experiences strong winds, known as the Harmattan
winds, which can lift large amounts of mineral dust and sand into the atmosphere [22,42].
This is clearly evident when examining the average monthly AOD (with high-value) and
Ångström exponent (with low-value) data for the Tamanrasset station, as depicted by the
black lines in Figure 3a,b, which is in agreement with previous research [43,44].
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The average annual AOD (Ångström exponent) value for the Medenine station is 0.30
(0.45) over the study period (2014, 2015, and 2018–2020). It is evident from Figure 2a,b (blue
line) that, for the Medenine station, the highest value of annual AOD (Ångström exponent)
is 0.35 (0.56) for the year 2014 (2020), while the lowest value of annual AOD (Ångström
exponent) is 0.23 (0.36) for the year 2018 (2014). The seasonal variations in aerosol con-
centrations in Medenine are influenced by several factors, including weather patterns,
sources of aerosols, and regional climate. For example, spring (March, April, and May)
can have relatively mild and stable weather conditions and aerosol levels may be lower,
while summer (June, July, and August) is typically hot and dry and increased temperatures
and dry conditions can lead to higher aerosol levels. In addition, dust and sand particles
from nearby desert regions, such as the Sahara Desert, can be transported by the wind and
contribute to elevated aerosol concentrations [22,45]. Furthermore, summer experiences
occasional dust storms, which lead to significant spikes in aerosol levels. Similarly, autumn
(September, October, and November) can be a transitional season with changing weather
patterns. Aerosol levels may remain elevated from the summer, particularly if there are
lingering dust particles in the atmosphere. However, winter (December, January, and Febru-
ary) tends to be cooler and can have occasional rainfall that helps to lower the aerosols
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in the atmosphere. From the average monthly AOD analyses for the Medenine station
(Figure 3a), the pattern of high AOD values in April and then from June to September is
evident. This is evident when examining the average monthly AOD (with high-value) data
for the Tamanrasset station, as depicted by the blue lines in Figure 3a, which indicates that
the results align with what previous research has shown [44,46]. However, the pattern of
low Ångström exponent (Figure 3b) is visible only during the months of June and July. This
distinctive pattern may be attributed, in part, to the limited availability of AERONET data
for the Medenine station, spanning only five years. With the small amount of data available
for Medenine city, the monthly Ångström exponent figure may not reflect the exact aerosol
variability.
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Figure 3. The average monthly AOD and Ångström exponent (α440-870) (a,b) for North African
(Tamanrasset, Medenine, and Cairo), (c,d) for Middle Eastern (KASUT, Solar Village, Kuwait
University, and the Masdar Institute), and (e,f) for Asian (Dushanbe, Lahore, and Dalanzadgad)
AERONET stations.

Cairo, the location of the third AERONET station in the study area of North Africa, is
the capital and largest city of Egypt, as well as one of the most populous cities in Africa
and the Arab world. It is situated in the northern part of Egypt, along the banks of the
Nile River. Cairo, as a major city, can experience the presence of aerosols in its atmosphere
due to urban pollution, desert regions, and anthropogenic activities. The average annual
AOD (Ångström exponent) value for the Cairo station is 0.50 (0.49) during the study
period (2010–2019). It is evident from Figure 2a,b (red line) that, for the Cairo station,
the highest value of annual AOD (Ångström exponent) is 0.53 (0.58) for the year 2018
(2011), while the lowest value of annual AOD (Ångström exponent) is 0.48 (0.38) for the
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year 2012 (2013). It is noteworthy that the average AOD value for the Cairo station is
significantly higher compared to those of the other two North African cities included
in the study, and this value exhibits minimal variation over time. One reason for this
is associated with the anthropogenic aerosols that can be present in Cairo’s atmosphere
throughout the year due to ongoing urban and industrial activities. Similarly, seasonal
aerosol variations in Cairo are influenced by various factors, including weather patterns,
local sources of aerosol particles, and regional climate conditions [22,47]. For example,
spring in Cairo is characterized by relatively mild temperatures and lower humidity with
sand and dust storms originating from desert regions (Sahara) that can lead to increased
levels of coarse aerosol particles. Summer is the hottest and driest period, which can
lead to the formation of secondary aerosols, including fine particulate matter through
photochemical reactions and the transformation of pollutants that can increase aerosol
concentration (both natural and anthropogenic sources). The aerosol level starts to decrease
in autumn due to decreasing temperatures, lower levels of humidity, and fewer events of
sand and dust storms. The reduction in aerosol level continues in winter, especially due
to occasional rainfall. This is clearly evident when examining the average monthly AOD
(with high-value) and Ångström exponent (with low-value) data for the Cairo station, as
depicted by the red lines in Figure 3a,b, which signifies a conformity between the results
and those of previous research [44,48].

4.1.2. Middle East

The average annual AOD and Ångström exponent (α440-870) for Middle Eastern
AERONET stations (Sollar Village, KAUST, Kuwait University, and the Masdar Institute) are
shown in Figure 2c,d, while the average monthly AOD and Ångström exponent (α440-870)
for the same stations are shown in Figure 3c,d. The average annual AOD (Ångström expo-
nent) value for the Solar Village station is 0.45 (0.38) during the study period (1999–2013).
It is evident from Figure 2c,d (blue line) that, for the Solar Village station, the highest
value of annual AOD (Ångström exponent) is 0.54 (0.53) for the year 2011 (1999), while the
lowest value of annual AOD (Ångström exponent) is 0.37 (0.32) for the year 2001 (2013).
In the Solar Village, with mild to warm temperatures and relatively low humidity during
the spring season, sand and dust storms originating from the surrounding desert regions,
including the Rub’ al Khali Desert (Empty Quarter), can lead to elevated levels of coarse
aerosol particles in the atmosphere. The increase in aerosol particles continues into summer,
with extremely hot and dry conditions. The concentration of aerosols, however, decreases
in the autumn and winter seasons due to the gradually decreasing temperature, occasional
rainfall, and decreased frequency of sand and dust storm events [22,49]. This pattern is
evident when analyzing the monthly AOD variability of the Solar Village (blue line in
Figure 3c), where the concentration of aerosols starts increasing from March to June and
becomes stable during July and August before decreasing in the following months. The
spring months, from March to May, often see an increase in the concentration of aerosols.
This is clearly evident when examining the average monthly AOD (with high-value) and
Ångström exponent (with low-value) data for the Solar Village station, as depicted by the
blue lines in Figure 3c,d, which is in agreement with the results of previous research [24,50].

The average annual AOD (Ångström exponent) value for the KAUST station is 0.47
(0.54) during the study period (2012–2023). It is evident from Figure 2c,d (black line) that,
for the KAUST station, the highest value of annual AOD (Ångström exponent) is 0.57 (0.79)
for the year 2017 (2016), while the lowest value of annual AOD (Ångström exponent) is
0.23 (0.33) for the year 2022 (2015). KAUST, located on the Red Sea coast of Saudi Arabia,
experiences distinct seasonal aerosol variations influenced by its climate, geography, and
local sources of aerosols. For example, the spring season is characterized by warm and
pleasant weather with gradually rising temperatures, having occasional sand and dust
storms, especially in the early part of spring, while summer is hot and dry with high
temperatures and low humidity. The combination of intense heat and arid conditions
can lead to the formation of secondary aerosols, including fine particulate matter, thereby
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increasing aerosol levels both due to natural and anthropogenic sources in summer. The
autumn season is characterized by gradually decreasing temperatures, fewer sand and dust
storms, and a subsequent decrease in aerosol concentrations in the atmosphere. On the
other hand, winter is mild and comfortable, featuring cooler temperatures and occasional
rainfall, which contribute to the reduction in aerosols in the atmosphere [22,49]. It is
important to note that KAUST’s coastal location along the Red Sea can have a moderating
influence on its climate and aerosol levels in comparison to inland desert areas. The
seasonal aerosol variation is also clearly evident when examining the average monthly
AOD (with high-value) and Ångström exponent (with low-value) data for the KAUST
station, as depicted by the black lines in Figure 3c,d, which indicates that the results align
with what previous research has shown [24,50].

The average annual AOD (Ångström exponent) value for the Kuwait University
station is 0.49 (0.41) during the study period (2006–2010 and 2019–2021). It is evident
from Figure 2c,d (red line) that, for the Kuwait University station, the highest value of
annual AOD (Ångström exponent) is 0.59 (0.64) for the year 2010 (2007), while the lowest
value of annual AOD (Ångström exponent) is 0.39 (0.26) for the year 2007 (2008). The
seasonal aerosol variations in Kuwait City, like in many other urban areas, are influenced
by meteorological, climatic, and local factors. For example, sand and dust storms are
common in the region in spring, which is responsible for the increase in coarse-mode
aerosols. Aerosol levels tend to rise during summer due to several factors, including the
intense heating of the desert surfaces, leading to the suspension of fine dust and sand
particles, frequent sand and dust storms (known as Shamals) originating from the Arabian
Desert, and stagnant air masses that can trap pollutants. In autumn, aerosol levels start to
decline as temperatures become moderate, although dust storms can still occur, especially
in September, but they become less frequent. Winter is relatively cool, with daytime
temperatures in the mild to cool range and, thus, aerosol levels are generally lower [22].
The seasonal aerosol pattern is clearly evident when examining the average monthly AOD
(with high-value) and Ångström exponent (with low-value) data for the Kuwait University
station, as depicted by the red lines in Figure 3c,d, which is in agreement with the results of
previous research [51].

The average annual AOD (Ångström exponent) value for the Masdar Institute station
is 0.50 (0.45) during the study period (2012–2021). It is evident from Figure 2c,d (green
line) that, for the Masdar Institute station, the highest value of annual AOD (Ångström
exponent) is 0.58 (0.55) for the year 2012 (2019), while the lowest value of annual AOD
(Ångström exponent) is 0.43 (0.33) for the year 2021 (2012). Masdar City, located in the
United Arab Emirates, experiences seasonal aerosol variations similar to those in Kuwait
City. In spring, there is a gradual increase in aerosol levels due to occasional sand and dust
events. This increase is further elevated in summer due to the intense heating of the desert
surface, the Shamal wind, and stagnant air masses. Similar to Kuwait City, the autumn and
winter seasons in Masdar City witness lower levels of aerosols in the atmosphere [22]. The
seasonal aerosols’ variation is also clearly evident when examining the average monthly
AOD (with high-value) and Ångström exponent (with low-value) data for the Masdar
station, as depicted by the green lines in Figure 3c,d; these findings are aligned with those
of prior research [52].

4.1.3. Asia

The average annual AOD and Ångström exponent (α440-870) for Asian AERONET
stations (Dushanbe, Lahore, and Dalanzadgad) are shown in Figure 2e,f, while the av-
erage monthly AOD and Ångström exponent (α440-870) for the same stations are shown
in Figure 3e,f. The average annual AOD (Ångström exponent) value for the Dushanbe
station is 0.40 (0.49) during the study period (2010–2020). It is evident from Figure 2e,f
(black line) that, for the Dushanbe station, the highest value of annual AOD (Ångström
exponent) is 0.43 (0.56) for the year 2017 (2019), while the lowest value of annual AOD
(Ångström exponent) is 0.35 (0.41) for the year 2015 (2010). Dushanbe, the capital city of
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Tajikistan, experiences seasonal aerosol variations influenced by its geographical location
and climatic conditions. For example, the aerosol levels in the city are relatively low during
the spring season. The aerosol levels start increasing in summer and autumn due to a
number of reasons, including dust and particulate matter from both local and regional
sources becoming more prevalent due to dry conditions and occasional wind events, forest
fires, and increased industrial activity. Aerosol levels, however, are lower during the winter
months due to reduced dust activity and increased atmospheric stability [22]. The seasonal
aerosols’ variation is also clearly evident when examining the average monthly AOD (with
high values from June to October) and Ångström exponent (with low values from June to
October) data for the Dushanbe station, as depicted by the black lines in Figure 3e,f, which
signifies a conformity between the results and those of previous research [53].

The average annual AOD (Ångström exponent) value for the Lahore station is 0.64
(0.62) during the study period (2006–2020). It is evident from Figure 2e,f (blue line) that,
for the Lahore station, the highest value of annual AOD (Ångström exponent) is 0.70 (0.73)
for the year 2009 (2008), while the lowest value of annual AOD (Ångström exponent)
is 0.52 (0.54) for the year 2017 (2012). Lahore, the capital city of the Punjab province in
Pakistan, experiences distinct seasonal variations in aerosol levels influenced by weather
patterns, geography, and local sources of pollution. For example, in spring, the aerosol
levels generally begin to increase due to occasional dust storms, while in summer, the dust
and particulate matter from both local and regional sources can become more prevalent
due to dry conditions and occasional wind events. Autumn is a transitional period when
temperatures begin to cool and the air becomes more stable. Aerosol levels may vary but
tend to be lower compared to the summer months. Agricultural activities, like crop burning,
common in some areas around Lahore, can contribute to localized increases in aerosols
during this season. In recent years, air pollutants, including particulate matter and gases,
have been entering Lahore from China and India due to prevailing wind patterns during the
winter months (particularly from November to February). Thus, winter, characterized by
cool to cold temperatures, occasional fog, and smog events, tends to have elevated aerosols.
In addition, temperature inversions, where a layer of warm air traps pollutants beneath
a layer of cool air, can lead to the accumulation of aerosols. Particulate matter (PM2.5
and PM10) concentrations are often higher during this season, contributing to reduced
visibility and health concerns [54]. This pattern of aerosol variability is clearly evident
when examining the average monthly AOD (with high-value) and Ångström exponent
(with low-value) data for the Lahore station, as depicted by the blue lines in Figure 3e,f;
these findings are aligned with those of prior research [53,54].

The average annual AOD (Ångström exponent) value for the Dalanzadgad station
is 0.23 (0.58) during the study period (1998–2022). It is evident from Figure 2e,f (red line)
that, for the Dalanzadgad station, the highest value of annual AOD (Ångström exponent)
is 0.25 (0.74) for the year 2019 (2016), while the lowest value of annual AOD (Ångström
exponent) is 0.21 (0.45) for the year 2018 (1998). Dalanzadgad, located in the South Gobi
Desert region of Mongolia, experiences distinctive seasonal aerosol variations due to its
desert climate and geographical location. Dalanzadgad region is susceptible to dust events,
especially during the spring and early summer, which can result in significant increases in
aerosol levels. For example, aerosol levels start to rise in the spring as the melting of snow
and ice exposes surfaces that may release dust and particulate matter. In addition, local
agricultural activities, such as plowing and tilling fields, can also contribute to increased
aerosols during spring. Similarly, during summer, in addition to occasional dust storms,
wildfires in the surrounding areas can lead to elevated aerosol concentrations. In autumn,
aerosol levels may remain relatively low, but there can be occasional fluctuations due to
changes in vegetation, agricultural activities, and regional influences. The city experiences
relatively low aerosol levels during the winter months. In addition, snowfall and frozen
ground help to reduce the resuspension of dust and particulate matter. However, occasional
dust storms originating from nearby desert regions, such as the Gobi Desert, can lead to
short-term increases in aerosol concentrations [22,55]. The seasonal aerosol variation is
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also clearly evident when examining the average monthly AOD (with high values from
February to June) and Ångström exponent (with low values from February to June) data for
the Dalanzadgad station, as depicted by the red lines in Figure 3e,f, which is in agreement
with the results of previous research [55].

4.2. AODs and Ångström Exponent Relationship

Specifically, scatter plots involving AODs and the Ångström exponent (α440-870) have
been created to obtain insights into the composition and characteristics of the aerosols
present in a particular geographic region [37,56,57]. These scatter plots reveal patterns
or clusters of data points. Each cluster represents a distinct aerosol type or category, and
the physical interpretation of these clusters is the key to identify the aerosols’ character-
istics. The AOD is a critical parameter that measures the extent to which aerosols in the
atmosphere scatter or absorb sunlight at specific wavelengths. It provides a quantitative
measure of the aerosol concentration in the atmosphere at that wavelength. However, the
AOD alone does not provide information about the nature or type of aerosols present. This
is where the Ångström exponent becomes relevant. Different aerosol types, such as fine
urban pollution, coarse desert dust, or biomass-burning particles, exhibit distinct Ångström
exponent values due to variations in their size, composition, and scattering properties.

In the current study, the scatter plots between AODs (500 nm) and the Ångström
exponent (α440-870) for North Africa, Middle East, and Asia, as shown in Figure 4a–c,
were analyzed. Kaskaoutis et al. (2007) [38] used the scatter plots of AOD (500 nm) and
Ångström exponent (α440-870) data from four different AERONET stations to distinguish
between various aerosol types. In the classification process, they applied threshold values
from [58] and categorized the aerosols into four groups. In this study, we applied [38]
classification scheme to the scatter plots (Figure 4a–c) of 10 AERONET stations in the dust
belt region to classify aerosols into four groups, that is, clean maritime (if AOD < 0.06 and
α440-870 < 1.3), biomass burning (if AOD > 0.1 and α440-870 > 1.5), desert dust (if AOD > 0.15
and α440-870 < 0.5), and mixed aerosols (remaining). The percentage of each aerosol category
extracted from the scatter plot information (Figure 4a–c) for the individual AERONET
stations in the study area is shown in Figure 5.

The scatter plot between AODs (500 nm) and Ångström exponent (α440-870) data for
the Tamanrasset AERONET station is shown in Figure 4a (blue dots). The analysis of the
scatter plot data indicates that the Tamanrasset AERONET station has 0% of clean maritime
aerosols, 0.3% of biomass-burning aerosols, 68% of desert dust aerosols, and 31.7% of
mixed aerosols (Figure 5). Considering the geography of Tamanrasset city, there is some
anthropogenic contribution, but the major contribution of atmospheric aerosols is from the
great Sahara Desert, as 68% of the total data corresponds to desert dust aerosols. Similarly,
analyzing the scatter plot for the Medenine AERONET station (orange dots in Figure 4a)
indicates that there is 0% of clean maritime aerosols, 5% of biomass-burning aerosols, 37%
of desert dust aerosols, and 58% of mixed aerosols (Figure 5). Medenine city is situated
approximately 20 km from the Mediterranean coast, in southern Tunisia. It is important to
note that, while the major source of aerosols is the Sahara Desert, its proximity to the coast
leads to elevated humidity levels that may potentially influence aerosol dynamics.

For the Cairo AERONET station (green dots in Figure 4a), there is a 0% of clean
maritime aerosols, 2% of biomass-burning aerosols, 13% of desert dust aerosols, and 85%
of mixed aerosols (Figure 5). This is typical of a very large metropolitan city situated
at the edge of the Nile Delta (which makes it a rich agricultural land), surrounded by
desert regions, and serving as a major transportation hub for the region. The rise in
Ångström exponent values as the AOD increases signifies the notable presence of fine ‘fresh-
smoke’ particles in the atmospheric column, particularly in conditions of high turbidity. A
comparable correlation between particle concentration (measured by the AOD) and particle
size (assessed through the Ångström exponent) has been noted for various fine-mode
aerosols [56,59,60]. These scenarios involve a blend of aerosol types, creating challenges
in further characterizing urban and industrial aerosols. This complexity arises from the
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interplay of various natural and human-related factors, such as relative humidity, cloud
cover, altitude, fuel types, and emission characteristics, all of which affect aerosol formation
and behavior. A similar behavior is evident from the scatter plot of Cairo city, where 85%
of the total data shows mixed aerosols.
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The scatter plot between the AOD (500 nm) and Ångström exponent (α440-870) data
for the Solar Village AERONET station is shown in Figure 4b (orange dots). It must be
noted that a similar pattern is evident from the analysis of all the AERONET stations
in the Middle East. Therefore, a brief explanation is provided after the data from four
stations are analyzed. The analysis of the scatter plot data indicates that the Solar Village
AERONET station has 0% of clean maritime aerosols, 0.7% of biomass-burning aerosols,
50% of desert dust aerosols, and 49.3% of mixed aerosols (Figure 5). The scatter plot for
the KAUST station (blue dots in Figure 4b) indicates that there is 0% of clean maritime
aerosols, 0.6% of biomass-burning aerosols, 35% of desert dust aerosols, and 64.4% of
mixed aerosols (Figure 5). For the Kuwait University AERONET station (green dots in
Figure 4b), there is 0% of clean maritime aerosols, 2% of biomass-burning aerosols, 40% of
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desert dust aerosols, and 58% of mixed aerosols (Figure 5). Finally, for the Masdar Institute
AERONET station (yellow dots in Figure 4b), there is 0% of clean maritime aerosols, 4%
of biomass-burning aerosols, 33% of desert dust aerosols, and 63% of mixed aerosols
(Figure 5). It must be noted that all four stations in the Middle East are known for their
arid desert climate with aerosol contributions from sand and dust storms, construction,
industrial processes, and energy production. In addition, biomass burning occurs in the
region and contributes to the anthropogenic aerosol concentration. In more specific terms,
when analyzing the scatter plot of Figure 4b, a wide range of Ångström exponent values,
spanning from approximately 0.1 to 1.6, is observed for moderate-to-low AODs (<0.5).
However, for larger AOD values (≥0.5), the Ångström exponent consistently falls below 0.5.
This indicates the prevalence of coarse particles, which are characteristic of dust aerosols.
The predominant presence of large particles with a radius greater than 0.6 µm distinguishes
the optical properties of dust from the fine-mode-dominated aerosols produced by biomass
burning and urban/industrial sources. In these AERONET station locations (specifically
for the Solar Village), coarse-mode particles have the potential to mix with pollution
aerosols originating from nearby industrialized regions in the Arabian Gulf or with smoke
generated by oil fires (as discussed in Smirnov et al., 2002). This combination has been
documented [61,62] to alter the wavelength dependence of the AOD and significantly
influence the spectral single-scattering albedo.
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The scatter plot between AODs (500 nm) and Ångström exponent (α440-870) data for
the Dushanbe AERONET station is shown in Figure 4c (blue dots). Once again, since all
three stations in Asia have more or less a similar pattern, a brief explanation is provided
after the data are analyzed. The analysis of the scatter plot data indicates that the Dushanbe
AERONET station has 0% of clean maritime aerosols, 7% of biomass-burning aerosols,
20% of desert dust aerosols, and 73% of mixed aerosols (Figure 5). Similarly, analyzing the
scatter plot for Lahore AERONET station (orange dots in Figure 4c) indicates that there is
0% of clean maritime aerosols, 3% of biomass-burning aerosols, 11% of desert dust aerosols,
and 86% of mixed aerosols (Figure 5). For the Dalanzadgad AERONET station (green dots
in Figure 4c), there is 0% of clean maritime aerosols, 15% of biomass-burning aerosols, 8%
of desert dust aerosols, and 77% of mixed aerosols (Figure 5).

Both Dushanbe (located in a mountainous region) and Lahore (in proximity of the
Ravi River) are metropolitan cities that undergo construction, transportation, and industrial
activities all year round. On the other hand, although Dalanzadgad is situated in the Gobi
Desert region of southern Mongolia, the city is highly affected by the ongoing mining
activities that enhance the aerosol concentration in the atmosphere. The presence of a
high percentage of mixed aerosols for these locations is clearly evident in the scatter plot.
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An analogous relationship between particle concentration, as determined by AODs, and
particle size, assessed through the Ångström exponent, has been observed for a range of
fine-mode aerosols [56,59,60]. These instances correspond to mixed aerosols, making it
challenging to further characterize urban/industrial aerosols. This complexity arises from
the intricate interplay of natural and anthropogenic factors, including relative humidity,
cloud cover, altitude, fuel types, and emission characteristics, all of which influence aerosol
formation and evolution, a pattern that is evident in Figure 4c.

4.3. Relationship of AODs and Meteorological Parameters

This study also investigated the relationship between daily AOD and a range of me-
teorological parameters, including temperature, visibility, relative humidity, wind speed,
and wind direction, and the results are presented in Table 3. Meteorological data were not
available for Dalanzadgad and, therefore, the relationship was not investigated. Across
all stations, the findings reveal that visibility exhibits the strongest correlation with AODs
among the analyzed meteorological parameters. Specifically, at the Tamanrasset Institute,
there is a robust negative correlation of −0.79, signifying that, as the AOD increases, visibil-
ity tends to decrease significantly. Conversely, the Masdar Institute demonstrates a weaker
negative correlation of −0.27, suggesting that an increased AOD has a relatively smaller
impact on visibility at this location. The temperature also shows a noteworthy relationship
with AODs, with the Masdar Institute displaying the highest positive correlation of 0.52.
On the other hand, Dushanbe demonstrates a weaker positive correlation of 0.08, implying
that the temperature has a less pronounced effect on AODs in this region.

Table 3. The correlation coefficient between AODs and meteorological parameters.

Station Temperature Visibility Relative
Humidity Wind Speed Wind

Direction

Tamanrasset 0.51 −0.79 0.12 0.17 0.02
Medenine 0.47 −0.33 0.00 0.29 −0.39

Cairo 0.08 −0.28 0.11 −0.21 0.08
KAUST 0.38 −0.36 0.13 0.01 0.04

Solar Village 0.35 −0.62 −0.21 0.21 −0.03
Kuwait

University 0.30 −0.62 0.13 0.16 −0.13

Masdar
Institute 0.52 −0.27 −0.28 0.24 −0.03

Dushanbe 0.08 −0.40 0.06 −0.10 0.17
Lahore 0.09 −0.47 0.36 0.00 −0.33

Dalanzadgad No data

The time series of AODs with visibility and the temperature are shown in Figures 6 and 7,
respectively. Overall, with the increase in the AOD, the visibility decreases for all stations,
except KAUST, which indicates a good agreement between the two parameters (Figure 6).
On the other hand, there is a good agreement in the overall pattern of the temperature
and the AOD for all stations. With the increase in the AOD, the temperature also increases
for all stations, except KAUST and Solar Village (Figure 7). One possible reason for this
disagreement is that the temperature and visibility data are not collected from the exact
locations of the AERONET stations in KAUST and Solar Village. For instance, it is important
to note that the meteorological data for KAUST are gathered from Jeddah, located about
90 km south of KAUST. Similarly, for the Solar Village, the meteorological data originate
from Riyadh, which is approximately 50 km southeast of the Solar Village. This deviation
is a key factor to consider in understanding the discrepancy, as environmental conditions
can vary significantly over such distances. Nevertheless, the consistent agreement among
AODs, visibility, and temperature across the stations highlights a strong correlation between
these parameters, which can carry significant implications for air quality and human health.
The analysis did not reveal strong correlations between AODs and other meteorological
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parameters, such as wind speed, wind direction, and humidity, as indicated by the low
correlation values. This inconsistency suggests that these parameters might be influenced
by a broader array of factors, including local geography, microclimates, and various sources
of aerosols.
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5. Conclusions

Detecting the short- and long-term changes in aerosols’ loading/concentration has
been the key area of research for climatologists and environmentalists in the world. In
the monitoring atmospheric aerosol concentration (optical properties) using ground-based
remote sensing techniques, AERONET is the largest network and is globally administered
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by NASA. Since its first deployment, AERONET has been growing rapidly and a number
of institutes have maintained long-term observations of aerosol data. The main feature
of AERONET observational data (although they have limited spatial resolution) is their
accuracy and high quality, which provide enough confidence to scientists to conduct
aerosol-related research in different parts of the world. In addition, AERONET data
have complemented and, in some applications, have been preferred to satellite remote-
sensing-based observations in various studies. As the spectral behavior of the AOD is
a key parameter in the study of atmospheric aerosols, influenced by both natural and
anthropogenic processes, AERONET instruments capture AODs at multiple spectral bands,
making them vital for understanding atmospheric aerosols.

The current research focused on the investigation of aerosol optical properties in the
dust belt region. In summary, this study delved into the intricate realm of atmospheric
aerosols, which are influenced by a multitude of factors, including sand and dust storms,
anthropogenic emissions, geographic settings, and diverse aerosol properties. To compre-
hensively capture this diversity, data from ten strategically located AERONET stations
were selected, offering insights into a wide range of atmospheric aerosol characteristics.
These stations span diverse environments, encompassing arid deserts, coastal regions,
bustling urban centers, and areas affected by biomass burning. For instance, locations like
Dalanzadgad provided insights into natural aerosols typical of arid desert regions, while
urban areas like Lahore and Dushanbe shed light on the complexities of anthropogenic
aerosols stemming from urban activities. In the Middle East, stations like Solar Village,
KAUST, Kuwait University, and the Masdar Institute collectively represent the climatic
and geographical diversity of the region. Additionally, North African stations added a
further complexity, with Cairo, Medenine, and Tamanrasset showcasing the unique fea-
tures of bustling metropolises, coastal locations, and arid desert climates. Together, these
stations provide a diverse array of insights into aerosol dynamics across various climates,
geographies, and anthropogenic influences, enhancing our understanding of this complex
phenomenon. Thus, the main objective of the current study was to generate, explain,
and evaluate aerosol properties over the study area by utilizing AOD data at a 500 nm
wavelength and Ångström exponent (α440-870). An approach was applied to differentiate
between four distinct aerosol categories (maritime, biomass-burning, desert dust, and
mixed aerosols). The analyses were conducted using daily aerosol data, and the findings
are presented in terms of average monthly and annual values for each station. This com-
prehensive analysis aids in understanding aerosol dynamics across various regions and
climatic conditions.

Based on the analysis conducted in this study, it was observed that the AERONET
stations in North Africa (Tamanrasset, Medenine, and Cairo) exhibit varying patterns of
aerosol concentrations. Tamanrasset experiences high turbidity annually from March to
August due to the Saharan dust season. At the Medenine station, aerosol levels fluctuate
with changing seasons, influenced by weather conditions and occasional dust storms. In
contrast, Cairo consistently maintains higher aerosol levels throughout the year, primarily
due to anthropogenic factors and urban activities. Cairo’s aerosol patterns are also sea-
sonally influenced by factors such as weather conditions and local sources, with elevated
levels in spring and summer and decreased levels in autumn and winter. Similarly, among
the Middle Eastern AERONET stations (Solar Village, KAUST, Kuwait University, and the
Masdar Institute), the Solar Village and Masdar Institute exhibit distinct patterns, with
elevated aerosol levels during the spring and summer that gradually decrease during the
autumn and winter seasons. In contrast, KAUST and Kuwait University experience higher
AOD levels in the summer due to intense heat, dry conditions, desert dust storms, and
stagnant air masses. The Asian AERONET stations (Dushanbe, Lahore, and Dalanzadgad)
exhibit distinct annual AOD (Ångström exponent) patterns. In Dushanbe, aerosol levels
are lower during spring and increase in summer and autumn due to factors such as dry
conditions, wind events, and industrial activities, while winter sees reduced aerosol levels.
Lahore displays notable seasonal variations: spring marks the start of increased aerosols
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due to occasional dust storms, summer experiences higher aerosol levels due to local and
regional dust sources, autumn offers stabilization, and winter introduces elevated aerosols
due to factors like temperature inversions and pollutants from neighboring regions. Dalan-
zadgad undergoes significant seasonal aerosol variations: spring sees rising aerosol levels
from melting snow, local agriculture, and dust events; summer has occasional dust storms
and wildfires; autumn is relatively stable; and winter exhibits low aerosol levels, with
occasional dust storms.

In this study, scatter plots of AODs (500 nm) and Ångström exponent (α440-870) were
employed to understand the composition and characteristics of aerosols in different geo-
graphic regions. These plots show clusters of data points, with each cluster representing a
distinct aerosol type. These plots classified aerosols into four categories: clean maritime,
biomass burning, desert dust, and mixed type. The percentages of each aerosol category
for the specific AERONET stations in the study area were determined. For North African
stations, Tamanrasset exhibited a dominance of desert dust aerosols. Medenine showed a
mixture of desert dust and mixed aerosols due to its proximity to the coast. Cairo had a
predominantly mixed aerosol composition due to its urban and industrial activities. In the
Middle East, Solar Village, KAUST, Kuwait University, and the Masdar Institute shared a
similar pattern, characterized by desert dust and mixed aerosols. In Asia, Dushanbe and
Lahore displayed a high percentage of mixed aerosols, influenced by year-round urban and
industrial activities. Dalanzadgad in Mongolia also featured mixed aerosols due to ongoing
mining activities. The analysis of scatter plots provides valuable insights into the nature
and composition of aerosols in various regions, reflecting the complex interplay of natural
and anthropogenic factors. A strong correlation between AODs and visibility, as well as
temperature, demonstrates a significant relationship, albeit with variations across different
stations. Time-series data further revealed a consistent trend of reduced visibility with the
increase in the AOD, except for KAUST. Simultaneously, a rise in temperature is observed
with an increase in AOD levels, except for KAUST and Solar Village. The discrepancy in
KAUST and Solar Village underscores the need for precise, location-specific meteorological
data. In contrast, weak correlations between AODs and other meteorological parameters,
such as wind speed, wind direction, and humidity, suggest that their influence is shaped
by a broader range of factors, emphasizing the need for context-specific data. This research
provides essential insights into the complex relationship between aerosols and their en-
vironmental context, with implications for air quality management and climate studies.
In addition, the percentage change (Table 2) in annual AOD is also important as it allows
researchers to track and quantify variations in aerosol concentrations over time, which, in
turn, contributes to our understanding of environmental and climatic changes and their
potential implications for society and the planet.
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