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Abstract: Particulate matter (PM) is among the deadliest air pollutants due to its negative health
impacts and environmental harm. This study reports on monthly and seasonal concentrations of
PM10, PM2.5, and PM1, along with their ratios. Twelve-day samples were collected once a month in
Mingora city (Swat, Pakistan) from January to December 2019 using a low volume sampler. Maximum
average mass concentrations of PM10, PM2.5, and PM1 were recorded in December having values
of 78, 56, and 32 µg m−3, respectively. Minimum average values for PM10 (44 µg m−3) and PM2.5

(25.1 µg m−3) were recorded in April, while the lowest PM1 (11 µg m−3) was recorded in August.
In comparison to other months, the maximum average mass concentrations were 1.77 times (PM10),
2.23 times (PM2.5), and 2.9 times (PM1) higher in December. During the winter season, average
mass concentrations remained high. Substantial correlation coefficients of 0.92, 0.79, and 0.75 were
recorded between PM10 and PM2.5, PM2.5 and PM1, and PM2.5 and PM1, respectively. The overall
average ratios PM2.5: PM10, PM1: PM2.5, and PM1: PM10 were 68.3, 52.6, and 35.4%, respectively. A
moderate negative correlation of PM10, PM2.5, and PM1 with wind speed (−0.34, −0.39, and −0.41),
a strong negative correlation with temperature (−0.69, −0.71, and −0.74) and rainfall (−0.63, −0.61,
and −0.59), and a weak relationship with relative humidity (−0.32, −0.1, and −0.02) were recorded.

Keywords: particulate matter; Mingora city; health; correlation; air quality

1. Introduction

Atmospheric pollution is a major problem worldwide, especially in developing coun-
tries [1]. Particulate matter (PM) is a complex mixture of contaminants that includes dust,
smoke, and other kinds of liquid and solid items suspended in the air, as well as bio-
particulates. A positive link exists between acute and chronic exposure to PM in the air and
the risk of health complications, such as airway inflammation and lung performance [2–4].
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PM is a major pollutant that has been associated with several health problems, the most
common of which are respiratory and cardiovascular problems [5–9].

PM is a major pollutant in the environment that can penetrate the respiratory system
and create health concerns and problems due to its size (aerodynamic diameter) [10,11].
Depending on the climatological parameters, PM with a diameter of less than 10 µm is
classified as repairable-suspended-particulate-matter. It can change its physicochemical
properties and can float in the air for a short to longer period. As a result, it has the potential
to alter the environment’s radiative balance on a local to regional scale, potentially harming
the ecosystem and climate [12–14]. These PM sizes absorb hazardous substances, which
are then breathed into the human body and deposited in the lungs, resulting in a variety
of cardiovascular and respiratory problems, leading to morbidity and mortality [15–18].
According to previous research in Sao Paulo, environmental particles have a significant
impact on human and animal health [4,19,20].

Suspended particles in the air with a larger mass and size fall to the ground through
a dry or wet deposition process. On the contrary, the fine and ultra-fine particles stay
in the atmosphere for longer periods, sometimes up to weeks, and can be carried to
different regions by air circulations, thereby affecting the environment of distant and far-off
locations [21]. Moreover, particles in the atmosphere have an impact on cloud formation and
dissipation, which govern heat transport in the atmosphere and cause climate change [22].
Studies underscore the importance of suspended particles, particularly PM and its fractions,
to be observed and checked. These facts are crucial to (i) characterize particles chemically
and physically, (ii) identify particle sources and quantify their contributions, (iii) evaluate
particle temporal and geographical variability, and (iv) investigate particle effects on the
environment and human health [22]. PM mass concentration is also affected by a variety
of meteorological factors, including temperature, rainfall, relative humidity, and wind
speed [23]. Furthermore, the quantity and composition of PM are influenced by local
geological conditions and land use type [24]. The concentration and contents of PM vary
from one location to the next, depending on background levels and emission sources [25].

These particles have different physical and chemical properties, including chemical
structure and composition, reactivation, residence time, shape, size, solubility, and toxicity.
In addition to the chemical and physical properties of PM, the definition of pollution sources
also has a role in determining pollution reduction techniques [26,27]. Atmospheric stability,
wind speed, rainfall, temperature, and relative humidity are all factors that play a vital
influence in lowering PM mass concentration on a local and regional scale [26–32]. Due to
a rise in anthropogenic activities, such as industrialization, urbanization, and automobile
emissions, in many regions of the world, especially in developing countries, the PM has
attracted greater attention in the last decade [32]. Pakistani cities have been confronted
with grave air pollution-associated problems; consequently, PM has considerably affected
air quality in the area [33]. The location discussed in this work, i.e., Mingora, Swat,
is located in the foothills of the Hindus-Kush regions. Hence, in this region, in-depth
characterization of PM will be essential for air quality, climate studies, and human health.
The findings of the present study would be useful for developing an effective air quality
control plan in the Mingora city of Khyber Pakhtunkhwa, Pakistan, and elsewhere. In
the present study, the concentration of PM10, PM2.5, and PM1 on a monthly and seasonal
basis; the correlation between the three fractions of PM; and the ratios of PM2.5 to PM10,
PM1 to PM2.5, and PM1 to PM10 were investigated. Furthermore, how meteorological
variables, such as wind speed, relative humidity, rainfall, and temperature affect PM mass
concentration were studied.
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2. Materials and Methods
2.1. Research Area and Its Meteorological Conditions

The present research work was conducted in Mingora City, Swat, Pakistan
(34.77◦ N 72.36◦ E), which is 984 m above sea level (Figure 1). The study area is located
in the humid and subtropical climate zone. It is the largest city in Khyber Pakhtunkhwa
province (Pakistan), as well as the regional center. The 240 km Swat River flows through
the city, with its origins in the Hindu-Kush Mountains. Mountains surround the study
area (city) in an easterly direction. These peaks are offshoots of the well-known Hindu-
Kush mountain range. As a huge city, it has a significant number of restaurants, hotels,
and public and private better health care institutions. In addition, this city is a hub for a
variety of crafts, including woodworking, gemstone mining, and marble, as well as several
small-scale enterprises, including plastic, steel, marble, and cosmetics.
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Figure 1. Map of the study area.

Figure 2 shows the monthly change in the metrology of Mingora Swat (Pakistan). In
January, September, October, and December, the wind speed (WS) is zero; however, in June,
the average maximum wind speed is 1.5 ms−1. The average minimum temperature (5.8 ◦C)
was recorded in January, while the average maximum temperature (30 ◦C) was recorded in
July. During the sampling period, the average maximum rainfall (RF) was recorded in April,
while the minimum RF was observed in September. Relative humidity (RH) had an average
minimum value of 54.9% in June and an average maximum RH of 83.1% in January.
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2.2. Sample Collections

Particulate matter (PM) was collected in three-size fractions (PM10, PM2.5, and PM1)
using the low volume sampler (LVS). The LVS was programmed to operate at a uniform
flow rate of 16LM-1 during sampling. Sampling took place on the roadside near the Govt.
Higher Secondary School, Mingora building (15 feet above the ground). PM sampling
was carried out on alternating second days for a year in 2019, totaling 504 samples of each
fraction. Substrates made of a quartz-fiber filter, with a 47 mm diameter, were used for the
collection of PM samples. The samples were taken over 24 h, from 7 a.m. to 7 a.m. While
using the sampler, filters that had been prepared and pre-weighed were placed and suitably
fastened in the filter holder. Before the further investigation, the loaded filters were taken
with care from the holder, placed in a Petri dish, weighed, and conditioned. The samples
were kept in the refrigerator at 4 ◦C to avoid volatile compounds evaporating and heat
damage. The PM masses were determined using gravimetric methods, with the help of
microbalance; the mass of the blank filter was subtracted from the mass of the loaded filter.
All the masses were taken as the average of three measurements. The following steps were
used to calculate the gravimetric mass of filters pre-and post-sampling: the filters were let
equilibrate for 24 h before weighing at room temperature the next day, between 24 and 48 h.
The mean values were computed after weighing each filter substrate many times before
and after sampling.

2.3. Linear Regression Analysis

Various regression analyses were performed between meteorological parameters and
PM concentration to assess the effects of meteorological parameters (temperature, RF, RH,
and WS) on PM concentration. The regression analyses provide useful information on the
effect of meteorological conditions on PM concentrations. According to Bibi et al. [33] and
Järvi et al. [34], multiple regression analysis was performed for meteorological characteris-
tics, such as temperature, RF, RH, and WS, in relation to PM concentration. With known
coefficients of each variable, the best-fit model can be expressed as:

PM = b0 + b1 Temp + b2 RF + b3 RH + b4 WS (1)
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where b0 represents intercept and b1, b2, b3,, and b4 are the regression coefficients of Temp
RF, RH, and WS.

3. Results and Discussion
3.1. Monthly and Seasonal Variation in PM10, PM2.5, and PM1 Mass Concentration

Figure 3a,b show monthly and seasonal fluctuations in mass concentrations of three
fractions (PM10, PM2.5, and PM1). A concave parabolic pattern can be seen in the PM mass
concentration, which decreased from January to April, and then increased from May to
December. In December, the average maximum mass concentrations of PM10, PM2.5, and
PM1 were 78, 56, and 32 µg m−3, respectively. According to the WHO standards, the twenty-
four hours mass concentration of PM2.5 is 15 µg m−3, and PM10 is 45 µg m−3 [35]. From
2009 to 2011, Li et al. [36] found the greatest average mass concentrations of PM10, PM2.5,
and PM1 in January, reaching 118, 101, and 93 µg m−3, respectively, in Chengdu. During
April, minimum levels of 44 µg m−3 (PM10), 25.1 µg m−3 (PM2.5), and 11 µg m−3 (PM1),
respectively, were reported.
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Figure 3a showed that the highest average mass concentration (PM10, PM2.5, and
PM1) was observed during the winter season, which is attributable to low wind speed,
rainfall, and temperature. Li et al. [36] found a similar pattern of mass concentration, with
maximum concentrations of PM10 (98 µg m−3), PM2.5 (83 µg m−3), and PM1 (77 µg m−3)
in winter and minimum concentrations of PM10 (49 µg m−3), PM2.5 (43 µg m−3), and PM1
(40 µg m−3) in summer at Chennai city (India). Srimuruganandam and Nagendra [37]
noted PM10 (135 µg m−3), PM2.5 (73 µg m−3), and PM1 (59 µg m−3) concentrations in
winter; PM10 (102 µg m−3), PM2.5 (50 µg m−3), and PM1 (34 µg m−3) concentrations in
summer; and PM10 (189 µg m−3), PM2.5 (84 µg m−3) and PM1 (66 µg m−3) concentrations
post-monsoon. Figure 3b depicts seasonal mass concentration. From spring through winter,
there is an upward trend in mass concentration. The increase in PM concentration in the
air during the winter season can be linked to a decrease in moist deposition of PM, which
causes PM concentration to rise [38,39]. Furthermore, rain only has a minor effect on micro
and ultrafine particles, whereas coarse and bigger particles are significantly removed [40].
The fact that temperature or thermal inversion occurs in the winter months reduces the
dispersion and scattering of PM, resulting in a high concentration in the air [26,41,42].
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Tecer et al. [41] observed a similar tendency of elevated mass concentrations of PM over
the winter season.

3.2. Relation between PM10, PM2.5, and PM1

The relationship among three fractions of PM in 2019 is depicted in Figure 4. The
correlation coefficients during the study year are found to be 0.92, 0.79, and 0.75 between
PM10 and PM2.5, PM2.5 and PM1, and PM2.5 and PM1, respectively. These results indicate a
significant correlation in between the three main fractions of particulate. Similar to our re-
sults, significant correlations among PM10, PM2.5, and PM1 were noted by other researchers.
For example, Li et al. [36] noted a correlation coefficient of 0.92 for PM10 and PM2.5, 0.84 for
PM10 and PM1, and 0.98 for PM2.5 and PM1. Similarly, a correlation coefficient of 0.93 was
noted between PM10 and PM2.5 [43]. Srimuruganandam and Nagendra [37] at Chennai city
(India) documented the correlation coefficients between PM10 and PM2.5 as 0.76, 0.74, and
0.54 in winter, summer, and post-monsoon, respectively. A correlation coefficient of 0.92
between PM2.5 and PM1 in winter, 0.93 in summer, and 0.97 in post-monsoon was noted,
and the correlation coefficient between PM10 and PM1 was noted as 0.68 in winter, 0.59 in
summer, and 0.43 in post-monsoon.
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Figure 5 depicts season-wise percentage ratios of PM2.5:PM10 in spring (63%), summer
(67.3%), autumn (69.9%), and winter (72.8%); PM1:PM2.5 in spring (60.8%), summer (47.1%),
autumn (49%), and winter (53.6%); and PM1:PM10 in spring (37.3%), summer (31.9%),
autumn (33.9%), and winter (38.6%). Average percentage ratios for PM2.5:PM10, PM1:PM2.5
and PM1:PM10 were calculated as 68.3, 52.6, and 35.4%, and they ranged between 63.0–72.8,
47.1–60.8, and 31.9–38.6%, respectively. Li et al. [36] calculated average PM2.5:PM10 (85%),
PM1:PM10 (78%), and PM1:PM2.5 (92%) with ranges of 74–94% (PM2.5:PM10), 64–89%
(PM1:PM10), and 87–95% (PM1:PM2.5), respectively. This analysis indicates that part of
PM2.5 in PM10 is quite high during the winter season due to the elimination of coarse
particles because of temperature inversion and high relative humidity. PM1:PM2.5 is
observed to be high (60.8%) in spring, whereas PM1:PM10 was high (38.6%) in winter.
Furthermore, the main reason for fine particle growth in the winter could be domestic
heating; on the contrary, coarse particle concentration in the atmosphere increase during
summer, which decreases the ratios of PM2.5:PM10, PM1:PM10, and PM1:PM2.5 [8]. Similar
results were indicated by Zhao et al. [44] and Tiwari et al. [22].
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3.3. Correlation between PM10, PM2.5, and PM1 Concentrations with Meteorological Parameters

The relation of PM mass concentration in three size fractions (PM10, PM2.5, and PM1)
with metrological parameters, such as temperature, RF, RH, and WS, were investigated to
comprehend the influence of metrological parameters on PM mass concentrations. Previous
research has found that both particle emissions and meteorological parameters influence air
particle pollution [45,46]. Meteorological parameters are mainly responsible for atmospheric
pollution whenever PM emission in an area is constant [36], such as removal (dry and
wet deposition) and transport dispersion of PM from the atmosphere is influenced by
meteorological factors, such as wind, temperature, and RH. These factors also have an
impact on atmospheric chemistry, resulting in the development of secondary PM [23,47].

Figure 6a depicts that WS in Mingora city was very small (0–1.5 m s−1) in 2019. From
Figure 6a, it is clear that WS is calm in all the months except in Feb and Jun (very gentle WS
is observed). PM concentration in the study area is not changed profoundly by the wind.
This may be related to the region’s topography and surface roughness. The influence of
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structures and urban meteorology are other wind-limiting factors. The city is situated on
mountainous terrain with intensive, unplanned, residential and commercial buildings. On
the wind speed, this structure has a breaking, diverging, and diluting effect [41]. Table 1
indicates a negative correlation between WS and PM10 in the study period; PM2.5 and PM1
with values of −0.34, −0.39, and −0.41. The correlation coefficients follows the pattern as
PM1 > PM2.5 > PM10. Li et al. [36] noted correlation coefficients of −0.35 for PM10, −0.56
for PM2.5, and −0.62 for PM1 in the Sichuan Basin’s urban area. The correlation coefficients
between PM10, PM2.5, and WS were not significant with p > 0.05. However, there was
a clear correlation between PM1 and wind speed, with p < 0.05. Kliengchuay et al. [48]
recorded a negative correlation between PM and WS with a correlation coefficient value of
−0.14 for PM10 in Lamphun (Thailand). The negative correlation of WS with PM is because
wind disperses and transports the PM somewhere else.
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Table 1. Correlation coefficients (r2) between mass concentrations of PM10, PM2.5, and PM1 and
average meteorological parameters (wind speed, temperature, rainfall, relative humidity).

PM10 PM2.5 PM1

Wind speed −0.34 NS −0.39 NS −0.41 *
Temperature −0.69 ** −0.71 ** −0.74 **

Rainfall −0.63 * −0.61 * −0.59 NS

Relative humidity −0.32 −0.10 −0.02
NS = Non-significant ** = Significant at p < 0.01, * = Significant at p < 0.05.
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The relationship between temperature and PM mass concentration is shown in
Figure 6b. A strong negative correlation coefficient (p < 0.01) with values of −0.69 for
PM10, −0.71 for PM2.5, and −0.74 for PM1 was recorded (Table 1). Intense convection is
facilitated by high temperatures in Jul, Aug, and Sep, as indicated in Figure 6b. PM in the
atmosphere is carried swiftly and efficiently, allowing it to disperse PM more quickly; the
temperature affects the chemistry of PM, which results in the creation of secondary PM,
and, resultantly, the local concentration of PM decreases [23,47–49].

The relationship between RF and PM mass concentration is shown in Figure 6c, which
shows a negative correlation between them RF and PM. Rain has a negative impact on PM
mass concentrations, indicating the occurrence of the atmospheric washout process [41,50].
As depicted in Table 1, the monthly correlation coefficient between RF and PM10, PM2.5,
and PM1 were observed to be −0.63, −0.61, and −0.59, with corresponding values p < 0.05,
p < 0.05, and p > 0.05, respectively, particularly in Jun, Jul, Oct, and December. Li et al. [36]
noted −0.59 (PM10), −0.58 (PM2.5), and −0.57 (PM1) correlation coefficients between RF
and PM. RF has a two-fold effect on PM concentration in the atmosphere. First, PM is
micro-physically treated by raindrops, such as collision and adsorption, and, resultantly,
wet deposition of PM occurs. Second, following the rain whether PM is already suspended
in the air is remarkably decreased [25,51].

The mass concentration of PM10, PM2.5, and PM1 in association with RH is depicted
in Figure 6d. The correlation coefficient of PM2.5 and PM1 with RH was found to be
weak and negative (–0.1) and (–0.02), respectively, while the correlation between PM10
and RH was moderately negative with the value of –0.32. Early researchers documented
that RF has a reverse effect on ultra-fine particles; this indicates that RH has different
effects on coarse and fine particle concentrations [48,52]. This is the reason that RH had a
moderate negative correlation (–0.32) with PM10, while PM2.5 was (–0.1) and (–0.02). RH
was noted to be high throughout the study year; high RH was observed in Jan, Feb, Nov,
and Dec. The correlation coefficient between RH and PM10, PM2.5, and PM1 was noted to
be under –0.32. During the winter season followed by autumn, RH remained high. High
PM concentration is attributed to the condition that whenever RH is high, the growth of
hygroscopicity is also high and air pollution is usually at maximum under the layer of
thermal inversion or when there is very little airflow [53]. Kliengchuay et al. [48] recorded
a negative correlation of –0.12 between PM10 and RH in the upper north of Thailand from
2009 to 2017. Munir et al. [25] showed a correlation of RH with PM10 and PM2.5 of −0.30
and −0.17 values in Makah, Saudi Arabia.

3.4. Emission Sources

The majority of the particles were found to be carbonaceous at the study site because
the collection of samples was done by the roadside. Vehicular emissions mainly contributed
to carbonaceous particles. In the surroundings of the study area, it is common to burn
biomass in autumn. Particles of soot were produced from the combustion of diesel, gasoline,
fuel oil, and butane [54,55]. Traffic emissions were assumed to be the primary source of this
pollution as no substantial industrial sources were found in the surroundings of the study
area. Aluminosilicates were also found to be the highest in amount. Similarly, chloride-
related particles were also found. Soil dust and re-suspended road dust were the main
contributing sources of pollution [56]. Ca-rich particles are found in limestone, a mineral
found in the crust, road dust, and soils and commonly used in cement production. The
construction of buildings, homes, and roads releases calcium particles into the air. Ca-rich
particles were revealed as a result of building constructions and the suspension of dust
in the study site [57]. Biological particles were also explored in the air of the study site.
The contributing sources of such particles are bacteria, viruses, fungal spores, plant debris,
pollen, and animal matter. Moreover, there were several agricultural activities, trees, plants,
and fields all around the sampling site.
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4. Conclusions

This study looked at PM pollution in Mingora City, Swat, Pakistan, and its link to
weather, which is important for improving local air quality. Higher mass concentrations
(78, 56, and 32 µg m−3, respectively) of PM10, PM2.5, and PM1 were observed in December
2019, while low mass concentrations were recorded in April 2019 for PM10 (44 µg m−3)
and PM2.5 (25.1 µg m−3) and for PM1 (11 µg m−3) in August 2019. The highest average
mass concentrations of PM10, PM2.5, and PM1 were 1.77, 2.23, and 2.9 times higher during
August, in comparison to the other months of 2019. In the winter season, there were
high average mass concentrations. The investigation of the correlation between PM10,
PM2.5, and PM1 indicated that the average mass concentrations correlation coefficient of
PM10:PM2.5, PM10:PM1, and PM2.5:PM1 were at maximum approaching the peak values
of 0.92, 0.79, and 0.75, respectively. The overall average ratios PM2.5: PM10, PM1: PM2.5,
PM1: PM10 were 68.3, 52.6, and 35.4%, respectively. This is a clear indication that fine and
ultrafine PM is the key pollutant to the environment of Mingora city. Average temperature
and rainfall had a strong negative link with PM concentration, whereas wind speed and
relative humidity had a moderate-to-weak negative correlation. These data could be used
to aid future strategies targeted at lowering emissions in northern Pakistan near the glacier
region. The potential sources of pollution are agricultural residue burning, organisms, coal,
biomass, vehicles, and waste material incineration. Moreover, construction and demolition
of buildings, dust from unpaved roads, mining, crush-plants, marble (granite) factories,
and poor drainage system are sources of pollution. Thus, the mentioned sources could
have hostile effects on the climate, fauna and flora, hydrological cycle, and, in particular,
on glaciers situated in the Hindu-Kush range.
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