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Abstract: Recently, analyses of the air quality in Pakistan have received significant interest, espe-

cially regarding the impact of air pollutant concentrations on human health. The Atlas of Baseline 

Environmental Profiling along the China-Pakistan Economic Corridor (CPEC) at five locations in 

Gilgit-Baltistan (GB) is a major landmark in this regard due to the presence of massive glaciers in 

the region, which are considered as water reserves for the country. Using various statistical meas-

urements, the air quality was analyzed at the studied geographic locations. Further, air quality was 

evaluated based on air pollutant data acquired from ambient air monitoring laboratories. For ex-

ample, 24 h concentrations of particulate matter (PM2.5) were found to range from 25.4 to 60.1 

µg/m3, with peaks in the winter season at Gilgit. It was found that PM2.5 values were 1.7 and 1.3 

times greater than National Environmental Quality Standards (NEQS) standards only at Gilgit and 

Chilas, respectively, and 1.5 to 4 times greater than the World Health Organization (WHO) stand-

ards at all locations. Similarly, PM2.5 concentrations were found to range from 31.4 to 63.9 µg/m3, 

peaking at Chilas in summer 2020. The observed values were 1.1 to 1.8 times and 2 to 4.2 times 

greater than the NEQS and WHO standards, respectively, at all locations. In addition, the average 

peaks of black carbon (BC) were measured at Gilgit, both in winter (16.21 µg/m3) and summer (7.83 

µg/m3). These elevated levels could be attributed to the use of heavy diesel vehicles, various road 

activities and different meteorological conditions. Pollutants such as carbon monoxide (CO), sulfur 

dioxide (SO2), nitrogen oxides (NOX) and ozone (O3) were found to be within NEQS and WHO 

limits. Based on air quality metrics, the effect of PM2.5 on air quality was found to be moderate in 

Sost, Hunza and Jaglot, while it was at unhealthy levels at Gilgit and Chilas in the winter of 2019; 

moderate levels were observed at Sost while unhealthy levels were detected at the remaining lo-

cations in the summer of 2020. There are no specific guidelines for BC. However, it is associated 

with PM2.5, which was found to be a major pollutant at all locations. The concentrations of CO, SO2 

and O3 were found to be at safe levels at all locations. The major fraction of air masses is received 

either locally or from transboundary emissions. This study demonstrates that PM2.5 and BC are the 

major and prevailing air pollutants within the study region, while other air pollutants were found 

to be within the permissible limits of the WHO and NEQS. 
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1. Introduction 

With the rapid increase of population and overexploitation of natural resources, air 

pollution has become a serious global environmental concern. According to the World 

Health Organization (WHO), air pollution levels are substantially increasing worldwide; 

more than 90% people breathe polluted air and approximately 7 million deaths are 

caused by outdoor and indoor aerosol pollutants on a yearly basis [1,2]. Outdoor (ambi-

ent) air pollution due to high concentrations of different species, including airborne par-

ticulate matter (PM), ozone (O3), nitrogen oxide (NO), nitrogen dioxide (NO2), volatile 

organic compounds (VOC), carbon monoxide (CO), and sulfur dioxide (SO2) have ad-

verse health effects [3–5]. Air pollution and emissions of greenhouse gases (GHGs) due 

to anthropogenic activities, along with their associated impacts on the environment and 

health, have drawn much attention from scientists worldwide [6]. 

Numerous environmental problems are associated with ambient air pollutants [7,8]. 

Normally, pollutants are assessed based on the standard values available in each region 

worldwide. However, this approach is insufficient to assess air quality, because such as-

sessments should not be limited to single air pollutants. Therefore, ambient air is char-

acterized based on to a mixture of different air pollutants [9–11], and air quality is as-

sessed by investigating air pollution, which is further analyzed in terms of its associated 

environmental and health impacts [12]. Air pollutants cause about 0.8 million deaths 

and affect the health of around 4.6 million people each year; however, numbers may 

differ regionally [13,14]. The simultaneous increase in population, industrialization and 

the number of automobiles on roads is causing alarming increases in air pollutant levels 

in urban areas [15–17]. It is a well-known fact that anthropogenic activities have devas-

tating impacts on air quality and the ecosystem [18]. 

It is accepted that air pollution is now affecting human health as well as the global 

climate. Recent studies have shown that a high percentage of affected cities are in low 

and middle-income countries [19,20]. Since 1990, Pakistan’s entire population has been 

exposed to PM2.5 [21]. Such exposure may affect human health, with effects on the lungs 

and cardiovascular system [22]. Mean concentrations of 58 μg/m3, which exceed the 

WHO Interim Target-1 (e.g., <35 μg/m3), were found in 2017. The winter of 2019–2020 

witnessed a spike in smog, which was fueled by the buildup of anthropogenic aerosols, 

of which 65% originated from within Pakistan [23]. The principal cause for smog for-

mation is nitrogen oxides (NOx), which are emitted primarily from Pakistan’s 23.6 mil-

lion transport vehicles (58%), followed by industry and power, which account for 34% of 

emissions [24]. In this context, extensive ambient air quality monitoring was carried out 

in winter and summer 2019–2020 along the China-Pakistan Economic Corridor (CPEC), 

in the Hindukush-Karakoram-Himalaya (HKH) region in Gilgit-Baltistan (GB). 

During transportation events along the CPEC, the NOx emitted from vehicles can 

photochemically react with other atmospheric constituents to form nitric acid (HNO3), 

resulting in the formation of secondary inorganic ammonium nitrate (NH4NO3) in a 

process of dynamic equilibrium with ammonium gas (NH3). These processes enhance 

local air pollution. Emissions from vehicles produce NH3 via water gas-shift reaction 

using CO, hydrogen gas and NO [20]. Organic gas emissions then undergo an atmos-

pheric oxidation process leading to the formation of low-volatility compounds which 

may be divided into aerosol-phase and associated secondary organic aerosols [25]. The 

CPEC is expected to provide a breakthrough in the creation of infrastructure in Pakistan. 

However, for sustainable development, equal attention must be paid to the environ-

mental implications of the project. As such, there is a pressing need for the enforcement 

of environmental regulations along the CPEC route due to the increasing pressure of en-

vironmental pollution resulting from development activities. 

The Atlas of Baseline Environmental Profiling along CPEC in GB is a major land-

mark in this regard. Hence, the aim of this study is to assess the ambient concentrations 

of PM2.5, BC, NO, O3, NO2, CO and SO2 and to characterize their spatiotemporal distri-

bution at five locations. The levels of exposure to these pollutants by individuals living 
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along CPEC are not widely known. In addition to wind (speed and direction), other me-

teorological factors such as air temperature, relative humidity, and air pressure are often 

highly correlated with local air quality. Yet, no permanent atmospheric observatory exists 

in the glaciated region of Northern Pakistan. There is a dearth of knowledge about the 

amplitude of atmospheric pollutants and the magnitude of their threat to air quality in the 

future. To fill these voids, field measurements were carried out to provide additional in-

sights into the varying concentrations of the aforementioned pollutants. These data will be 

important for decision and policy makers seeking to reduce the pollution risk. 

2. Area Description 

The Gilgit-Baltistan Region, with a total area of approximately 72,496 km2 and a 

population of 1.5 million, is administratively divided into three divisions, namely, Gilgit, 

Baltistan and Diamer-Astore [17]. The CPEC starts near the border with China at Sost. 

Being the entrance point to the CPEC, it is an important town, as all traffic and cargo 

trucks crossing the Pakistan-China border throughout the year pass through this town, 

except during the winter season. Due to heavy snowfall, the border is closed to all types 

of traffic in the winter season. Hunza and Chilas are small towns in a mountainous valley 

located between Sost and Gilgit city. These towns observe heavy traffic in the daytime, 

especially in the summer season, due to commercial and tourism activities. Gilgit is the 

capital city of Gilgit-Baltistan and the region’s major commercial area. Jaglot is situated at 

the junction of three major mountain ranges. The town observes heavy traffic during 

summer, as it is situated alongside the main Karakoram Highway. Therefore, baseline 

environmental profiling is based on the season. The GB region is uniquely situated at the 

confluence of the world’s three great mountain ranges. The CPEC constitutes a network 

of roads, railway tracks, oil and gas pipelines and economic zones linking the western 

part of China to Gwadar Port in Pakistan, running some 3000 km from Xinjiang province 

to Gwadar via the Khunjerab Pass in the GB regions of Pakistan. Ambient air quality 

monitoring was conducted in five cities in GB, i.e., Sost, Hunza, Gilgit, Jaglot and Chilas, 

as shown in Figure 1. 

 

Figure 1. A detailed map of the study area showing Sost, Hunza, Gilgit, Jaglot and Chilas. 
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3. Data and Methods 

3.1. Temporal Concentrations of Air Pollutants 

The air quality in GB along the CPEC route was monitored through a network of 

mobile monitoring stations. The selected stations at Sost, Hunza, Gilgit, Jaglot and Chilas 

are located in traffic and residential sites. Detailed information about the different in-

struments/analyzers and the associated data for each analyte are given in Tables 1 and S1. 

Some of the study locations experience low traffic, while others are located in commercial 

and residential mixed areas with high traffic. The major air pollutants are PM2.5, SO2, 

NO/NO2, CO, O3 and light absorbing aerosols (black carbon). These compounds were 

measured on a daily basis in winter and summer in 2019–2020. In addition, PM2.5 was 

collected on a filter paper by running an aerosol sampler for 24 h at each site. Air sam-

pling was continuously conducted over the winter and summer during the study period. 

Table 1. Ambient air quality and monitoring methods [26]. 

Pollutants Method Instruments/Analyzers 

Nitrogen Ox-

ides 

Reference Method RFNA-0809–186 by 

US EPA (40 CFR, Part 53) 

NOx Analyzer, Ecotech, Aus-

tralia 

Sulfur Dioxide 
Equivalent Method EQSA-0509–188 by 

US EPA (40 CFR, Part 53) 

SO2 Analyzer, Ecotech, Aus-

tralia 

Carbon Mon-

oxide 

Reference Method RFCA-0509–174 by 

US EPA (40 CFR, Part 53) 

CO Analyzer, Ecotech, Aus-

tralia 

Ozone 
Equivalent Method EQOA-0809–187 by 

US EPA (40 CFR, Part 53) 

Ozone Analyzer, Ecotech, 

Australia 

Particulate 

Matter 

Reference Method RFPS-0498–116 by 

US EPA (40 CFR Part 50) 
PQ 200 BGI, USA 

Black Carbon Dual Spot Measurement Method 
Aethalometer AE33, Magee 

Scientific, USA 

3.2. Meteorological Data 

Meteorological data for each site were collected on an hourly/daily basis during the 

study period. Meteorological parameters, including wind speed, wind direction, tem-

perature and relative humidity, were monitored using a Davis Vantage Pro2 Automatic 

Weather Station, installed in an ambient air monitoring mobile laboratory. 

3.3. Statistical Analysis 

It is very difficult to quantify the impact of a single analyte on air quality. Equations 

(1) and (2) were used to create a short-term air quality index. Further, Equation (3) was 

used to calculate the AQI values and quantify the air stress due to selected quantities of 

analytes at different locations [6,27,28]. 

AQIi = CiSi × 100 (1) 

 AQI = max  (IAQI𝑖)  (2) 

AQI = {(PMobs − PMmin)(AQImax − AQImin)(PMmax − PMmin) } + AQImin  (3) 

In Equation (1), Ci is the average concentration of the monitored pollutant and Si is 

the reference value of each pollutant according to the NEQS/WHO standards. In Equa-

tion (3), PMobs is the 24 h average concentration, PMmax and PMmin are maximum and 

minimum concentrations, respectively, in PMobs, while AQImax and AQImin correspond to 

the maximum and minimum range of PMobs. The average concentrations of analytes are 
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dependent on the time period. These equations are based on arithmetic summations of 

the relative concentrations of different analytes and levels of exceedance within a given 

time period. Despite the different geographical environments in different counties, this 

paper refers the guidelines for air quality suggested by the US-EPA and China’s Ministry 

of Environmental Protection. 

3.4. Trajectory Analysis 

To visualize and identify the direction and origin of air masses at the study sites, 

TrajStat GIS-based software was run using 5-day back trajectory calculation based on the 

Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT) at altitudes of 

500 m above the ground level [29]. TrajStat is a free software for weather data visualiza-

tion and analysis. It is also used to identify the direction and sources of air pollution at 

receptor sites. It is used as a plug-in for meteorological information archive data from the 

Global Data Assimilation System (GDAS). In this study, GDAS data for back-trajectories 

at a height of 500 m above ground level during winter 2019 and summer 2020 were se-

lected. 

4. Results and Discussion 

4.1. Spatiotemporal Variation of Air Pollutants 

Current study mainly focuses on the determination of PM2.5, BC, CO, SO2, NOX and 

O3 concentrations and their associated effects on air quality. Research has illustrated that 

the concentrations of these analytes are minimal in winter and high in summer. 

4.1.1. Variations in PM2.5 Concentrations 

The main criterion for assessments of air quality is the quantification of PM2.5. In win-

ter, 24 h continuous sampling of PM2.5 was carried out on daily basis. As shown in Table 2, 

the highest average peak concentrations were observed at Gilgit (60.1 µg/m3), followed by 

Chilas (48.8 µg/m3), Hunza (34.20 µg/m3) and Jaglot (29.3 µg/m3), while the lowest values 

were recorded in Sost (25.4 µg/m3). In this season, the 24 h average values were found to be 

below the NEQS standard (35 µg/m3) at all locations except for Gilgit and Chilas. In con-

trast to NEQS, these values significantly exceeded the WHO limits (15 µg/m3), i.e., 3.8 times 

at Gilgit, 2.7 times Chilas, 2 times at Jaglot, 1.7 times at Hunza and 1.3 times at Sost. These 

elevated concentrations of PM2.5 may have been due to increased biomass burning from 

residential heating and cooking purposes in winter [30]. Due to low temperature inversion, 

particulates are trapped in the lower atmospheric volume. In summer, sampling of PM2.5 

was conducted twice every 24 h, i.e., for 12 h, from 6:00 am to 6:00 pm and for 12 h from 

6:00 pm to 6:00 am. During the daytime, the average levels were found to be above 35 

μg/m3 in Chilas (52.9 μg/m3), Jaglot (48.9 μg/m3), Hunza (48.7 μg/m3), Gilgit (46.8 μg/m3) 

and Sost (35.0 μg/m3). These values exceeded the WHO standards by 3.5 times at Chilas, 3.2 

times at both Jaglot and Hunza and 3.1 times at Gilgit (see Table 3). 

Table 2. Concentrations of selected air pollutants in GB cities during winter, 2019. 

Parameters 
  Sost Hunza Gilgit Jaglot Chilas 

WHO NEQS Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg 

* PM2.5 

(µg/m3) 
15 35 - - 25.4 - - 34.2 - - 60.1 - - 29.3 - - 48.8 

BC (µg/m3)   1.7 3.7 2.6 2.3 5.8 3.7 6.3 16.2 10.1 1.0 8.1 3.7 2.2 11.8 5.5 

CO (mg/m3) 4 5 0.7 2.9 1.9 1.3 3.5 2.4 1.8 5.5 3.7 0.6 3.5 2.2 1.0 3.8 2.5 

SO2 (µg/m3) 40 120 4.5 20.6 11.1 8.1 24.7 13.4 9.8 47.0 25.2 5.1 30.4 12.2 10.5 34.4 19.6 

NO (µg/m3)  40 3.2 16.2 9.2 7.7 23.4 12.6 10.1 38.7 21.0 4.1 18.8 10.2 4.2 23.9 13.3 

NO2 (µg/m3)  80 5.6 20.9 14.5 9.8 30.4 19.4 15.6 55.0 32.8 7.5 27.0 17.0 9.3 36.3 20.8 

O3 (µg/m3) 100 130 5.2 30.6 15.8 8.8 36.9 19.4 10.1 42.7 27.0 7.7 31.7 18.6 9.6 37.3 20.1 
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* The minimum and maximum values of PM2.5 are missing during winter because sampling was 

performed on a 24 h basis, while in summer, it was on a 12 h basis. 

Table 3. Concentrations of selected air pollutants in GB cities during summer, 2020. 

Parameters 
  Sost Hunza Gilgit Jaglot Chilas 

WHO NEQS Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg 

PM2.5 (µg/m3) 15 35 31.4 39.0  35.0 45.0 52.4 48.7 41.9 51.8 46.8 41.9 55.9 48.9 54.6 63.9 52.9 

BC (µg/m3)   0.6 16.2  4.1 1.84 11.9 4.8 0.6 19.8 7.8 1.1 11.3 4.2 0.8 13.4 5.21 

CO (mg/m3) 4 5 0.8 3.2 2.3 1.5 3.6 2.7 0.5 5.1 3.2 1.2 3.9 2.6 1.0 4.6 2.9 

SO2 (µg/m3) 40 120 4.8 21.4  13.5 6.7 27.7 16.3 2.3 43.7 22.8 7.6 27.8 14.6 9.0 30.9 17.6 

NO (µg/m3)  40 5.8 19.0  12.0 9.8 24.1 14.2 3.1 29.8 17.6 7.6 21.5 14.0 8.3 27.9 15.5 

NO2 (µg/m3)  80 8.8 25.4  17.9 10.9 38.4 22.2 6.5 50.5 28.1 11.7 34.8 20.1 10.9 45.2 24.8 

O3 (µg/m3) 100 130 13.9 45.2  26.9 19.3 50.4 30.0 4.3 59.1 31.4 17.1 48.0 28.7 20.8 54.5 33.1 

In comparison, the increasing mass concentration in summer could be attributed to 

road activities, heavy traffic and high wind speeds, which cause mass particles to loft 

upward. According to [31], major causes of PM2.5 accumulations may be industrial emis-

sions, vehicle exhausts and dust. The changing concentrations of PM are related to the 

presence of other analytes. For example, the sources of PM2.5 may also be responsible for 

the presence of sulfur and NOX, which are consequently converted into PM2.5. SO2 and 

NO are considered to be precursors which vary with the varying concentrations of PM2.5. 

In addition, while CO is not directly related to PM2.5, spatially, it has shown similar 

trends. Increased concentrations of O3 may trigger the formation of secondary particles 

through atmospheric oxidation conditions, which will enhance the concentrations of 

PM2.5. The concentration of O3 may be associated with changes in the concentrations of 

NOX and PM2.5. During the COVID-19 lockdown, non-significant changes were observed 

in the concentrations of PM2.5 and the other pollutants, as limitations on road and infra-

structure activities led to increase indoor and biomass burning [32]. Finally, the role of 

meteorological conditions cannot be ignored; variations in PM2.5 concentrations were 

associated with high humidity, low wind speed, lower temperatures and the associated 

inversion layer. 

4.1.2. Variations in BC Concentrations 

In winter, the average atmospheric values of BC in Sost, Hunza, Gilgit, Jaglot and 

Chilas ranged from 2.11 to 9.40 µg/m3 (see Figure 2). However, maximum values were 

found up to 16.2 µg/m3 (at Gilgit); Table 2. Different temporal variations at different 

study locations with their associated air quality are shown in Figures 3a and 4. Similarly, 

the average atmospheric values of BC in summer ranged from 4.11 to 7.83 µg/m3 in the 

five cities, with the maximum value of 19.89 µg/m3 at Gilgit; see Figure 5 and Table 3. In 

Sost, the diurnal variations of BC concentrations illustrate instantaneous increases by 2–3 

times in the morning (7:00 am to 11:00 am) as compared to summer nighttime values at 

all locations; see Figure 6a. During this period, heavy-duty diesel vehicles stationed at the 

Sost dry port are started. In Sost, when the Pakistan-China border was open and road 

activities were maximal, the concentration of BC also rose in the summer. The emission of 

BC is attributed to the incomplete or inefficient combustion of wood and coal; it therefore 

tends to come from local urban areas. In winter, this trend was not observed due to in-

substantial road activities; however, higher concentrations of BC were observed at night, 

probably due to household burning activities. 
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Figure 2. Variation in concentration ranges of BC (μg/m3), CO (mg/m3), SO2, NO, NO2 and O3 in μg/m3 at selected sites in Gilgit-Baltistan during winter, 2019. 

 

Figure 3. Diurnal variation of (a) BC (in µg/m3), (b) CO (in mg/m3), (c) SO2 (in µg/m3), (d) NOX (in 

µg/m3) and (e) O3 (in µg/m3) at selected study sites in Gilgit-Baltistan during winter, 2019. 
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Figure 4. Daily average air quality indicators at all study sites during winter, 2019. 

 

Figure 5. Variation in concentration ranges of BC (μg/m3), CO (mg/m3), SO2, NO, NO2 and O3 in μg/m3 at selected sites in Gilgit-Baltistan during summer, 2020. 
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Figure 6. Diurnal variation of (a) BC (in µg/m3), (b) CO (in mg/m3), (c) SO2 (in µg/m3), (d) NOX (in 

µg/m3) and (e) O3 (in µg/m3) at selected study sites in Gilgit-Baltistan during summer, 2020. 

Figures 4 and 7 illustrate that the maximum concentrations of BC were found at 

Gilgit in both seasons, i.e., 3.2 times higher than the WHO guidelines and 1.5 times 

higher than the summer values set out by the UK Black Carbon Network for roadside 

locations [33]. However, there are no specific guidelines in the NEQS for BC values. In 

general, the summer concentrations of BC were low compared to those in winter. This 

was attributed to the higher wind speeds, i.e., due to the high temperature inversion 

layer, particles are dispersed and lofted high in the atmosphere. Details about the ob-

served meteorological conditions are given in Table 4. 
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Figure 7. The daily average air quality indicators at all study sites during summer, 2020. 

Table 4. Meteorological conditions at the study locations during the winter and summer seasons. 

 Winter Season 2019 Summer Season 2020 

City T (°C) H (%) WS (m/s) Wind Direction T (°C) H (%) WS (m/s) Wind Direction 

Sost −0.8 80.2 Calm-5.7 NW & NE 21.9 33.9 0.5 to 4.5 NW & SE 

Hunza 0.4 78.3 Calm-4.5 NW & SE 22.2 36.5 0.5 to 2.0 SW & NW 

Gilgit 2.0 74.8 Calm-2.4 NW & S 22.8 59.3 0.4 to 4.0 NW & SW 

Jaglot 4.8 70.3 Calm-2.1 NW & S 21.4 57.8 0.4 to 4.0 NW & SE 

Chilas 6.4 69.8 Calm-1.9 NW & SE 23.7 52.6 0.4 to 2.0 NW & SW 

4.1.3. Variations in CO Concentrations 

Based on average daily sampling, Figure 2 illustrates different concentrations ranges 

of CO at the selected locations. In winter, the overall average atmospheric concentrations 

of CO in Sost, Hunza, Gilgit, Jaglot and Chilas were in the range of 1.97 to 3.75 mg/m3 

which is within the permissible limits of the NEQS (5 mg/m3) and WHO (4 mg/m3). 

In winter, the maximum concentration of CO, i.e., 5.1 mg/m3 at City Park near Gilgit 

Airport, matching the NEQS limit and exceeding the WHO standards by 1.3 times in the 

afternoon and at night. However, this increase was not observed for more than two con-

secutive hours. High concentrations of CO were observed in the evening and nighttime; see 

Figure 3b and Table 2. In summer, overall average atmospheric concentrations of CO in all 

cities were in the range of 2.33 to 3.21 mg/m3, i.e., within permissible limits, although they 

slightly exceeded the NEQS (5.1 mg/m3) and WHO standards in Gilgit; see Figure 5. The 

Gilgit station detected a maximum concentration of CO that was beyond the NEQS limit, 

but not for more than 1 h during summer; see Figure 6b and Table 3. In general, the high 

mean concentrations of CO may have been due to an increased influx of vehicles and traf-

fic. Being an intermediate product of vehicle and combustion activities emissions, it may 

not directly impact PM2.5 levels. Different wind cycles in the winter and summer according 

to the altitude and the terrain also affect the CO concentrations in the study area [34]. 

The varying concentrations of CO may be linked to its origins and different mete-

orological conditions at a local level [6]. 
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4.1.4. Variations in SO2 Concentrations 

In winter, the hourly averaged mass concentrations of SO2 ranged between 11.17 

µg/m3 and 25.28 µg/m3 at all study locations; see Figure 2. These values were found to be 

within the permissible limits of the NEQS (120 µg/m3) and WHO (40 µg/m3); see Table 2. 

In summer, the average atmospheric values of SO2 were found to be between 13.95 µg/m3 

to 22.85 µg/m3, i.e., within the permissible limits of the NEQS and WHO; see Figure 5 and 

Table 3. The maximum concentrations of SO2 also remained below the NEQS and WHO 

recommended limits; however, it is interesting to note that higher concentrations of SO2 

were mostly observed during late afternoon or early in the morning, as shown in the di-

urnal graphs of SO2 for all study sites; see Figures 3c and 6c,f. The concentrations of SO2 

are considered as an important indicator for the formation of PM2.5; therefore, similar 

trends were found in both seasons. This rise could have been due to household burning 

of coal for heating purposes in winter, as well as thermal inversion phenomena in winter. 

4.1.5. Variation in NO and NO2 Concentrations 

In this study, the term nitrogen oxides is being used to include for nitric oxide and 

nitrogen dioxide (NOX). NO is considered as a major air pollutant, but there are no ref-

erence data or standard limits for it, as it rapidly oxidizes with oxygen in ambient condi-

tions to form NO2. In winter, the average atmospheric values ranged between 9.23 and 

21.02 µg/m3 in Sost, Hunza, Gilgit, Jaglot and Chilas, i.e., within permissible limits of the 

NEQS (40 µg/m3). No specific limits are cited by the WHO; see Figure 2. The same figure 

shows that for NO2, the average atmospheric values in all cities were between 14.53 

µg/m3 and 32.80 µg/m3, i.e., within the NEQS limit of 80 µg/m3 but exceeding the WHO 

value (25 µg/m3) by 1.2 times at Gilgit in winter; see Table 2. 

The concentrations of NO2 showed maximum values of 30.4 µg/m3 at Hunza, 55 

µg/m3 at Gilgit and 36 µg/m3 at Chilas in winter; see Table 2. The same behavior was 

found for Gilgit in summer, with maximum values of 38.4 µg/m3 at Hunza, 50.5 µg/m3 at 

Gilgit, 34.8 µg/m3 at Jaglot and 45.2 µg/m3 at Chilas, exceeding the WHO limits; see Table 

3. Similarly, in summer, the overall average concentrations of NO were between 12.40 

and 17.68 µg/m3 in all selected cities, i.e., within the NEQS limit (40 µg/m3); see Figure 5. 

On the other hand, the overall average values of NO2 (17.95 to 28.18 µg/m3) in all cities 

also reached the NEQS limits; see Table 3. During combustion, a mixture of NO2 and NO 

(e.g., NOx) is formed at high temperatures by the oxidation of nitrogen in fuel. Like SO2, 

nitrogen oxides may also effectively affect the concentrations of PM2.5. As such, high 

concentrations can be found across the CPEC Route. 

As there are no specific WHO guidelines for NO, this study focused on the com-

bined effect of NO and NO2. The average diurnal variation of NOX (see Figures 3d and 

6d) depicts an increasing trend in the afternoon. The main anthropogenic sources of ni-

trogen oxides are road transport, gas heaters, and industrial boilers. High concentrations 

can be found, especially near busy roads and indoor environments [35,36]. The maximum 

concentrations of NOx were observed in Gilgit in both seasons; see Figures S1 and S2. 

These concentrations can contribute to the development of acute or chronic bronchitis 

[36]. NOx acts mainly as an irritant, affecting the mucus membranes of eyes, nose, throat, 

and respiratory tract. 

4.1.6. Variation in O3 Concentrations 

In winter, the average hourly mass concentrations of O3 ranged between 15.86 and 

27.02 μg/m3 (see Figure 2), while in summer, they ranged between 26.33 and 33.16 μg/m3 

(see Figure 5). In both seasons, these values were within the permissible limits of the 

NEQS (130 μg/m3) and WHO (100 μg/m3); see Tables 2 and 3. An increasing trend was 

observed in the afternoon in both seasons; see Figures 3e and 6e. However, in this study, 

O3 concentrations showed variations in both seasons at different locations (see Figures S1 

and S2). The decrease (increase) in winter (summer) was due to the relatively lower and 
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more intense radiations, respectively. Generally, increased solar radiation supports the 

photochemical production of surface O3 in such periods. As such, it is considered a sec-

ondary pollutant which is produced photo-chemically in the troposphere by its precur-

sors i.e., nitrogen oxides and CO, which are emitted by vehicles along CPEC. The de-

creasing trend of O3 and its precursors may be linked to variations in the concentrations 

of NOX, VOC, and meteorological conditions. These effects are caused by the reduced 

daylight duration and solar radiation. In contrast, enhanced photochemical oxidation of 

O3 and its precursors occurs with long daylight duration and intense solar radiation [37]. 

As such, the increased temperature in the northern part of Pakistan during summer leads 

to an increase in O3. Comparatively, the subtle increase in O3 observed in summer during 

the COVID-19 pandemic suggests little effect on the mitigation of air pollution [32]. 

4.2. Air Quality Assessment 

Air quality indices (AQI) can be used to assess air quality and its short-term impli-

cations. Higher values of AQI indicate high levels of air pollution. Based on Equations 

(1)–(3), the AQI were calculated for Sost, Hunza, Gilgit, Jaglot, and Chilas during winter 

2019 and summer 2020. The AQI standard for each pollutant was based on the WHO 

standard limits. Additionally, these values were compared with rating scales [38,39]. The 

highest values, especially those of PM2.5 and CO, were observed at Gilgit. Overall, high 

levels of air pollutants were observed in summer in other cities. A seasonal comparison 

showed that higher pollutant levels were observed in Gilgit and Chilas in winter than in 

summer, whereas in other cities i.e., Hunza, Jaglot and Sost, overall higher pollutant 

levels were observed in summer than in winter. 

The dry weather conditions and frequent inversion layers during winter, together 

with traffic congestion in populated areas and the burning of wood or other fuel for 

heating purposes, resulted in a relatively higher pollution load in Gilgit and Chilas. PM2.5 

value which are considered unhealthy for sensitive groups were observed at Gilgit (60.1 

μg/m3) and Chilas (48.8 μg/m3) in winter, while moderate levels were observed at Sost, 

Hunza and Jaglot during winter, 2019. For these peaks, the AQI values are given Table 5. 

An AQI value in the range of 151–200 is considered unhealthy. 

Table 5. AQI values for selected analytes in winter, 2019. 

No. Station PM2.5 O3 NOX SO2 CO 

1 Sost 79.0 64.9 7.1 6.3 19.2 

2 Hunza 97.5 68.6 9.6 7.2 24.2 

3 Gilgit 153.4 * 76.0 16.2 13.6 36.6 

4 Jaglot 87.2 67.7 8.4 6.6 22.3 

5 Chilas 83.7 69.5 10.3 10.4 25.2 

Values with “*” in Table 5 and Table 6 represent unhealthy levels of air pollutants. 

Table 6. AQI values for selected analytes in summer, 2020. 

S. No. Station PM2.5 O3 NOX SO2 CO 

1 Sost 99.2 75.1 8.8 7.5 22.7 

2 Hunza 133.5 * 53.8 11.0 8.8 26.8 

3 Gilgit 128.8 * 79.7 13.9 12.3 31.3 

4 Jaglot 134.0 * 76.9 10.0 7.9 25.3 

5 Chilas 143.8 * 81.6 12.2 9.4 28.4 

Values with “*” in Table 5 and Table 6 represent unhealthy levels of air pollutants. 

However, in summer, unhealthy levels were observed at Hunza (48.7 μg/m3), Gilgit 

(46.8 μg/m3), Jaglot (48.9 μg/m3) and Chilas (52.9 μg/m3); the AQI values are given in Ta-

ble 6. There are no specific guidelines for BC from the NEQS or WHO; however, the 
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WHO uses some specific values from the UK Black Carbon Network. Based on the BC 

datasets, the study area was found to be unsafe for most of both seasons. PM2.5 has been 

noted as dominating pollutant compared to gaseous pollutants, which is alarming and 

underlines the need for continuous monitoring at critical locations. Based on the AQI and 

average hourly sampling of CO, good and acceptable values, i.e., in the range of 0–50, 

were observed at all study locations; however, unsafe levels were detected at different 

times at Gilgit in the winter [6]. Similar observations were made in the summer. SO2 af-

fects plants and animals; concentrations of this compound in the range of 0–35 are con-

sidered to be satisfactory. The SO2 in the atmosphere is mainly caused by industrial ac-

tivities and fuel consumption. In both seasons, the AQI values for NOX in the range of 0–
53 were considered good. Therefore, in the present study, it was found that NOX poses no 

major threat to air quality. AQI values for O3 in the range of 50–100 are considered to be 

moderate; however, certain people should take precautionary measures when perform-

ing physical activities outdoors. In summer, the increase in ozone concentration may 

adversely affect human health [40,41]. Comparatively, high AQI values were observed 

for PM2.5 and O3 in summer 2020, while other analytes showed uneven distribution 

among the study sites; see Figure 8. 

 

Figure 8. Comparative analysis of AQI values for selected analytes at all locations. 

Overall, based on air quality indices, concentrations of SO2, NOX and O3 were found 

to be within the NEQS and WHO limits, with good and satisfactory conditions in both 

seasons at all study locations. 

4.3. Influence of Air Masses on Air Pollutants 

Figure 9a,b illustrates that the major fraction of received air masses originated pri-

marily from the Black Sea or Caspian Sea regions and traveled over Eastern Europe and 

central Asia. Regions of the Mediterranean Sea and Middle East were secondary sources 

of westerlies passing over Iran, Afghanistan and Pakistan before reaching the study sites 

in Gilgit-Baltistan except Sost, the northernmost part of Gilgit-Baltistan. The major 

source of pollutants at the study sites could be the fractions of eastern winds originating 

from northern India or the central region of Pakistan that could also carry smoke from 

household burning and vehicular emissions. Figure 10a,b illustrates that during summer, 

in Sost, the major fraction of air masses arrived from central Asia, whereas minor frac-
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tions from China also intruded. Elsewhere in the study region i.e., Hunza, Gilgit, Jaglot 

and Chilas, the major fraction of air masses originated primarily from the Black Sea or 

Caspian Sea regions and traveled over Eastern Europe and central Asia. The secondary 

source of pollutants to all monitoring sites except Sost was likely easterly winds origi-

nating over northern India that carried emissions from household burning and vehicular 

emissions. Figure 11 presents the average (day/night) wind speed and wind direction in 

Sost, Hunza, Gilgit, Jaglot and Chilas in the summer and winter seasons. During the 

study period, in all cities, low speed winds (0.1 to 5 m/s) prevailed. For the wind class 

frequency distribution at each study site, see Figure S3. Most of the winds at the study 

sites came from northwest and southwest directions, followed by southeast. The “wind 

rose” method can be used to track the influence of local wind (i.e., originating in the last 2 

or 3 h before reaching the station), but in the longer term, its data can be misleading. For 

example, valley winds in mountainous regions can be different to the general circulation 

and the synoptic scale wind-field [42]. The general weakness of using wind roses is that 

one cannot assume that the wind direction measured at a point is consistent with the 

synoptic scale flow. The turbulent and synoptic nature of wind always leads to changes 

in wind direction over a region, and this is not shown from local or point wind direction 

measurements. To overcome this gap, Hybrid Single-Particle Lagrangian Integrated 

Trajectory Model (HYSPLIT) was used in the present study. 

 

(a) 
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(b) 

Figure 9. (a). Percentage of five-day back air trajectory clusters reached over Sost during winter, 

2019. (b). Average percentage of five-day back air trajectory clusters reached over Hunza, Gilgit, 

Jaglot and Chilas during winter, 2019. 

 

(a) 
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(b) 

Figure 10. (a). Percentage of five-day back air trajectory clusters reached over Sost during summer, 

2020. (b). Average percentage of five-day back air trajectory clusters reached over Hunza, Gilgit, 

Jaglot and Chilas during summer, 2020. 

 

Figure 11. Wind direction graph based on data collected at Sost, Hunza, Gilgit, Jaglot and Chilas. 
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5. Conclusions 

Using field measurements of CO, SO2, NOx (NO/NO2), O3 and aerosol pollutants 

including BC and PM2.5 concentrations near and along the CPEC Route, this study fo-

cused on minute scale variations in the concentrations of these pollutants. It is the first 

study of its kind, providing insights into dynamic variations at five sites in the glaciated 

region of northern Pakistan during winter (2019) and summer (2020). Significant insights 

into air quality and the seasonal variation of major pollutant levels, taking into account 

associated local and transboundary air masses, was presented. The baseline data in the 

Atlas provide comprehensive information of present trends and can serve as a reference 

to examine future changes in the ecosystem of Gilgit-Baltistan. The highest values of all 

pollutants were recorded in Gilgit city, particularly in the vicinity of City Park and the 

airport. Maximum concentrations of selected analytes of all pollutants were below NEQS 

limits, except for CO, which exceeded the guideline values during peak traffic hours. In 

summer, the average atmospheric concentrations of gaseous pollutants (CO, SO2, NO, 

NO2 and O3) in all selected cities were also found to be within limits of NEQS. Like in 

winter, higher values of all pollutants were recorded around Gilgit City Park and Air-

port, where maximum concentrations of CO, i.e., slightly higher than standard limit, 

were recorded during peak traffic hours. In general, the atmospheric concentrations 

(day/night) of PM2.5 in all cities met the NEQS guidelines (for 24 h); however, this was not 

the case in Gilgit and Chilas. In our seasonal comparison, it was found that in winter, 

higher values of air pollutants were present in Gilgit and Chilas than in summer, whereas 

in other cities, i.e., Hunza, Jaglot and Sost, overall higher values were observed in sum-

mer. Although BC aerosols are not listed as pollutants and, as such, no NEQS guidelines 

exist for them, these aerosols have recently have received a great deal of attention due to 

their strong ability to absorbing sunlight. This database may be used to compare their 

atmospheric concentrations during the post-operational phase of CPEC, as well as in 

mathematical simulations to estimate atmospheric warming and its impact on snow al-

bedo in the future. Local and transboundary emissions can have profound effects on the 

concentrations of gaseous and aerosol pollutants. In order to make informed environ-

mental management decisions and to take timely and effective measures to control an-

thropogenic emissions in GB during the operational phase of CPEC, the following tech-

nical/administrative actions are recommended: 

1. Permanent air quality monitoring stations should be established at critical locations 

along the CPEC in GB for year-round monitoring of gaseous and aerosol pollutants. 

The collected data should be disseminated to an atmosphere knowledge hub that 

may be established at GB-EPA to develop the air pollution database. 

2. A GIS-based emission inventory of air pollutants from mobile and stationary 

sources should be developed and integrated with computer modeling and satellite 

data to identify pollutant sources and forecast future emission loads in GB. 

3. The GB government should adopt its own air emission standards, keeping in view 

the local situation and ecosystem. 

4. District-wise studies should be initiated in collaboration with research organizations 

and universities on the sources of pollutants and their impacts on health, the eco-

system and the economy. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/atmos13121994/s1, Figure S1: The daily average air quality 

indicators at all study sites during winter, 2019; Figure S2: The daily average air quality indicators 

at all study sites during winter, 2019; Figure S3: The graph of wind class frequency distribution at 

Sost, Hunza, Gilgit, Jaglot and Chilas; Table S1: Duration of data according to local standard time 

(LST) for selected study locations. 
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