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Featured Application: Low-cost surveillance of emission sources for eminent pollutants to combat

smog in cities using remote sensing.

Abstract: Lahore, the home of 11 million people, is one of the most polluted cities in the world.
Pollution causes deaths, birth defects, and years of life lost. This study’s real-time data analysis of
the air quality index (AQI) showed that air pollution remained “unhealthy for everyone” for 54%
of the time, and “unhealthy for sensitive groups” for 88% of the time, during the last three years
(June 2019-September 2021). The air quality index (AQI) value in Lahore reached 175 ug/ m? in
2021. This alarmingly hazardous air situation was analyzed by selecting fourteen sites based on
the provenance of industrialization and tailpipe emissions. An analysis of remote sensing data for
these sites was performed, in addition to field surveys, to identify the relationship between pollutant
concentration and on-ground current practices. The key primary and secondary air pollutants selected
for analysis were carbon monoxide (CO), nitrogen dioxide (NO;), sulphur dioxide (SO;), aerosol
optical depth (AOD), methane (CH,), and formaldehyde (HCHO). The assessment was carried out
for the study period of July 2018 to April 2021. The real-time AQI was plotted against each pollutant’s
monthly concentration, which showed a significant positive correlation of AQI with SO,, NO,, and
CO. A plotting of the percentage contribution of each pollutant with its emission sources highlighted
the main pollutant to take action to reduce, as a priority on those particular sites. The pollutant
hotspot within each economic activity was also determined. Assessments showed that the AQI value
was higher on weekends than on weekdays. These findings can help to develop smart adaptation
action plans for immediate implementation, to dilute the current environmental risks in the city.

Keywords: smog; air quality index; air pollution; particulate matter; remote sensing; low-cost
surveillance; Lahore; Pakistan

1. Introduction

Approximately 200 of every 100,000 deaths are attributed to environmental factors [1].
Air quality has a significant impact on human health. According to the WHO, the total
number of deaths attributed to ambient air pollution and its consequential diseases, such as
ALRI (acute lower respiratory infection), COPD (chronic obstructive pulmonary disease),
lung cancer, IHD (ischemic heart disease), and stroke, in Pakistan in 2012, was 60,000 [2].
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This number increased to 105,000 in 2020 [3]. The high health cost of air pollution-related
diseases is 1% of total gross domestic product (GDP), whereas the total cost of environ-
mental degradation is 6% of GDP. Around 30 million inhabitants of the urban population
are affected by smog [4]. In a study conducted in 2021, the avoidable mortality of only
IHD and lung cancer, was over 2 million people, with the total cost related to this mor-
tality being USD 1000 million in Pakistan [5]. Pakistan is ranked in the top 10 countries
of the world in having the highest concentration of particulate matter, PM; 5, with an
annual mean of 44.21 ug/m3, which is far higher than the recommended value of 10 pg/m?
by the WHO [6,7].

Lahore, Pakistan, once called “The City of Gardens” is seeing its worst environmental
catastrophe in the form of smog [8]. The average PM; 5 concentration in Lahore in 2010 was
121.8 ug/m3, and the value has increased with each passing year [9,10]. In 2020, Lahore
was ranked as the 18th most polluted city in the world, and the second most polluted
mega-city, based on PMy5 [11,12]. Dealing with climate issues is now an unavoidable
reality for Pakistan. Data of the source appointment of PMj; 5 for Lahore were only available
until 2010, which suggested that vehicles (diesel, 28%, plus petrol, 8%) account for 36% of
PM, 5. Secondary PM in the forms of biomass burning, coal combustion, and industrial
emissions, are accountable for 30%, 15%, 13%, and 6%, respectively [13,14]. Work on the
resource allocation of the highest contributing economic activity/emission sources must be
studied to help policymakers identify impactful laws and create legislation.

The goal of this study is to understand the association between emission sources
and their significant pollutants including carbon monoxide (CO), nitrogen dioxide (NOy),
sulphur dioxide (SO5;), aerosol optical depth (AOD), methane (CHy4), and formaldehyde
(HCHO). To achieve this, various sites were selected with a range of economic activities.
Field surveys were performed to observe current practices at the selected sites. A correlation
between maximum AQI in a month to the total concentration of each pollutant, was
established. The aim of the work was to determine how remote sensing can be utilized
for low-cost surveillance in high activity industrial zones and congested traffic sites. From
our work, it is envisaged that a smart analytic tool in the form of digital application can be
developed. It will identify significant pollutant emitting at a site and its relevant remedial
action. To the best of our knowledge, no such study has yet been conducted in Pakistan
involving sectoral emissions to help develop emission-specific mitigation strategies. The
same tool can be adopted for other mega-cities facing this pandemic. The top pollutant
contributor within each economic activity was identified to determine pollution hotspots.
Our study is novel in providing a comparison of remote sensing data with on-ground
attributes of activities, which can provide the basis for adaptation action plans to combat
smog. This study presents the first remote-sensing-based characterization of air pollution
from three different sources including main roads, brick kilns, and industrial estates in
Lahore. The weekly trend of AQI was observed to determine the variation between
weekdays and weekends. The results presented here are therefore timely, and will not only
contribute to understanding the environmental dynamics in the city, but also to measuring
and controlling their adverse impacts.

2. Literature Review

Various models have been developed to determine the relation between PM; 5 and
AQOD [15,16]. AOD-based estimation is hindered by clouds, snow cover or high concen-
tration of air pollution [17], as air pollutants, themselves, are indicators of AQI [18,19].
Regression analysis showed a positive correlation between PM, 5 and CO, and NO,, and
50, concentration, and a negative correlation with O3, for the period of 2007 to 2011. The
study also showed that PM; 5 was 4% higher on weekends compared with weekdays [20].
The positive correlation studied in [20] by regression analysis of five-year data from 2007 to
2011 was verified in this work using remote sensing data and the spatial concentration of
these pollutants from June 2018 to April 2021.
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Emissions from fossil fuel-based thermal power plants, industries, and tremendously
growing traffic, has deteriorated the environment of Pakistan, especially the metropolitan
cities [17,21,22]. The health and economic effects of indoor and outdoor ambient air
conditions have already been studied [3-6]. Vehicular emission plays a vital role in smog in
Pakistan mainly due to the lack of use of emission control devices. The number of vehicles
in Pakistan increased from 2 million to 10.6 million within 20 years, i.e., an 80% increase,
which reduced to 66% from 2006 to 2015, due to saturation [23,24].

Many independent studies have been performed globally, to determine the maximum
pollution contributing site, or primary cause of pollution [25]. Similar studies have high-
lighted the relationship between the maximum pollution-contributing site in the mega-cities
of Pakistan, including Karachi, Lahore and Islamabad [26-29]. Independent studies on the
impact of traffic on CO emissions have been studied, and their relevancy to mass transit
vehicles and mass transit systems have been explored [30]. Similarly, the emission levels
of various vehicles and their correlation with other factors such as the number of vehicles,
speed, and type of fuel, have also been studied [24]. Previous investigations have shown
that air quality is directly related to weather conditions, and the corresponding activities of
sites [31,32]. Only one author has discussed the emission source as the prime contributor
of PM; 5 for two sites [13].

3. Materials and Methods
3.1. Description of Study Area and Field Surveys of Selected Sites

The study area comprised the Lahore district. The total area of the district is ~1772 km?
and is located between 31°15'0” N to 31°45'0” N, and 74°01'0"” E to 74°39’0" E, in the Punjab
province of Pakistan (Figure 1).
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Figure 1. Study area map indicating selected sites in the Lahore district and its surrounding areas.
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With a total population of 1.12 million [33], Lahore is ranked 26th among the most
densely populated cities in the world [34]. The total population of Lahore has almost
doubled since 1998, increasing from 6.31 million in 1998 to 11.13 million in 2017 [35], with a
current population density of 6300 persons per km? [35]. Lahore’s climate features a hot,
wet summer (May-September), and a cool, dry winter (November—February). The mean
annual rainfall is 2398 mm, but 80% of this amount falls between May and September, and
the mean annual temperature is 23.3 °C.

Tailpipe emissions, brick kilns and industry are among the major air pollution contrib-
utors in the city [13]. Two industrial estates (Quaid-e-Azam Industrial Estate and Sundar
Industrial Estate), four heavily trafficked roads (Ferozpur Road, Jail Road, Yateem Khana,
and Main Boulevard) [24], and eight brick kilns were selected as the study sites (Figure 1).
These sites represent a broad distribution in their locations, and cover almost the entirety
of Lahore, as shown in Figure 1. A consecutive 10 day visit to different industrial estates
and selected brick kilns was conducted at the end of August 2020, to observe current
practices such as type of fuel used, compliance with International Standard Organization
(ISO) standards regarding emission control, and technology used. Previous research on the
number of vehicles on the selected roads was used [24]. The data obtained are summarized
in Table 1.

3.2. Remote Sensing Data

To explore the associated environmental impacts and suggest a relevant adaptation
action plan for a particular region, the satellite observational monthly data for nitrogen
dioxide (NO,), carbon monoxide (CO), sulphur dioxide (SO;), formaldehyde (HCHO),
methane (CHy), and aerosol optical depth (AOD) were acquired from July 2018 to April 2021.
These data were obtained and processed using the cloud computing platform of Google
Earth Engine (GEE) API [16].

To quantify the concentration of air pollutants associated with the three major eco-
nomic activities (industry, traffic, and brick kiln), three primary pollutants (NO,, CO, SO,)
and two secondary (HCHO, CHy) pollutants were selected [22,36,37]. Air pollution con-
centration data were obtained from the tropospheric monitoring instrument (TROPOMI)
on-board Sentinel 5P [17]. The Level 3 data were produced at a spatial resolution of 0.01 [18].
The product contained high-quality pixels (‘qa_value’ > 0.75), while the poor-quality pixels
were removed [10]. Furthermore, pixels with a cloud cover probability of more than 0.2
were removed from all datasets to avoid any misleading results. While meteorological con-
ditions may vary the atmospheric concentration of the pollutants, monthly averaging and
long time series may help to avoid severe bias from meteorological conditions. However,
the influence of weather conditions was considered to be minimum when comparing sites
in nearby locations. AOD provided a wide range of spatial information with near-daily
global coverage at 0.01 spatial resolution [19]. A Level 2 product, MCD19A2-V6, of AOD at
550 nm was derived from the moderate resolution imaging spectroradiometer (MODIS).
The product was derived by combining terra and aqua data using the multi-angle imple-
mentation of atmospheric correction (MAIAC) [20]. The quality tags layer “AOD_QA” was
used to retain good quality pixels, while pixels labelled as ‘Possibly Cloudy’, ‘Cloudy’, and
‘Cloud Shadow’ were removed using the “Cloud” mask. All datasets were acquired by
taking the average of the pixels acquired over the selected sites.

3.3. Lahore Air Quality Evaluation

AQI data (June 2019-September 2021) were explored for their correlation with the
WHO guidelines. For this, real-time AQI values were taken from the Pakistan Air Quality
Monitor—U.S. EPA World Air Quality Index Project (31.559989968731156, 74.33600917621109) [10].
Graphical Astronomy and Image Analysis (GAIA) air quality monitoring sensors were used. To
achieve meaningful results, the data were correlated with WHO recommendations to determine
the fitness of air quality for a human being.
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3.4. AQI Relevance with Pollutants Spatial Data

To determine the relationship between the effects of change in the overall concentra-
tion of each pollutant with the respective AQI value in Lahore, the sum of the concentration
of monthly peak values of all sites for each pollutant was plotted against the monthly maxi-
mum AQI values. This was undertaken to help ensure remote sensing data relevancy with
AQI results, in order to determine whether we could use spatial pollutant concentrations
in addition to AOD results, as a valid indicator of AQI. It will also assist in determining
which of the smog-causing principal pollutants, to focus action plans on.

Table 1. Location and economic activity description of selected sites.

Emission Site Name and Description
Source Location
o  Total industries: 400 (including pharmaceutical, food processing, textile
packaging, etc.);
. 80% of industries used electricity;
Sundar ° 40% of industries used diesel as an alternate fuel;
o (31.28992854, 74.17545758) ° 15% of industries used coal as an alternate fuel;
E e  Many industries had new equipment and ISO 14001 certifications;
5 e  Opverall environmental protection guidelines were being followed.
s
j%jn o  Total industries: 470 (including pharmaceutical, food processing, textile
'g packaging, etc.);
= e  50% of industries used coal as the primary fuel;
Quaid-e-Azam . 40% of industries used diesel as an alternate fuel;
(31.44257016, 74.32317393) . 60% of industries used coal as an alternate fuel;
. Old equipment;
e  Environmental protection guidelines were not practiced.
. Total vehicle count greater than 73,000 per day (more than 40,000 bikes,
Yateem Khana 19,000 cars, 17,000 vans and buses, 500 trucks, and
(Multan Road) 8000 auto-rickshaws);
31.53927142, 74.2869128 e 40km/haverage speed;
e Overpass and underpass.
e  Total vehicle count greater than 1 million per day (more than
60,000 bikes, 26,000 cars, 2000 vans and buses, 800 trucks, and
" Ferozepur Road 10,000 auto-rickshaws);
2 31.58970752, 74.39132723 *  40km/haverage vehicle speed;
I~ e Underpasses and overheads with signal-free tracks;
i e  Mass transit vehicles 48 /h.
E
& e  Total vehicle count greater than 43,000 per day (more than 22,000 bikes,
5 Main Boulevard 13,000 cars, 1000 vans and buses, 300 trucks, and 4500 auto-rickshaws);
T (Gulberg Road) . 50 km/h average speed;
31.50428009, 74.35241608 *  Overpass and underpass;

° Mass transit vehicles 56/h.

. Total vehicle count greater than 34,000 per day (more than 24,000 bikes,
19,000 cars, 2500 vans and buses, 309 trucks, and 4700 auto-rickshaws);
Jail Road e 50 km/h average speed;
31.54812736, 74.36799651 . Mass transit vehicles 59/h, the location occurred in the congested area
near a chowk.
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Table 1. Cont.

Emission Site Name and Description
Source Location P
Kot Abdul Malik o Coal used as primary fuel; near ring road with heavy traffic and trucks;
31.56366011, 74.17074445 *  Nozig-zag technology.
] . Coal used as primary fuel; in the vicinity of Quaid-e-Azam
Sherwani Industrial Estate;
31.42993779, 74.34483113 e No zig-zag technology.
HajiCoat . Coal used as primary fuel; 3 more brick kilns in 300 m buffer;
31.65890873, 74.30011335 ¢ No zig-zag technology.
é) Jameel Park o  Coal used as primary fuel, 3 more brick kilns in 300 m buffer;
" 31.66475319, 74.30303159 *  Nouzig-zag technology.
o
=
= Sikanderabad e Coal used as primary fuel, 3 more brick kilns in 300 m buffer;
31.66811359, 74.29153028 *  Nozig-zag technology.
Karol o  Coal used as primary fuel, 3 more brick kilns in 300 m buffer;
31.66972069, 74.31281629 *  Nozig-zag technology.
Main Lahore . Coal used as a primary fuel, with partial use of tires as fuel;
31.27522257, 74.2365742 ¢ No zig-zag technology.
Jia Bagga e  Coal used as a primary fuel, with partial use of tires as fuel;
31.33274712, 74.26961359 *  Nozig-zag technology.

The COVID-19 pandemic emerged in February 2020 and the subsequent lockdown
was also implemented, to some extent, on transportation activities and industrial activi-
ties over multiple phases. A nation-wide lockdown was implemented in Pakistan from
25 March to 15 April 2020, which was gradually reduced by 15 May 2020. In early May,
smart lockdowns started to be implemented in hotspot areas [22]. The reduction in emis-
sions of this study is based on previous studies. An assumption about the overall composi-
tion of the pollutants has been made.

3.5. Site-Specific Pollutants’ Concentertaion

To determine the contribution of each site to the overall Lahore air globe, the sum of the
concentration of each pollutant for the entire data period at each site was determined. The
quantity was converted into a percentage to discover the prominent responsible emission
source. This is intended to serve as a tool to determine which pollutant should be considered
as the main concern at a particular site when future policies and laws/legislation are being
developed. The results can also be converted into a handy tool or digital application for
regular surveillance of sites, to take the action against top pollutant-contributing sites.

3.6. Identification of Major Contributing Economic Activity within Emission Sources

The fourteen sites were subdivided into three sets based on emission source explained
in Table 1 and the percentage of times the specific site most prominently contributed to
each economic activity, and the results were determined and plotted as a pie chart. The
results not only determined the major contributor but correlated the current practices
and on-ground observations of similar economic activities with the concentration of each
pollutant. This may also help to suggest, in the future, relevant mitigation techniques and
to prioritize their area of focus.
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3.7. Correlation with On-Ground Sources and Policy Guidelines

To determine the main sources of pollution at the pollutant’s hotspots and major con-
tributing sites, a literature survey was performed. The on-ground realities were compared
with previously published results and the results of this study. This suggested a focus
towards which practices should be adopted and which should be avoided. This will also
suggest alternative approaches and relevant mitigation techniques to policymakers.

3.8. Examining the Weekly Trend of AQI

The AQI at the Lahore U.S. Embassy (31.559989968731156, 74.33600917621109) is
located in the business hub of Lahore. All main roads pass by there, and the traffic shows a
drop on weekends compared with weekdays. The change in AQI value during weekdays
and weekends will give fruitful insights into the dependency of AQI on vehicular emissions.
The everyday AQI was plotted against weekend AQI values, highlighting when peaks
occurred most (June 2019-April 2021). Similarly, an average value for weekdays compared
with weekends is also plotted.

4. Results
4.1. Primary Results through Remote Sensing

The sites” spatial data provided the peak values of every month for a period of two
and a half years (June 2018-April 2021). These primary spatial data, as shown in Figure 2,
are key to further research and will serve as a basis for multiple conclusions. The data
showed the average concentration of each pollutant during the selected time. These results
also highlight the location responsible for the highest contributor of each pollutant in the
air globe of Lahore.

The average CO concentration of all sites in the data set was 41.1 millimol/ m?. The
maximum value was for Jail Road (58.982 millimol/m?), and the minimum was at Jia
Bagga (34.57 millimol/m?). NO, average accumulation was 0.1010 millimol/m?, with
the maximum value of 0.255 millimol/m? obtained from Jail Road, and the minimum
value of 0.037 millimol/m? from Kot Abdul. The SO, concentration on average in Lahore
was 0.428 millimol/m2. The maximum value obtained was 0.747 millimol/m? at Jia
Bagga, and the minimum was 0.232 millimol/m? at Karol. The CHy average value was
1.914 millimol/m?, the maximum was 1.993 millimol/m? in Quaid-e-Azam Industrial
Estate, and the minimum was 1.860 millimol/m? in Sundar Industrial Estate. The HCHO on
average was 0.236 millimol/m?. The maximum value was obtained from Main Boulevard
at 0.376 millimol/m?, and the minimum from Jail Road at 0.079 millimol/ m?. The average
AOD value in Lahore was 0.54 (550 nm) or 0.98 um. The maximum value was 2.27 um from
Jia Bagga, and the minimum was 0.46 um. According to the U.S. EPA standard, the safe
range for AOD is 0.1 pm-0.4 um [36]. The ambient air of Lahore did not meet this standard,
not for a single time, at any location. The maximum value was 5.6 times higher than the
upper limit of the safe range. This calls for deep interpretation of this data for practical and
immediate adaptation action plans.

4.2. Prevailing Condition of Air Quality and Its Effect on Human Life

The average AQI in Lahore in 2010 was 121.8 pg/m? which increased to approximately
175 pg/ m?3 in 2021 [9]. For 88.4% of the year, the air quality index (AQI) values of Lahore
remained greater than 100, which is stated as unhealthy for sensitive groups (children,
elderly, and patients) by the WHO, while it remained “Unhealthy for everyone” for 54%,
and “Very Unhealthy” for 26% of the year. In the last 3 years (2019-2021), it was “good” for
12 days and “moderate” for only 104 days. These results are summarized in Table 2 with the
WHO recommendations. Several factors such as the use of fossil fuels, industrial practices,
and noncompliance with environmental standards are responsible for the contribution of
hazardous pollutants. These pollutants cause damage in multiple ways, based on exposure
in both the short and long duration, which in return puts pressure on the infrastructure
and the economy [37].
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Figure 2. Temporal patterns of pollutant concentrations across spatially dispersed sites belonging

to three sectors (roads, industrial estates, and brick kilns): (a) carbon monoxide (CO), (b) nitrogen
dioxide (NOy), (c) methane (CHy), (d) sulphur dioxide (SO,), (e) formaldehyde (HCHO), (f) aerosol

optical depth (AOD).



Appl. Sci. 2022,12, 5102 90f18
Table 2. Lahore AQI values and their effects on human life.
AQI Value in WHO Outdoor
AQI Value Number of Percentage . Activity
Days/Total Days Recommendations Restrictions

54% of the time
Greater than 150 470 days/867 days in the last
three years

Unhealthy for
everyone

26% of the time

Greater than 200 221 days/867 days in the last
three years

Very unhealthy

14% of the time
Greater than 250 128 days/867 days in the last Hazardous
three years

Persons with Children,
ﬁ ~.  lung and heart €. pregnant _—v» Healthy
- diseases . women | persons
and elderly

4.3. Characterization of Lahore Pollution

In Figure 3, it can be seen that there was a drastic increase in the AQI value from an
average of 175 ug/m?, reaching a maximum of 478 pg/m?> and 466 pg/m3 in 2019 and 2020,
respectively, during the smog season (October to December, every year). The variation
in CO, SO,, and NO, primary pollutant concentrations coincided considerably with the
respective AQI plot.

It can be observed that when the AQI value began to increase, the accumulation of
primary pollutants showed lower values, compared with AQI values. On the contrary,
when AQI values started to decrease, the actual accumulation of pollutants did not fall very
fast. This showed that the AQI value calculation method must be improved, if not changed,
to accommodate this difference. Neither HCHO, CHy, nor any secondary pollutant had a
similar impact on AQI values. Conversely, although AOD values were higher during the
smog season than the rest of the year, they were maximum during the monsoon season
when AQI values were comparatively low [3].

Emission reduction due the implementation of the lockdown has been documented by
several studies. Three comprehensive assessments of impacts of COVID-19-induced lock-
downs on pollutant concentrations have been published [10,38,39]. The studies observed
an average of 37% reduction in NO; in mega-city centers, and an average of 25% decline in
AOD concentration for industrial sectors. In Lahore, a 43% decline in the NO, concentration
was observed. However, the aim of this study was to characterize the pollutants in the
three sectors, and we assumed that the reduction in the emission did not change the overall
composition of the pollutants emitted from the sites.

4.4. Locating Major Contributors of Pollutants

The annual maximum of pollutants in different economic activities were determined,
and are plotted in Figure 4. The result was an indication of the highest pollutant of each site,
which demands an immediate remedial action plan. With the help of on-ground data, the
cause of its high concentration can be discussed, enabling guidance toward needed policy
decisions. The highest contributors of CO were Jail Road (within roads), Sherwani (within
brick kilns), and Quaid-e-Azam Industrial Estate (within industrial estates). Therefore,
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in the future, when mitigation is adopted or surveillance must be conducted, CO filters
must be used in these locations. Ferozpur was the cleanest in terms of NO, contribution;
all other sites had equally high contributions compared with other activities. Similarly,
on average, the CO contribution of brick kilns was low, and the Quaid-e-Azam Industrial
Estate was high. As Sherwani is near Quaid-e-Azam Industrial Estate, the area was more
polluted. Ferozepur was highest in SO, contribution, although was not contributing as
much to CO and NO, contribution. Jia Bagga and Kot Abdul were the top contributors
of SO, within brick kilns. Sundar Industrial Estate contributed most to SO, emissions
although the various industries operating there were ISO 14001 certified.
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Figure 3. Total monthly contribution of different pollutants and their relevancy to maximum AQI in
Lahore, from March 2018 to December 2020: (a) CO, (b) NO;, (c) SO,, (d) HCHO, (e) CHy, (f) AOD.
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Figure 4. The percentage contribution of each site on the corresponding pollutant.

4.5. Surveillance of Major Pollutant Hotspot

The top pollution hotspots were identified through the percentage contribution of
each pollutant at all fourteen sites are plotted in Figure 5.

The CO, SO,, NO,, HCHO, and CHj4 pollutants showed variation at different sites.
The top contributor of NO, was roads, except that Ferozpur was followed by Quaid-e-
Azam Industrial Estate and its nearest brick kiln, Sherwani. Similarly, roads were the top
contributors of CO, followed by Quaid-e-Azam Industrial Estate. SO, should be the main
concern at Sundar Industrial Estate and a few brick kilns, such as Main Lahore and Jia
Bagga. Unauthorized fuel usage could be an issue here. Formaldehyde should be the
main concern at Yateemkhana (Road), Main Boulevard (Road), and Sherwani (Brick Kiln).
This result suggests that the type of vehicles (there were high proportions of buses and
trucks) on these roads use low-quality fuel. The results suggested that the potential sources
of HCHO were mainly roads, followed by the Quaid-e-Azam Industrial Estate. Not all
brick kilns were hotspots for HCHO and NO, concentration, except for Sherwani which
is located near Quaid-e-Azam Industrial Estate. The graph shows that to control AQI,
an integrated control strategy for multiple pollutants must be adopted. GIS can provide
low-cost surveillance at these sites and can recommend fuel optimization or restriction of
specific fuel usages, such as tires, etc., to brick kilns, and fuel types for vehicles to particular
locations. This graph could be used as a tool to determine which locations require urgent
action. It can also be converted into a handy digital application including remote sensing
data and a similar graph plot that could be used by authorities and people working on the
development of mitigation strategies/devices, so as to know which pollutant to focus on.

4.6. Association of Remote Sensing Observations with Ground Data

After exploring and analyzing remote sensing data, on-ground characteristics, type of
vehicle, and type of fuel, a correlation was suggested based on the literature survey [24]
in Figure 6. The purpose of suggesting a correlation with pollutants was to develop a key
to transform the results obtained from this study into surveillance policies and action. In
Pakistan, motorcycles and cars use petrol, rikshaws use liquefied petroleum gas (LPG), and
buses and trucks are powered by diesel, generally with little variation. As can be seen from
Figure 6, the high CO was the result of faulty rikshaws and cars; similarly, high NO, was
due to trucks and buses. Similarly, in Ferozpur, SO, was high, suggesting that buses must
be restricted to enter the city only partially, or must be checked for maintenance. The brick
kilns, which were high contributors of SO, must be converted to a better technology, such
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as contemporary brick kilns. The comparative pollution contribution of different type of
brick kilns have been explained in Figure 7 [40].

Top CO Contributor in Bk. Kilns Top CO Contributor in Ind. Est.

Jiabagga

: 4%
FerozPur i
30 ; Sherw: HajiCoat
levard
QaideAzam
100%
(a) (b) (c)
Top NO, Co Top NO, Contributor in Bk. Kilns Top NO, Cont in Ind. Est.
b - Sikanderabad

Sund

KotAbdul
0%

(e) ()

Top SO, Contributor in Bk. Kilns
i

Top SO, Contri

8% Sikanderabad
0%

(h) @)
Top HCHO Contributor in Bk. Kiln Top HCHO Co r in Ind. Est.
Jiabagga
S| 2%

HajiCoat
8%
anderabad
11%

)
Top CH4 Contributor in Roads

Yateemkhana
FerozPur 10%
40%

(k)

Top CH4 Contributor in Bk. Kilns

~ MainLahore
. 7%
Jiabagga

)]

Top CH4 Contributor in Ind. Est.

levard

Jail &

(n) (0)
Top AOD Contributor in Bk. Kilns Top AOD Contributor in Ind. Est,
MainLahore 3 y g
Jiabagga
10% 21%

Sherwani

(p) (q (1)

Figure 5. The top contributor of specific pollutants within various economic activities. The top
contributor of (a) CO in Roads (b) CO in Brick kilns (c¢) CO in Industrial Estates (d) NO, in Roads
(e) NO; in Brick kilns (f) NO; in Industrial Estates (g) SO, in Roads (h) SO, in Brick kilns (i) SO,
in Industrial Estates (j) HCHO in Roads (k) HCHO in Brick kilns (1) HCHO in Industrial Estates
(m) CHy in Roads (n) CHy in Brick kilns (o) CHy in Industrial Estates (p) AOD in Roads (q) AOD in
Brick kilns (r) AOD in Industrial Estates.
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Motorbike Rikshaw Car Minibus Bus Truck

TBK Tire TBK Coal CBK

Figure 7. The comparative contribution of pollutants based on the brick kiln type, i.e., traditional
brick kilns (TBK) and contemporary brick kilns (CBK).

4.7. Weekly Trend of AQI

A comparative assessment of weekdays and weekend AQI was performed to identify
the peak timing of emissions during the study period is plotted in Figure 8. As observed
from the weekly trend, the results were similar to the previous investigation conducted
on townships and town halls [20]. The results suggested that most peak values occurred
during weekdays, with few deviations. The weekday average AQI was (178) higher than
the average weekend AQI value (172).
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Figure 8. The daily trend of AQI in Lahore to identify the difference in weekday and weekend trends.

5. Discussions

Lahore remained “very unhealthy” 26% of the time, and “unhealthy for everyone”
54% of the time, during the last three years (July 2019-April 2021). For 88.4% of the study
period (July 2019-April 2021) the AQI values of Lahore remained greater than 100 for
88.4% of the time, and greater than 150 for 54% of the time, which is stated as unhealthy
for sensitive groups (children, elderly, and patients) by the WHO. It remained “good” for
12 and “moderate” for only 104 days during the last 3 years (2019-2021). The average PM
concentration in Lahore in 2010 was 121.8 ng/ m? [9]. The value increased to 167 ug/ m? in
2020 and 175 pug/m?3 in 2021, as determined through real-time data. The AQI value reached
a maximum of 478 and 466, in 2019 and 2020, respectively, during the smog season from
October to December every year. The average AOD value in Lahore was 0.98 ym. The
maximum value was 2.27 um from Jia Bagga, and the minimum was 0.46 pm. According
to the U.S. EPA standard, the safe range is (0.1 pm~-0.4 pm) [36]. The ambient air of Lahore
did not meet this standard, not for a single time, at any location. The maximum value was
5.6 times higher than the upper limit of the safe range.

It can be concluded that during the entire three year period, roads have played a vital
role in pollution and smog. Quaid-e-Azam Industrial Estate more vigorously contributed
to CO emissions, whereas Sundar Industrial Estate and brick kilns contributed more
vigorously to SO,. The indoor environment, particularly hospitals and schools, must use
air purifiers with a relevant filter.

Variations in the sum of the concentrations of CO, SO,, and NO, determined through
remote sensing coincided considerably with the respective AQI plot, and therefore, that
NO,, CO, and SO, can be used as an indicator of the AQI in Lahore. Similar results were
reported by Ashraf for NO; in the drastic smog season of 2016 [32]. Additionally, it was
further inferred that any of the NO,, CO and SO, concentrations obtained through remote
sensing can be used for initial surveillance of AQI in Lahore. This paper has validated
the results of previous work for the period 2007 to 2011 [22]. Through plotting, it was

observed that in the period when AQI rose, cumulative values of each pollutant did not rise
correspondingly. Similarly, when AQI dropped, the actual value of each pollutant did not
drop rapidly. Neither HCHO, CHy, nor AOD had a similar relationship with AQI values.
Although AOD values were higher during the smog season than the rest of the year, they
were maximum during the monsoon season, when AQI values were comparatively low.
The findings of this work also included that AOD, which has been reported as an indicator
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of AQI in several previous kinds of research, is a parameter which, in the case of Lahore, is
little misleading [41,42].

On-ground observational data were obtained, with the following results. After the
analysis of 14 Lahore sites and reduction of data into three zones, i.e., industrial estates,
roads, and brick kilns, it was concluded that within industrial estates, peak values of CO,
NO,, HCHO, and CH,4 occurred at the Quaid-e-Azam Industrial Estate. The peak value of
CO that occurred in February 2021, when the complete lockdown was lifted, is shown in
Figure 4. The Sundar Industrial Estate was a heavy participant in SO, contribution.

Heavily trafficked roads, followed by Quaid-e-Azam Industrial Estate, were the main
contributors of CO, formaldehyde, and NO,. Within roads, NO; values were highest on Jail
Road and Main Boulevard, as seen in Figure 5. Formaldehyde should be the main concern
at Yateem Khana (Road) and Main Boulevard (Road).

Brick kilns were the main contributor of SO,, particularly Main Lahore and Jia Bagga,
due to the type of fuel used. The on-ground survey of the Shardra brick kilns (four brick
kilns within a 300 m buffer) showed that there was less use of tires as fuel, and their
participation for various pollutants was low, although they are present in the near vicinity.

Earth Observation Remote Sensing can provide low-cost surveillance at these sites,
and can recommend fuel optimization or restriction of specific fuel usages, such as tires
to brick kilns, and fuel types for vehicles. This graph could be used as a tool to determine
the locations which require the most urgent action. In future, cross emission factors can
also be included. Similarly, mitigation techniques and devices based on the prominent
pollutant must be identified. For indoor and outdoor air conditioning, filters, with a focus
on relevant pollutants, can be developed.

This study has suggested that AQI values during the week are higher than weekend
values, a result different to a previous study [22]. The present location of the real-time AQI
sensor is at the U.S. Embassy in the business hub of Lahore, and has high traffic, whereas,
in the previous study, it was located near a residential-industrial area where traffic was
high on weekends. It suggests traffic must be given preference when solution actions
are performed.

6. Conclusions

e  The air quality index (AQI) values of Lahore remained greater than 100 for 88.4% of
the time, and greater than 150 for 54% of the time. It remained “good” for 12 and
“moderate” for only 104 days in the last 3 years (2019-2021);

e  The average PM, 5 concentration in Lahore in 2020 was 167 pg/m?, and 175 pg/m? in
2021, as determined through real-time data. The AQI value reached a maximum of
478 and 466, in 2019 and 2020, respectively;

e The average CO concentration for all sites in the data set was 41.1 millimol/m?. The
maximum value was for Jail Road (58.982 millimol/m?) and the minimum was at Jia
Bagga (34.57 millimol/m?). NO, average accumulation was 0.1010 millimol/m?, with
the maximum value of 0.255 millimol/m? obtained from Jail Road, and the minimum
value of 0.037 millimol/m? from Kot Abdul. The SO, concentration on average in
Lahore was 0.428 millimol/m?2. The maximum value obtained was 0.747 millimol /m?
at Jia Bagga, and the minimum was 0.232 millimol/m? at Karol. The CH, average
value was 1.914 millimol/m?, the maximum was 1.993 millimol/m? in Quaid-e-Azam
Industrial Estate, and the minimum was 1.860 millimol/m? in Sundar Industrial Estate.
The HCHO on average was 0.236 millimol/m?. The maximum value was obtained
from Main Boulevard at 0.376 millimol/m?, and the minimum value was from Jail
Road at 0.079 millimol/m?;

o  The average AOD value in Lahore was 0.98 pm. The maximum value was 2.27 um
from Jia Bagga, and the minimum was 0.46 pm;

e  Variations in the sum of the concentrations of CO, SO;, and NO, determined through
remote sensing coincided considerably with the respective AQI plot. Neither HCHO,
CHy, nor AOD had a similar relationship with AQI values;
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o  The results showed that economic activities/emission sources have an impact on the
type of pollutant in which they are participating most. CO, SO, NO,, HCHO, CHy,
and AOD showed variation at different sites. Thus, the sites which contribute most to
a particular pollutant can be identified, and respective mitigation can be adopted;

e  The results suggested that AQI values during the week were higher than the weekend.

7. Policy Recommendations

All public vehicles must gradually be converted to electric vehicles. Regular Ministry
of Transport (MOT) checks must be conducted to reduce tailpipe pollution emissions.
Catalytic converters must work in all vehicles, and low-cost alternatives must be developed.
The site marked as Jail Road, which resulted as the highest contributor of CO and NO,,
is comprised of road intersections and has congested traffic. Such congestions must be
avoided, and can be achieved by providing alternate routes. Ferozpur Road was the
cleanest, although the number of LTV (light transport vehicles) was highest here. A regular
and recurring MOT check system for HTVs (heavy transport vehicles) must be implemented
on a priority basis. Catalytic converters in mass transit vehicles must be equipped with
efficient CO, HCHO and NO, removal. Buses were the highest contributors of SO, due to
low quality fuel usage. Restrictions on such fuel usage and its import must transpire. It
is recommended that, as the presence of industrial estates create a high concentration of
pollution, they must be moved to outside the city so as to avoid damage to human life. It
must also be further investigated as to why ISO environmental standardized industries
were still emitting SO,. Local authorities and EPA must encourage industries to use relevant
scrubbers or other smog control devices. Other cities of Punjab must be given more growth
funds so that their populations do not need to travel for necessities such as higher education,
better living, etc. As we can see from Figure 4, we can identify the sites that contribute most
to a particular pollutant. This model can be utilized by government to control industries
and brick kilns for unauthorized fuel usage.
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