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Abstract: Light-absorbing aerosols such as black carbon (BC), organic carbon (OC), and dust can
cause the warming and melting of glaciers by absorbing sunlight. Further research is needed to
understand the impact of light-absorbing aerosols on the Hindukush–Karakoram–Himalaya region
in northern Pakistan. Therefore, spatiotemporal variation in absorbing surface mass concentration
retrieved from Modern-Era Retrospective analysis for Research and Applications, optical properties
such as aerosol optical depth (AOD) and absorption aerosol optical depth (AAOD) from the ozone
monitoring instrument, and meteorological parameters from the European Centre for Medium-Range
Weather Forecasts Reanalysis were investigated over northern Pakistan from 2001 to 2021. The BC
concentration was lowest in May and highest in November, having a seasonal maximum peak in
winter (0.31 ± 0.04 µg/m3) and minimum peak in spring (0.17 ± 0.01 µg/m3). In addition, OC
concentration was found to be greater in November and smaller in April, with a seasonal higher
peak in autumn (1.32 ± 0.32 µg/m3) and a lower peak in spring (0.73 ± 0.08 µg/m3). The monthly
and seasonal variabilities in BC and OC concentrations are attributed to solid fuels, biomass burning,
changes in vegetation, agricultural activities, and meteorology. In contrast, the dust concentration
was high in July and low in December, with a seasonal average high concentration in summer
(44 ± 9 µg/m3) and low concentration in winter (13 ± 2 µg/m3) due to drier conditions, dust activity,
long-range transport, and human activities. Moreover, the seasonal variation in AOD and AAOD was
identical and higher in the summer and lower in the winter due to dust aerosol loading and frequent
dust activities. AOD and AAOD followed a similar pattern of spatial variation over the study area.
Meteorological parameters greatly impact light-absorbing aerosols; therefore, low temperatures in
winter increase BC and OC concentrations due to shallow boundary layers, while severe precipitation
in spring decreases concentrations. During summer, dry conditions cause soil erosion and increase the
amount of dust suspended in the atmosphere, leading to higher AOD and AAOD values. Conversely,
higher precipitation rates and speedy winds disperse the dust aerosols in winter, resulting in lower
AOD and AAOD values.

Keywords: light-absorbing aerosols; surface mass concentration; optical properties; correlation;
northern Pakistan

1. Introduction

Aerosol particles are considered to play an essential role in global and regional climate
changes, and can influence the energy balance of the Earth’s atmospheric system both
directly and indirectly by scattering and absorbing solar radiation [1,2]. The absorption
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of solar radiation by these aerosols results in the heating of the atmosphere, while the
scattering of radiation produces a cooling effect [3]. The radiative properties have a direct
impact on climate change assessment and prediction which depends on the chemical, phys-
ical, and optical properties of the aerosols [4,5]. The chemical composition of aerosols and
their optical properties vary spatially and temporally depending on regional meteorology
and emission sources. Amongst these aerosols, black carbon (BC), organic carbon (OC),
and mineral dust have received tremendous attention due to their ability to absorb solar
and terrestrial radiations. They can be produced by anthropogenic and natural processes
such as incomplete combustion of fossil fuel, biomass burning, viable microbes, disinte-
gration and dispersion of plant materials, arid and semi-arid landscapes, and soil organic
matter [6–8]. When these absorbing particles emit into the atmosphere, they produce a
net positive climate force by decreasing the surface albedo, and hence contribute signifi-
cantly to global warming [6,9,10]. Furthermore, when these absorbing aerosols settle on
the glacier surface, they darken the surface, absorb solar and terrestrial radiation, and
accelerate snow melting [11–13]. Moreover, these absorbing aerosols also drastically affect
the monsoon cycle as well as the global climate system [14]. Therefore, there is increasing
scientific interest in investigating the effects of short-lived climate forcers (BC, OC, dust) in
cryospheric regions around the world [15–17].

Research on the glaciers of the Himalayas and Tibetan Plateau regions is very impor-
tant because these glaciers serve as water storage towers for East and South Asia, and about
one billion people would be affected by the decrease in water resources [18]. Additionally,
globally, East Asia is the greatest source region of anthropogenic emission of absorbing
aerosols, which significantly influences the Asian monsoon water cycle [19]. The deposition
of absorbing aerosols has increased on the Tibetan and Himalayan glaciers in the last
two decades, playing a major role in the rapid melting of glaciers [20,21]. Furthermore,
these absorbing aerosols, particularly BC, have been found to play an important role in
decreasing the extent of snow cover and shortening the time duration of the snow cover
season by several days [22]. Presently, the world’s two largest emission source regions
of absorbing aerosols are considered to be East and South Asia [23]. These absorbing
aerosols are transported during the summer monsoon season from eastern Asia towards
the northeast, hence affecting the life of snow-covered areas and glaciers [24]. In addition,
the temperature increasing trend (global warming) has been observed in the last decade,
because of which frozen water resources and ice mass are decreasing continuously in
the northern part of Pakistan [25]. Moreover, the glaciers located in northern Pakistan
are exposed more to absorbing aerosols, as compared to the other areas, because of the
long-range transport of these aerosols from both Central and South Asia as well as from the
Middle East [24]. The water that comes from the snow melting these glaciers flows through
the Indus river, and plays a significant role in the economy of Pakistan [24]. Water supplies
to the regional areas are regulated by the glaciers that serve as freshwater reservoirs and are
significant resources that feed rivers in Pakistan. The economy of Pakistan mainly depends
on the water that comes from glaciers melting, and glacier depletion can affect hydroelectric
power, drinking water supplies, agriculture, and ecological habitats. Moreover, the melting
of permanent glaciers and seasonal snowfall have not only caused flash floods in many
areas, but also a reduction in the water resources of Pakistan [26].

Therefore, studying the absorbing aerosols over northern Pakistan is crucial in order to
gain better knowledge about their concentration levels, optical properties, and other effects
in northern Pakistan that have received less attention in previous studies. The current
literature includes limited temporal and spatial investigations that are mainly focused
on single particle analysis, which is insufficient to fully understand the climate effects of
absorbing aerosols in this region. In addition, the rapid population growth in northern
Pakistan in recent years has also uplifted the anthropogenic emission sources, which have
significantly affected the regional atmosphere and air quality. Therefore, the present study
aims to fulfill the scientific gap by conducting a long-term (2001–2021) comprehensive
investigation of the spatiotemporal pattern of light-absorbing aerosols (BC, OC, mineral
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dust), mass concentrations, and their optical properties on the whole region of northern
Pakistan based on re-analysis and observation datasets.

2. Study Area and Meteorological Conditions
2.1. Study Area

The study area chosen for the present research is the northern area of Pakistan (71.12◦N–
77.05◦N and 34.52◦E–37.16◦E), as shown in Figure 1, which includes eleven regions (i.e.,
Astore, Diamir, Chanche, Ghizer, Gilgit, Hunza Nagar, Swat, Skardu, Chitral, Dir, and
Kohistan). Table 1 shows the covered area, population, and population density of these
regions based on the Census (c) 15 March 2017 obtained from website (https://www.
citypopulation.de/en/pakistan/cities/, accessed on 06 July 2022). The northern areas
of Pakistan are the most fascinating and spectacular region of the country in which the
three well known mountainous ranges (Himalayas, Karakorum’s, and Hindukush) meet.
The range is named after the historic Karakoram Pass, an ancient trading route between
northern Pakistan and Xinjiang, China, which forms the watershed between the Indus
and Central Asian deserts. This entire area is made up of tall, snow-covered mountains,
isolated valleys, and strong rivers. More than one hundred high mountain peaks (Raka
Posh, K-2, Nanga Parbat, etc.) are located within a radius of less than 100 square miles, and
numerous significant passes are situated between the hills. This region includes various
large glaciers (Baltoro, Hispar, Biafo, etc.), some of which are the biggest outside of the
polar regions. In addition, extreme weather and temperatures are common in the northern
region, and this region is outside the monsoon range due to high mountain walls, which
results in a lower precipitation rate. However, heavy snowfall in winter compensates for the
comparatively scanty rainfall (https://www.nazariapak.info/Research-corner/Geo.php,
accessed on 10 September 2022).
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Table 1. Name, covered area, population, and population density of study regions according to
Census © 15/03/2017.

Name Covered Area (km2) Population Population Density

Astore 5411 100,000 18.48
Diamir 7234 270,000 37.32
Chanche 8531 160,000 18.76
Ghizer 12,381 170,000 13.73
Gilgit 4208 290,000 68.92
Hunza Nagar 14,246 120,000 8.42
Skardu 18,700 380,000 20.32
Chitral 14,850 447,625 30.14
Swat 5337 2,308,624 432.6
Dir 3699 947,401 256.1
Kohistan 7492 784,711 104.7

2.2. Local Meteorology

The existence of high mountains, large glaciers, steep valleys, and harsh weather has a
great influence on aerosol accumulation and concentration. The study region is also prone
to frequent and heavy snowfall, particularly in the winter and autumn months. Hence,
the unique topography, geography, and altitude of the study area make it complex in
terms of meteorology [27]. Therefore, the monthly average data of surface meteorological
parameters, i.e., wind speed (WS), relative humidity (RH), total precipitation (TP), and
temperature (T) were taken at a resolution of 0.25◦ × 0.25◦ from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis 5th Generation (ERA5) over the
study region from 2001 to 2021. The whole study period was divided into four seasons:
winter (December, January, and February), spring (March, April, and May), summer (June,
July, and August), and autumn (September, October, and November). The monthly and
seasonal variations in surface meteorological parameters obtained by taking the average
for each month and season over the study period are shown in Figure 2a,b. It is clear from
Figure 2a that the WS was lower between March and October, with a minimum speed
of 1.22 m/s in the spring season and a higher speed from November to February, with a
maximum speed of 1.5 m/s in November and with a seasonal peak of 1.43 m/s in winter
(Figure 2b). The monthly TP was found to have an increasing trend from the month of
January (1.8 mm) to attain its maximum value in April (2.7 mm), and then it followed
a decreasing pattern to achieve its minimum value in August and September (0.4 mm).
Hence, the seasonal maximum peak was detected in spring (2.6 mm) and the minimum
peak was observed in summer (0.9 mm). The RH is directly related to the TP rate [28], and
was found to be minimum in August and September (46%), while the maximum value
was detected in May (67%), which resulted in greater humidity in spring (65%) and lower
humidity in the summer season (53%). In addition, the T showed its minimum value
(12 ◦C) in January and maximum value (25 ◦C) in July and August. Seasonally, the T was
found to be warmer in summer (25 ◦C) and colder in winter (13 ◦C).
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3. Data Sets and Methods
3.1. Modern-Era Retrospective Analysis for Research and Applications Version 2

Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2)
is a form of reanalysis data based on the Goddard Earth Observing System Model version 5
(GEOS-5 model). These datasets have provided data on the characteristics of cloud, various
aerosol, and other atmospheric products since 1979. The aerosol products of MERRA-2
are obtained by the assimilation of data from AErosol RObotic NETwork (AERONET)
stations, Moderate Resolution Imaging Spectroradiometer MODIS), and many other station
data [29]. MERRA-2 datasets include global observable parameters and aerosol diagnos-
tics with different times (1 month, 3 h, and 1 h) at spatial resolutions (0.5◦ × 0.625◦). In
addition, from the surface to 0.01 hPa, the vertical structure is divided into 72 hybrid-eta
levels. This data have been available since 1980 and can be utilized to discover the aerosol
effect on air quality, climate, and atmospheric circulation [30,31], which can be accessed
on the GIOVANNI (Goddard Earth Sciences Data and Information Services Center) web
portal [32].

In this study, we utilized the monthly averaged temporal and spatial data of surface
mass concentration of absorbing aerosols such as BC, OC, and dust from the MERRA-2 at a
spatial resolution of 0.5◦ × 0.625◦.

3.2. Ozone Monitoring Instrument Analysis

The ozone monitoring instrument (OMI) on board the Aqua satellite is one of the
remarkable instruments that can differentiate absorbing aerosols such as BC, dust, smoke,
etc. [33]. OMI is a nadir-viewing spectrometer onboard the Aura satellite that can monitor
solar backscatter radiation in the visible and UV ranges [34]. In OMI observations, two
types of aerosol algorithms are used: the OMI multi-wavelength (OMAERO) algorithm
and the OMAERUV method. OMAERUV products are acquired by observation in two
near-UV channels, whereas OMAERO products are obtained using multi-wavelength
information. More details about the OMI data sets are available on the website (https://
aura.gsfc.nasa.gov/omi.html, accessed on 15 June 2019). This research utilizes OMAERUV
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Level 3 products with a spatial resolution of 1◦ × 1◦ from 2005 to 2021, including daily
average aerosol optical depth (AOD), absorption aerosol optical depth (AAOD), and single-
scattering albedo (SSA) at 500 nm. The relationship between AOD, AAOD, and SSA is
given as AAOD = (1 − SSA) × AOD [19,35]. In the OMAERUV products, AAOD is the
most reliable parameter because of OMI’s high sensitivity in the near-UV spectrum, with a
less than 0.01 root-mean-square error [19].

3.3. Air Mass Trajectory Analysis

The air mass trajectory analysis is carried out worldwide to understand the contribu-
tion of atmospheric particles that have travelled long distances to reach the receptor region.
This analysis aids in statistically identifying the source regions and possible pathways
followed by the pollutants [36–38]. In this study, the data of meteorological inputs were
retrieved from the National Centers for Environmental Prediction (NCEP) Global Data
Assimilation System (GDAS) with a horizontal resolution of 1.0◦ × 1.0◦. The data were
obtained from the website (https://www.ready.noaa.gov/ready2-bin/extract/extracta.pl,
accessed on 20 March 2021). These data were used as an input into the TrajStat, which is a
geographical information-based software (GIS) that determines the direction and distance
travelled by the air masses [39].

4. Results and Discussions
4.1. Temporal Variation in Surface Mass Concentration of Light-Absorbing Aerosols

Figure 3 shows the monthly and seasonal averaged temporal variation in surface
mass concentration of BC, OC, and dust over the study region from 2001 to 2021. The
monthly averaged BC and OC surface mass concentration showed a decreasing pattern
from January to attain its lowest values in April and May, and then gradually increased
to achieve its maximum value in November. The seasonal averaged BC surface mass
concentration was found to be highest in winter (0.31 ± 0.04 µg/m3), followed by au-
tumn (0.29 ± 0.06 µg/m3), summer (0.18 ± 0.01 µg/m3), and the lowest BC concentration
occurred in spring (0.17 ± 0.01 µg/m3) (Figure 3a,b). Meanwhile, the maximum OC con-
centration occurred in autumn (1.32 ± 0.32 µg/m3), followed by winter (1.16 ± 0.17 µg/m3),
summer (0.90 ± 0.089 µg/m3), and the lowest OC concentration was detected in spring
(0.73 ± 0.08 µg/m3) (Figure 3c,d). The higher BC and OC surface mass concentrations in
winter and autumn are attributed to the lower temperature, which results in the shallowing
of the surface boundary layer; hence, pollutants are trapped in a lesser volume. Moreover,
the greater usage of wood and coal for indoor cooking and heating purposes in these sea-
sons increases BC and OC concentrations [25,40]. In addition, hazy and foggy conditions
can trap pollutants in the atmosphere and increase their surface mass concentration. The
slightly higher surface mass concentration of OC than BC in autumn shows the dominance
of the biomass burning process over fossil fuel combustion in this season, as biomass
burning emits more OC than BC [41]. In contrast, the lower concentrations of BC and OC
in spring were due to the uplifting of the planetary boundary layer height, resulting in
the dispersion of pollutants. Furthermore, the anthropogenic emissions of BC and OC
from fossil fuel combustion and biomass burning processes are significantly lower in the
spring season. Moreover, the lowest concentrations of BC and OC observed in spring are
also associated with washout processes caused by the severe precipitation in this season
(Figure 2b).

https://www.ready.noaa.gov/ready2-bin/extract/extracta.pl
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In contrast, the monthly averaged dust surface mass concentration was significantly
higher compared to BC and OC, and showed the opposite variational pattern, having its
highest peak in July (48 ± 12 µg/m3) and lowest peak in December (8 ± 2 µg/m3). Addi-
tionally, the seasonal averaged dust surface mass concentration was greatest in summer
(44 ± 9 µg/m3), followed by spring (34 ± 6 µg/m3), autumn (19 ± 4 µg/m3), and the
smallest dust surface mass concentration occurred in winter (13 ± 2 µg/m3) (Figure 3e,f).
The highest surface mass concentration of dust in summer was attributed to the dust storms
or events that occurred in arid regions and were transported to the study area. Furthermore,
the density of tourists in the summer season in these regions is greater as compared to
other seasons, which significantly contributes to road resuspension dust. In addition, more
agriculture activities, construction, and demolition of roads and buildings, etc., are carried
out in the summer season and also contribute to dust elevation during this season. In
addition, due to the dry weather in the summer (Figure 2), the soil is more susceptible to
erosion, which increases the dust surface mass concentration in the atmosphere. Moreover,
dry conditions can cause vegetation to die off or become less robust, which can leave the
soil more exposed and susceptible to erosion. When soil is exposed, it can be more easily
carried away by the wind, resulting in more dust in the air. The higher concentration of
these absorbing aerosols, especially mineral dust, is quite alarming and has a direct impact
on the melting of the glaciers. The increased dust surface mass concentration can darken
the surface of the snow and hence enhance the absorption of solar radiation, which can
accelerate the melting process [42].

4.2. Spatial Variation in Surface Mass Concentration of Light-Absorbing Aerosols

The spatial variation in BC, OC, and dust surface mass concentration on a seasonal
and monthly basis during 2001–2021 over the study area of northern Pakistan is shown in
Figure 4a–c (see supplementary material in Figures S1–S3 for monthly spatial distribution
of BC, OC, and dust). The spatial variation in BC mass concentration showed an elevation
from northeast to southwest, having a range from 0.0 to 1.26 µg/m3 over the study area. The
southwest regions such as Dir, Swat, Kohistan, and Diamir were found to have a high BC
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surface mass concentration, while the northeast regions such as Hunza Nagar, Skardu, and
Ghizir were found to have a low BC surface mass concentration. Furthermore, the spatial
variation in BC mass concentration was much more prominent in the winter and autumn
seasons, while the variation in concentration between these regions was less significant
during the spring and summer seasons. Moreover, the surface mass concentration of OC
varied spatially from 0.0 to 5.58 µg/m3, and showed a similar variation to that of BC,
having a higher concentration in the southwest regions (Dir, Swat, Kohistan, and Diamir)
as compared to the northeast regions (Hunza Nagar, Skardu, and Ghizir). Additionally,
the differences in spatial variations were more obvious in the winter and autumn seasons
as compared to spring and summer. These results also support the temporal variation in
BC and OC surface mass concentration, as discussed earlier. The elevation in BC and OC
concentration from northeast to southwest regions is attributed significantly to the huge
difference in population density between these regions (Table 1). The greater population
density of Dir, Swat, Kohistan, and Diamir has led to an increase in the anthropogenic
activities, such as biomass burning, biofuels, and fossil fuel consumption [43–45]. In
addition, the spatial variation in BC and OC surface mass concentration is influenced by
the long-range transportation, especially anthropogenic emitted atmospheric aerosols. The
southwest regions such as Chitral, Kohistan, Swat, and Dir are highly exposed to long range
transportation, as compared to northeast regions which are mainly covered by big and high
mountains, impeding the long-range transportation of atmospheric pollutants. Moreover,
the similar spatial variation in OC mass concentration with that in BC concentration is
because both are produced from the same origin [46].

The spatial variation in dust mass concentration on a seasonal basis is shown in
Figure 4c (see supplementary material in Figure S3 for monthly spatial variation in dust
mass concentration). In general, the seasonal averaged concentration of dust varied spatially
from 0 to 120 µg/m3. The dust concentration was higher in the southwest regions (Dir,
Swat, Kohistan, and Diamir), while being lower in the northeast regions (Gilgit, Hunza
Nagar, Skardu, and Ghizir) of the study area, except in the northeast corner (China). The
high concentrations of dust in the southwest regions of the study area such as Dir, Swat,
Kohistan, and Diamir are attributed to its closeness to the central Asian regions, especially
Tajikistan, Uzbekistan, as well as Afghanistan. These regions consist of many deserts; hence,
the transportation of dust occurs over a distant range from these regions to southwest
regions of the study site, which is further confirmed by air mass trajectory analysis [47].
Furthermore, the population density of the southwest regions of the study area is high,
which contributes to dust mass concentration due to re-suspended road dust, agricultural
activities, construction, and demolition [48]. The high dust concentration in the northeast
corner (China) of the study area is because of its proximity to the Taklimakan Desert [43].
Moreover, the monthly and seasonal spatial variation in dust surface mass concentration
was high in summer and low in winter, which is consistent with the monthly and seasonal
temporal variations in dust mass concentration over the study area.
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4.3. Temporal Variation in Optical Properties of Light-Absorbing Aerosols

Figure 5a–d shows the monthly and seasonal averaged temporal variation in light-
absorbing aerosol optical characteristics (AOD, AAOD, SSA) over the study region from
2005 to 2021. The results revealed that the AOD showed an increasing trend from January
to attain its highest monthly averaged value (0.52 ± 0.06) during July, and then started
to decrease, achieving its lowest value (0.16 ± 0.07) during December. Therefore, the
AOD was higher during summer (0.48 ± 0.05), followed by spring (0.35 ± 0.07), autumn
(0.28 ± 0.05), and was lowest in the winter (0.23 ± 0.09). A similar variational pattern to
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AOD was detected for AAOD, having the maximum monthly averaged value during July
(0.028 ± 0.005) and the minimum in December (0.013 ± 0.008). Furthermore, the AAOD
value was higher during summer (0.029 ± 0.002), followed by spring (0.023 ± 0.003),
autumn (0.021 ± 0.004), and was lowest in the winter (0.016 ± 0.006) season (Figure 5c,d).
Dust is a major contributor to the AOD and AAOD, as compared to other types of aerosol
(BC and OC etc.) [15]. AAOD and AOD follow similar seasonal patterns due to their
relationship with dust aerosols in the atmosphere (see Figure 6). Therefore, the elevated
values of AOD and AAOD during the summer are attributed to high concentrations of
dust, as observed in Figure 3e,f. Furthermore, higher AOD and AAOD values in summer
are due to less precipitation and higher temperatures, as depicted in Figure 2, leading to
drier conditions that cause more dust to be suspended in the air. Additionally, there are
more human activities such as construction and agriculture, which contribute to higher
AOD and AAOD. Moreover, the long-range transportation of dust by westerly winds from
different regions, such as the Thar Desert, Sahara Desert, Middle East, and West Asia, and
its travel over the Indo-Gangetic Plain where it eventually arrives to the Himalaya region,
increases the AOD and AAOD [15]. In contrast, during winter, there is generally more
precipitation and the temperatures are lower (Figure 2), which makes it harder for dust and
other aerosols to become airborne. Therefore, winter has the lowest values of AOD and
AAOD. In addition, the speedy winds in the winter (Figure 2) season favored the dispersion
of the dust aerosols, which resulted in a reduction in AOD and AAOD. Furthermore, many
outdoor activities such as agriculture and construction are decreased during winter.
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Figure 6. Seasonal averaged spatial variation in (a) AOD, (b) AAOD, and (c) SSA during 2005–2021
over the study area of northern Pakistan.

The scattering coefficient to extinction coefficient ratio is specified as SSA, with theoret-
ical values ranging from 0 to 1. In the visible and UV spectrums, SSA is typically between
0.5 and 1.0, and variations in SSA can lead to changes in aerosol radiative forcing, which
influence climate [19]. The monthly SSA value was greatest in May (0.939 ± 0.011) and
smallest in October (0.923 ± 0.007). Additionally, SSA values were higher during summer
(0.936 ± 0.003), followed by spring (0.932 ± 0.009), winter (0.932 ± 0.016), and lowest in
the autumn (0.926 ± 0.004) season. During summer, SSA values were high due to the
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coarse particles that enhance aerosol scattering efficiency [3,19]. Low SSA values in autumn
indicate that local fine pollution aerosols might contribute more to SSA than dust [3].

4.4. Spatial Variation in Optical Properties of Light-Absorbing Aerosols

The seasonal maps of spatial variation in AOD, AAOD, and SSA are presented in
Figure 6a–c (see supplementary material in Figures S4–S6 for monthly spatial distribution
of AOD, AAOD, and SSA). The spatial distribution of AOD and AAOD values indicated
the distinct features of aerosol loadings and followed a similar pattern of spatial variation
due to a strong and positive correlation of 0.97 over the study area (Figure 7). In general, the
AOD and AAOD values were higher in the southwest (Dir, Swat, Kohistan, etc.) regions,
while these were lower in the northeast (Gilgit, Hunza Nagar, Skardu, and Ghizir) regions,
except the northeast corner (China) of the study area. Moreover, higher values of AOD and
AAOD were observed in summer and lower values were observed in winter.
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The higher values of AOD and AAOD over the southwest regions (Dir, Swat, Kohistan,
etc.) and smaller AOD and AAOD values in the northeast (Gilgit, Hunza Nagar, Skardu,
and Ghizir) regions of the study area are mainly attributed to the corresponding differences
in dust aerosol concentration (Figure 4c). The correlations of dust with AOD and AAOD
were determined to be 0.94 and 0.92 (Figure 7), indicating that dust is the only major species
contributing to AOD and AAOD. The contributions of BC and OC aerosols to AOD and
AAOD in our study area are less, indicating that this area is less influenced by human
anthropogenic activity. However, the higher AAOD in the northeast corner (China) of
the study area is due to high dust aerosol concentration as a result of its proximity to the
Taklimakan Desert [43]. Moreover, the monthly and seasonal spatial variations in AOD and
AAOD were high in summer and low in winter and are consistent with the monthly and
seasonal temporal variations in dust mass concentration over the study area. In addition,
high values of SSA were found in the northeast regions (Gilgit, Hunza Nagar, Skardu, and
Ghizir) of the study area due to lower concentrations of absorbing aerosols, while low
values of SSA were found in the southwest regions (Dir, Swat, Kohistan, etc.) due to higher
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concentrations of absorbing aerosols. Furthermore, southwest (Dir, Swat, Kohistan, etc.)
regions have a high population density, which leads to more anthropogenic emissions from
activities such as transportation, cooking, heating, burning, etc., due to which there are
more absorbing aerosols (BC, OC, dust and other pollutants).

4.5. Relationships between Mass Concentration, Optical, and Meteorological Parameters

The Pearson correlation coefficient was used to investigate the key links between
light-absorbing aerosol concentration (BC, OC, and dust), optical properties (AOD, AAOD,
and SSA), and meteorological parameters over northern Pakistan on a monthly-averaged
basis during the study period, as shown in Figure 7. The relationships were found through
statistical analysis of variance and the p-value was used to calculate the statistical level
of significance in terms of the correlation coefficient (R). For probability value (p) < 0.05,
the value of R will be considered significant [49]. The correlation between BC and OC
is determined to be 0.93, indicating that both originate from a single source, that is, the
source of combustion [46]. The correlations of BC and OC with dust were found to be
−0.87 and −0.69, respectively, showing an inverse relationship and independent sources of
production. BC correlations with AOD and AAOD were determined to be −0.75 and −0.74,
respectively, indicating that BC is not a species contributing to AOD and AAOD seasonal
(monthly) variation [50]. The correlations of BC and OC with WS were found to be 0.95
and 0.88, respectively, indicating that an increase in WS increases mixing and ventilation,
transporting aerosols to the study area [15]. The correlation of BC with temperature was
found to be −0.70; the explanation for the negative correlation is that high temperatures
stimulate air convection, which causes the dilution and dispersion of concentration [51].
The correlation between OC and temperature was found to be −0.70, indicating that low
temperatures favor low mixing heights, which restrict the vertical mixing of air pollutants
and raise the ultimate pollution load [52]. The correlations of dust with AOD and AAOD
were found to be 0.94 and 0.92, respectively, showing that dust is the only major species
contributing to AOD and AAOD seasonal (monthly) variation. The correlation of dust
with SSA was found to be 0.64, indicating that most of the scattering was due to dust
aerosols. The correlation of dust with WS was found to be −0.79, which indicates the
diffusion and dilution of dust aerosol concentration [53]. All other correlations were weak
and statistically insignificant.

4.6. Long-Range Aerosol Transportation over the Study Area

The long-range transportation of aerosols is one of the main factors that increases
the concentration in the regional atmosphere. Hence, the long-range air mass trajectory
analysis is carried out over the study region. As the back trajectories can be calculated at
multiple atmospheric levels, desert aerosols have been observed to travel at altitudes of
up to 5000 m. Furthermore, trajectories at higher altitudes are often used for long-range
transport studies [54]; therefore, the five days back-trajectory analysis of an air parcel at
a height of 1500 m was examined for a particular date in each year, as shown in Figure 8.
The dates were chosen on the basis of the highest AOD values in each year, as presented
in Table 2. The coordinates chosen were 35.50N, 72.50E, which are defined for the Swat
region. This region has a greater AOD as compared to other districts, which can be seen in
Figure 6a. It is evident from the Figure 8 that the study region was mostly influenced by the
western parts, especially Afghanistan and central Asia. The air parcel from distant regions
such as Russia, Kazakhstan, Egypt, Turkmenistan, Uzbekistan, and Azerbaijan travelled
over Afghanistan and Tajikistan to reach the study region. These regions consist of large
deserts such as the Kyzylkum desert, Karakum Desert, Registan deserts, etc., [55,56], which
are found to be the main source regions to affect the dust concentration of the study region
(northern Pakistan). Moreover, it was also found that in 2014, 2020, and 2021, the air masses
travelled from lower latitudes of local regions to reach the study site, which can contribute
to regional concentration by carrying the road resuspension dust. This analysis supports
the spatial variation in dust surface mass concentration (Figure 4c), which was found to be
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higher in the southwestern regions of the study site, and was much closer to Afghanistan
and Tajikistan than the other regions of the study site.

Remote Sens. 2023, 15, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 8. Five-days-back trajectory analysis of air masses during the study period at 1500 m height 
over the study site. 

5. Conclusions 
In this research, the spatiotemporal variation in light-absorbing aerosols surface mass 

concentration, optical properties, and their relationships with meteorological parameters 
were investigated over northern Pakistan from 2001 to 2021. The results showed that BC 
and OC concentrations were highest in winter and autumn, respectively, while these 
concentrations were lowest in the spring season. This seasonal variability is attributed to 
various factors, including solid fuels, weather conditions, changes in vegetation, 
agricultural activities, biomass burning, and human activities. Similarly, dust 
concentration was found to be highest in the summer season due to drier conditions, dust 
activities, long range transport, and human activities. In contrast, the dust concentration 
was detected to be the lowest in the winter season. The research also revealed that the 
concentrations of BC, OC, and dust were higher in densely populated areas. Moreover, 
AOD and AAOD were higher during summer due to high concentrations of dust aerosols, 
which were transported from different regions and enhanced regional dust activities. The 
lowest AOD and AAOD values in the winter season were due to higher precipitation rates 
and speedy winds that dispersed the dust aerosols. In addition, the AOD and AAOD 
values in the southwest regions were higher as compared to the northeast regions of the 
study area. This difference is due to the higher concentration of dust aerosols in the 
southwest regions as compared to the northeast regions. Furthermore, AOD and AAOD 
spatial variation over the study area followed a similar pattern. In addition, SSA values 
were the highest in summer due to coarse particles that enhanced aerosol scattering 
efficiency. The concentration and optical properties of light-absorbing aerosols are 
significantly influenced by various meteorological parameters such as temperature, 
precipitation, and wind speed. In winter, the shallow boundary layers caused by low 
temperatures lead to increased concentrations of BC and OC, whereas heavy precipitation 

Figure 8. Five-days-back trajectory analysis of air masses during the study period at 1500 m height
over the study site.

Table 2. Selected dates for the air mass trajectory analysis with AOD values.

DD-MM-YY AOD DD-MM-YY AOD

20-06-05 0.923 05-05-14 0.975
25-06-06 0.927 07-07-15 0.952
13-08-07 0.951 23-06-16 0.930
12-03-08 0.972 24-05-17 0.916
11-08-09 0.983 07-08-18 0.949
05-09-10 0.929 20-07-19 0.992
20-08-11 0.981 26-07-20 0.837
14-07-12 0.980 11-07-21 0.884
25-06-13 0.898

5. Conclusions

In this research, the spatiotemporal variation in light-absorbing aerosols surface mass
concentration, optical properties, and their relationships with meteorological parameters
were investigated over northern Pakistan from 2001 to 2021. The results showed that
BC and OC concentrations were highest in winter and autumn, respectively, while these
concentrations were lowest in the spring season. This seasonal variability is attributed to
various factors, including solid fuels, weather conditions, changes in vegetation, agricul-
tural activities, biomass burning, and human activities. Similarly, dust concentration was
found to be highest in the summer season due to drier conditions, dust activities, long
range transport, and human activities. In contrast, the dust concentration was detected to
be the lowest in the winter season. The research also revealed that the concentrations of BC,
OC, and dust were higher in densely populated areas. Moreover, AOD and AAOD were
higher during summer due to high concentrations of dust aerosols, which were transported
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from different regions and enhanced regional dust activities. The lowest AOD and AAOD
values in the winter season were due to higher precipitation rates and speedy winds that
dispersed the dust aerosols. In addition, the AOD and AAOD values in the southwest
regions were higher as compared to the northeast regions of the study area. This difference
is due to the higher concentration of dust aerosols in the southwest regions as compared
to the northeast regions. Furthermore, AOD and AAOD spatial variation over the study
area followed a similar pattern. In addition, SSA values were the highest in summer due to
coarse particles that enhanced aerosol scattering efficiency. The concentration and optical
properties of light-absorbing aerosols are significantly influenced by various meteorological
parameters such as temperature, precipitation, and wind speed. In winter, the shallow
boundary layers caused by low temperatures lead to increased concentrations of BC and
OC, whereas heavy precipitation during spring reduces their concentrations. In the sum-
mer, dry conditions can cause high dust surface mass concentrations, hence increasing
AOD and AAOD values. Conversely, higher rates of precipitation and faster winds in
winter disperse the dust aerosols, decreasing AOD and AAOD values. The positive and
strong correlations between BC and OC, and AOD with dust further validated the findings.
Overall, the research provides useful insights into the sources, patterns, and transport of
light-absorbing aerosols in northern Pakistan.
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averaged spatial variation of AOD surface mass concentration during 2005–2021 over the study
area of northern Pakistan; Figure S5: Monthly averaged spatial variation of AODD surface mass
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