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Abstract: Industrialization, explosive population growth, anthropogenic activities, and vehicular
exhaust deteriorate ambient air quality across the world. The current study aims at assessing the
impacts on ambient air quality patterns and their co-relations in one of the world’s most polluted
cities, i.e., Lahore, Pakistan, during a strict, moderate, and post-COVID-19 period of 28 months (March
2020–June 2022). The purpose of this study is to monitor and analyze the relationship between criteria
air pollutants (SO2, particulate matter (PM 10 and 2.5), CO, O3, and NO2) through a Haz-Scanner
6000 and mobile van (ambient air quality monitoring station) over nine towns in Lahore. The results
showed significantly lower concentrations of pollutants during strict lockdown which increased
during the moderate and post-COVID-19 lockdown periods. The post-COVID-19 period illustrates a
significant increase in the concentrations of SO2, PM10, PM2.5, CO, O3, and NO2, in a range of 100%,
270%, 500%, 300%, 70%, and 115%, respectively. Major peaks (pollution concentration) for PM10,
PM2.5, NO2, and SO2 were found during the winter season. Multi-linear regression models show a
significant correlation between PM with NO2 and SO2. The ratio of increase in the PM concentration
with the increasing NO2 concentration is nearly 2.5 times higher than SO2. A significant positive
correlation between a mobile van and Haz-Scanner was observed for CO and NO2 data as well
as ground-based observation and satellite data of SO2, NO2, and CO. During the strict COVID-19
lockdowns, the reduction in the vehicular and industrial exhaust significantly improved the air quality
of nine towns in Lahore. This research sets the ground for further research on the quantification of
total emissions and the impacts of vehicular/industrial emissions on human health.

Keywords: ambient air; atmosphere; emissions; pollution; COVID-19; particulate matter; satellite

1. Introduction

Globally, the poor atmospheric quality due to increased air pollution critically impacts
human health and leads to many challenges to biodiversity, human health, ecosystems,
and regional climate [1–3]. The World Health Organization (WHO, Geneva, Switzerland)
has reported that metro-political areas are at higher risk of air pollution; hence, respiratory
ailments account for 80% of all chronic diseases [4–6]. Developing nations are at higher
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risk due to their fast industrial and urban growth, lack of health knowledge, rapid industri-
alization, vehicular exhaust, insufficient air quality standards, and obsolete technology as
well as high-density population areas [7,8].

The Pakistan Air Quality Index (AQI) in different cities including Lahore, Peshawar,
Karachi, and Islamabad does not meet WHO air quality guidelines, especially during winter
and autumn seasons [9]. The Air Quality Index of Lahore was 484 on 30 October 2019,
which is categorized as above the threshold limit of “Hazardous level” [10]. During
the winter season of 2019–2020, intense smog was observed in various cities of Punjab
including Lahore. Anthropogenic aerosols account for 65% of smog formation with a major
contribution of NOx. The primary sources of NOx identified include transportation (58%)
followed by power plants (34%) [11].

The increase in air pollution is linked with many diseases including respiratory ail-
ments such as cardiovascular diseases including decreased lung function, premature mortal-
ity, cancer, diabetes, and obesity [1,10,12]. Many studies have highlighted the modification
of body mechanisms due to air pollution such as inflammation, anxiety and other psycho-
logical changes, hormonal disruption, and oxidative stress [13–15]. Moreover, some studies
also provide evidence of air pollutants being correlated with behavioral changes in children
such as changes in physical activities or increases in caloric intake and eating habits [16–19].
Many studies have found a positive association between aerosol density and air pollu-
tants including particulate matter of diameter ≤10 µm (PM10), carbon monoxide (CO),
nitrogen oxides (NOx), sulfur dioxide (SO2), Volatile Organic Compounds (VOCs), and
PM2.5 [20–25]. Air pollution in densely populated areas is associated with asthma mainly
due to the presence of PM2.5, PM10, NO2, SO2, and O3 [26,27]. Children are identified to be
at higher risk of morphological and functional effects during fetal development. Moreover,
in children, the higher risk is also due to the faster breathing rate and more intake of air as
compared to adults [28].

The monitoring of air quality in Pakistan is challenging due to limited air quality
monitoring stations. Remote sensing techniques are mainly used for air quality monitoring
along with satellite observations. Miller and Marty [29] investigated the contribution
of crop residue burning and urban–industrial emissions in Lahore using ground-based
and satellite-based aerosol optical properties through Aerosol Optical Depth (AOD) in
2013. The Dark Target (DT) and DEEP Blue (DB) algorithm study using Aqua-MODIS
(MYD04) level 2 aerosol products during 2007–2013 in Karachi and Lahore was carried out
by Bilal et al. [28]. Many studies have been conducted to correlate the atmospheric trace
gases, i.e., ground-level ozone, nitrogen dioxide (NO2), sulfur dioxide (SO2), and carbon
dioxide (CO2) using remote sensing techniques [29–34]. However, the latest studies relating
to the ground-based and satellite data air quality parameters and their effects on human
health are still missing in Lahore.

The COVID-19 pandemic had globally adverse impacts on communities in terms
of social, economic, and health perspectives. However, these pandemic episodes are
also related to improved air quality in many regions of the world due to a decrease in
anthropogenic activities such as a reduction in vehicular use, shutdown of industries, and
remote working of offices. Studies have also highlighted the improvement of ambient air
quality during strict lockdowns and post-COVID-19 lockdowns in many regions of the
world such as Wuhan City [35], Central China [36], the northern cities of China [37,38],
Spain [39], India [40–42], and Iran [43].

Lahore has been ranked among the most polluted cities in the world in the last decade.
Unfortunately, this part of the world is the least studied and lacks an appropriate air quality
monitoring network. It is imperative to investigate the deteriorated ambient air quality
regularly and to check the efficacy of mitigation measures. This study primarily focuses on
reporting the current state of criteria air pollutants SO2, CO, NO2, O3, and PM (PM2.5 and
PM10). This study provides the deep spatial and temporal ambient air quality trends for
the period of March 2020 to June 2022. Further emphasis is on the behavior of ambient air
quality during two time periods of the COVID-19 lockdown period and post-COVID-19
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period. In Pakistan, a strict lockdown during March 2020 and November 2020 shows an
incredible reduction of all criteria air pollutants. This study provides a comparison of
ground-based data with satellite monitoring during the study period. Based on these
previous studies and analyzing the gaps, the following study is designed with major
objectives including: (i) monitoring of ambient air quality parameters in a mega-city
for 28 Months (March 2020–June 2022), (ii) discovering the coherence and relationship
between particulate matter with active gaseous pollutions (CO, NO2, SO2, and O3) and
(iii) assess the correlation between ground-based monitoring data and satellite data and
meteorological conditions.

2. Materials and Methods
2.1. Study Area

Lahore is the 2nd largest city in Pakistan in terms of population and lies between
31.5204◦ N and 74.3587◦ E. The total area of Lahore is 1772 km2, with a population of
15,126,000 individuals [44]. The road density of Lahore is 0.47 per km2, which is higher than
Punjab’s average road density (0.37 km2). Lahore is classified into nine major administrative
divisions known as “towns” which are (i) Data Ganjh Bakhsh Town, (ii) Samanabad Town,
(iii) Ravi Town, (iv) Aziz Bhatti Town, (v) Wahga Border, (vi) Gulberg Town, (vii) Iqbal
Town, (viii) Shalimar Town, and (ix) Nishtar Town (Figure 1). The ambient air monitoring
was conducted through the Haz-Scanner and mobile van in all of these towns.
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Figure 1. Location Map of Ambient Air Quality Monitoring Sites of Lahore, Pakistan.

2.2. Research Design and Sampling Protocol

This research is designed for the assessment and characterization of ambient air quality
in Lahore, Pakistan, for the period of 28 months, i.e., March 2020–June 2022. Two sampling
locations from each town were selected. Daily monitoring was carried out in nine towns
in Lahore with a mobile van (air quality station) and Haz-Scanner 6000 (Environmen-
tal Devices Corporation, USA, Power: 10 h on 12 V AGM Battery, Continuous on AC,



Atmosphere 2023, 14, 1257 4 of 20

Recording Time: 1 s to 44 weeks, Sampling Rate: 1 s, 1 min, 10 min, 1 h, adjustable, Sam-
pling Pump: 2.0 lpm Adjustable, Digital Output: RS-232 (PC), RS-423 (MAC), Dimensions:
14′′ × 6′′ × 10′′ weather proof case, Weight: 12 lbs, Operating Temperature: −20 ◦C to
60 ◦C). Parameters monitored include SO2, CO2, NO2, CO, PM2.5, and PM10. For further
assessment, we compared our results for the duration, i.e., 2020, 2021, and 2022, to better
estimate the changes in air patterns during COVID-19 and its post-effects. The satellite
data were collected through a Moderate Resolution Imaging Spectro-radiometer (MODIS)
over Lahore for a study period of 28 months (March 2020–June 2022). The satellite data pro-
vide near-surface (ground-level) concentrations through column integration and through
physio-chemical and meteorological processes [45].

2.3. Study Duration

The present study was conducted for an extensive period of twenty-eight months. This
duration is classified into three phases based on the COVID-19 lockdown as implemented
by the government. The details of this duration are as follows:

• Strict lockdown (1st strict lockdown 1 April 2020–15 April 2020 and 20 November–
15 December 2020)

• Moderate lockdown (six months of 22 April 2020–October 2020)
• Post-COVID-19 Lockdown (January 2021–June 2022).

2.4. Statistical Analysis

Firstly, a data quality control check was completed; the hourly data matrix of the entire
28 month data set was imported to a Sigma plot for the preparation of graphs. A total
number of data sets (628) of each parameter was monitored along Lahore city. Pearson
correlation coefficients were obtained. Multiple linear regressions were executed with the
function “regress” at the 0.05 significance level. Normality analysis of the raw data was
conducted before the statistical analysis. The mean average value of ambient air pollutants
was obtained and graphically presented by using a sigma plot furthermore the significant
correlation of particulate matter (PM2.5 and PM10) with another gaseous pollutant (SO2,
CO2, NO2, NO, being CO) being calculated by using multiple regression. The validity of
ambient air quality results is then correlated with satellite MODIS data and represented as
a coefficient of determination (R2). All the data were analyzed and illustrated in graphs
using SigmaPlot 14.0. The mapping of nine towns of Lahore city was done with qGIS.

The regression model was designed as follows:

PM2.5 = 28.625 + (0.855 × NOx) + (0.599 × SOx) + (1.742 × CO) − (0.770 × O3)

The obtained regression of the p-value and other regression statistical parameters
show that PM2.5 is more sensitive to other pollutants.

R = 0.978, Rsqr = 0.957, Adj Rsqr = 0.950 and Standard Error of Estimate = 8.431

Similarly, we conducted multiple linear regression analyses of daily values for the
complete 28 months between PM10 and gaseous pollutants based on their linear correlations
to evaluate the sensitivity of PM10 to these pollutants. The regression model was designed
as follows:

PM10 = −9.831 + (3.468 × NOx) + (0.963 × SOx) + (7.648 × CO) − (3.586 × O3)

N = 688 R = 0.953 Rsqr = 0.908 Adj Rsqr = 0.892

For a better understanding of other relations between PM10, PM2.5, and other gaseous
pollution, we tried to compare results for each year in Sigmaplot. The regression coefficient
for PM2.5 and PM10 with other gaseous pollution are as follows:

PM2.5/10 = α × NO2 + β × SO2 + γ × CO + δ × O3
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2.5. Meteorological Parameters

The weather station of Lahore is located at latitude 31.544◦ N and longitude 74.32◦ E.
The meteorological data of maximum and minimum temperature, humidity, precipitation,
and solar radiation were obtained for the study period from the Punjab Meteorological
Department for the monitoring period (28 months). These data sets are then co-related
with each parameter to identify their interrelation.

3. Results

Air pollution concentrations changed significantly in Pakistan in the last decade. The
COVID-19 outbreak was declared the sixth public health emergency for international
concern by World Health Organization (WHO) on 11 March 2020 [46]. This epidemic
caused a lot of crises due to mortality and economic and social lockdowns in Pakistan,
but on the positive side, it improved a vital need (ambient air quality) for human beings,
as evident by the blue sky in one of the most polluted mega-cities (Lahore) in the world.
The post-COVID-19 period illustrates a significant increase in the concentrations of SO2,
PM10, PM2.5, CO, O3, and NO2 in the range of 100%, 270%, 500%, 300%, 70%, and 115%,
respectively. This study was carried out to find the relationship between PM and active
gaseous pollution impacts of the COVID-19 lockdowns and the overall effects of PM10,
PM2.5, and criteria pollutants (SO2, CO, O3, and NO2).

Figures 2–7 represent the overall trend of PM10, PM2.5, SO2, O3, NO2, and CO, respec-
tively. The period is illustrated vertically (y-axis) while the concentration of atmospheric
pollutants is represented horizontally (x-axis) in different towns of Lahore. The green
dashes in the figures represent the strict lockdown (time duration as mentioned in Section 3
while blue dashes represent the moderate lockdown.

3.1. The trend of Particulate Matter (PM2.5 and PM10)

Overall trends of PM2.5 and PM10 showed lower peaks during strict lockdowns due
to less vehicular pollution and fewer industrial activities. The results are within PEQS
limits during March 2020 and November 2020 with a slight increase in concentration
during moderate lockdown (April–October 2020) (Figures 2 and 3). While the trend in
the post-COVID-19 period revealed that the concentration of PM10 in ambient air is at
its maximum in the winter due to temperature inversion, i.e., October–January, during
the summer, i.e., May–June, the trend also showed a decline in the concentration of
PM10. A sharp dip in concentration of PM10 was observed during monsoon months,
i.e., July–August. The trend of PM10 concentrations of nine towns in Lahore is Shalimar
Town > Nishtar Town > Iqbal Town > Gulberg Town > Wagha Town > Data Ganj Bakhash
Town > Ravi Town > Aziz Bhatti Town > Samanabad. The trend of Haz-Scanner and
mobile van monitoring showed a similar trend with slight variation in results. The
overall trend of the Haz-Scanner results, during the COVID-19 lockdown, indicates that
the lowest concentrations of PM10 were observed in Aziz Bhatti Town (72 µg/m3) which
is within the PEQ limits while the highest concentration was found in Gulberg town
(201 µg/m3) and while the post-COVID-19 period indicates that the lowest concentration
was in Iqbal Town (172 µg/m3) and the highest concentration was in Gulberg Town
(445 µg/m3). Similarly, the trend measured from the mobile van during the COVID-19
lockdown showed the lowest concentration in Nistar town (85.67 µg/m3) and the highest
concentration in Gulberg Town (205.62 µg/m3), while the post-COVID-19 period showed
the lowest concentration in Iqbal Town (175 µg/m3) and the highest concentration in
Gulberg Town (447 µg/m3).

While the trend in the post-COVID-19 lockdown period showed that the concentra-
tion of PM2.5 in ambient air is higher in winter months, i.e., October–January, a sharp dip
in concentration of PM2.5 was observed during the monsoon season, i.e., July–September
Overall, it is also observed that during the strict lockdown, the concentration of PM2.5
was within the PEQS limits, i.e., 35 µg/m3. The trend of PM2.5 concentrations of nine
towns in Lahore is Shalimar Town > Wagha Town > Aziz Bhatti Town > Gulberg Town
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> Ravi Town > Data Ganj Bakhash Town > Nishtar Town > Iqbal Town > Samanabad
Town. The trend measured from the Haz-Scanner and mobile van monitoring showed
a similar trend with slight variation in results. The overall trend of The Haz-Scanner
results during the COVID-19 lockdown indicates that the lowest concentrations of PM2.5
were observed in Data Ganj Bakhash Town (32 µg/m3) which is within the PEQ limits,
and the highest concentration was found in Gulberg town (201 µg/m3), while in the post-
COVID-19 period, the highest concentration was measured in Nishtar Town (300 µg/m3).
Similarly, the trends measured from the mobile van during the COVID-19 lockdown
showed the lowest concentration in Wagha Town (30 µg/m3) and the highest concentra-
tion in Gulberg Town (274 µg/m3), while during the post-COVID-19 period, the lowest
concentration was found in Nistar Town (135 µg/m3) and the highest concentration was
found in Ravi Town (278 µg/m3).
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3.2. Active Pollutants

The monitoring of the active criteria air pollutants in Lahore indicated that some of
the values were within the Punjab Environmental Quality Standards (PEQs) during the
COVID-19 lockdown periods while a much higher concentration was found compared
to PEQs during the post-COVID-19 period for all nine towns. Less variation the in Haz-
Scanner and mobile monitoring laboratory was observed in the monitoring data.

3.2.1. Monitoring of Sulfur Dioxide in Ambient Air

Monitoring of sulfur dioxide in ambient air quality was carried out by the mobile van.
The overall trends of SO2 showed lower peaks during strict lockdowns, i.e., (March 2020
and November 2020) with a slight increase in concentration during moderate lockdown
(April–October 2020) (Figure 4). While the trend during the post-COVID-19 time showed
that the concentration of SO2 in ambient air increased by 100% and is greatly higher in
winter months, i.e., November–January, during the monsoon season, i.e., July–September,
the trend also showed a decline in the concentration of SO2. A sharp dip in concentration
of SO2 was observed during the summer months, i.e., May–June. Overall, it was also
observed that during the strict lockdown, the concentration of SO2 was within the PEQ
limits, i.e., 120 µg/m3, and a sudden upsurge was observed after the lockdown period. The
trend of SO2 concentrations of nine towns in Lahore is Nishtar Town > Data Ganj Bakhash
Town > Iqbal Town > Gulberg Town > Samanabad Town > Shalimar Town > Aziz Bhatti
Town > Ravi Town and Wagha Town. The trend measured from the mobile van during the
COVID-19 lockdown showed that the lowest concentration was in Wagha Town (90 µg/m3)
and the highest concentration was in DGBT (145 µg/m3), while the post-COVID-19 period
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indicates that the lowest concentration was in Nistar Town (135 µg/m3) and the highest
concentration was in Ravi Town (278 µg/m3).
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3.2.2. The Trend of Ozone in Ambient Air

The trends of ozone (O3) displayed in Figure 5 show lower peaks during strict lock-
downs, i.e., (March 2020 and November 2020) with a slight increase in concentration during
moderate lockdown (April–October 2020). While the trend in the post-COVID-19 period
indicates that the concentration of ozone in ambient air is higher in the spring season,
i.e., March–April, a significant reduction was found during winters because O3 is formed
by the photochemical reactions amid its precursors as a secondary air pollutant. A sharp
dip in the concentration of O3 was observed during winter months, i.e., November–January,
because the increase in particulate matter reduces solar radiation which in turn reduces
O3. Overall, it was also observed that during the strict lockdown, the concentration of O3
was within the PEQ limits, i.e., 60 µg/m3. The highest trend of O3 concentrations of nine
towns in Lahore according to the Haz-Scanner was Iqbal Town (115.67 ± 12.32 µg/m3)
> Ravi Town (111.8 ± 5.23 µg/m3) > Samanabad Town (108.67 ± 11.21 µg/m3) > Aziz
Bhatti Town (103.87 ± 21.22 µg/m3) > Shalimar Town (101.56 ± 11.65 µg/m3) > Wagha
Town (101.21 ± 10 µg/m3) > Gulberg Town (98.32 µg/m3) > Data Ganj Bakhash Town
(98.67 µg/m3) and Nishtar Town (95.43 ± 15.65 µg/m3).

Moreover, the highest trend of O3 concentrations of nine towns in Lahore according to
the mobile lab was Nishtar Town (192.32± 2.13 µg/m3) > Iqbal Town (124.3 ± 9.76 µg/m3)
> Samanabad Town (120.17 ± 4.21 µg/m3) > Wagha Town (119.7 ± 11.22 µg/m3) > Gul-
berg Town (116.56 ± 11.65 µg/m3) > Shalimar Town (114.21 ± 17.21 µg/m3) > Ravi Town
(113.34 ± 8.76 µg/m3) > Aziz Bhatti Town (110.87 µg/m3) and Data Ganh Bakhash Town
(107.63 ± 15.65 µg/m3).
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3.2.3. The Trend of Nitrogen Dioxide (NO2) in Ambient Air

Overall, the trends of NO2 presented in Figure 6 demonstrate lower peaks during
strict lockdowns, i.e., (March 2020 and November 2020) with a slight increase in con-
centration during moderate lockdown (April–October 2020). While the trend in the
post-COVID-19 lockdown period showed that the concentration of NO2 increased by
115%, a higher concentration was found during the summer months and spring season.
A sharp dip in the concentration of NO2 was observed during the winter months, i.e.,
November–January. Overall, through the Haz-Scanner and mobile van, it was also ob-
served that during the strict lockdown, the concentration of NO2 was within the PEQ
limits, i.e., 42 ppb. The post-COVID-19 trend of NO2 concentrations monitored through
the Haz-Scanner of nine towns in Lahore is Iqbal Town (126.75 ± 51.05 ppb) > Ravi Town
(121.21 ± 39.90 ppb) > Nishtar (119.21 ± 27.98 ppb) > Gulberg Town (109.76± 41.18 ppb) >
Wagha Town (107.55 ± 36.21 ppb) > Shalimar Town (101 ± 48.29 ppb) > Aziz Bhatti Town
(97.65 ± 30.96 ppb) > Samanabad Town (92.09 ± 29.80 ppb) and Data Ganjh Bakhash Town
(89.44 ± 48.28 ppb).

The post-COVID-19 NO2 concentrations monitored through mobile vans of
nine towns in Lahore is Iqbal Town (119.24 ± 49.47 ppb) > Nishtar Town (119.21 ± 30.54 ppb)
> Aziz Bhatti Town (117.21 ± 42 ppb) > Gulberg Town (115.65 ± 32.80 ppb) > Ravi Town
(114.32 ± 28.32 ppb) > Wagha Town (112.75 ± 77.68 ppb) > Samanabad Town
(110.22 ± 35.89 ppb) > Shalimar Town (93 ± 35.89 ppb) and Data Ganjh Bakhash Town
(90 ± 34.89 ppb).
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3.2.4. Monitoring of Carbon Monoxide in Ambient Air

Figure 7 illustrates the overall trends of CO which showed lower peaks during strict
lockdowns, i.e., (March 2020 and November 2020) with a slight increase in concentration
during moderate lockdown (April–September 2020). While the trend during the post-
COVID-19 lockdown period showed that the concentration of CO in ambient air is higher
in spring and winter months, a dip in concentration of CO was observed during the summer
months, i.e., May–June. Overall, it was also observed that during the strict lockdown, the
concentration of CO was within the PEQ limits, i.e., 5 mg/m3.

The overall pattern of CO concentrations in nine towns in Lahore is Ravi Town > Gulberg
Town > Shalimar Town > Nishtar Town > Samanabad Town > Iqbal Town > Data Ganj
Bakhash Town > Wagha Town > Aziz Bhatti Town. The trends measured from the Haz-
Scanner and mobile van monitoring showed a similar trend with slight variation in results.
The overall trend of the Haz-Scanner results from during the COVID-19 lockdown indicates
that the lowest concentrations of CO were observed in Wagha Town (2.7 mg/m3) which
is within the PEQ limits while the highest concentration was found in Shalimar Town
(9.5 mg/m3) and while the post-COVID-19 period indicates that the lowest concentration
was in Aziz Bhatti Town (6.7 mg/m3) and the highest concentration was in Shalimar Town
(32 mg/m3). Similarly, the trend measured from the mobile van during the COVID-19
lockdown showed the lowest concentration in Aziz Bhatti Town (3.2 mg/m3) and the
highest concentration in Shalimar Town (12.4 mg/m3), while the post-COVID-19 period
shows the lowest concentration in DGBT (5 mg/m3) and the highest concentration in Ravi
Town (34 mg/m3).
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3.3. Multiple Linear Regression Analysis of Particulate Matter (PM2.5 and PM10) and
Gaseous Pollutants

We conducted multiple linear regression analyses of daily values for a complete
28 months between PM2.5 and gaseous pollutants based on their linear correlations to evalu-
ate the sensitivity of PM2.5 to these pollutants as represented in Tables 1 and 2 respectively.

Table 1. Regressions coefficients between PM2.5 and other gaseous Pollutants.

Year α for NO2 β for SO2 γ for CO δ for O3 No. of Data Sets

2020 0.482 0.730 4.051 0.307 234

2021 0.144 0.514 7.366 0.923 278

2022 −0.0250 0.641 0.260 0.0923 176

Table 2. Regressions coefficients between PM10 and other gaseous Pollutants.

Year α for NO2 β for SO2 γ for CO δ for O3 No. of Data Sets

2020 0.0675 0.298 1.439 0.126 234
2021 0.144 0.514 7.366 0.923 278
2022 0.893 0.133 −0.403 0.211 176

3.4. Comparison of Satellite and Ground-Based Data Sets

The linear correlation of MODIS and ground-monitoring data for 28 months, i.e., from
the Haz-Scanner and mobile van, was calculated and represented as a coefficient of determi-
nation (R2) (Figure 8). The CO results over 28 months indicated a significant correlation of
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MODIS with the Haz-Scanner, i.e., r2 = 0.43, and with the mobile lab, as R2 = 0.40. The SO2
correlation between MODIS and the mobile lab was also highly significant, i.e., r2 = 0.59.
A similar trend of a significant correlation for NO2 was observed among MODIS and the
Haz-Scanner, i.e., r2 = 0.44, and the mobile lab, as R2 = 0.40.15.
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3.5. Comparison of Satellite and Ground-Based Data

In principle, the satellite passes over the study area once a day, i.e., 12:00–2:00 p.m.
Therefore, the comparison of ground-based monitoring data with satellite data during
this time duration has been conducted. The comparison of satellite observations with a
Haz-Scanner and the mobile van monitoring was conducted for NO2 and CO while for SO2
only the mobile van monitoring was compared (Figure 9). The results showed a significant
positive correlation between ground-based and satellite data for NO2 i.e., the Haz-Scanner
(r2 = 0.64) and mobile van (r2 = 0.64). Moreover, a substantial correlation was also observed
for CO satellite-based data with the Haz-Scanner (r2 = 0.75) and mobile van (r2 = 0.77).
Similarly, the satellite and mobile van data of SO2 were significantly raised (r2 = 0.67).
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3.6. The Trend of Meteorological Variation in Lahore

The trends of meteorological parameters during the study duration (March 2020–
June 2022) are presented in Figure 10. The average monthly solar radiation varied from
14.19 to 28.93 Wm−2. The minimum average solar radiation was observed during December
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and January 2020 (17.4 ± 1.3 Wm−2 and 16.8 ± 4.4 Wm−2, respectively) and December and
January 2021 (17.6 ± 1.5 and 14.2 ± 4.6 Wm−2, respectively), whereas the maximum aver-
age solar radiation was observed during May and June of each year. The maximum solar
radiation was observed in May 2022 (28.9 ± 1.3 Wm−2) and May 2021 (28.1 ± 1.5 Wm−2).
The average monthly dew point of Lahore varied from 8.57 ± 1.20 to 26.41 ± 2.45 ◦C.
The minimum average dew point was observed during December 2020 and January 2021
(8.6 ± 3.20 ◦C and 8.69 ± 2.40 ◦C, respectively), whereas the maximum average dew point
was observed during August 2020, i.e., 26.40 ± 0.8 ◦C.
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The average monthly total cloud cover of Lahore varied from 5.2± 4.4% to 89.23 ± 0.6.
The minimum average dew point was observed during October 2020 (5.2 ± 4.4%) and
November 2021 (7.50 ± 2.6%), whereas the maximum average dew point was observed
during January 2021, i.e., 89 ± 0.6%. The average monthly maximum temperature of
Lahore varied from 16.07 ± 3.9 ◦C to 40.15 ± 4.45 ◦C. The minimum average mini-
mum temperature was observed during January 2022 and 2021, i.e., 16.10 ± 2.10 and
16.91 ± 3.9 ◦C, respectively. The maximum average temperature was observed during
April 2022 and June 22, i.e., 39.60 ± 3.00 ◦C and 40.20 ± 4.70 ◦C, respectively. Moreover, it
was also observed that the trend has slightly increased from the previous year. The average
monthly minimum temperature of Lahore varied from 7.4 ± 3.0 ◦C to 27.70 ± 3.80 ◦C. The
least average minimum temperature was observed during December and January 2021,
i.e., 7.5 ± 2.10 and 7.40 ± 3.0 ◦C respectively. Moreover, the highest average minimum
temperature was observed during the months of June-August of each year i.e., June–August
2020 (27.30 ± 1.50 ◦C, 27.20± 2.90 ◦C, 27.30 ± 1.70 ◦C), June–August 2021 (27.50 ± 1.40 ◦C,
28.70 ± 3.80 ◦C, 27.70 ± 2.40 ◦C). Moreover, it was also observed that the trend has slightly
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increased from the previous year. The average monthly precipitation of Lahore varied from
0.5 ± 0.006 mm to 222.51 ± 13.8 mm. The least average precipitation was observed during
November 2021 i.e., 0.1 ± 0.006 mm respectively. Moreover, the highest average precipita-
tion was observed during the months of July 2021 i.e., 222.51 ± 13.80 mm. The ambient air
pollutants trend varied the change in meteorological conditions. It can be observed that
during the winter (November–January) the concentration of PM is much higher as com-
pared to the summer (May–June). Moreover, during the strict lockdown, the concentration
of PM2.5 and PM10 were lower which increased drastically in post COVID lockdown.

3.7. Correlation of Ground-Monitoring Data with Meteorological Parameters

Table 3 presents the correlation of ground–based monitoring data with meteorological
parameters. A significant negative correlation between maximum temperature and solar
radiation was observed with NO2, PM2.5, PM10, and SO2. PM2.5 and PM10 have a noticeable
correlation with total cloud cover. Maximum cloud cover was observed during the winter,
which as a result upsurged the concentrations of PM2.5 and PM10, while ozone and NO2
concentration can be seen to have a decreasing trend showing a negative correlation due
to less solar radiation and low photochemical activities. The correlation of minimum
temperature and the dew point was also highly significant for PM2.5 and PM10 and SO2,
indicating lower temperatures and higher concentrations of these pollutants.

Table 3. Correlation of Ground Monitoring Data with Meteorological Parameters.

Dew TCC TMax TMin Precipitation NO2 Ozone PM2.5 PM10 SO2

SRAD 0.27 −0.13 0.87 0.68 −0.31 −0.53 0.22 −0.46 −0.37 −0.53
0.15 0.51 0.00 0.00 0.10 0.00 0.24 0.01 0.04 0.00

Dew Pearson Correlation 1 0.04 0.63 0.85 0.57 −0.49 0.33 −0.50 −0.33 −0.49
Sig. (2-tailed) 0.83 0.00 0.00 0.00 0.00 0.08 0.00 0.075 0.00

TCC Pearson Correlation 1 −0.15 0.01 0.44 0.15 −0.06 0.27 0.26 0.15
Sig. (2-tailed) 0.44 0.93 0.01 0.43 0.76 0.17 0.18 0.43

TMax Pearson Correlation 1 0.92 0.04 −0.65 0.37 −0.63 −0.52 −0.65
Sig. (2-tailed) 0.00 0.82 0.00 0.05 0.00 0.00 0.00

TMin Pearson Correlation 1 0.33 −0.62 0.37 −0.60 −0.46 −0.62
Sig. (2-tailed) 0.08 0.005 0.04 0.00 0.01 0.00

Precipitation Pearson Correlation 1 −0.05 0.11 −0.04 0.04 −0.05
Sig. (2-tailed) 0.80 0.55 0.83 0.80 0.80

NO2 Pearson Correlation 1 −0.73 0.87 0.83 1.00
Sig. (2-tailed) 0.00 0.00 0.00 0.00

Ozone Pearson Correlation 1 −0.61 −0.63 −0.73
Sig. (2-tailed) 0.00 0.00 9.22 × 10−5

PM2.5 Pearson Correlation 1 0.95 0.86
Sig. (2-tailed) 0.00 2.28 × 10−8

PM10 Pearson Correlation 1 0.83
Sig. (2-tailed) 4.63 × 10−7

SO2 Pearson Correlation 1
Sig. (2-tailed)

The Pearson Correlation value ≤ 0.05 shows significantly positive correlation.

4. Discussion

To the best of our knowledge, the present study is the first in-depth study covering
an extensive duration of twenty-eight months particularly about criteria air pollution
in Lahore, which has been ranked among the most polluted cities in the world for last
decade. This study presents monitoring and analyses of air quality patterns for 28 months
during the active COVID-19 and post-COVID-19 periods. This study proposes that the
government’s policies regarding the lockdowns during COVID-19 provided a positive
effect on decreasing air pollution due to less anthropogenic activities, low vehicular exhaust,
and the shutdown of industrial units.

In this study, we compared the ambient air quality patterns during a strict, moderate,
and post-COVID-19 lockdown, with 28 months of monitoring for PM (2.5 and 10) and
active air pollutants (SO2, CO, CO2, NOX, and O3) through ground-based monitoring data
(i.e., a Haz-Scanner and mobile van) and satellite data.
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The PM (2.5 and 10) was within the limits of PEQs during the strict lockdown and
increased during the moderate lockdown. However, during the post-lockdown period, a
significant increase was observed in nine towns in Lahore (Figures 2 and 3). Many stud-
ies have related the complex phenomena of PM in ambient air during, before, and after
COVID-19 lockdown periods [40,45–48]. The main reason identified behind this reduction
in PM concentration being decreased is due to the reduction of anthropogenic activities up
to 90%. Interestingly, in three towns in Lahore (Nishter Town, DGBT, and Iqbal Town), we
found sharp dips representing very low PM concentration during February–March 2021,
and an investigation showed that more COVID-19 cases were found in hotspot areas
in these towns due to their large population. More and longer lockdowns were imple-
mented by the government in these areas which caused a significant reduction in PM
during February–March 2021. In many COVID-19-affected countries in strict lockdown,
a reduction in NO2, SO2, and PM was observed [44–46]. Winter showed major peaks for
PM concentration due to temperature inversion. Table 1 shows a significant correlation
of PM with total cloud cover and dew point in Lahore, a representation of more primary
and secondary aerosols in ambient air since a higher percentage of aerosols causes more
PM concentration.

Multilinear regression for PM (2.5 and 10) with all other active pollutants (NO2, O3,
SO2, and CO) shows a significant correlation between active pollutants and particulate mat-
ter. The regression model shows that significant correlation was found among particulate
matter with NO2 and SO2. The ratio of the increase in particulate matter concentration with
increasing NO2 concentration is nearly three times more than that for SO2. The chemistry
behind this was twofold: (1) NOx can be converted into nitrate, and (2) NOx contributes to
atmospheric oxidation capacity. Possible reasons for the high correlation between them
are due to NOx playing its role in the formation of secondary PM2.5 by the formation of
nitrate directly and enhancing aerosol-phase oxidation indirectly. Due to the multifaceted
air pollution in Lahore, complex reactions related to NOx have become important due to
excessive concentration of aerosol and NH3 that leads to secondary aerosol during the
smog episodes in Lahore. Surprisingly, our results show that SO2 was negatively correlated
during 2020 with particulate matter. The reason behind this can be demonstrated as that
during the COVID-19 period, many industrial units around the city were shut down.

Pearson correlation value ≤ 0.05 shows a significantly positive correlation. Many
of those industrial units mainly operate on fossil fuels such as coal. The decrease in PM
concentration coincides with an increase in ozone concentration specifically in the summer
due to more photochemical reactions. A negative to positive correlation was found between
ozone and PM as air quality improved.

Our results showed that active air pollutants were much higher in in the post-COVID-19
period as compared to during strict and moderate lockdowns. The study of [33] analyzed an
increase in SO2 concentration during 2004–2015 with an increasing trend of 4.4% per year.
The study also found a relationship with the winter peak of SO2, i.e., during November.
Contrary to these results, the peaks of SO2 in our results are observed in January. Similarly,
the trend of the lowest concentration of atmospheric SO2 was observed during the monsoon
(July–September) period, which is linked to higher concentrations of OH and H2O2 produc-
tion that cause dilution and wet scavenging as reported in many other studies [16,30]. The
decline in SO2 concentrations during monsoon season is also similar to other countries such
as India, in which a 40-45% reduction has been reported through monsoon washout [36],
and similar trends of higher SO2 during winter can be found in northern China.

Long-term exposure to ozone has chronic impacts on humans. Globally, it is estimated
that approximately 8.8 million excess deaths annually are due to ozone [49,50]. In the
troposphere, O3 is majorly composed of precursors such as CO, NOx, and VOCs. Methane
is also one of the major precursors of O3. Tropospheric ozone is mainly produced due to
photochemical reactions of CO, NOx, and VOCs in the presence of sunlight [51].

A similar study by Elansky et al. [52] conducted in Moscow to identify the weekly
concentration of ambient air pollutants showed the highest concentrations on Friday and
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the minimum on Sunday. A major reason for this fluctuation in weekly concentration is
due to an increase in anthropogenic activities such as vehicles and industries at the start
of the week, decreasing to a minimum on weekends. Moreover, the trend of ambient air
pollution (NO2, SO2, PM2.5, and PM10) showed a negative trend with rainfall which is
supported by the similar trends observed by different studies [15,18,53,54]. The decrease
in PM concentration results in less heterogeneous HO2 loss and more actinic flux that
coincides with an increase in ozone concentration. PM and ozone also show a positive
correlation due to some of the common precursors such as VOCs and NOx, specifically in
the summer due to more photochemical reactions.

The linear correlation of satellite data with ground monitoring shows a significant
increase in correlation during 12:00–2:00 p.m. because in principle the satellite passes over
the study period just once a day. Comparing satellite data, one should be careful to note
that while the satellite has only one observation a day, it has a longer spatial footprint, and
it observes the average ground pixels’ size, while ground-based monitoring is point-based
data. It is clear that the correlation can be improved by taking measurements as presented
in Figure 8.

A significant negative correlation between maximum temperature and solar radiation
was observed with NO2, PM2.5, PM10, and SO2. PM2.5 and PM10 have a noticeable correla-
tion with total cloud cover. Maximum cloud cover was observed during the winter, which
as a result upsurged the concentration of PM2.5 and PM10. While ozone and NO2 concen-
tration can be seen to have a decreasing trend showing a negative correlation due to less
solar radiation and low photochemical activities, the correlation of minimum temperature
and dew point was also highly significant for PM2.5 and PM10 and SO2, indicating lower
temperature and a higher concentration of these pollutants

5. Conclusions

The impression of lockdown on ambient air quality as a consequence of COVID-19
in Lahore was assessed by monitoring and comparing the concentrations of the six crite-
ria air pollutants for 28 months. The lockdowns restricted mobility and anthropogenic
activities which resulted in a decrease in atmospheric emissions. This reduction in emis-
sions from shutdown during lockdowns has resulted in a decline in the levels of cri-
teria air pollutants such as SO2, CO2, NO2, CO, PM2.5, and PM10 in the atmosphere.
During the strict COVID-19 lockdowns, the ambient air pollutants were significantly re-
duced in nine towns in Lahore and were within the ambient air quality standards of
the PEQs. The post-COVID-19 period presented a significant increase in the concentra-
tions of SO2, PM10, PM2.5, CO, O3, and NO2, in ranges of 100%, 270%, 500%, 300%, 70%,
and 115%, respectively. The variation in ground and satellite data showed less variation
for daily- and hourly-based datasets. The concentration of ambient air pollutants was
observed to be higher in winter, i.e., November–January, while in summer the concen-
trations were lower but still higher than the PEQs. The multilinear regression model
for PM (2.5 and 10) with all other active pollutants (NO2, O3, SO2, and CO) shows a
significant correlation between active pollutants and PM. The regression model showed
a significant correlation between PM and NO2 and SO2. The ratio of increase in the
PM concentration with increasing NO2 concentration is nearly three times higher than
SO2. The highest correlation was found between PM2.5 and NO2 during smog accu-
mulation periods demonstrating the presence of active NOx-related secondary aerosol
processes during accumulation. A negative to positive correlation was found between O3
and PM as air quality improved. The research highlights the need for a stringent policy
for ambient air quality monitoring and mitigation to achieve better ambient air quality
in Lahore.
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