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Abstract

Pakistan is facing a rapid increase in air pollution. Urban air quality is deteriorating day by day
and the people living in the cities facing problems because of air pollution exposure. With the
increase in population, industrial development and economic prosperity, air pollution is one of the
biggest concerns in Pakistan after the occurrence of recently smog episodes. Especially during the
winter, there is a danger from smog and health of the public is at stake. Seasonal variation
(Monsoon variation) does affect the air quality and can increase the agglomeration of air pollution,

causing adverse situation and problems for the community.

Pakistan being a developing country and it is very difficult to access and monitor air quality
throughout the city area due to unavailability of monitoring instruments and lack of funds. Based
on some monitoring locations, it is difficult and unreliable to access the exposure from air pollution
for the whole city, thus giving a possible solution to cost-effectively option of air pollution
modelling, which can provide a reasonable and reliable solution for air pollution exposure
assessment and providing the possible solutions to overcome the issue of air pollution mitigation
and improvement. Recently, Land use regression (LUR) has gained the importance of an easy,
cost-effective, and reliable modeling solution for air pollution exposure assessment. Therefore, in
this research work, an attempt was made to develop a LUR model and identification of air pollution
hotspots areas with the addition of possibly potential predictor variables affecting the air quality

status in the city of Lahore, Pakistan.

The purpose of this study was to develop a Land use regression (LUR) model to provide a better
understanding of air exposure and to depict the spatial patterns of air pollutants within the city.

Land use regression model was developed using the average seasonal concentration of Nitrogen



Dioxide (NO») and considering twenty-two potential predictor variables including road network,

land use classification and local specific variable (vehicle maintenance workshop, VMW).

Ambient air pollution can increase the possibility of health risks especially in urban areas of
developing countries having the mixture of different air pollution sources. Identification of
possible pollution sources within the cities is an important task. Different pollution sources present
and yet to be determined in the developing countries, like Pakistan. In this study, Vehicle
maintenance workshops (VMW) was considered and identified a possible source of pollution.
Distance variable (DV) was used to represent the presence of VMW within the city. All the three
developed LUR seasonal (pre-monsoon, monsoon, post-monsoon) models identified the presence

of DV, which justified the local pollution source i.e., VMW.

Survey was conducted to gather the information about the workshops present in the study area and
their inclusion in the final models improved the efficiency and overall fit of the LUR models. Road
network (road length), residential area and distance variable were the influencing factors in the
final models, showing the positive association with the pollutant (NO2) concentration. Spatial
characteristics of the predicted concentration showed the city center as the pollution hotspot,
surrounding with the road network and residential area, followed by the presence of local vehicle
maintenance workshops. Adjusted explained variance of the LUR models was highest for post-
monsoon (77%), followed by monsoon (71%), and was lowest for pre-monsoon (70%). This is the
first study conducted in Pakistan to explore the applicability of LUR model within a city and hence
will offer the application in other cities. The results of this study would also provide help in

promoting epidemiological research in future.
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CHAPTER 1

1. Introduction

This chapter explains the research background and the importance of this research work. Air
quality situation in Pakistan and its related sources have been introduced with the addition of

problem statement and objectives of this study.

1.1. Background:

Pollution in developing countries is a very serious issue, especially in big cities. Lahore is the
second largest city in Pakistan with the population of around 11.12 million (Pakistan Bureau of
Statistics, 2017). Lahore has a semi-arid climate, and the presence of large number of vehicles and
industries makes the city’s air difficult to breath. This situation gets worse in the winter season,
when the smoke and fog mix up in the air and forms a brown haze layer called “smog”, causing
adverse effects on the people health, and hampering the daily routine of public including the

closure of schools.

Reported in the literature, Nitrogen Dioxide (NO») is the second most dangerous pollutant, after
Particulate matter (PM> 5) in Pakistan and its reported levels are much higher than the international
standards given by World Health Organization (WHO) (Colbeck, I. et al., 2010). NO> is considered
as a pre-cursor for the generation of photo-chemical smog and secondary air pollutants (Wang, W.
et al. 1995). This pollutant is also corelated well with the traffic densities, giving an indication of
increase in the number of vehicles. Number of vehicles increasing in Lahore due to population

growth and urbanization.
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Pollution in developing countries, predominantly in urban centers is a major issue for public health
due to dramatically growing population, automobile numbers, urbanization, and heavy industry.
Therefore, urban populations are facing serious health implications such as lung cancer,
pneumonia, and acute lower respiratory infections especially for women and children (Jamison,
Breman et al. 2006). A large number of studies shows that ambient air pollution is associated with
significant adverse effects on public health (Pope III, Dockery et al. 2006). The studies have
shown that concentration of NO2, SO, and CO exceeds the National Environmental Quality
Standards (NEQS) and one of the studies showed that PM».s and PMj levels were 6 times higher
than the World Health Organization (WHO) guidelines (Niaz et al., 2015; Majid et al., 2012).
Pollutants having health concerns in developing countries include particulate matter (PM),

nitrogen dioxide (NO2) and ozone (Brunekreef and Holgate 2002).

Children are more susceptible to diseases because they spend more time on roads playing and in
schools which are situated in areas with excessive levels of different air pollutants and because of
their physical activities and higher breathing rates (Trasande, Thurston et al. 2005). Different
studies show that ambient air pollution can may cause inflammation of the central nervous system
which can affect the behavior and performance of school going children (Block, Elder et al. 2012).
Ambient air pollution is associated to 3.7 million premature deaths per annum and most of these

(88%) are in low and middle income countries (sheet 2014).

The increase in number of road traffic and rapid growth of urbanization poses a great health hazard
for the surrounding environment and public health. Ambient air pollution is an important
environmental issue (WHO, 2016). Each year, two million or more deaths are attributed in the
world because of air pollution exposure (Tan, X. et al. 2021). Air pollution is one of the biggest

concerns in the modern era because of luxurious lifestyle, which requires more energy and
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exploration of resources, putting pressure on the generation of toxic air pollutants in the
atmosphere. The emission of these air pollutants affects both, climate, and human health (Ashfaq,
A.etal. 2012; Pecl, G.T. etal. 2017). Studies have mentioned the effects of air pollution on human
health, such as cardiovascular, respiratory, and chronic diseases in adult stage (Karl, T.R. et al.
2009; Kelishadi, R. et al. 2010). One of the Swedish cohort studies reports that exposure to long
term air pollution may cause diabetes (Eze, I.C. et al. 2014). Poor air quality is a serious issue in
developing countries because of overpopulation, urbanization, and industrialization (Mannucci,

P.M. et al. 2017).
1.2. Air pollution in Pakistan:

Air quality in Pakistan is a serious issue that needs to address, and it is continuously deteriorating.
A major source of air pollution in Pakistan is emissions from motor vehicles and automobiles.
Other sources of ambient air pollution include coal burning, industries and household fuel
combustion for domestic use (Ilyas, Nasir et al. 2008). In Pakistan since 2001 —2002 the number
of vehicles has grown by 130.3% (Pakistan Economic Survey, 2013-2014). Particulate matter is
the most hazardous pollutant. After particulate matter, NO> is the second most dangerous pollutant
in Pakistan and its reported levels are much higher than the international standards given by WHO

(Colbeck, I. et al., 2010).

Pakistan is a South Asian country having a population crossing the figure of 200 million (Rana,
[.A. et al. 2018). The rapid increase in the population and unplanned urbanization with the recent
development in the industrial units, has worsen the condition of ambient air in the country (UNEP,
2011; Rasheed, A. et al. 2015). Transportation is another source of air pollution emitting 25 times

more carbon monoxide (CO) and carbon dioxide (CO2), and 3.5 times higher sulfur dioxide (SO»)

13



as compared to the automobiles in the United States (Barber, N. 2008). Pakistan is the second,
among the top ten polluted countries in the world accounting 22,000 premature deaths and 163,432
disability-adjusted life years (DALYS) lost (Ameratunga, S. et al. 2006). A study conducted in the
cities of Pakistan (Islamabad, Lahore, Rawalpindi) reported the levels of Nitrogen oxides (NOx)
and Particulate matter (PMio) higher than WHO guidelines (Colbeck, I. et al. 2010). Pakistan
Environmental Protection Agency (Pak-EPA) has monitored the level of NO; in different cities of
Pakistan and estimated that maximum and minimum concentrations were 37.02 ppb and 14.61 ppb
in Karachi and Islamabad, whereas another study found that the maximum and minimum
concentrations were 37.46 ppb and 2.48 ppb respectively (Colbeck, I. et al. 2010; Shabbir, Y. et
al. 2016). Urban air pollution costs the country a loss of about Rs. 65 billion, from total annual
loss to the environmental damages which is Rs. 365 billion (Ameratunga, S. et al. 2006). The
financial loss occurs from morbidity and mortality linked with cardiovascular and respiratory
diseases, lower respiratory illness (LRI) in children, however, if air pollution related problems are
taken into consideration on education, malnutrition, and earnings, the financial loss could be higher

(Sanchez-Triana, E. et al. 2014).

Road traffic is classified as one of the reasons behind the deterioration of air quality in urban areas
(Mage, D. et al. 1996). Increase in the number of vehicles not only causing traffic congestion and
greenhouse gas emissions, but imposing significant health impacts, and a source of tropospheric
ozone formation (Colvile, R. et al. 2001). Different air pollutants are present in the atmosphere of
urban environment like Particulate matter (PM), Nitrogen Dioxide (NOy), carbon monoxide and
dioxide (CO & CO>) and ozone (O3), but the pollutant which correlates well with traffic densities,
and an important photochemical oxidant is Nitrogen Dioxide (WHO, 2006; Hewitt, C.N. 2001).

Nitrogen dioxide (NO2) has a major role for the generation of secondary air pollutants (SAP) and
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its concentration is correlated with photochemical smog, acid deposition and ozone variations (Yu,
B. etal. 2017). Reported in the literature, after particulate matter, NO- is the second most abundant
and dangerous air pollutant in Pakistan (Colbeck, I. et al. 2010), therefore it is necessary to have
the knowledge of different types of pollution sources and the factors affecting the concentration of

pollutant within the city.

One of the studies conducted by Pakistan Environmental Protection Agency (Pak-EPA) with the
collaboration of Japan International Cooperation Agency (JICA) in 2000 in the three cities of
Pakistan and found that the level of pollutants was higher than the WHO guidelines (Table 1)

(Pak-EPA/JICA, 2000)

Table 1. Level of pollutants in different cities of Pakistan

Pollutant (Unit) City Name
Lahore Islamabad Rawalpindi
PMo (ug/m?) 895 709 520
CO (ppm) 2.82 1.83 1.55
SOz (ppb) 44.6 30.7 28.5
NO: (ppb) 156.60 74.70 148.50
Os (ppb) 8.50 17 10
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1.3. Air pollution in Lahore:

Lahore is the largest city in the Punjab Province, and its day-by-day expansion due to migration
of people from small cities making the city’s air a serious problem. Increase in the annual growth
of population, vehicles and industrial units making the air pollution of Lahore is of concern. Other
sources of pollution in the city are Brick kilns and vehicle maintenance workshops (VMW), which
mostly uses the coal for the process, generating variety of pollutants in the atmosphere. Emissions
from vehicle exhaust mostly come to workshops for the maintenance of vehicles e.g., cars, buses
and rickshaws are also a significant source of air pollution in the city. Nitrogen dioxide (NO3)
concentration correlates well with the traffic densities (Hewitt, C.N. 2001), increasing number of
vehicles may increase the concentration of NO,. One of the studies conducted in five cities of
Pakistan by Pak-EPA with the collaboration of JICA in 2006 and found that the concentration of

NO:> in Lahore was the second highest after Karachi (Figure 1) (Pak-EPA/JICA, 20006)
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Figure 1. Nitrogen Dioxide pollution in different cities of Pakistan
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1.4. Problem statement:

Pakistan is a developing country with an increase in population and economic development. With
the rapid increase in industries and vehicles, air pollution in cities is of serious concern. Increase
in population and automobiles results in the generation of variety of pollutants. The pollutant
which correlates well with traffic densities is, NO> and it is also a pre-cursor of photochemical

smog.

Exposure assessment to air pollution at city scale is important due to the increase in the number of
vehicles within the cities and around the highways and major roads. Pollutant, like NO2 being
associated with the traffic, the concentration varies within the city and even within distances of 50
m or less (Hewitt, 1991). It is necessary to have such studies to assess the exposure from ambient

air pollution to have the knowledge of hotspot area of pollution within a city.

Pakistan being a developing country and monitoring of air pollutants within the city is scarce due
to limited availability of technical instrument and funding. Based on some monitoring stations, it
is very difficult to access the pollution level for the whole city. Modeling software’s has been used
for the simulation of air quality in the developed countries, but the problem lies with the use of
these models is the cost and complexity involved. Recently, Land use regression (LUR) modeling
has also been used in developed countries and it provided a reasonable justification of exposure of
pollutants within the cities. LUR model is known as feasible and cost-effective approach to be
used for the air pollution modeling, but its applicability is still unclear for a specific city of a
developing country, like Pakistan. To fill this research gap, LUR was developed for the city of

Lahore, Pakistan.
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Seasonal variations emissions occurred both due to shift in the season and meteorological
conditions. Change in the seasons tends to affect the quality of air, dispersion and movement of
pollutants (Ramachandran et al., 2003). Variation in the temperature and rainy season might affect
the concentration of pollution, because when the temperature is low it is difficult for the pollutants
to disperse, and they trap near the earth surface and vice versa for the increase in temperature.
Decrease in temperature also shifts the usage of burning of fuel to keep the house warm and for
heating purpose. Change in these conditions may lead to generate variety of pollutants based on
seasonal variations and effect the human health. Therefore, in this study variations in seasonal
pollutant concentration were studied to have the better and clear understanding of pollutant level

in each season.

To address the need of air pollution exposure assessment, this study will explore the applicability
of LUR model to predict spatial variation of NO» for Lahore, Pakistan in which emission sources
include local industries, household fuel use and automobiles. This would not only provide the
evidence of developing LUR models for different air pollutants in Pakistan, but also offer
important application of exposure assessment with high representativeness. This study will provide
a basic systematic LUR method, which means that this study will serve as a baseline in terms of
the identified potential predictor variables that can be explored in other cities with the addition of

local pollution sources and hence will promote the wider use in other cities of Pakistan.
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1.5. Techniques and model for air pollution:

Different models and techniques are available and has been used to access and model the air
pollution concentration (Figure 2), such as Dispersion models (DM), chemistry transport model
(CTM), and other techniques like Inverse distance weighting (IDW), Ordinary kriging (OK),
Machine learning (ML), but the problem lies with the application of these models and techniques,
is the high demand of data requirement, costs and the complexity (Briggs, D. 2007; Ren, X. et al.
2020;Simic, I. et al. 2020). The issue lies with the applicability of interpolation techniques is the
assumption that variation in the pollution is dependent on the distance between the sites, which
may lead to error in estimating pollution (Mulholland, J.A. et al. 1998). In contrast, Land Use
Regression (LUR) model has gained the attention as an easy and effective approach, to provide
spatial distributions of air pollutants at intra-urban scale built on a specific number of monitoring
sites and predictor variables values, gathered by geographic information system (GIS), (de, Hoogh,
K. et al.2014; Zou, B. et al. 2009), providing a reliable solution for air pollution exposure

assessment for a developing country like Pakistan (Shi, Y. et al. 2020).
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Figure 2. Different exposure models and their differences
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1.6. Objectives of the study:

Mostly studies conducted in Pakistan related to air pollution just present the levels of pollutants.
There is a lack of knowledge regarding air pollution exposure and the possible factors effecting

the concentration within the city.

The aim of the present study was to develop LUR model based on seasonal variation [Pre-monsoon
(April, May, and June), Monsoon (July, August), and Post-monsoon (September, October, and
November)] of NO2 concentration for Lahore city. This research work tried to develop and apply
LUR for the first time in the specific city of Pakistan, with the limited availability of pollutant
concentration data and the difficulties to get the data of potential predictor variables and of the

local pollution source i.e., Vehicle maintenance workshop (VMW).

To have the knowledge of different pollution variables effect on the concentration of pollutant for
each season, and to depict its spatial distribution, LUR was applied in Pakistan. It is necessary to
compare the three period models for better understanding of local emission sources and the effect
of different potential predictor variables for each season because change in season affect the
dispersion of pollutants and quality of air within the city. Therefore, in this study variation in
seasonal pollutant concentration were studied to have the better understanding of pollutant level

in each season.

In this study, a possible source of pollution was identified for the city of Lahore, which was vehicle
maintenance workshops (VMW). Due to the lack of exposure data in Pakistan, this study tried to
provide exposure assessment for the Lahore city, and which will provide the long-term

epidemiological studies in air pollution in future.
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1.7. Justification of the research work:

Air pollution is a serious threat and its exposure to humans causes significant health problems.
Different exposure models are available in the literature and have been used in different countries,
but the problem lies with their applicability is the complexity and cost involved (Ren, X. et al.
2020). Land use regression model has recently gained a reputation as one of the easy and cost-
effective method for the air pollution exposure assessment technique (Zou, B. et al. 2009). LUR
model has been used in developed countries, but its applicability still yet to be explored in
developing countries, especially in Pakistan with the limited availability of air quality monitoring
network and lack of air pollution data. Different sources of air pollution are present within the
cities and their identification is an important task. In this study, a local source of pollution, vehicle
maintenance workshop was identified and found to be a significant source in all the three seasons.
Final developed LUR models showed a positive correlation with the road network, residential area

and the VMW.
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CHAPTER 2

2. Literature Review

2.1. Overview of air pollutants:

Different air pollutants are present in the atmosphere of urban environment like Particulate matter
(PM), Nitrogen Dioxide (NO>), carbon monoxide and dioxide (CO & CO3) and ozone (O3) which
may cause the health effects and even deaths greater than respiratory and cardiovascular diseases
(Sahsuvaroglu et al., 2006; Garrett & Casimiro, 2011; World Health Organization, 2000). These
pollutants have different type of sources and generation of the pollutants from these sources
resulting in the formation of various problems in the atmosphere, the main one which is smog, a
brown haze layer in the atmosphere during the winter season reducing the visibility, hammering
every aspect of life, and carrying serious human health effects (Lodhi et. al., 2009). (Table 2)
showing the most prominent air pollutants in the order of their occurrence in the atmosphere of

Pakistan.
2.2, Sources and Health impacts of air pollutants:

The prominent sources of air pollution include fossil fuel burning in household, industrial
emissions, vehicular exhaust, emissions from brick kilns, burning of solid waste and dust
generation from construction activities. Many studies have classified industrial pollution, indoor
air pollution, suspended particulates and increase in traffic density as the important sources for the
degradation of ambient air quality in the country (World Bank, 2006; Pakistan Millennium

Development Goals Report 2005). The emissions of greenhouse gases (GHG) mostly from power
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sector and the emissions of Carbon dioxide (CO») likely to reach 250 Mt by 2020 which may grow

to 650 Mt (Ahmad et al., 2011).

Table 2. Prominent pollutants in the atmosphere of Pakistan

Pollutant Sources Reference Study
Particulate | Combustion of | Measurement and analysis of fine particulate matter
Matter (PM) | fossils fuel/ biomass, | (PMz5s) in urban areas of Pakistan was conducted and
vehicular  exhaust, | the values were found to be exceeding the Pakistan
power plants and | National Environmental Quality Standards (Rasheed et
industrial emissions, | al., 2015)
vehicles with two-
stroke engines
Nitrogen Vehicle exhaust, fuel | Measurement of NO, was done at selected public
Dioxide burning, schools of Lahore and the results concluded that values
(NO2) were significantly higher than the standard values,
therefore school children were at risk of developing
health complications (Mehmood et al., 2015)
Carbon Traffic, Power | Investigation of Carbon Monoxide at heavy traffic
Monoxide Plants, Industrial | intersections of Karachi (Pakistan) using GIS to
(CO) emissions evaluate potential risk areas for respiratory and heart

diseases was conducted to know the levels of CO and
of Carboxyhemoglobin (COHb) and their associated

health effects (Durdana et al., 2011)
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Sulfur Diesel usage in | Spatio-Temporal analysis of atmospheric Sulfur
Dioxide vehicular and for | Dioxide column densities over Pakistan by using
(S0O2) industrial purposes SCIAMACHY data was done to present the
atmospheric SO> column densities indicating that an
overall increase of about 70% in SO; column densities
over Pakistan during the time of 2004-2012 (Khattak et

al., 2014)

Ozone (O3) | Vehicle emissions | Long term temporal trends and spatial distribution of
(Nitrogen  oxides) | total ozone over Pakistan was measured and revealed
and volatile organic | that linear relationship exists between year-to-year total
compounds column ozone and solar activity (L. Rafiq et al., 2017)

chemically react

under sunlight

Dust Construction Air pollution by roadside dust and automobile exhaust
activities, vehicular | at busy road crossing of Lahore was carried out for the
traffic, marble | assessment of dust pollution levels prevalent in relation
cutting to ever increasing roadside automobile exhaust and
reported that levels of roadside dust are quite high, and
this is a health hazard to the public (Jafary and Faridi,

2006)

Construction industry has a major role in development of the country and brick kilns is among

them because it provides bricks, which is the most important building material for the construction
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of buildings in Pakistan. The fuel mostly used in the brick kilns is coal with the addition of wood
that not only generates variety of pollutants (SO2, NOx, CO, CO,, PM) but also a cause of
deforestation (Saeed, 2017). Exhaust from the brick kilns is degrading the environment by adding
harmful gases from the emissions and posing great health effects to plants, animals, soil and the

people living in the vicinity of the brick kilns (Nafees et al., 2012; Kamal et al., 2014)
2.3. Health Effects:

Air pollution not only effects the human health and quality of life but also it causes degradation of
environment (Aziz & Bajwa, 2004; World Bank, 2006). Food and water effected by air pollution
can enter to human body through ingestion (Thron, 1996). Children living nearby the densely
traffic areas have increased respiratory tract complications (Ciccone et al., 1998). Air pollutants
relates to increase in deaths and hospital admissions (Kampa & Castanas, 2008), health impacts
can be chronic or acute and several organs of body can be affected but mainly it influenced

respiratory and cardiovascular system (Kunzli and Tager, 2005; Cohen et al., 2005)

24. Health related air pollution studies in Pakistan:

Presence of variety of air pollution sources and their respective pollutants poses a great health
effect. Different studies have been conducted to assess the health impacts due to these pollutants.
We have summarized the studies done in Pakistan in reference to air pollutants measurements and

their respective impacts.
2.4.1. Impacts on Human health:

A questionnaire-based survey was conducted with the monitoring of ambient air quality and noise

level in different areas of Lahore, Pakistan and concluded that residents living nearby dense traffic
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areas, workers, laborers, shopkeepers, and traffic wardens have prevalence of diseases because of

bad air quality and noise levels. In addition, the study found that wardens affected by respiratory

diseases were 21%, by skin problems were 8%, 10% affected by cardiovascular and 13% by

hearing problem (Hamid et al., 2019)

Dental teaching institutions in 12 cities of Pakistan was surveyed in a study to ask about the human

health issues with respect to mercury amalgam waste and the response was to ban on mercury

amalgam to protect public health, children, and the environment (Khawaja et al., 2016).

Acute Respiratory Infection (ARI) and lung diseases also linked with the outdoor air pollution and

the number of patients increased from 1998-2000 in Punjab (Table 3), which is the largest province

in Pakistan, increasing population with an increase in industry and traffic volume is the main

reason for the ARI to be at third number after diarrhea and dysentery in children (PECC/SDPI,

2001)

Table 3. Acute respiratory issue in Punjab, Pakistan

Year Children less than five years | All age groups
1998 837,693 2,826,000
1999 1,024,004 3,304,000
2000 1,536,514 4,989,000
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Another health survey-based study was conducted to access the health effects due to air pollution
for the people living nearby brick kilns, heavy traffic and away from these sites. It was concluded
that 33% around brick kilns and 31% around heavy traffic area were affected from asthma as
compared to people (13%) who were living away from the sites. Emissions from industrial units
poses great health effects which is evident from the study done nearby an old cement plant for
dwellers of Babri Banda town (Kohat, NWFP) and concluded that people living nearby the areas
were highly affected lung, chest and respiratory problems caused by the emissions of dust and

gases (GTZ-NWFP, EPA, 2000).

Effect of Particulate matter (PM) was conducted in children to check the variation of blood
pressure and found that children studying in school that were situated in high traffic related area
was having higher arterial blood pressure as compared to children studying in less polluted area

(Sughis et al., 2012)

People who spend most of the time around the area of pollution are mostly affected, such a study
was conducted to access the effect of air pollution on traffic wardens, and it was investigated that
different problems were associated because of the time spent on the roads and showing the signs

of lung problems, chronic ear-nose-throat (ENT) and hyper-tension (Pak EPA, 2005).

Association between black carbon and cardiovascular disease was investigated in largest
metropolitan city of Pakistan, Karachi and concluded that there was a link between black carbon
exposure and the hospital admissions and further it elaborated the increase is especially in females

as compared to males indicating the age range from 41-60 years (Malashock et al., 2018)
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Similar study was conducted to access the level of PM2 s and the relation with hospitalization and
recorded that there was a significant increase in rates of admissions in hospitals which were related

to the elevated level of particulate matter (Khwaja, H., et al.,2012)

2.4.2. Effects on Plants:

Pakistan is basically an agricultural country with mostly population based on the production of
different crops, vegetables, and fruits but due to an abrupt increase in population and availability
of facilities in cities forced the people to move towards the urban areas, reflecting a great deal with
the environmental degradation and creating air pollution problems. Bad air quality effects not only
human health but it also poses great threat to the plants. Plant growth reduced when they are
exposed to air having pollution level excessive from the recommended guidelines. Study have
shown that there was a reduction in growth and leaf senescence, photosynthetic rate and
photosynthetic efficiency was affected under unfiltered air as compared to filtered air (Wahid et
al., 1995a). When the concentration of ozone increased from the safe limits, it has negative effects
in the leaves of potatoes, onions and cotton and the aphid attack increased, a study done in
northwest of Pakistan showed (Ahmad et al., 2013). In another study, it was found that there was
a reduction in yield from 37% to 42% of rice and 34.8% to 46.7% in wheat because of the poor air

quality around the surrounding (Wahid et al., 1995b).
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2.5. Land use regression (LUR) overview:

LUR is a statistical method of air pollution modeling. It is commonly used to estimate variations
in air pollutant concentrations for population exposure assessment. The technique links spatially
heterogeneous air quality measurements with geospatial predictors (Figure 3). LUR models
provide a comparatively robust method for spatial prediction, while having a lower sampling effort
compared to geo-statistical models, and a lower data requirement than dispersion models (Hoek,

G. et al. 2008).

LUR model incorporates air pollutants data, geographic predictors such as land use, population
density and road traffic network data around the monitoring points, and after multiple linear
regression, it provides spatial annual or seasonal pollution level, at un-monitored locations (Figure
4) (Jerrett, M. et al. 2007). The model provides a simple and cost-effective method for air pollution
exposure assessment at regional and intra-urban level by substituting expensive dispersion models

(Hoek, G. et al. 2008; Ghassoun, Y. et al. 2015).

Recently, LUR model is mostly applied in developed countries in North America and Europe, and
the exposure assessment of different air pollutants have been successfully conducted (Novotny,
E.V.etal. 2011; Beelen, R. etal. 2013; Cattani, G. etal. 2017; Ross, Z. et al. 2007). Still, developed
countries remain the focus of conducting air pollution studies related to exposure assessment and
its health effects (Tonne, C. et al. 2017). Therefore, it is necessary to have studies related to
exposure from air pollution, which can be helpful for epidemiological evidence in developing

country conditions (Ma, J. et al. 2017), having air pollution-related health problems.

Challenges and constraints in the development of LUR models in these situations, includes

inadequate availability of GIS data, emissions from air pollution sources not well interrelated, and
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deficiency of routine monitoring concentration data. Pollutant’s concentration data gained from
the national monitoring locations are used to characterize the air pollution of the entire city which
would lead to evaluation error in public air pollution exposure (Huang, L. et al. 2017). It would be
meaningful to perform LUR studies to explore the performance of model, thus an efficient and

economical air pollutant concentration model can be obtained.
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2.6. LUR Studies in the world:

Different studies have been conducted related to the development of LUR and its application for
the prediction of pollutants and exposure assessment. This section describes the studies that have

been done in different countries of the world.

2.6.1. Title of the study: Estimate annual and seasonal PMi, PM2s and PMio

concentrations using land use regression model (M. Miri, et al. 2019)

In this study, LUR models were developed for seasonal and annual concentrations of Particulate
matter pollutants based on 26 monitoring locations in the city of Sabzevar, Iran. Different predictor

variables were used including land use, urban morphology, geographic location (Table 4)

Table 4. Predictor variables used to develop LUR models

Potential predictor variables to develop LUR models.

Variable Description Sub-categorie Buffer (m) Direction of effect

Street Total length of road types {m) 1 = Side streets 100, 200, 300, 500, 1000
2 = Main streets
3 = Major roads
4 = Al roads
Land Use Total area of 10 land use (LU) types 1 = Transporiation 100, 200, 300, 400, 500
{m2} 2 = Commer d al/official
3 = Urhan facilities and equipment
4 = Remedial/health care
5 = Education
6 = Green space

'+§++++++

7 = Cultural / religious +
8 = Industrial +
9 = Residential -
10 = Others NA
Urhan morphalogy  Madmum and average height of 1 = Maximum height 100, 200, 300, 400, 500 +
buildings (m} 2 = Average height +
Distanee variables Distance (DIST various featires (m) 1 = All Traffic Surrogate and Land Use =
variables
2 = Squares -
3 = Bust terminal -
Papulation Density of population (personsper  All population 500, 750, 1000, 1250, 1500, 1750, 2000, +
) 2350, 2500, 2750, 3000
Geographic location  Physical location 1 = elevation (m) NA
2 = slape (degree) NA
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The developed models performed well within the range of R> 0of 0.68 to 0.75. the minimum mean
concentration was seen in spring, and the maximum concentration was observed in autumn. Road
length and distance to roads were found in all the models showing the positive association with
the concentration of pollutants. Industrial land use also showed the positive association with the
concentration of pollutant. The regression maps of PM1 showed that the maximum concentration
was observed in the south part of the city around beltway. The maps of PMa2s showed that
maximum concentration was observed in the east and south part of the city near the roads and
transportation land use. The maps of PMi¢ showed that the maximum concentration was observed
in the west of the city and around major roads. The spatial distribution was reasonable, considering
traffic as a main source of PM emissions. This study showed that pollutant concentrations were
higher than World Health Organization (WHO) guidelines, and cause problem for public. People

living near the roads and industrial areas are exposed to pollutants (M. Miri, et al. 2019)

2.6.2. Title of the study: Development of land use regression models for PMz.s, SO2, NO2

and O3 in Nanjing, China (L. Huang et al., 2017)

This study explored the applicability of LUR models based on the data obtained from the national
monitoring sites in the city of Nanjing, China. Models for four different important pollutants were
developed and they performed well related to the explanation of pollutants concentrations in the
city showing that it is feasible to have the better simulation of the air quality data for areas having

different characteristics. The location of study area for LUR model is shown (Figure 5)
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LUR model was developed based on the nine monitoring locations, using the average annual
concentration of pollutants including different predictor variables. Developed LUR models
explained moderate to good variance for the pollutants. Adjusted explained variance was highest
for NO2 (87%), followed by SO (83%), and was lower for PM2 5 (72%) and O3 (65%). Spatial
distribution maps of SO, and NO> showed that the high concentration was observed in the center
of the city due to the usage of fossil fuel in the surrounding urban districts because of the high
population density. High road traffic density was also another factor for showing the high

concentration of pollutants. For the PM> 5 pollutant, road length showed the positive association
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and considered as an important factor. O3 concentration was heavily affected by regional influence

with the potential predictor variable of longitude.

The developed LUR models in this study were of good quality, indicating that it is possible to
develop model based on national monitoring sites. This study showed that with comparison to
other models, LUR model can provide better resolution of spatial distribution maps with simple

procedure (L. Huang et al., 2017)

2.6.3. Title of the study: Land use regression modelling estimating nitrogen oxides

exposure in industrial south Durban, South Africa (S. Muttoo et al., 2018)

This study tried to explore the exposure characteristics in the South Durban area by developing a
LUR model and to understand the association between health outcomes and exposure due to air
pollution. The area of this study was South Durban region of the eThekwini Municipality of
KwaZulu-Natal, South Africa, having a population of 595,601. Potential predictor variables that
were identified including major road length within the buffer radius of 300m, minor road length
within buffer radius of 1000m showing the positive association with the pollutant, whereas area of
open space within the radius of 1000m showed the negative association with the concentration of

pollutant.
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Figure 6. NOx estimation at participant address points in South Durban

The exposure at participant addresses is shown in the (Figure 6) showing the higher concentration

near the road traffic (S. Muttoo et al., 2018)
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2.6.4. Title of the study: Development of land use regression model and health risk
assessment for NO: in different functional areas: A case study of Xi’an, China (Z.

Liu, et al., 2019)

In this study, Xi’an was the study area having a large population (6.4 million people). For the
development of LUR model, forty potential predictive variables including land use, width and type
of road, pollution sources inclusion etc. with the annual average concentration of Nitrogen Dioxide

(NO2) monitored at 10 locations were used. Models were developed for three seasons: Annual,
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Figure 7. Spatial distribution of predicted NO: concentration in Xi’an
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non-heating period (June-October) and the heating period (November-April). The spatial
distribution of predicted NO> showed that higher concentration was observed around the dense
factory area, and lower in the tourist spots (Figure 7). Emissions from industries considered as
one of the major sources of NO> pollution. Residential area found to be the second important

source after industrial emissions (Z. Liu, et al., 2019)

2.6.5. Title of the study: Land use regression models for ultrafine particles, fine

particles, and black carbon in Southern California (R.R. Jones et al., 2020)

The aim of this study was to provide spatial resolution of ultrafine particles (UFP) for exposure
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Figure 8. Map of 215 monitoring sites within 12 sampling clusters and four South Coast Air

Quality Management District (AQMD) stationary monitoring sites
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estimates by developing a LUR model for Los Angeles. LUR models were developed for UFP,
Particulate matter (PMs), and Black carbon (BC) in California. Characterization of the spatial
variability for a well-known area across U.S. having high traffic volume and ambient air pollution

was done (Figure 8)

The model developed based on short-term monitoring performed well as well as based on large
number of monitoring locations. The results showed that UFP model can be used and applied for
epidemiological studies in the long-period exposure, whereas PM» s and BC models accomplished

relatively less as compared to UFP model (R.R. Jones et al., 2020)

2.6.6. Title of the study: Effect of monitoring network design on land use regression

models for estimating residential NO: concentration (H. Wu et al., 2017)

The objective of this study was to build and evaluate LUR models using different monitoring
designs by having the concentration at the respective home addresses to check the prediction

efficiency of LUR models. This study was done in the city of Edinburgh, east of Scotland, UK.

The locations of the monitoring sites and monthly model concentration is shown in figure. Increase
in the number of monitoring sites gave better estimation in the resultant LUR model. Developing
a LUR model based on higher number of monitoring locations improved the ability to estimate the
pollutant concentrations (Figure 9). Beyond a certain number of monitoring locations, efficiency
was not significant. LUR models that were built on keeping in mind of both road network and
residential area, provides better and more characterization of the pollutant concentration around

the specific study (H. Wu et al., 2017)
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2.6.7. Title of the study: Effect of sample number and location on accuracy of land use

regression model in NO: prediction (J. Dong et al., 2021)

This study was performed to investigate the effect of number and monitoring locations in the

development of LUR model and to improve the accuracy.

m‘ﬂl ] |."‘-\-|.\_\_H_H
g
e, kit u
w’f? '?L\ﬁ} H) i
4 I Ll i " L : et E AT i e e Saans
o™ { S [ Land Use U J,."":*'ﬂrﬂ ik
Sty 11 ropuin | 31 1
i "‘1'"," T O 1 T 1 Nodal L !
iat .% Y el T J
Lt of 0, i tu
\I ] 1{"
§ 1] ! kN
L‘,"] ' it ' :rﬂrh-:?dmug
¥ " + Rl s
Sy +- Pargoehs 5T
B IR PPN A s e
\\\HRR \\_\HH Mok v g i

Sampling strategies Varlables LUR accuracy

Figure 10. Sample strategies, variables and LUR accuracy

Different sampling strategies were proposed to investigate exposure assessment and air pollution
control (Figure 10). Four strategies for sampling were used to check the effects of locations and
number of monitoring sites on the performance of model. with the increase in number of sites, R?
and LOOCV R? was shown to be decreased. Different studies have also found the same trend.
There were some limitations in this study, worth to be highlighted. This study just conducted in
the chosen area, which needs further confirmation for this sampling strategies elsewhere. This
study gives the reference to study the effects of monitoring sites and locations for the performance

and accuracy for developing LUR model, which can be used for public health exposure assessment
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and to control air pollution. In future, more studies should be performed in different areas to
explore the specific number of sites for designing LUR model and for different pollutants e.g., O3

and PM2s (J. Dong et al., 2021)
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CHAPTER 3

3. Materials and Methods

3.1. Study area

Lahore is the second largest city in Pakistan after Karachi and known as capital of Punjab province.
It has an area of 1772 Km? and population is 11.13 million based on 2017 census (Rana, I.A. et
al. 2018). Lahore is in 74° 19' 45.75" longitude, 31° 34' 55.36" latitude, at an elevation of 217 m
above sea level with a semi-arid climate and yearly precipitation of 628.8 mm. The average
humidity is 39.8% and the main wind direction is north. The lowest and highest temperature in the
city is between 19.8-40.4 °C with a yearly average of 30.16 °C (Shabbir, Y. et al. 2016). The
country’s oldest and longest road known as Grand Trunk (GT) road passes through the city,
considered a source of pollution and causing to have higher level of air pollutants throughout the

year. The study area and monitoring locations are shown (Figure 11 A, B, C, D)

Fig. A showing the monitoring locations on the google earth, Fig. B showing the Lahore boundary,
Fig. C showing the monitoring locations on the ArcGIS map with the addition of road network,
residential area, and presence of auto workshops whereas Fig. D showing the map of Punjab

(Pakistan) and Lahore.

45



I Google Earth Pro = x
Fle Edit View Tools Add Help
I¥ Search

I¥ Places
 Begum ot

'__ = Laocatons
"_a Temporary Places
v | % Lahore Sezsonal Variation_18 points.kmz
¥ 4 ghore Seasonal Varition
I e Chouk
1": Kalma Chowk
’{r Niazi Chowk
i {7 Defence Chowk
! ;7 Fortress Stadium
Ik Multan Chungi
Ik Ralzy Stion
i ; Rang Mahal
L ,:7 Yadgar
1 CCalge
4 BCalkge
1 SantNagar
L ;7 Bagh Ban Pura
1": Race Course
Ik Charing Cross
i ; Shahdara Town
L ,:7 Campus Bridge
i Jahangir Tomb

[ ] Y

IV Lavers

LE] Primry Database
& tnnouncements
b Borders and Labels

Places
b2 Phatos
! F Roads
) @ 30 Buidings
) ﬁWeathev
Lk Gallery
[ 7
Terrain

46



Legend

&  Lahore Auto Workshops
® Sampling Locations
Roads

primary
— secondary
— lerliary
— lrunk
Rasidential area
| Lahore_boundary
—
P
I ] =
b
&
I
* i -
\
LY
%
A

~ .'x_l T ‘D36
N Letideen]

-:-'-'. =
12 Kilometers

47



Legend
4 Lahore Auto Workshops

® Sampling Locations L ahO re

Roads
primary
—— secondary
— tertiary
trunk

Residential area
[ Lanore_bounaary

Shahdaya Town
®

angir Tomb
¥
VS -
i Chow Yadgar
— ®
a
us'B
ung
\ A howk
’'y
£ J 7 Akbar-Chowk
A &
'y A
- A
9
A

| |

=

e ” \\? 012 4 Kilometers
Ll

~ Eaa

48



BT TUTE e BWUTE  WETE TVNE  WUTE  TYOVE MUOE THOUE
Pakistan e/ Punjab £
3 P { S
R L A ShL
{’ - ! E ut L £
F4 _\-_y F B o~ . -E
. - |& B | eff B
B g, & - | Yy -
o= ! 3 2|z
< f .
e £ y ~ LE
22 . =
. __Fr
o £ e | &
F y [ 2 E
£ 2 et L / i
e E
& 1
k'\.I iﬁ-’_ -/ "'F-f _E'
\ 3 = l__f f E
Lo ' ‘_ 15 / :
= L q Y S B
- £ £
f { = Fd L
F [ ey h -'\. 1 ,,::SF.‘E_\! 3= E ; r - o W Q]:‘l | E
iy S A R o
ik ! - L 4 : r
o Ny = e
2110 2 4 [} B L 2 10 2 4 6|k
™ s ™ s E;ERFS
KM E‘
(19 L . N . I s —— k
1 Shahaara Town
L ﬂhﬂl ¢ . Jahangir Tomt:
_ﬂla.:l Chowk fadgar
JFd Coliege Bagh Ban Pusa
Rang Mahal "Raliway Siaton
.SantNagaf
_Charng Croes
Race Courss
.F[I'I:I'BS-'E. Stadlm
_FC Cokege
Camgus Bridgexama Chowk -
_Munan Chungl e "{gi_%} :
.EIE‘EHGE Chowk 2 i} B 4 8
SN |
EM

Figure 11 (A, B, C, D). Monitoring locations and study area
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3.2

Air pollution data

The seasonal average concentration data of Nitrogen dioxide (NO;) were obtained from a previous

study (Mirza, [.A. et al. 2013). 15 field surveys were conducted in the metropolitan areas of Lahore

covering 49 monitoring locations to represent the situation for NO2 on the periodic basis and the

samples were collected, analyzed, and the results were managed. The concentration of NO> was

estimated using the diffusion tubes only once, and the sampling time was bi-weekly, recording the

start and end time of the exposure. The sampling campaign was conducted during the year of 2006

from April to November, dividing the sampling work into three phases (pre-monsoon, monsoon,

and post-monsoon). From the available data, 18 different monitoring stations and their respective

concentration data were gathered. The mean, minimum and maximum concentration of pollutant

against each periodic campaign was noted and shown (Table 5 & 6)

Table 5. Seasonal measured concentrations of NO:2

Post-monsoon

Pollutant Time period Sites Measured concentration
(ppb) *
Pre-monsoon 68.34 (7.29)
[47.74; 77.48]
Monsoon 73.91 (7.18)
NO2 18 [53.66; 83.70]

79.01 (7.46)

[60.19; 91.75]
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Table 6. Monitoring Locations and respective data

Location Name NO:2 Values (ppb)
Pre-monsoon Monsoon Post-monsoon

AKBAR CHOWK 67.91 73.88 77.70
KALMA CHOWK 74.09 79.87 86.09
NIAZI CHOWK 76.34 81.87 87.62
DEFENCE CHOWK 68.17 73.90 79.82
FORTRESS STADIUM 58.26 64.12 70.12
MULTAN CHUNGI 71.31 77.16 82.85
RAILWAY STATION 71.57 78.14 84.00
RANG MAHAL 77.48 83.70 91.75
YADGAR 73.89 80.09 87.34
FC COLLEGE 68.39 73.80 79.00
FJ COLLEGE 63.48 68.81 73.28
SANT NAGAR 70.38 76.01 78.23
BAGH BAN PURA 70.4 74.90 77.04
RACE-COURSE 59.27 65.74 72.55
CHARING CROSS 73.23 75.01 75.96
SHAHDARA TOWN 67.09 72.80 75.69
CAMPUS BRIDGE 71.23 77.09 83.09
JAHANGIR TOMB 47.74 53.66 60.19




3.3. Potential predictor variables

For the development of LUR model, selection and availability of predictor variables data is of
critical importance because they represent the various features of the city i.e., representation of

traffic, land use and geography etc.

In this study, 22 potentially predictor variables were selected because of the availability of their
data because mostly the variables were having zero values and they were excluded in the selection
procedure. Geographic information systems (GIS) shapefiles were obtained from the local
department (Urban Unit), and GIS analysis for the extraction of potential predictor variables were
performed using ArcGIS ver. 10.2, following the ESCAPE (Beelen, R. et al. 2010) procedure. The
buffer radii were selected based on the previous studies ranging from 25, 50, 100, 300, 500 and
1000 m for road network, and ranges from 100, 300, 500 and 1000 m for land use data. As the
NO: pollutant is related with traffic densities and the concentration can change for the distance of
50m or less, that is the reason why the radii for road network were started from 25m. All the

predictor variables values were extracted using these buffer radii (Table 7)

The selected predictor variables were grouped into 4 main categories: road length, land use,
distance variable, geographic location of monitoring stations, and divided into 18 sub-categories
(Table 7). Road length describes the length of different types of roads (primary, secondary,
tertiary, and trunk) and the values were calculated in the buffers of 25, 50, 100, 300, 500 and 1000
m, whereas land use represents the 9 types of land use classification (Residential, Commercial,
and educational area etc.), and the area of each specific classification were calculated in the buffers
of 100, 300, 500 and 1000 m around these monitoring stations. Hospital area mostly represented

in the buffer area of 1000m, due to less availability of main hospitals within the other radii distance.
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Usage of generators facility for the generation of electricity in the hospitals also caused air
pollution concentration to be rise. Further, the distance variable describes the distance of each
station to the nearby local specific variable (vehicle maintenance workshop). Finally, the
geographic information’s include the elevation of monitoring stations in meters above the sea level

and longitude and latitude respectively.

Table 7. Brief description of potential predictor variables and ‘a priori’ definitions

Variable name | Variable type Symbol | Buffer size | Input rationale A priori®

(unit) used (m)

Road length | Length of: 25, 50, | Road length is

(m) Primary road PR 100, 300, | directly associated | +
Secondary road SR 500, 1000 | with traffic | +
Tertiary road TR density, causing | +
Residential road RR pollutant emission | +
Trunk road TRR from traffic I

Land use (m?) | Area of: Different
Residential area LURA classification of | +
Commercial area | LUCA land use generates | +
Educational area | LUEA different variety of | +
Hospital area LUHA pollutants or | +
Park area LUPA transportation -
Recreational area | LURCA | 100, 300, | activities -
Religious area LUREA | 500, 1000 +
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Health facility area | LUHFA +

Industrial area LUIA +
Distance Workshop DV 25, 50, | Vehicle +
variable (m) distance to 100, 300, | maintenance

monitoring 500, 1000 | workshops emits

locations pollutant

emissions

Geographic Elevation Elev. NA NA
location (m, | Latitude Lat. NA NA
decimal Longitude Long. NA NA
degrees)

3.4. Specific local data survey (SLDS)

For the collection of local specific data, such as vehicle maintenance workshops (VMW), a survey
was conducted around the monitoring stations. VMW data was considered as a possible indication
of pollution source in this study because mostly the workshops present near the road or even near
the vicinity of the residential area, which can be a possible source for the pollution exposure to the
community living around those areas. It was difficult to get the data of VMW from any department,
therefore a survey was conducted to get the knowledge about the presence of VMW around the

monitoring locations to be used as a potential predictor variable in this study.

The locations of the VMW were manually geocoded, noted the longitude and latitude with a GPS

device, and then imported to google earth. Survey was helpful in determining the locations of the
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VMW. There were 198 VMW that were selected in this study because that were present at the time

of sampling year (Figure 12). Inverse distance and inverse squared distance were calculated for

distance variable (Beelen, R. et al. 2010)
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3.5. Land use regression model development

The average concentrations of seasonal variations, the predictor variables including GIS
parameters, and local specific data for eighteen monitoring stations were used for the development
of LUR model. The average concentration was used as dependent variable, whereas all other
variables were as independent. Linear regression models were established using forward step
regression approach (Beelen, R. et al. 2013). Following the European Study of Cohorts for Air
Pollution Effects (ESCAPE) methodology, a priori definition was assigned to each variable type,
based on the assumption of air pollution dynamics, e.g., increase in the length of road would
increase the traffic emissions (positive direction), while park area would decrease the
concentration because of the absorption effect of plants (negative direction). Positive direction of
effect was given to the local specific source e.g., VMW, considering as a point pollution source

(Saucy, A. et al. 2018).

For the development of model, univariate regression analysis was performed with all potential
predictor variables. The factor provided the maximum adjusted explained variance (R?), was
selected keeping in mind that the direction of effect was as pre-defined. The left-over variables
were included in the model based on the four criteria: (1) the direction of effect of the variable was
as pre-defined; (2) predictor variables already present in the model, having their original direction
of effect; (3) the p values of all the variables were below 0.1; (4) the variation inflation factor (VIF)
of the predictor variables were considered acceptable if less than 5 (Beelen, R. et al. 2010). To
evaluate the influence of each season, models were developed for each season using measured

concentrations for each sampling campaign (i.e., pre-monsoon, monsoon, and post-monsoon).
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3.6. Model performance evaluation and mapping

To evaluate the performance of the developed model, leave-one-out cross validation (LOOCV)
method was used, in which each site was consecutively omitted from the model, and the model
was developed using n - 1 site, n being the total number of sites (Saraswat, A. et al. 2013). The
process was repeated for each site, and the mean difference obtained from linear regression
between measured and predicted values for the left-out sites based on adjusted R? and root mean
square error (RMSE) was used to access the overall fit. This was determined using JMP software

version 13.2.1 (Japan), using the ESCAPE procedure (Beelen, R. et al. 2010).

For the evaluation of spatial autocorrelation, Moran’s I was calculated on the residuals of the final
model and the results were explained by Z-score values. Grid dimensions of 500 m * 500 m were
used, and 8172 grids were created by ArcGIS ver. 10.2 and the spatial distribution of predicted

NO:> concentration were done by using developed models on the relevant grids.
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CHAPTER 4

4. Results

4.1. LUR models

Based on the data input i.e., seasonal variation of NO; concentration data and 22 predictor
variables, three final LUR models for seasonal variation (Pre-monsoon, monsoon, post-monsoon)
of NO, were developed and their results were presented in (Table 8,10,12). The adjusted R? and

overall fit of LOOCYV of LUR models were described in (Table 15).
4.1.1. Pre-monsoon model

In the final model, three significant factors were identified, including length of tertiary road within
50-m buffer (TR _50), area of residential within 100-m buffer (LURA 100), and distance variable
within 300-m (DV_300) buffer. Tertiary road was found to be the primary influencing factor, as
NO: is traffic-related air pollutant, and the concentration was higher near the roads and residential
area due to the presence of roads around the residential area and people move frequently to do
their errands. All the three influencing predictor variables were found to be positively associated,

showing increase in the concentration of NO; (Table 8)

VIF were less than 5. The adjusted R? and RMSE was 0.70 and 4.35 ppb. The LOOCV R? and
LOOCV RMSE was 0.60 and 6.11 ppb respectively. Results of residual spatial autocorrelation
analysis were presented and showed that the Z-score was 0.70, the pattern appears to be random
which shows the consistency with the hypothesis of spatial error independence (Table 16 &

Figure 14A).
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Table 8. Summary of final land-use regression model predicting NO:

Time period Variable Co-efficient t VIF
Intercept 57.71 28.95 -
Tertiary road length | 2.1x 10! 2.25 1.12
within 50 m
Residential area | 4x 10™ 2.50 1.16

within 100 m
Pre-monsoon

Distance variable | 1.3 x 1073 2.26 1.05

within 300 m

Equation obtained from the model:

Y = (2.1 x 10" #X)) + (4 x 104 *Xo) + (1.3 x 107 *X3) + 57.7146 .......... (1)
X1 [m] = Length of Tertiary Road within 50m buffer

X, [m?] = Residential Area within 100m buffer
X3 [m] = Distance variable within 300m buffer

Predicted concentration was calculated based on the equation (1), which was obtained through the

final LUR model for pre-monsoon season (Table 9).
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Table 9. Measured vs Predicted concentration (Pre-monsoon)

Sr.# Location Name Measured NO, Predicted NO,
(ppb) (ppb)

1

AKBAR CHOWK 67.91 66.54
2 KALMA CHOWK 74.09 69.34
3 NIAZI CHOWK 76.34 71.11
4 DEFENCE CHOWK 68.17 57.71
5 FORTRESS STADIUM 58.26 57.71
6 MULTAN CHUNGI 7131 68.84
7 RAILWAY STATION 71.57 57.71
8 RANG MAHAL 77.48 78.56
9 YADGAR 73.89 73.49
10 FC COLLEGE 68.39 70.28
11 FJ COLLEGE 63.48 57.71
12 SANT NAGAR 70.38 68.07
13 BAGH BAN PURA 70.4 58.19
14 RACE-COURSE 59.27 57.71
15 CHARING CROSS 73.23 73.65
16 SHAHDARA TOWN 67.09 70.28
17 CAMPUS BRIDGE 71.23 68.11
18 JAHANGIR TOMB 47.74 57.71




4.1.2. Monsoon model

Four influencing factors were entered in the final model, including tertiary road length within 100-
m buffer (TR _100m), residential area within 100-m buffer (RA_100m), hospital area within 1000-
m buffer (LUHA 1000m), and distance variable within 300-m buffer (DV_300m). Buffer radii of
the tertiary road increased from 50m to 100m in this season as compared to pre-monsoon, and the
increase in road length signifies the higher concentration in NO,. Hospital area (LUHA 1000m)
entered in the final model, also showed another factor for the source of pollution. Other parameters

(RA_100m) and (DV_300m) were same in both seasons.

All the four influencing predictor variables were found to be positively associated, showing in the

increase in the concentration of NO,. VIF were less than 5. (Table 10)

The adjusted R?> and RMSE was 0.71 and 4.09 ppb. The LOOCV R?and LOOCV RMSE was 0.50
and 6.19 ppb respectively. Results of residual spatial autocorrelation analysis were presented and
showed that the Z-score was 0.11, the pattern appears to be random, showing the consistency with

the hypothesis of spatial error independence (Table 16 & Figure 14B).
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Table 10. Summary of final land-use regression model predicting NO:

Time period Variable Co-efficient t VIF
Intercept 60.07 25.18 -
Tertiary road length | 8.08 x 107 1.71 1.31

within 100 m

Residential area within | 5 x 10™ 2.94 1.45
100 m

Monsoon Hospital area within | 5x 107 0.90 1.15
1000 m
Distance variable | 1.9 x 107 3.26 1.27
within 300 m

Equation obtained from the model is:

Y =(8.08x 102*X))+ (5 x 10**Xy) + (5 x 10° *X3) + (1.9 x 107 *X4) + 60.0727 (2)

X1 [m] = Length of Tertiary Road within 100m buffer
X> [m] = Residential area within 100m buffer
X3 [m] = Hospital area within 1000m buffer

X4 [m] = Distance variable within 300m buffer
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Predicted concentration was calculated based on the equation (2), which was obtained through the

final LUR model for monsoon season (Table 11).

Table 11. Measured vs predicted concentration (Monsoon)

Sr.# Site Name Measured NO2 Predicted NO2
(ppb) (ppb)

1

AKBAR CHOWK 73.88 71.22
2 KALMA CHOWK 79.87 74.74
3 NIAZI CHOWK 81.87 77.00
4 DEFENCE CHOWK 73.90 60.07
> FORTRESS STADIUM 64.12 60.07
6 MULTAN CHUNGI 77.16 77.36
7 RAILWAY STATION 78.14 7233
8 RANG MAHAL 83.70 84.30
9 YADGAR 80.09 83.12
10 FC COLLEGE 73.80 75.78
11 FJ COLLEGE 68.81 71.64
12 SANT NAGAR 76.01 75.43
13 BAGH BAN PURA 74.90 60.78
14 RACE-COURSE 65.74 66.59
15 CHARING CROSS 75.01 74.74
16 SHAHDARA TOWN 72.80 75.78
17 CAMPUS BRIDGE 77.09 73.07
18 JAHANGIR TOMB 53.66 60.07
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4.1.3. Post-monsoon model

In the final model, four influencing factors were identified, including secondary road length within
1000-m buffer (SR _1000m), length of tertiary road within 300-m buffer (TR 300m), area of
residential within 100-m buffer (LURA 100m), and the distance variable within 300-m buffer
(DV_300m). As comparison to the other two season model, Tertiary Road buffer radii was high
(300m), influencing in the concentration of pollutant. In addition, Secondary Road was another
factor in this season found to be different from other two seasons and cause in the concentration

of pollutant. Other parameters (RA_100m) and (DV_300m) were same in all the seasons.

All the four influencing factors were found to be positively associated with the NO2 concentration.

VIF were less than 5 (Table 12)

The adjusted R? and RMSE was 0.77and 3.87 ppb. The LOOCV R? and LOOCV RMSE was 0.57
and 6.34 ppb respectively. Results of residual spatial autocorrelation analysis were presented and
showed that the Z-score was -0.29, the pattern appears to be random, showing the consistency with

the hypothesis of spatial error independence (Table 16 & Figure 14C).
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Table 12. Summary of final land-use regression model predicting NO:

Time period Variable Co-efficient t VIF
Intercept 63.00 20.81 -
Secondary road length | 7 x 10 0.96 1.17

within 1000 m

Tertiary road length | 8.8 x 107 0.96 1.15
within 300 m

Post-monsoon Residential area within | 5x 10 2.38 1.28
100 m
Distance variable within | 2.2 x 107 3.26 1.22
300 m

Equation obtained from the model is:

Y =(7x 10**X))+ (8.8 x 107 *X2) + (5 x 107* *X3)+ (2.2 x 107 *X4) + 63.0076 ... (3)
X1 [m] = Length of Secondary Road within 1000m buffer
X5 [m] = Length of Tertiary Road within 300m buffer
X3 [m?] = Residential area within 100m buffer

X4 [m] = Distance variable within 300m buffer



Predicted concentration was calculated based on the equation (3), which was obtained through the

final LUR model for monsoon season (Table 13).

Table 13. Measured vs predicted concentration (post-monsoon)

Sr.# Site Name Measured NO2 Predicted NO2
(ppb) (ppb)

1

AKBAR CHOWK 77.70 78.24
2 KALMA CHOWK 86.09 87.03
3 NIAZI CHOWK 87.62 81.79
4 DEFENCE CHOWK 79.82 68.65
S FORTRESS STADIUM 70.12 71.30
6 MULTAN CHUNGI 82.85 81.63
7 RAILWAY STATION 84.00 64.01
8 RANG MAHAL 91.75 89.70
9 YADGAR 87.34 87.30
10 |FC COLLEGE 79.00 81.23
I |FJ COLLEGE 73.28 74.67
12 |SANT NAGAR 78.23 77.90
13 |BAGH BAN PURA 77.04 70.12
14 |RACE-COURSE 72.55 65.91
IS | CHARING CROSS 75.96 77.41
16 | SHAHDARA TOWN 75.69 78.71
17 | CAMPUS BRIDGE 83.09 80.16
18 | JAHANGIR TOMB 60.19 64.39
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4.2. Variation of measured NO: concentration

The seasonal variation (Pre-monsoon, Monsoon, Post-monsoon) of measured Nitrogen dioxide
concentration was shown in (Table 14). The descriptive statistics of concentration which showed
that the lowest concentration (47.74 ppb) was observed in summer (Pre-monsoon), and the highest
concentration (91.75 ppb) was seen in winter days (post-monsoon). The scatter plots of measured

vs predicted values of NO; were shown in the (Figure 13)
4.3. Variation of predicted NO; concentration

The predicted concentration was calculated for each season from the final model variables. The
seasonal variation (Pre-monsoon, Monsoon, Post-monsoon) of predicted Nitrogen dioxide
concentration was shown in (Table 14). Similar trend was shown in the measured concentration
as comparison to predicted concentration, showed that the lowest concentration (57.71 ppb) was
observed in summer (Pre-monsoon), and the highest concentration (89.70 ppb) was seen in winter

days (post-monsoon).
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Table 14. Measured and predicted NO: levels

Time period Measured NO: (ppb) Predicted NO:2 (ppb)
Mean (S.D)? Range ° Mean (S.D) ? Range °
Pre-monsoon 68.34 (7.29) [47.74; 77.48] 65.71 (7.00) [57.71; 78.56]

Monsoon 73.91 (7.18) [53.66; 83.70] 71.89 (7.54) [60.07; 84.30]
Post-monsoon 79.01 (7.46) [60.19; 91.75] 76.67 (7.85) [64.02; 89.70]
Abbreviations: ' Mean (Standard deviation), ’ [min; max]
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Figure 13. Scatter plots showing the measured vs predicted values of NO2 (Pre-monsoon,

Monsoon, and Post-monsoon)
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LUR models showed moderate to good variance for all the season. Adjusted explained variance of

the LUR models was highest for post-monsoon (77%), followed by monsoon (71%), and was

lowest for pre-monsoon (70%). As for the overall fit of LOOCV, the R? was highest for pre-

monsoon (61%), followed by post-monsoon (57%), and was the lowest for monsoon (50%).

Table 15. Adjusted R? of LUR model and overall fit of LOOCV

Time period Model performance evaluation LOOCV
Adj-R? RMSE (ppb) R? RMSE (ppb)
Pre-monsoon 0.7 4.35 0.6 6.11
Monsoon 0.71 4.09 0.5 6.19
Post-monsoon 0.77 3.87 0.57 6.34
Abbreviations: RMSE, root mean square error, LOOCYV, leave-one-out-cross-validation
Table 16. Spatial autocorrelation results of LUR model residuals
Time Period Moran’s Index Z-score p-value
Pre-monsoon 0.02 0.70 0.48
Monsoon -0.04 0.11 0.91
Post-monsoon -0.09 -0.29 0.77
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Figure 14. Spatial autocorrelation of the LUR models (A is pre-monsoon, B is monsoon, and

C is post-monsoon)
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4.4. Spatial characteristics and regression maps of predicted NO:

The maps of seasonal variation of predicted NO> were done using 8172 uniformly distributed grids
for the Lahore city (Figure 15A, 15B, 15C). Higher concentration was observed in the center of
the city, where mostly the residential area is located because people prefer to live where they can
access everything i.e., shopping malls, Hospitals etc. Roads around the residential area is high, and
people move frequently using their own private transportation i.e., motorcycle, car etc., and this
contributes to large emissions of NO> because of vehicle exhaust. Distance variable also
contributed as a factor in emissions, because VMW mostly present near the roads and residential

area, representing another reason for the higher concentration (Figure 15A)

Regression map for the monsoon season (Figure 15B) showed that the concentration of NO; was
also higher in the center of the city. The reason was the presence of residential area, high roads
density and of VMW. In addition, Hospital area also showed another source of pollution in this
season. The reason was the use of fuel-based generators to produce electricity, because during
monsoon season due to heavy rainfall, electricity is down due to tripping of the feeder which
distribute and provide electricity. Therefore, the concentration of NO»> was higher as compared to

pre-monsoon season due to increase in traffic load and of hospital area.

Highest concentration was observed in the post-monsoon season (Figure 15C), because of the
higher density of roads, residential area and VMW. In addition, Secondary Road showed another
source of increase in the concentration, because of the increase in the number of vehicles and their
emissions cause higher concentration of pollution. During the winter season (post-monsoon),
people use fuel-based generators for the combustion and heating purposes in their homes. High

roads density (Tertiary and secondary roads), heating emissions from the residential area increase
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the concentration of pollutants, and that was the reason for the highest concentration observed in

post-monsoon season.

Highest concentration can be seen around the center of the city almost during all the seasons,
indicating road traffic as a source of pollution while, lower concentration can be seen around the

sub-urban areas where the road network is not so strong, and having open spaces and agricultural

land.
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C is post-monsoon respectively)
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CHAPTER §

5. Discussion

Land use regression model has been applied in the developed countries, but still there is lack of
application of LUR model in developing countries (Meng, X. et al. 2015). To the best of our
knowledge, this is the first attempt to apply LUR model in Pakistan’s urban area setting for a city,
although LUR has been used in Pakistan at a national level for ambient PM; 5 exposure (Shi, Y. et
al. 2020). LUR models were developed for seasonal variation (pre-monsoon, monsoon, and post-
monsoon) mean concentration of NO; pollutant, based on the collected data of 18 monitoring
locations in the Lahore city, Pakistan. The final developed LUR models performed well, showing

the reliability with high accuracy and spatial heterogeneity.

Previous LUR models in the literature have showed the values of R? ranging from lowest (0.41) in
the startup model to highest (0.73) in the final model, achieving an R? of 0.68 for winter model
and 0.59 for summer model (Muttoo, S. et al. 2018). The study conducted in Xian, China reported
that the value of R? was greater than 0.8, indicating that the heating season had the best simulation
effect (Liu, Z. et al. 2019). The study conducted in Nanjing; China reported the R? value of 0.7 for
NO2 model (Huang, L. etal. 2017). The LUR models developed in this study, shows that the values
of Adj R? (0.7 —0.77) (Table 14), like other studies conducted in the literature, thus indicating that
it is feasible to develop these models for developing countries and can use for exposure assessment
studies. The values of the model R? was close to the LOOCV R?, showing the robustness of the

LUR models for all the seasons (Meng, X. et al. 2015).
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Table 14. Comparison with other studies

workshop

stops

This Study Other Studies
Reference | Variables Performance | Reference | Variables Performance
(Adj-RY) (Adj-R?)
Residential Area
Z. Li t 0.8
e Industrial
S. Pervez | Road Length 0.7-0.77 al., 2019 o
Emissions
et al., | (Tertiary ad . .
L. Huang | Residential Area
2021 Secondary Road)
etal., 2017 | Road Length 0.7
Residential Area
Distance to A. Saucy | Major Roads 0.76
et al., 2018 | Distance to bus

Data collected from manually surveying the study area, proved helpful to increase the performance

of LUR models. Such type of survey can provide us the valuable specific feature of potential

predictor variables in the study area, that would improve the overall fit of LUR model. In this

study, vehicle maintenance workshops data were collected by doing the manual survey of the study

area, which can be a source of NO>, thus highlighting the importance of culture or site-specific

land use classes (Wu, C.D. et al. 2017; Smargiassi, A. et al. 2012). Distance to vehicle maintenance

workshop entered in the final models of all the seasons, found to be as one of the influencing

factors for the source contribution to NOs.
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Different potential predictor variables entered in the final developed models, showing that the
different factors have influence on the pollutant concentrations, although same predictor variables
were used to develop the LUR models (Table 15). The road network (road length) was the
influencing factor, as NO; being known as the traffic-based air pollutant, showed the positive
association with the road length factor in the final LUR models for all the seasons. The residential
area seems to be another effective factor, showing a positive association with the concentration of
NO:a. The reason is that people in the household uses the fuel-based generators for the electricity
and combustion processes, and because people travel frequently around residential area, causing
increase in the concentration of NO; due to vehicle exhaust emissions (Martin, A.N. et al. 2016).
Distance variable also shows the contribution in all the models, highlighting the importance of
local automobile workshops in the emission of NO>, Hospital area showing the contribution of
NO; from generators facility used in the vicinity of the hospital area, and local automobile

workshop.

Tertiary road was found to be the primary influencing factor, NO: being traffic-related air
pollutant, and the concentration was high due to the presence of roads around the residential area
and people move frequently to do their errands. VMW was also found to be significant factor in

the emissions.

Buffer radii of the tertiary road increased from 50 m to 100 m in monsoon season, and the increase
in road length signifies the higher concentration in NO>. Hospital area entered in the final model,
also showed another factor for the source of increase in concentration. Higher concentration was

observed in this season as compared to pre-monsoon.

As comparison to other two season models, Tertiary Road buffer radii was higher (300m),

influencing in the concentration of pollutant. In addition, secondary road was another factor in this

85



season found to be different from other two seasons and cause in the concentration of pollutant.
High roads density (Tertiary and secondary roads), heating emissions from the residential area

increase the concentration, that was the reason, highest concentration was observed in this season

(Table 15).

Table 15. Difference in variables for each season

Pre-monsoon

Monsoon

Post-monsoon

TR 50 m
Tertiary road length within
50m

TR_100 m
Tertiary road length within
100m

TR_300 m
Tertiary road length within
300m

LURA 100 m
Residential area within 100m

LURA 100 m
Residential area within 100m

LURA 100 m
Residential area within 100m

Hospital area within 1000m

DV _300 m DV _300 m DV _300 m
Distance  variable within | Distance  variable  within | Distance  variable  within
300m 300m 300m

LUHA 1000 m SR 1000 m

Secondary road length within
1000m

Electricity generation and its demand is a serious issue in developing countries, especially in
Pakistan, which leads to the usage of fuel-based generators to produce electricity, in the households
and hospitals, causing an increase in the pollutant concentration. The residential area also

contributes as a source of NO2 pollution, due to the fact of burning of fossil fuels in the households,
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especially during the heating season (post-monsoon) resulting in the highest concentration during
all the seasons. Specific local data survey (SLDS) was helpful in determining another factor, which
was vehicle maintenance workshops, surrounded around the roads and residence area, cause of

increase in the concentration of pollutant due to maintenance of vehicles.

The significant predictor variables identified in this study are like other studies conducted
previously, showing the length of roads and residential land area are common influencing factor
(Madsen, C. etal. 2011; Aguilera, I. et al. 2008). The study conducted in Taipei city, Taiwan also
reflected that the high concentrations attributed to road length, as one of the influencing factors
and to the dense road network (Lee, J.H. et al. 2014). Another study, also showed one of the
influencing factors were major roads and traffic influence, included in the models for heating and
non-heating seasons (Chen, L. et al. 2010). The study conducted in Nanjing, China indicated that
the residential area within 100m and 5000m buffer, entered in the final model, proved to be a
significant predictor variable (Huang, L. et al. 2017). The developed models based on the
influencing predictor variables in this study comparable with the other studies conducted

previously, supporting the LUR models in the urban settings of Lahore, Pakistan.

Among the three seasons, predicted concentration regression maps showed the similar spatial
characteristics with high concentration in the city center, where the residential land area is high
due to the population. Next to residential area land feature, the maximum concentration can be
observed around the road network, which is mainly distributed in the center and to the west part
of the city. The vehicle maintenance workshops also surrounded around the roads, and nearby the
residential area and hospital area, showing the public living to nearby those areas could have

negative effect on their health, due to exposure to the pollutants. Since, NO> pollutant
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concentration relates to traffic intensity and residential area, so this spatial distribution is

reasonable.
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6. Conclusions and recommendations

Land use regression models for seasonal variation of NO, were developed based on different
predictor variables for the first time in a specific city of Pakistan. The final generated models
showed the precision of the final models which can be related with the output of R? values. The
specific local data survey was useful in determining another local source of pollution in the city of
Lahore, which was vehicle maintenance workshops. Inclusion of VMW in the final models of all
the seasons showed the importance of this variable. This study shown that the higher concentration
can be seen around the areas surrounded by roads, residential areas, and vehicle maintenance
workshops, whereas lower concentration was observed around the parts of city, having not strong
road network. People living nearby such areas are more affected, and exposed to air pollutants,
and can increase the possibility of bad health outcomes. The developed models would more
contribute to the broader use of LUR models in Pakistan, and if connected with the people’s health
indicators, this research can be helpful in providing support to provide epidemiological based

studies in future.

Different studies used various variables to develop LUR models and every new variable have
significance in the emission of pollutant. It is recommended to use the general survey to collect
the data of specific city. Monitoring locations also have significance in the accuracy of the model.

Number of monitoring sites and their locations should cover the specific area.
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7. Limitations and Future directions:

There were some limitations in this study.

1.

The selected measurements sites may not be able to capture the pollutant concentration
distribution across the whole study area because these sites were mostly in the city area
and therefor lack the coverage resolution of rural area, which can be considered in the
future studies.

Although NO; concentration related to the industrial emissions, but due to limited
availability of industrial data, did not enter the final model, which can be considered by
using the specific local data survey to capture the industrial sites.

Data of health indicators i.e., body weight, breathing rate etc. is helpful in performing
health risk assessment studies due to these pollutants, but due to unavailability of data,
these types of studies can be performed in the future using developed models to have a
better and clear understanding of health risk assessment and can be used to have possible
mitigation and adaptations measures.

As these models were developed for the specific year of the monitored pollutant
concentration, the limitation is that they can perform well within the certain period. As
situation of air pollution and concentration of pollutants is changing with the cities, it is
necessary to develop these types of models for the specific year and certain period to have

the clear knowledge of air pollution spatial distribution and exposure assessment.

Future studies can be performed by incorporating different new type of air pollution sources

present within the cities. For example, in the cities of Pakistan, local three-wheeler mode of
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transport is used, which is very cheap and convenient, but the problem lies is the emissions.

The name is known as “Auto-rickshaw” or “Qingqi” (Figure 16)

It is pertinent to mention here that the number of autorickshaw in Pakistan is not known
officially because of the unclear differences in the motorcycle and autorickshaw registration.
Some of these autorickshaws made in local workshops, and maybe never got registration as

officially three-wheeler operating motorcycle (26" World Road Congress).

d

E) alamy stock photo
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Figure 16. Auto-rickshaw or Qingqi (A, B)

7.1. Regulatory framework and policy implications:

Air pollution in Pakistan is worst in the world, and it causes severe damages to human health,
environment, and the economy. Pakistan is a developing country with increase in population,
urbanization, and energy use. Urban centers are becoming the agglomeration of pollution sources
which creates air pollution problems. In this scenario, it is better to have the policy
implementations for the reduction of air pollution issue. First, monitoring of pollutants is a
necessary step. After that, development of cost effective and reliable exposure assessment
methods/models/techniques should be developed to have the spatial distributions of different

pollutants within the cities. The model developed in this study can be a step towards achieving the
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potentials for developing new models. Furthermore, this model can be applied for other cities too,
and can be incorporated with the addition of different data sources such as remote sensing and/or
satellite observations. With respect to health implications studies, this research can provide a
suitable modelling option to access the health risk assessment studies, so it is important to have
the necessary data availability within the regulatory framework, which can be included in the

policy and institutional capacity.
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