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SUMMARY 
 

The work reported in this thesis was undertaken to measure a year long (2003-2004) seasonal 

variations in baseline air quality concentrations of various air pollutants at seven sites 

representative of industrial, commercial and residential areas in Lahore. The study 

established baseline levels and behavior of ambient airborne pollutants in urban centers with 

temporal and spatial parameters. Particulate matter was measured using high volume 

samplers and gaseous pollution was recorded with automatic analyzers. PM2.5 level measured 

from Nov. 2005 to 10 March 2006 Punjab University New Campus area near Johar Town 

and from Nov.2006 to Dec 2007 at  Johar Town have been presented. The analytical results 

of trace and toxic metals and anions and cations measured in PM2.5 (Data from Nov. 2005 to 

Jan. 2006 at  Johar Town) have been reported. To estimate the indoor concentration from out 

door level, we have utilized the studies of other researchers, as actual monitor to measure 

indoor pollution was not available. Ambient PM2.5 concentration (Nov., 2005 to March 2006) 

was subsequently transformed to estimate indoor PM2.5 level using the ratio 0.75 (Low case) 

and 0.96 (high case) based on evidence from India (Alena , 2005). The estimated indoor 

PM2.5 level also exceeded the standard limit of 35 µg/m3 of USEPA.  The objective of this 

study was a presentation of an overall air quality picture of Lahore and subsequent 

comparison of pollutant concentrations with those reported by our predecessors for other 

cities of Pakistan and comparison of the computed values with the similar study carried out 

by JICA /EPD Lahore in March 2000. A bad ambient air quality in terms of very high TSP, 

PM10, PM2.5, CO and hydrocarbon (methane) was observed in Lahore. The situation is the 

matter of great concern especially when measured values are compared with US-EPA 

standards. It was observed that even the average concentration (24 hrs) of particles (TSP, 

PM10 and PM2.5) was about 2 to 4 times higher than the prescribed limits. From high outdoor 

values, high indoor air pollutants level are expected as the air filter or any other remedial 

precaution from outdoor high levels,  are not practiced in the building of the city. During 

summer highest levels for TSP, PM10 and gases were observed as compared to spring and 

autumn, while lowest pollution was observed in monsoon. However highest concentration of 

PM2.5 was recorded in winter and spring. Gases such as NOx, SO2, O3, were found within the 

prescribed limits. At most of the sites the pollutants levels follow the vehicular density 

pattern. The major intersections such as Chowk Yateen Khana, Azadi Chowk, and Ichra have 

the highest levels. The analytical results were distributed in five factors when Model Positive 

Matrix Factorization (PMF) PMF 1.1 was applied on short term data of daytime, evening and 
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nighttime (Nov. 2005 – Jan. 2006). Factor 1 includes Al, Ca, K which refer to soil and road 

side dust.  The overall contribution of road dust was 18 % in PM2.5 that may be high in PM10. 

Factor 2 comprises Co, Cr, Fe, Mo, Ni, and Sn referring to industrial emission originating 

principally from ferrous metal source. Industrial emissions (Industrial oil burning, smelting, 

steel industry) contributed to 26 %. PMF yields a separate factor, Factor 3, for Cd, Pb, Sb, 

and Zn indicating their common source as vehicular/traffic emission and contribute 5% to 

total load. Factor 4 with high percent of SO4
-2, NO3

- and NH4
+ refers to secondary aerosols. 

The presence of secondary sulfates is identified by a high sulfate concentration. Factor 5, 

containing high percentage of V, As, Sr and Ba, refers to mixed urban source of Oil/Coal 

burning probably in brick kilns and industries. The source apportionment results showed the 

secondary products was the dominant one (51 %). The city is also badly affected by local and 

trans-boundary air pollution sources especially due to high levels of particulate pollution and 

secondary aerosols which contribute increasing PM2.5 concentrations. 
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ABBREVIATIONS AND ACRONYMS 

ARI - Acute Respiratory Infections 

BC - Black Carbon 

CNG - Compressed Natural Gas 

CO - Carbon Monoxide 

CO2 - Carbon Dioxide 

EPA - Environmental Protection Agency 

EPD - Environmental Protection Division 

FAO - Food and Agricultural Organization 

g/lit - grams per liter 

HC - Hydrocarbons 

ILO - International Labor Organization 

LPG - Liquefied Petroleum Gas 

NGO - Non Government Organization 

NOX - Nitrogen Oxides 

NO2 - Nitrogen Dioxide 

O3 - Surface Ozone 

PAH - Polycyclic Aromatic Hydrocarbon 

PAN - Peroxy Acetyl Nitrate 

PM - Particulate Matter 

PM10 - Particulate Matter with size less than 10Microns 

PM2.5 - Particulate Matter with size less than 2.5 Microns 

PMF - Positive Matrix Factorization 

POP - Persistent Organic Pollutants 

ppb - parts per billion 

ppm - parts per million 

SO2 - Sulfur Dioxide 

SUPARCO- Space and Upper Atmosphere Research Commission 

TSP - Total Suspended Particles 

UNEP - United Nations Environment Program 

UNIDO- United Nations Industrial Development Organization 

USEPA- U.S. Environmental Protection Agency 

VOC - Volatile Organic Compound 

WHO - World Health Organization 
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INTRODUCTION 
 

The increasing levels of air pollution pose a serious threat to the environment all over the globe. It 

intensely affects the highly populated urban areas. The density of buildings, industries and vehicles 

in the urban areas prevents pollutants from dispersion. The major pollutants that pose risk to 

ecological systems include atmospheric aerosols such as suspended particulates i.e. PM10 and PM2.5, 

oxides of nitrogen, carbon monoxide, carbon dioxide, ozone, sulfur dioxide and toxic trace metals 

such as lead, cadmium, vanadium, manganese, copper and chromium and noise. The control of 

environment involves two levels: Periodic monitoring of the atmosphere of the areas for which the 

control is to be accomplished and application of environmental control processes to bring the 

pollutant concentrations to the critical/permitted levels. Thus, air quality monitoring is the scientific 

foundation upon which air quality plans are erected. The ultimate goal of monitoring is not only to 

collect data, but also to provide the information necessary for scientists, policy makers and planners 

to make decisions for managing and improving the environment. Monitoring plays a central role in 

this process, providing the necessary sound scientific basis for policy and strategy development, 

objective setting, compliance measurement against targets and enforcement action. 

The control of environment is not the concern of an individual state, province or a country. It is a 

matter of concern to the whole globe. An extensive activity is going on, on different fronts to chain 

the cause, effect and measure in order to keep the environment worth-living for current and future 

generations of biological species on earth. Big international set-ups such as United Nations 

Environment Program (UNEP) with its huge Headquarter in Kenya and six regional offices, along 

with other international agencies such as FAO, ILO, UNIDO, etc. and many NGOs are actively 

engaged in monitoring and control of environment all over the world. There are more than 40 

offices of different international organizations in Environment House, Geneva to carry out these 

activities. Environment monitoring and control have become an international obligation through 

international conventions and protocols. That is not all; the experts all over the world are engaged 

in intensive research on environment. Effective technologies are being developed to minimize load 

of pollutants on the environment. Regular monitoring of air quality is expected from even the 

smallest nation on earth as without requisite data, it is not possible to implement requisite measures 

to bring pollutant concentrations to the permitted levels. 

Pakistan is also facing extensive environmental problems out of which increasing air pollution 

stands at the top and this is the major concern of the study undertaken here. It cannot develop 

effective strategies for control of air quality without appropriate monitoring of air all over the 

country in general and in urban areas in particular where pollution sources are extensively 
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encountered. Although, Pakistan became actively involved in strategic framework for control of 

environment at international level, it took a late start in monitoring the air quality of its urban areas.  

Government of Pakistan has already taken some steps to reduce the amount of pollution and in this 

context it is also exploring less polluting resources. For example, attempts are being made to 

gradually shift the Country to natural gas in domestic and industrial uses. One adding factor to this 

is the continual use of substandard diesel engines. The diesel engines currently being used to 

produce three major air pollutants: nitrogen oxide, sulfur dioxide, and suspended particle matter 

(SPM) and the health consequences of exposure to air polluted with these gases are considerable. Air 

pollution is responsible for approximately 20-30 per cent of all respiratory diseases which appear to be 

caused by air loaded with these pollutants. Clean air being an important prerequisite for sustainable 

development, its importance is well realized in Pakistan. Thus, departments such as EPD Islamabad, 

EPD Lahore and similar environmental protection establishments in other provinces of Pakistan and 

SUPARCO with which we are associated have been actively involved in air quality monitoring. 

SUPARCO has carried out a number of studies on air quality monitoring of big cities of Pakistan. The 

work reported in this study was specially focused on air quality monitoring in Lahore. The major 

questions for the study to answer were as follows: 

1. What are the concentrations of various pollutants in the air atmosphere of Lahore ? 

2. How these concentrations vary with the change in season ? 

3. What measures can be suggested to bring the concentrations of air pollutants in Lahore to the 

standards fixed by Pakistan and concerned international agencies ? 

 

1.1 Atmosphere 

The thickness of the Earth's atmosphere is not a definite number, but is estimated to be about 

1000 km. The reason that there is no definite number is because there is no set boundary where the 

atmosphere ends. As the altitude of air increases there is a decrease in atmospheric gases in the air, 

but there are still some traces of it. So it is difficult to pinpoint a definite boundary (Andrea 

Park,1997). Clean, dry atmospheric air contains 78.09 % nitrogen by volume and 20.94 % oxygen. 

The remaining 0.97% is composed of a gaseous mixture of carbon dioxide, water vapours, helium, 

argon, krypton, nitrous oxide and xenon, as well as very small amounts of some other organic and 

inorganic gases whose amount in the atmosphere vary with time and place. Different amounts of 

contaminants continuously enter the atmosphere through both natural and man-run processes that 

take place on earth. That portion of these substances which interacts with the environment to cause 

toxicity, disease, aesthetic distress, physiological effects or environmental decay, is termed as a 

'pollutant'. 

http://www.rediff.com/business/1999/may/19darryl.htm�
http://www.rediff.com/business/1999/may/19darryl.htm�
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The atmosphere makes up the largest fraction of the biosphere. It is a system that continuously 

absorbs a wide range of solids, liquids, and gases from both natural and anthropological sources. 

These substances travel through air, disperse, and react with one another and with other substances 

both physically and chemically to produce secondary products and also cause damage to the 

targets. Most of these constituents, eventually find their way into a depository/sink such as a sea or 

an ocean, or to a receptor such as man. Some substances such as helium, however, escape from the 

biosphere. Others such as carbon dioxide may enter the atmosphere faster than they enter a 

reservoir and thus gradually accumulate in the air. 

1.2 Air Pollution  

Air pollution is basically the presence of foreign substances in air. Some specific definitions of air 

pollution are given below; 

a. Air pollution means the presence in the outdoor atmosphere of one or more 

contaminants, such as dust, fumes, gas, mist, odour, smoke, or vapour, in quanti-

ties, with characteristics of durations such as to be injurious to human, plant, or 

animal life or to property, or which unreasonably interfere with the comfortable 

enjoyment of life and property. (Engineers Joint Council U.S.A., The Impact of 

Public Policy on Environmental Quality and Health)   

b. Air pollution is the excessive concentration of foreign matter in the air 

which adversely affects the well being of the individual or causes damage to 

property."(American Medical Association) 

Air Pollution is the contamination of air by noxious gases and minute particles of solid and liquid 

matter (particles) in concentrations that harm human health and impact vegetation, buildings etc.  

Atmospheric particulate pollution has imposed a great burden on the terrestrial environment both at 

regional and global levels. Aerosol particles have been reported to reduce the solar radiation 

penetration to the earth’s surface (Lelieveld et al., 2002). Particulate matter refers to solid and 

liquid particles suspended in the air. Aerosol particles are the fine particles with diameter smaller 

than 2.5 µm. They have a close relationship with increased respiratory morbidity and mortality 

(Dockery, 1994 and Pope, 1995; Schwartz et al., 1996; Wilson and Suh, 1997; Ostro et al., 1999). 

In Karachi and Lahore, the emissions were mainly from vehicle running on roads and industries 

and thermoelectric power plants that burn fossil fuel (Parekh et. al. 1989, Smith at al 1996, Hameed 

et al 2000). 

 

1.2.1 Historical Perspective 
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In general, the man made processes are the primary cause of pollution. The history stands as 

witness that the rate of development of these processes has been directly proportional to the 

increase in population as this increase has pressed proportionate demand on human society that has 

been continuously coped with through the proportionate increase in the pace of development of 

science and technology to produce the requisite products. This has been happening since the pre-

historic period. The first significant man’s impact on nature came with his discovery of fire. 

Prehistoric man developed fire stoves in his cave for cooking, heating, and lighting purposes. This 

landmark was the first major contributor to the creation of the problem of air pollution. The British 

Parliament passed an Act in 1273, forbidding the burning of coal in London because it started 

choking the British atmosphere. In 1300, King Edward I issued a royal proclamation, "Whosoever 

shall be found guilty of burning coal shall suffer the loss of his head." In 1306, a man was actually 

executed for violating this regulation. Later, the law remained held in abeyance till the industrial 

revolution took place in England which is blamed by global community, particularly the developing 

world as the major culprit responsible for polluting global atmosphere. This is the major cause of 

tug-of-war between the developed and the developing countries even today that is being widely 

debated in different meetings held according to the schedules of international conventions and 

protocols. The developing countries label the developed countries dominated by USA and 

European Union with the continuous polluting of the global atmosphere over the past two centuries 

and demand its correction under ‘The Polluter Pays Principle’, while the developed countries plead 

letting the past dead to bury its deads and claim that the correction of today’s atmosphere is the 

responsibility of all and not that of the developed countries. These countries of course, believe in 

helping the developing countries under some ‘phasing out programs’ that allow them to make 

required products by making sustainable use of fossil fuels instead of importing the requisites from 

the developed world. 

 

Since air pollution has been mainly caused by rapid industrialization in some western countries, 

some critics comment on air pollution as 'the price of industrialization'. Air pollution caused by 

automobiles has been described as the 'disease of wealth'. Different people interpret air pollution in 

different ways depending on how they are affected. Thus, to the house-holder it may be an eye 

irritation and soiled clothing, to the farmer damaged vegetation, to the pilot dangerously reduced 

visibility and to industries problems of process control and public relations.  

 

Further, the problem of air pollution varies from place to place. For example, air pollution in Tokyo 

is not the same as that in Bombay. Today, the natural terrain that surrounds large cities is 

recognized as having a significant bearing on the problem of air pollution. However, this is not 
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altogether a new concept. Historians tell us that Los Angeles which in recent years has become a 

national symbol of comparison for excessive smog levels, was known as the 'valley of smokes' 

when the Spaniards first arrived there.  

 

1.2.2   Air Pollution and Climatic Change 
Satellite measurements in September 2000 revealed that the stratospheric ozone “hole” over the 

Antarctic had reached a record 28.3 million square kilometres (some one million sq. km more than 

the previous record, in 1998). Earlier ozone depletion over northern latitudes also reached record 

levels, leading to predictions of a second ozone hole over the Arctic; such an event would expose 

many millions of people to dangerous doses of ultraviolet-B radiation. The danger is that ozone-

destroying chemicals are long-lasting and take time to travel up to the stratosphere. Chemicals 

released years ago are still present in the atmosphere and are contributing to today’s peak 

concentrations. Meanwhile, global climate change is thought to be slowing the ozone layer's 

healing process. The warming of the atmosphere near the ground causes the stratosphere to become 

even colder. Cold stratospheric temperatures, particularly during the early Antarctic spring, 

catalyze the chemical processes that destroy ozone molecules (UNEP, 2000). The increase of ozone 

in the troposphere since pre-industrial times is estimated to have contributed 10 % to 20 % of the 

warming due to the increase in long-lived greenhouse gases during the same period. The abundance 

of ozone-depleting substances in the stratosphere was expected to peak by the year 2000. However, 

when changing atmospheric conditions are combined with natural ozone variability, detecting the 

start of the ozone layer recovery may not be possible for perhaps another 20 years (WMO/UNEP, 

1998). 

 

On account of large scale industrial activities in advanced countries notably the USA, UK, and 

other European countries, fall of acid rain has been reported in Scandinavia. This has translated into 

reduction of forest growth in Scandinavian/countries. In Canada, thousands of lakes have been 

destroyed due to acid rain. Apart from the international issues involved, the basic ecology is 

affected. Large scale deforestation apart from creating an imbalance in the oxygen proportion of the 

atmosphere, affects weather and rain patterns as well.  

 

 It has been estimated that if the carbon dioxide content in the atmosphere generated in combustion 

processes continues to increase at the present rate, the mean global temperature could rise by 4°C in 

the next five decades. There has been conjecture that this might become a matter of great 

importance because small temperature increase could cause a partial melting of the ice caps of the 

earth causing continental flooding and devastating effects on man.  

http://earthwatch.unep.net/emergingissues/atmosphere/ozonedepletion.php#unep2000�
http://earthwatch.unep.net/emergingissues/atmosphere/ozonedepletion.php#wmounep�
http://earthwatch.unep.net/emergingissues/atmosphere/ozonedepletion.php#wmounep�
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Greenhouse effect is a counter acting phenomenon to the reduction in the atmospheric temperature 

caused by the significantly increasing volume of particulate matter entering the atmosphere, which 

scatters the incoming sunlight and thus reduces the amount of heat that reaches the earth. The 

decreasing trend in global temperature of recent years has been attributed to the rising 

concentration of air-borne particles in the atmosphere. 

If the impact of both phenomenon narrated above is considered in comparative context, its practical 

manifestation is that greenhouse effect more than compensates the reduction caused by increasing 

particulate concentration as the seasons all over the globe are changing their cycles and overall 

observation about the world is that the temperature is increasing year after year. So much so that 

even many cold European countries have encountered less cold winters in the recent past. On the 

contrary, the summer has been warmer. The winter in Pakistan has reduced its length and its arrival 

has shifted from end of September to the end of October. Similarly the period of Summer has 

increased and the maximum temperature has gone above 50 and some places it has gone to 52o C. 

 

1.2.3 Air Pollution at Global Level 
Air pollution is a global problem that must be handled seriously so that future generations may be 

able to survive comfortably on this planet. The dramatic increase in population and lust for high 

standards of living seem to be the major contributors towards the enhancement of the world’s air 

pollution problem. Pollution of Earth’s environment is a global problem, as the impacts of complex 

cycles and advection of air pollutants cross the political boundaries. The transit of air pollutants 

across international boundaries has been encountered more frequently. Therefore, international and 

regional agreements are considered necessary to solve this problem. The atmospheric pollutants are 

transported and subsequently transformed both physically and chemically into secondary products. 

They eventually reach receptor targets where they can be inhaled or they can deposit on the surface. 

At the surface, they may undergo further biological, chemical and physical transformations, 

returned to the atmosphere or removed from it. The concentration at which the pollutants react with 

the receptors is to a largely depends on the meteorological characteristics of the transporting layer 

of the atmosphere. This transport process is divided into a number of successive phases ranging 

from the initial emission from the source to the final atmospheric scavenging process of chemical 

reaction, precipitation, rainout or washout, or dry deposition. One of the most commonly narrated 

consequences of long-range transport is the formation of acidic constituents from gaseous sulphur 

dioxide and nitrogen oxides. The formation of acidic components in the atmosphere during long-

range transport has led to the lowering of pH in the rainfall/fog or other precipitations. Among the 

heavy elements found in suspension in urban atmosphere, lead is of special interest as it is a toxic 
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contaminant that has been widely described to affect children. The high levels of the trace elements 

such as lead, manganese and cadmium are mainly contributed by the vehicular emissions in the 

cities as these are crowded by the large number of vehicles equipped with poorly maintained 

engines.  

 

1.2.4 Air Pollution in South Asia  
At present, South Asia is being highly polluted due to high pace of industrialization and increasing 

population.  Biomass and fossil fuel are the major energy sources for meeting its industrial and 

household demands of energy.  Pakistan being an important member of South Asian Region is 

confronted with a large number of severe environmental problems such as degradation of natural 

resources, industrial and vehicular pollution, degradation of human health, etc. which are also 

linked with the state of poverty in the Country. A brownish layer of haze is often seen prevailing 

over urban areas.  The particles in this haze are emitted by anthropogenic activities that primarily 

involve combustion processes. These particles affect human health, environment, climate, 

agriculture, etc. and ultimately translate into extensive damages to the economy of the region. It is 

well recognized that aerosol particulates can impact air quality and their impact has been associated 

with adverse health effects. It is now well documented that anthropogenic activities have increased 

atmospheric aerosol concentrations. Both fossil fuel combustion and biomass burning contribute to 

aerosol production, by emitting primary aerosol particles such as fly ash, dust and black carbon and 

aerosol precursor gases like SO2, NOx, and Volatile Organic Compounds (VOCs), which form 

secondary aerosol particles through gas-to-particles conversion processes.  Secondary fine particles 

also include sulfate which derives primarily from sulfur dioxide emissions. Nitrates, which derive 

from nitrogen oxide emissions and organic aerosols, derive from volatile organic compounds. 

According to the report of World Health Organization (www.who.int/topics/en), South Asia 

became one of the most polluted areas in the world due to its rapid industrialization and increasing 

population.  

1.2.5   Air Pollution in Pakistan 

Air pollution is considered as the primary problem of urban areas in Pakistan. Highly inefficient 

energy use, accelerated growth in vehicle population and vehicle-kilometers-travelled, increased 

industrial activities without adequate air emission treatment or control, open burning of solid waste 

including toxic plastics and low air dispersion are some of causes of deterioration of air quality in 

big cities of Pakistan. More alarming seems to be that the air pollution levels are expected to 
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increase significantly with the rise of urbanization.  The key factors contributing to air pollution in 

Pakistan are rapidly growing energy demand and fast growing transport sector.   In the cities, 

widespread use of low-quality fuels combined with a dramatic expansion in the number of vehicles 

on roads has led to significant air pollution problems. Although Pakistan's energy consumption is 

still low by world standards but CO, NOx and Particulate emissions are major air pollutants in 

urban centers such as Karachi, Lahore, Rawalpindi, Islamabad, Quetta and Peshawar. The 

Economic Survey of Pakistan 2004 pinpoints vehicles and industrial emissions as the main source 

of air pollution. The average compounded growth of vehicles in Pakistan is about 12 percent a year, 

and over the last two decades, the total number of motor vehicles on the road has jumped from 0.8 

million to almost 5 million. Various quality assessment studies reveal that higher air pollution 

levels in major cities of Pakistan have been observed especially the particulate levels (TSP, PM10 & 

PM2.5), CO, HCs and NOx.  Although there have been few studies in Pakistan, of the impacts of 

air pollution in human health and the environment, the very high concentrations of PM suggest a 

very heavy burden of air pollution-induced diseases in the population. This is confirmed by a recent 

study of the Pakistan EPA and the World Bank that estimated health costs ranging from Rs62 to 

Rs65 billion per year, equivalent to about 1% of GDP (Pakistan EPA/World Bank 2006). This 

underscores the urgent need to   effective implement measures to reduce PM. The Government has 

actively promoted the use of CNG to reduce the pressure on petroleum imports, to curb pollution, 

and to improve the environment. As a result, Pakistan has become the third largest country in the 

world with natural-gas vehicles. Most of these vehicles are private cars. Public transport auto-

rickshaws have been converted to either CNG or LPG (CAI-Asia-2006) 

Common air pollutants in urban cities of Pakistan include; 

• Respirable particulate matter from smoky diesel vehicles, two stroke motorcycles and 3-

wheelers, burning of waste and firewood, entrained road dust, and stationary industrial 

sources. 

• Carbon monoxide from gasoline vehicles, burning of waste and firewood. 

• Photochemical smog (ozone) produced by the reaction of volatile organic compounds and 

nitrogen oxides in the presence of sunlight. Motor vehicle emissions are main sources of 

nitrogen oxides. Sulfur oxides from combustion of sulfur containing fuels and industrial 

processes. 

• Secondary particulate matter formed in the atmosphere by the reaction involving ozone, 

sulfur and nitrogen oxides and volatile organic compounds. 

• POPs, PAHs and VOC emissions from stationary and mobile sources. 
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1.2.6  Indoor Air Pollution 

Relatively little attention has been given to the kinds and levels of gaseous and particulate 

pollutants that might be encountered in typical indoor air in Pakistan. Indoor pollution is caused 

mainly by burning of wood/ dung in stoves, kerosene heaters, dust, paints, chemicals used in 

polishing and adopting a trend towards “energy efficient” buildings with increased use of urea 

formaldehyde foam insulation, acrylic carpets and decreased ventilation rates. More than 50% of 

households in Pakistan still use wood/biomass for cooking.  Currently it is observed that indoor 

concentrations, not only of asbestos but also of the criteria pollutants such as CO, NO2, and TSP 

and non-criteria pollutants such as formaldehyde, benzene, styrene, and nitrous acid, often exceed 

their atmosphere outdoor levels. Furthermore, in some parts of the country with certain geological 

characteristics, some homes have high indoor levels of radon. Radon is a daughter of uranium 238, 

a widespread component of the earth’s crust and being “inert” it migrates from the soil to inside the 

dwelling. The long exposures to these indoor pollutants, and their surprisingly high concentrations 

under certain conditions, the deficiency of knowledge in sub discipline of indoor atmospheric 

chemistry clearly warrant detailed study of this long neglected dimension of air pollution. Health 

effects associated with indoor biomass combustion especially in rural areas are Acute Respiratory 

Infections (ARI) in children (Pneumonia), Chronic Lung Disease, Lung Cancer, Tuberculosis, 

Blindness, and adverse pregnancy outcomes. Children are more susceptible to health problems 

from indoor air pollutants as compared to the adults. Children have higher breathing rates than 

adults that translate into experiencing of higher relative doses of pollutants than adults exposed   to 

the same air   concentrations. Cigarettes and other sources of incomplete burning in the indoor 

environment also produce CO.  The most frequently reported indoor environmental quality 

problems are inadequate ventilation with subsequent mold growth, and elevated levels of 

formaldehyde and other Volatile Organic Compound (VOCs).  Therefore, indoor air quality 

awareness, assessment, control and training are key  requirements for rural as well as urban areas. 

Posing a serious health threat to women and children in developing countries including Pakistan is 

the burning of household fuels. Pakistan like other Asian countries has also been facing the largest 

number of indoor air pollution related health problems in the world with the huge use of its 

households burning wood, dung, and crop residues; "traditional" biomass fuels especially in rural 

areas. Women from poor families, in particular, suffer from severe health problems due to extended 

exposure to smoke from burning biomass while cooking with traditional stoves, regularly inhaling 

large quantities of harmful pollutants. Exposure to biomass smoke increases the risk of acute 

respiratory infection (ARI) in children under five.  Studies in India, Nepal and Papua New Guinea 

have shown that nonsmoking women who used to cook on biomass stoves for many years exhibit a 

higher prevalence of chronic lung diseases.   
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1.2.7 Air Pollution Impacts 
Air pollution can cause death, impair health, reduce visibility, bring about vast economic losses and 

contribute to the general deterioration of both our cities and country-side. It can also cause 

intangible losses to historical monuments and buildings. Effects of air pollution can be physically 

observed on the growth of plants and health of animals. Thus plants, animals and buildings act to 

some extent as indicators of certain atmospheric impurities. Different effects of air pollution are 

described in the following sub sections. 

 
 1.2.7.1 Health Effects of Air Pollution 

Industrial activity, particularly in thermal power stations, cement plants, oil refineries, chemical 

complexes, metallurgical industries, steel plants and fertilizer complexes causes major problems of 

air pollution. Tragic instances of death have been reported in air pollution episodes such as the 

London smog of 1952, and the Bhopal gas tragedy of 1984.  The depression, respiratory and heart 

ailment and other problems have been observed to increase during hazy days. Similarly increasing 

aerosol load of the atmosphere and reduced insulation could seriously harm agricultural production 

and the economic loss to the country could be colossal. A detailed knowledge of aerosol 

composition as a function of time and other pertinent parameters is vital to the understanding of the 

kinetics of heterogeneous chemical reactions taking place between a particle and the gas molecules. 

This study would help identify sources of these fine particles. 

 Air pollutants influence human health indoor and out, global climate, acid deposition, stratospheric 

ozone depletion, and visibility etc. Pakistan has been facing air pollution problem not only due to 

its own sources but its neighboring India is greatly contributing to its high air pollution levels. One 

of the major sources of Indian air pollution is sulfur-dioxide emitted due to increased coal 

consumption in their industrial sector.  Pollution has increased the rates of lung and throat cancer, 

respiratory infections, heart diseases, and asthma in the public. It has also aided in the increased 

rates of mortality. Air pollutants most frequently assault the respiratory system. Death rates from 

cardio respiratory causes are greater in urban than in rural areas, and in general, increase with city 

size or dose of air pollution. 

The health damage from urban air pollution depends upon the toxicity of different pollutants, the 

impact of ambient levels on health, and the number of people exposed. Diseases associated with air 

pollution are mainly respiratory diseases, asthma, chronic obstructive pulmonary diseases, 

cardiovascular diseases and cancer of the lungs.  According to the World Health Organization 

(WHO), around 30-40 % of cases of asthma and 20-30 % of all respiratory diseases may be linked 

http://www.wri.org/wr-98-99/prc-air.htm�
http://www.wri.org/wr-98-99/prc-air.htm�
http://www.wri.org/wr-98-99/prc-air.htm�
http://www.wri.org/wr-98-99/prc-air.htm�
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to air pollution in some populations. This result in thousands of premature deaths, tens of thousands 

of hospitalizations, days of work and school loss. 

 

1. 3 Major Air Pollutants 
Air pollutants can be either natural or anthropological on the basis of their sources. The industrial 

contaminants can either be by-products of external combustion such as smoke, dust, and sulfur 

oxides or by-products of internal combustion like the reactions in petrol and diesel engines. Air 

pollutants can also be broadly classified into two general groups-primary air pollutants and 

secondary air pollutants. Primary air pollutants are those emitted directly from identifiable sources.  

Examples of primary air pollutants are given below.  

1. Finer particles (less than 100 µ in diameter)  

2. Coarse particles (greater than 100 µ(micron) in diameter)  

3. Sulfur compounds  

4. Oxides of nitrogen  

5. Carbon monoxide  

6. Halogen compounds  

7. Organic compounds  

8. Radioactive compounds  

Finer aerosols include particles of metal, carbon, tar, resin, pollen, bacteria, etc. Secondary air 

pollutants are those which are produced in the air by the interaction between two or more primary 

pollutants, or by reaction with normal atmospheric constituents, with or without photo-activation. 

Examples of secondary air pollutants are as under: 

1. Ozone 
2. Formaldehyde 
3. PAN (peroxy acetyl nitrate)  
4. Photochemical smog  
5. Formation of acid mists (H2S04) due to reaction of sulfur dioxide and dissolved oxygen, 

when water droplets are present in the atmosphere. 

1.3.1 Classification of Pollutants  
On the basis of source, air pollutants can be classified as follows: 

1. Natural contaminants: natural fog, pollen grains, bacteria, and products of volcanic 

eruption. 

2. Aerosols (particulates): dust, smoke, mists, fog and fumes. 

3. Gases and vapors  
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Table 1 Sources of Atmospheric Dust  

Sources Examples 
1. Combustion Fuel burning (coal, wood, fuel oil), incineration (house and 

municipal garbage) and others (open fires, forest fires, tobacco 
smoking) etc. 

2. Materials handling  and 
processing 

Loading and unloading (sand, gravel, coal, ores, lime, cement), 
crushing and grinding (ores, stone, cement, rocks, chemicals), 
mixing and packaging (chemicals, fertilizers), food processing 
(flour, corn starch, grains), cutting and forming (saw mills, wall 
board, plastics), metallurgical (foundries, smelters), industrial 
(paper, textiles manufacture) etc. 

3. Earth-moving 
operations 

Construction (road, buildings, dams, site clearance), mining 
(blasting), agriculture (soil filling, land preparation), winds etc. 

4. Miscellaneous House cleaning, mud road cleaning, crop spraying, poultry 
feeding, engine exhaust etc. 

Source: Rao, MN 1989 

1.3.2 Natural Contaminants 
Among natural contaminants pollen is important example because of its peculiar properties that are 

irritating to some individuals. Pollen grains are discharged into the atmosphere from weeds, grasses 

and trees. Because of wind pollination, thousands of pollen grains are liberated. While air 

transported pollen grains range chiefly between 10 and 50 µ in size, some have been found to be as 

small as 5 µ and as large as 100 µ in diameter.  

From the point of view of pollution, air-borne pollutants are significant because of the allergic 

responses produced in sensitive individuals. Many people suffer from asthma or hay fever. While 

most victims have an uncomplicated type of hay fever in which the symptoms disappear at the end 

of the pollen season. Some people also develop bronchitis, bronchial asthma, and dermatitis during 

the pollen season. All the respiratory diseases associated with pollens contamination is a special 

characteristic of Islamabad due to excessive plants and flowers. Their health reverts to normal soon 

after they move elsewhere. 

 

1.3.3 Aerosols  
Aerosols refer to the dispersion of solid or liquid particles of microscopic size in gaseous media, 

such as dust, smoke, or mist.  An aerosol can also be defined as a colloidal system in which the 

dispersion medium is a gas and the dispersed phase is solid or liquid. In chemical terms, it is a solid 

in gas colloidal solution. The solid particles, being electrically charged with same polarity repel 

each other and thus remain dispersed in the atmosphere.  The term 'aerosol' is used during the time 

it is suspended in the air. After it has settled either by virtue of its weight, by agglomeration, or by 

impact on a solid or liquid surface, the term no longer applies. Thus, particulate matter is an air 
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pollutant only when it is an aerosol. However, it is a nuisance both as an aerosol as it causes 

reduction in visibility and as well as in settled or deposited matter form because it causes soiling of 

surfaces, corrosions, etc. Aerosols differ widely in terms of particle size, particle density and in 

their importance as pollutants. Their diameters generally range from 0.01 µ, or less, up to about 100 

microns.  Different aerosols are described as under: 

i) Particulate matter (PM) 

Particulate matter (PM) is solid matter or liquid droplets from smoke, dust, fly ash, or condensing 

vapors that can be suspended in the air for long periods of time. It represents a broad class of 

chemically diverse particles that range in size from molecular clusters of 0.005 micrometers (µm) 

to coarse particles of 50-100 µm in diameter where 100 µm is about the thickness of an average 

human hair. Particulates include an array of atmospheric materials-carbon-based matter such as 

soot; ashes; windblown dirt, sand, and soil dust; metals; and plant matter such as pollens. The 

composition of particulate matter varies with place, season and weather conditions. Fine particulate 

matter is 2.5 microns in diameter or less. PM2.5, or fine particulate, can be sulfates, nitrates, organic 

matter (organic carbon compounds), elemental carbon (soot), and soil dust (crustal materials). The 

black carbon (BC) aerosol and fly ash is unquestionably human- produced since natural sources are 

negligible. It is generally well recognized that aerosol particulates can impact air quality and have 

been associated with adverse health effects. The relative fractions of these components vary from 

place to place and over time (with seasons). In addition to characterizations by size and chemical 

composition, particles can be described by their formation, origin, physical properties or by 

sampling/measurement techniques. PM results from all types of combustion. The carbon-based 

particles that result from incomplete burning of diesel fuel in buses, trucks and cars are of particular 

concern. Another important combustion source is the burning of wood in stoves and fireplaces in 

residential settings. Also of concern are the sulfate and nitrate particles that are formed as a 

byproduct of SO2 and NO2 emissions, primarily from fossil fuel-burning power plants and 

vehicular exhausts.  

According to US Department of Health, adverse human health effects begin when ambient levels of 

dust exceed 80 µg/m3, whereas adverse effects on material and vegetation can begin with dust level 

as low as 60 µg/m3. The Environmental Protection Agency (EPA) of USA issued the allowable 

limits of TSP concentrations as 75 µg/m3 as annual mean and 260 µg/m3 as max. 24 hours. The air 

quality standard for PM10, which is designed to protect public health with an adequate margin of 

safety, is 150 micrograms per cubic meter (µg/m3), averaged over 24 hours. A public alert should 

be issued when PM10 levels reach 350 µg/m3 on a 24 hour average, public warning when PM10 
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levels reach 420 µg/m3 on a 24 hour average, and a declaration of public emergency at the level of 

500 µg/m3. The significant harm level, at which serious and widespread health effects occur to the 

general population, is 600 µg/m3 of PM10.   

Majority of atmospheric particulate matter in urban areas arise from the activities such as fuel 

usage by stationary and mobile sources, industrial process as municipal waste disposal, chemical 

reaction and condensation of atmospheric gasses and vapors dispersal of material for earth’s 

surface as fugitive losses during transport/stocking of materials and vehicular traffic. Particulates 

emission to air is the main environmental challenge faced by the cement industry. Noise Pollution, 

though local in nature, is another great challenge.  

 

ii) Dust  

Dust is made up of solid particles predominantly larger than those found in colloids and capable of 

temporary suspension in air or other gases. They do not tend to flocculate except under electrostatic 

forces; they also do not diffuse but settle under the influence of gravity. Dust is produced by the 

crushing, grinding, etc., of organic and inorganic materials. Generally they are over 20µ, in 

diameter, although some are smaller. Fly ash from chimneys varies from 80-3 µ; cement, from 150-

10 µ and foundry dust, from 200-1 µ. Most of the dust particles settle to the ground as dust fall, but 

particles of 5µ or smaller in size tend to form stable suspensions. 

 

iii) Smoke  

Smoke consists of finely divided particles produced by incomplete combustion. It consists 

predominantly of carbon particles and other combustible materials. Generally the size of the 

particles is less than 1 µ. The size of coal smoke particles range from 0.2-0.01 µ and oil smoke 

particles from 1.0-0.03 µ. 

iv) Mists 

This term refers to a low concentration dispersion of liquid particles of large size. In meteorology, 

it means a light dispersion of minute water droplets suspended in the atmosphere. Natural mist 

particles formed from water vapour in the atmosphere are rather large, ranging from 500-40 µ in 

size. The particles may coalesce.  

v) Fog 

Fog refers to visible aerosols in which the dispersed phase is liquid. Formation by condensation is 
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usually implied. In meteorology, it refers to dispersion of water or ice in the atmosphere near the 

earth's surface reducing visibility to less than 1 km. In natural fog the size of the particles ranges 

from 40-1.0 µ. The fog from burning coal covers urban areas at night or on cold days when the 

temperature is below 10°C and when calm meteorological conditions prevail, e.g., London 

(December 1952). This fog consists of smoke, sulphur compounds and fly ash. 

 

vi) Smog 

Smog is a synchronym of two words-smoke and fog. Smog can be of two types-photochemical or 

coal- induced. Photochemical smog is restricted to highly motorised areas in metropolitan cities, 

e.g., Los Angeles. It occurs under adverse meteorological conditions when the air movement is 

restricted. Smog is caused by the interaction of some hydrocarbons and oxidants under the 

influence of sunlight giving rise to dangerous PAN. Its main constituents are nitrogen oxides, PAN, 

hydrocarbons, carbon monoxide and ozone. It reduces visibility, causes eye irritation, damage to 

vegetation and cracking of rubber.  

Prolonged exposure to smog may result in high mortality rate especially among the elderly and 

those who have histories of chronic bronchitis, asthma, broncho-pneumonia and other lung or heart 

diseases. 

 

(vii) Fumes  

These are solid particles generated by condensation from the gaseous state, generally after 

volatilisation from melted substances, and often accompanied by a chemical reaction such as 

oxidation. Fumes flocculate and sometimes coalesce.  

1.3.4 Gases  
Following are the gases in air pollutants:  

i) Sulphur Dioxide  

This is one of the principal constituents of air pollutants. The main source of sulphur dioxide is the 

combustion of fuels, especially coal. Therefore, its concentration in the atmosphere depends upon 

the sulphur content of the fuel used for heating and power generation. The sulphur content of fuels 

varies from less than 1 % for good quality anthracite to over 4 % for bituminous coal. In the USA 

in recent years, there has been a progressive decrease in the average atmospheric concentrations of 

sulphur dioxide, of several cities, owing to the increased use of coal with low sulphur content. Air 

pollution control measures in St. Louis prohibit the use of high-sulphur coal.  
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Most crude petroleum products contain less than 1 % sulphur; a few contain up to 5 %. Refining 

processes tend to concentrate sulphur compounds in the heavier fractions. Fuel gases also contain 

sulphur, but, in small quantities. About 80% of the sulphur in coal and nearly all that in liquid and 

gaseous fuels are found in flue gases in the form of sulfur dioxide. The remaining sulfur in coal is 

present as inorganic sulfur and thus remains in the ash. Generally, the concentration of sulfur 

dioxide in flue gases ranges from 0.05-0.25%, and occasionally is as high as 0.4 %. Another 

common source of sulfur dioxide in the atmosphere is metallurgical operations. Many ores, like 

zinc, copper and lead, are primarily sulfides. During the smelting of these ores, sulfur dioxide is 

evolved in stack concentrations of 5-10 % (SO2). But, this can be recovered in the form of 

sulphuric acid.  Among the miscellaneous operations releasing sulfur dioxide into the atmosphere 

are sulphuric acid plants and paper manufacturing plants. The quantities are usually low and 

therefore easily amenable to control measures.  The open burning of refuse and municipal 

incinerators also contribute some amount of sulfur dioxide to the atmosphere. 

 

Sulfur dioxide (SO2) is a colorless reactive gas that is odourless at low concentrations, but pungent 

at very high concentrations. It is emitted primarily when fossil fuels and ores that contain sulfur are 

burned or processed. Major sources of SO2 are fossil fuel-burning power plants and industrial 

boilers. Exposure to SO2 can cause impairment of respiratory function, aggravation of existing 

respiratory disease (especially bronchitis), and a decrease in the ability of the lungs to clear foreign 

particles. It can also lead to increased mortality, especially if elevated levels of particulate matter 

(PM) are also present. Groups that appear most sensitive to the effects of SO2 include asthmatics 

and other individuals with hyperactive airways, and individuals with chronic obstructive lung or 

cardiovascular disease. Elderly people and children are also likely to be sensitive to SO2. The 

presence of PM appears to aggravate the impact of SO2 pollution. Several studies of chronic effects 

have found that people living in areas with high PM and SO2 levels have a higher incidence of 

respiratory illnesses and symptoms than people living in areas without such a synergistic 

combination of pollutants.  

The air quality standard for SO2, which is designed to protect public health with an adequate 

margin of safety, is 0.14 ppm, averaged over 24 hours.  

 

ii) Hydrogen Sulphide  

Hydrogen sulphide is a foul smelling gas. The sources of its natural emission include anaerobic 

biological decay processes on land, in marshes and in the oceans. Volcanoes and natural water 

springs emit hydrogen sulphide to some extent. One of the major sources of hydrogen sulphide is 

the kraft pulp industry, which uses a sulphide process for manufacturing paper. The other industrial 
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sources of hydrogen sulphide are petroleum refineries, coke-oven plants, viscose rayon plants, and 

some chemical operations.  Other sulphur compounds that are of interest in air pollution, 

principally because of their strong odours, are methyl mercaptan (CH3
_SH), dimethyl sulphide 

(CH3
_S_CH3), dimethyl disulphide (CH3

_SS_CH3) and their higher molecular homologs. The 

mercaptans are emitted in mixtures of pollutants from some pulp mills, petroleum refineries, and 

chemical manufacturing plants. 

 

iii) Hydrogen Fluoride  

The major sources of fluorides are the manufacture of phosphate fertilizers, the aluminium 

industry, brick plants, pottery, and ferro-enamel works. Small amounts are also emitted from other 

metallurgical operations, such as zinc foundries and open-hearth steel furnaces. Small amounts are 

also liberated in the burning of coal, which normally contains about 0.01 % fluorine.  

Hydrogen fluoride is an important air contaminant even in extremely low concentrations of 0.001-

0.10 ppm by volume. In these concentration levels, hydrogen fluoride is more important in terms of 

injury to vegetation and animals than in terms of injury to humans. The high degree of toxicity of 

fluorine compounds renders the control of such emissions imperative for industries manufacturing 

aluminium and phosphate fertilizers.  

 

iv) Chlorine and Hydrogen Chloride  

Chlorine is found in polluted atmospheres as the element itself (chlorine), as hydrogen chloride, as 

chlorine-containing organic compounds such as perchloroethylene and as inorganic chlorides. The 

last mentioned compounds are solids and hence found in particulate form; the other materials 

mentioned are present as gases. The most common sources of chlorine in the atmosphere are from 

operations in which it is manufactured or used to produce other chemicals. Also as chlorine is used 

in water purification plants, in sewage plants and in swimming pools, equipment failure sometimes 

leads to leakage of chlorine into the atmosphere. Hydrogen chloride is evolved in numerous 

industrial chemical processes, but it is so easy to recover, that little reaches the atmosphere. The 

main effects of chlorine and its compounds are respiratory irritation from chlorine, corrosion by 

hydrogen chloride, and damage to vegetation from chlorine and hydrogen chloride.  

 

v) Oxides of Nitrogen  

It is probable that oxides of nitrogen are the second most abundant atmospheric contaminants in 

many cities, ranking next to sulfur dioxide. Generally, the highest concentration of nitrogen oxides 

in gaseous emissions occurs in effluents from industries where nitric acid is produced or used in 

chemical reactions. Out of seven oxides of nitrogen (N2O, NO, NO2, NO3, N2O3, N2O4, N2O5), only 
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nitric oxides and nitrogen dioxide arise from many human activities and are classified as pollutants. 

In atmospheric analyses they are usually reported as 'total oxides of nitrogen' or "NOx". It is a 

standard practice in the chemical industry to absorb and recover significant quantities of oxides of 

nitrogen.  

Nitrogen dioxide (NO2) is a light brown gas that can become an important component of urban 

haze. Nitrogen oxides usually enter the air as the result of high-temperature combustion processes, 

such as those occurring in automobiles and power plants. The primary sources of nitrogen oxides 

(NOx) are motor vehicles and thermal power generation besides its natural microbial processes. In 

addition to the direct effects, NO2 is the initiator of photochemical smog.  NO2 plays an important 

role in the atmospheric reactions that generate ozone. Home heaters and gas stoves also produce 

substantial amounts of NO2. Healthy individuals experience respiratory problems when exposed to 

high levels of NO2 for short durations (less than three hours). Asthmatics are especially sensitive, 

and changes in airway responsiveness have been observed in some studies of exercising asthmatics 

exposed to relatively low levels of NO2. Studies also indicate a relationship between indoor NO2 

exposures and increased respiratory illness rates in young children, but definitive results are still 

lacking. The air quality standard for NO2, which is designed to protect public health with an 

adequate margin of safety, is 0.053 ppm, annual average.   

 

vi) Carbon Monoxide  

Carbon monoxide, an odourless and colourless gas has its major origin in the incomplete 

combustion of carbonaceous materials. It is a highly poisonous gas and is generally classified as an 

asphyxiant. Industrial processes contribute to CO pollution levels, but the principal source of CO 

pollution in most large urban areas is the automobile. Vehicles operating at colder temperatures (in 

winter months, during engine warm-up or in stop-and-go traffic) produce significant quantities of 

this deadly gas, which is of particular concern in urban areas. The chief source of carbon monoxide 

in the atmosphere is combustion, especially due to automobile exhausts. However, except for motor 

vehicles and other internal combustion engines, very little carbon monoxide is found in the gaseous 

emissions from properly adjusted, properly operated installations. Although certain industrial 

operations, such as electric and blast furnaces, some petroleum refining operations, gas 

manufacturing plants, and coal mines, are potential contributors of carbon monoxide to the 

atmosphere, automobile exhausts are by far the most important source. 

CO is inhaled and enters the blood stream; there it binds chemically to hemoglobin, the substance 

that carries oxygen to the cells, thereby reducing the amount of oxygen delivered to all tissues of 

the body. The percentage of hemoglobin inactivated by CO depends on the amount of air breathed, 

the concentration of CO in air, and length of exposure; this is indexed by the percentage of 
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carboxyhemoglobin found in the blood. CO weakens the contractions of the heart, thus reducing the 

amount of blood pumped to various parts of the body and, therefore, the oxygen available to the 

muscles and various organs. In a healthy person, this effect significantly reduces the ability to 

perform physical exercises. In persons with chronic heart diseases, these effects can threaten the 

overall quality of life, since their systems are unable to compensate for the decrease in oxygen. The 

air quality standard for CO, which is designed to protect public health with an adequate margin of 

safety, is 9 parts per million, averaged over 8 hours.  

 

vii) Surface Ozone  (O3) 

The origin of ozone that is found in the air has not been clarified, but it is likely that combustion 

and sunlight are involved in its production. Ozone is poisonous and smelly. It exists in great 

abundance under natural conditions in the upper atmosphere. Ozone is formed in air when 

hydrocarbons, carbon monoxide or nitrogen oxides react in the presence of sunlight and heat. This 

is of particular concern on warm, summer-like days when “smog” is prevalent. Ground level ozone 

causes human respiratory stress, and damages many plants, significantly reducing crop yields. 

Injury to the most sensitive species can occur after exposure to 60 µg/m3 (0.03 PPM) ozone for 8 

hours. Ozone has been shown to reduce resistance to disease in laboratory animals. In human, eye 

irritation and an increased number of asthmatic attacks and improper performance of athletes have 

all been attributed to photochemical oxidant levels around 200 µg/m3 (0.1 ppm).  However, ground 

level ozone does nothing to increase ozone concentration in the stratosphere, which protects the 

earth from the sun’s harmful ultraviolet radiation.  

 

viii) Aldehydes  

These are produced by the combustion of gasoline, diesel oil, fuel oil, and natural gas. Incomplete 

oxidation of motor fuel and lubricating oils leads to the formation of aldehydes. Lower aldehydes 

may be present in the atmosphere in concentrations about as high as sulfur dioxide. They may also 

be formed in the air because of photochemical reactions. Formaldehyde is irritating to the eyes.  

 

ix) Organic Vapours 

These contaminants include a large number of chemical compounds, including paraffins, olefins, 

acetylenes, aromatic hydrocarbons, chlorinated hydrocarbons, etc. They are produced by 

combustion processes (particularly in automobiles), household incinerators, and petroleum 

processes. It is also probable that they undergo changes in the atmosphere which contribute to the 

formation of smog.  
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x) Radioactive Gases 

A major source of radioactive gases and particulate is the nuclear power reactor and related fuel 

handling facilities. The other sources are experimental accelerators, testing of nuclear bombs in the 

atmosphere, agricultural, industrial and medical use of radioactive isotopes. Another source of 

radioactive particulates and gases that is increasing in importance is the nuclear fuel reprocessing 

plant. 

 

1.3.5 Noise Pollution 
Although noise is a significant environmental problem, but it is often difficult to quantify 

associated costs. The social costs of noise identified as productivity losses due to poor 

concentration, communication difficulties or fatigue due to insufficient rest. The health care costs 

to rectify loss of psychological well-being as the direct result of excessive noise, noise-induced 

hearing loss, stress and sleep deprivation etc. The biggest source of noise pollution which affects 

most people is transport noise. According to NEQS the level of vehicular noise should not exceed 

beyond 85 decibels (dB). It is also suggested that safe sound level should not exceed 50dB and 70 

dB which is tolerable.       

                  

1.3.6    Trace and toxic metals.  

The term 'heavy metals' has sometimes been restricted to metallic elements, which normally have 

atomic weights between 63 and 201 amu and specific gravity above 5.0 (DEST, 1996). A more 

general classification is that they are metals or metalloids found in the periodic table of elements 

from Group IIA through VIA, including the semi-metallic elements: boron, arsenic, selenium, and 

tellurium (OHSA, 2000). Metals exist in elemental form or as ions dissolved in water, or as 

vapours, or as salts or minerals in rock, sand, and dust, and form a variety of inorganic or organic 

compounds. Both natural and anthropogenic processes and sources emit metals and their 

compounds into the air. The processing of minerals, incineration of metallic objects, motor vehicle 

combustion of fuel containing metal additives, and the wearing out of motor vehicle tyres and brake 

pads result in the emission of metals associated with particulate matter. Metals occur naturally in 

soil and in rocks rich with minerals; thus weathering of the rocks, mining activities or even wind-

blown dust can release these metals into air as particulate matter (Langmuir, 1997). Australian 

industries have reported the discharge into air of heavy metals and their compounds from power 

stations using fossils fuel such as coal, and from mines, mineral processing industries, refineries 

and brickworks (VIC EPA, 1996 & 1998a; NPI, 1999). Heavy metals are part of a large group of 

air pollutants called air toxics, which upon inhalation or ingestion can be responsible for a range of 
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health effects such as cancer, neurotoxicity, immunotoxicity, cardio toxicity and reproductive 

toxicity.   

Plants and animals depend on some metals for nutrients; however certain forms of some metals can 

be toxic even at trace levels (AMAP, 1997). 

Most toxic metals are effectively absorbed by inhalation.  Auto and particularly aircraft exhaust, 

industrial smoke and products from incinerators are among the airborne sources of toxic metals and 

other chemicals.  Burned high in the atmosphere, aircraft fuel deposits everywhere and affects 

everyone on earth. Burning coal can release mercury, lead and cadmium among other metals.  

Iranian and Venezuelan oil are high in vanadium.  Other oil is excessive in toxic sulfur compounds.  

Tetraethyl lead was added to gasoline for many years.  Residues are present on pavement and may 

settle on buildings, cropland and elsewhere.  Today, manganese is added to gasoline.  Uranium 

exposure is largely from airborne sources such as nuclear tests and accidental nuclear releases.  

Older methods of incineration of electronic parts, plastics, treated fabrics, batteries and even 

diapers release all the toxic metals into the air.  The use of scrubbers and newer methods of very 

high temperature incineration are much better.   

1.4  Sources of Air Pollutants 

 Emission (air pollutants) may be classified by source, as stationary or mobile. Another method of 

classifying emission sources is by: 

1. Point sources: These are large stationary sources such as power plants 

2. Area sources: These are small stationary sources and mobile source with indefinite routes 

3. Line sources: These are mobile sources with definite routes 

Anthropogenic air pollution originates from a variety of sources, including vehicles, large 

stationary sources, small and medium-size industries, power plants, solid waste incineration, 

windblown dust, fugitive emissions as a result of mechanical break-up, abrasion, and erosion and 

road surfaces, brake linings, and tires etc. Vehicle emission, together with stationary and natural 

sources, is important in the formation of ground level ozone, which causes health damages as well 

as damages to vegetation and corps. Mobile and stationary combustion sources are significant 

contributors to ambient concentration of a range of other pollutants. 
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1.4.1  Source apportionment 
Ambient Air Monitoring helps to determine compliance to ambient air quality standards and does 

not provide answers on sources, their contributions, pollution loads and development of control 

strategies. Therefore, source apportionment studies based on “Receptor Modeling” will be adopted 

to get information on causes of elevated PM concentrations. For this purpose, chemical 

characterization of PM along with the application of source dispersion and source apportionment 

models is a prerequisite to attribute ambient concentrations to their sources for the development of 

emissions reduction strategies. 

Particulate sampling on filters are the most practical method currently available to characterize the 

sizes and chemical constituents of TSP/PM10/PM2.5 and their sub-fractions. No single sampling 

system can meet all needs and it is often necessary to adopt existing sampling components to 

specific situations being studied. Sampling for chemical analysis requires stringent attention to 

choice of filter media, sample handling, and sample storage and to the sampler used to obtain the 

filter deposits. A newly developed Positive Matrix Factorization (PMF) method overcomes the 

weak points of the previous receptor model. It introduces a weighting scheme taking into account 

errors of the data points, which are used as point-by-point weights. Adjustment of the 

corresponding error estimates also allows it to handle missing and below-detection-limit data. 

Moreover, non-negative constraints are implemented in order to obtain more physically explainable 

factors. PMF has been successfully applied to the analysis of ambient aerosol data in many urban, 

rural and remote areas. Most previous studies examined the contributions of emission sources to 

PM2.5 and PM10 mass using PMF. Composition of ambient aerosol varies with size, even in the fine 

size range 5 (<2.5 µm), and is dependent on the type of anthropogenic source. Therefore, more 

size-segregated composition data are needed in the fine size range in order to improve the accuracy 

of anthropogenic source apportionment. From this point of view, PMF analysis will be performed 

in this study on the aerosol data collected by a Partisol 2300 sampler in order to obtain a better 

estimation of possible aerosol sources and their contributions.  

 

 

 

 

 

 

1.5 Geographical Location of Study City, Lahore  
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Lahore, the capital of Punjab province, is the 2nd largest metropolitan city of Pakistan having an 

estimated population of over 5.14 million people (Population Census 1998). Lahore is the financial 

and commercial city of Punjab, Pakistan. This city is situated to the south of river Ravi. Lahore is 

located at 702 ft height from sea level. However, mean humidity and wind speed at Lahore usually 

remain low throughout the year. The low wind speed does not help in dispersion and mixing of 

pollutants. Lahore lies within monsoon regime and level of precipitation is medium (average 20 

inch) for a year. With municipal area of 128 Square miles it is considered as one of the most 

populous cities of the world with a sizeable industrial base. The estimated population growth rate of 

the city is over 2.5 % percent. An unprecedented growth rate is mainly attributed to the large-scale 

exodus of population from all rural areas of Pakistan to Lahore besides natural growth. The growth 

in the number of vehicles is taking place at the rate of 15 % per annum. At present the whole city is 

surrounded by clusters of small industries.  Increasing emissions from vehicular traffic, industries, 

cooking, and refuse burning, all pose potential risks to air quality in general. Increased health cost, 

losses to crops and properties, declining revenue in the tourism sector have been reported as 

growing economic costs. Increased mortality rate and rise in diseases have also been attributed to 

air pollution.   

1.5.1 Vehicular and Industrial Air Pollution in Lahore. 

Vehicular emissions, including highly damaging emissions of fine particulate matter, are often 

among the main contributors to air pollution. The level of air pollution in Pakistan's two largest 

cities, Karachi and Lahore, is estimated to be 20 times higher than World Health Organization 

standards, and is continuously rising. The widespread use of low-quality fuel, combined with a 

dramatic expansion in the number of vehicles has led to significant air pollution problems.  

The number of motor vehicles registered in the city has increased by 16.5 times since 1980 and has 

exceeded 1.17 million (30th April, 2004)  growing at an average of 3,300 per month for the past one 

year, more than a million registered vehicles use petrol as fuel, nearly 150,000 are run on diesel and 

only around 11,000 on gas. The total number of vehicles registered in the city has increased from 

70,342 on June 30, 1980 to over 1,160,000 by April 30 this year (2004) and is growing by over 100 

vehicles daily. The total number of vehicles increased from 70,342 on June 30, 1980 to 238,143 on 

June 30, 1989. The number surged to 618,566 on June 30, 1999. Of 1.17 million vehicles registered 

in the city, over half a million are motorcycles followed by cars whose number is in excess of 

300,000. The number of registered rickshaws is in excess of 40,000 and delivery vans and busses in 

excess of 23,000 and 20,000 respectively. The number of taxis and trucks exceeds 10,000 each. The 

increase in number of delivery vans has been the highest during the past three and a half decades. 
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The number increased from 653 on June 30, 1980 to over 25,000 or more than 30 times. Increase in 

car has been the next highest during the past three and a half decades. The number increased by 

over 17,000 on June 30, 1980 to over 300,000 on nearly 18 times by now. The number of 

motorcycles increased from 36,142 on June 30, 1988 to over half a million or around 14 times. The 

number of rickshaws has increased from 7,597 on June 30, 1980 to over 40,000/or nearly six times. 

The number of buses increased from 2,327 on June 30, 1988 to over 20,000 or over 8.5 times. 

Multan Road, Ferozpur Road, G.T. Road, Sheikhupura Road, Band Road are the main roads 

through which vehicles from all surrounding cities enter into the Lahore.  All these roads are 

having industrial clusters on both sides up to about 30 Km from boundary of main city. Main 

industries are leather, textile, chemicals, paper and pulp, steel industry, sugar industry, ceramics, 

fertilizers, polyester industry, electroplating industry etc. All these industries are introducing a 

number of metallic and non metallic pollutants to surrounding environment and adversely affecting 

the air quality to an alarming level. For example leather tanneries are the major source of pollutants 

like H2S, NH3, Cr (VI), Polychloro phenols and a number of other carcinogenic compounds like 

organic dyes and solvents (formaldehyde, acetone etc). Similarly paper and pulp industry is a 

source of gaseous pollutants like SO2, CO, and CO2. Steel industry is associated with metallic 

pollutants as well as NOx, SOx CO, CO2. Increasing emissions from vehicular traffic, industries, 

cooking, and solid waste incineration, pose potential risks to air quality. 
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LITERATURE REVIEW 

Urban Atmosphere, in general, is too much complex and diverse because of the wide variability in 

the type, intensity, density, spatial distribution of emission sources. Due to their relatively small 

size, aerosol particles may be airborne for several days and transported over to large distances and 

are therefore ubiquitous in the atmosphere. Thus, the studies on air quality date back to the juncture 

of widespread consciousness about the current and future hazards of deterioration of air 

atmosphere. Almost all the countries have become engaged in the study of monitoring of air 

pollutants and their subsequent control has been contributing towards this sacred mission according 

to everyone’s capacity. The U.S. for example, has made great attempts in improving air quality 

since the early part of the 20th century by reducing domestic and transportation coal use and 

refining combustion conditions in large centralized facilities. These reductions have been based on 

systematic research studies on different aspects of air pollution and its minimization to the critical 

levels. Improvements have been achieved during the second half of the 20th century by better 

understanding the relationships between emissions and air quality, developing and applying 

pollution controls, increasing energy efficiency, and instituting a management framework to 

monitor air sheds and enforce regulations. U.S. ambient levels of SO2, nitrogen dioxide (NO2), 

carbon monoxide (CO), and lead (Pb) have largely been reduced to levels that comply with air 

quality standards. However, ozone (O3), suspended particulate matter (PM), mercury (Hg), and a 

large list of Hazardous Air Pollutants (HAPs) are still at levels of concern. Their monitoring and 

control is under intensive investigation these days to solve the problem completely. O3 and a large 

portion of PM are not directly emitted but are formed in the atmosphere from other emissions, 

including SO2, oxides of nitrogen (NOx), volatile organic compounds (VOC), and ammonia (NH3). 

These are thus secondary pollutants that are even more dangerous than the primary pollutants.  

 

Most of the recent research studies are not carried out in Pakistan due to lack of effective 

environmental control institutions as well as the lack of finances to purchase requisite machinery 

and equipment from abroad. All these factors contribute a lot towards development of local 

innovation systems and local hardware. Talent and skill are urgently required to cope with the 

challenges at the hands of deterioration in air quality of our urban areas. Review of literature 

relevant to present studies presented below. 

  

Robinson (Robinson, 1988) carried out a satellite based air quality monitoring study. The 

objectives of the NOAA program of Geophysical Monitoring for Climatic Change (GMCC) for the 

South Pole. The program included measurements of atmospheric changes which could potentially 
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impact climate. He discussed the long-term GMCC. South Pole air chemistry data for carbon 

dioxide, total ozone, surface ozone, methane, halogens, nitrous oxide, and aerosol concentrations, 

and also compared the findings with GMCC data for other regions. Special consideration was given 

to the results of recent GMCC ozonesonde  operations and to the assessment of Dobson ozone 

spectrophotometeric data taken at South Pole by National Oceanic and Atmospheric Administration 

(NOAA)  since 1964. Data were discussed in the framework of Antarctic 'ozone hole' phenomenon.   

 

Turpin reported in 1991 that the chemical composition of polar air includes a range of species, such 

as SO4 2-, NO3 -, and NH4 +, elemental carbon, crustal and various trace and toxic elements. 

Elemental carbon (EC) and primary organic carbon (OC) are mainly derived from incomplete 

combustion of fossil fuels and biomass. OC is also produced by photochemical oxidation of gases 

precursors of both anthropogenic and biogenic origin.  

 Hameed and Streets (Hameed et al 1991, Streets, 2000) claim that in urban areas, aerosol sources 

are often dominated by combustion and various industrial activities followed by gas-to-particle 

conversion processes. The production of sulfate in the atmosphere has received considerable 

interest due to the detrimental effects of acidic aerosols and acid precipitation on ecosystems. 

Northeastern Pakistan and India are the most industrialized parts of the Sub-continent. India is  

currently the fourth largest in SO2 emissions. There are many urban areas in India and neighboring 

Pakistan, especially Lahore city, which experience poor air Quality at  the  cost  of  Indian  

industry. The  excessive  level  at  Lahore  are  interpreted  as  being due to a high intensity of 

polluting  sources such as  numerous  small  industrial activities and a diversity of poorly  

controlled  combustion   sources  in  both  India and Pakistan as well  as lack of  effective  pollution  

control  in Lahore. World   Health  Organization (WHO, 1992)  reported   that  Asia has  become  

one  of  the  most  polluted  areas  in  the  world  due  to  its rapid  industrialization  and  increasing  

population.  Thus, most  polluted  

are the cities having industrial establishments. In contrast, the atmosphere in a less industrialized 

city, especially if located free from the influence of regional pollutant sources, would be less 

complex (W.H.O. / U.N.E.P., 1992).  

 

Air pollution, being a well recognized, an important public health problem in most cities of the 

developing world different researchers have put in considerable effort directed toward atmospheric 

aerosol particulate measurements during the past few decades, The studies have resulted in 

appearance of a number of reports that describe different health implications. Some of these studies 

report that the pollution levels in mega cities exceed those in any city in the industrialized 

countries. In various urban centers across Europe and the United States to the detrimental effects of 
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particulate on human health. For example, Lunn et al (Lunn, 1967) described the relationship 

between exposure to elevated sulfur dioxide, total suspended particulates (TSP) and respiratory 

symptoms, Pope CA (Pope, 1991), reported about the association between increased air pollution 

and Dockery, et al ( Dockery, 1993)  and Anderson  (Anderson,1996) carried out studies relating 

air pollution mortality  and hospital admissions for asthma respectively. These studies consistently 

reported associations between air pollution and health outcomes illustrated the coherence of effects 

across the range of outcomes as interpreted before by Bates  in 1992 (Bates, 1992). 

 

Dockery et. al. reported in 1993 the associations between air pollution and mortality in six US 

cities. The strongest association was with fine particulates including sulfates. Pope, et.al (1995) 

reported associations between PM10 concentrations and increased risks of cardiopulmonary and 

lung cancer mortality in various cities across the US from 1979 to 2000. These epidemiological 

studies showed that air pollution in developing countries accounts for tens of thousands of excess 

deaths, billions of dollars in medical cost and loss productivity every year. These losses and the 

associated degradation in quality of life impose a significant burden on people in all sectors of 

society, especially the poor (Faiz, 1996).  

 

 

Kukadia and Palmer (Kukadia and Palmer, 1998) have shown that outdoor air quality has a 

proportionate impact on indoor air quality. When pollutant concentrations are high outside, the 

indoor concentrations tend to be higher. In their opinion, outdoor air pollution because of a higher 

volume of traffic, construction, adjacent buildings, and industry can lead to an increase in indoor air 

pollution in urban areas. The underlying reason is that a great portion of indoor air comes from 

outdoors. Thus, there is an increased risk of bringing pollution into the indoor environment.  

 

According to the report of EPA California (Californian, EPA 1997), nitrogen dioxide mainly 

affects the respiratory system causing shallow breathing, rapid heart rate, wheezing, and shortness 

of breath and coughing. It can also affect the immune system.  

The Committee on the Medical Effects of Air Pollution, (American Thoracic Society 1999) and 

Committee of the Environmental and Occupational Health Assembly of the American Thoracic 

Society investigated and reviewed the effect of outdoor air pollution on the respiratory system 

many times and submitted reports on these issues. 
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According to a report submitted by DEAT (DEAT, 1999), sulfuric acid and nitric acid are also 

deposited with other fine particles directly in the terrestrial environment resulting in the 

acidification of soils. The acidification reduces the ability of soils to support plant growth. 

 Ferreira in 2000 (Ferreira, 2000) presented a methodology that integrates the time-space 

framework of air quality data to infer the temporal pattern and spatial variability that could be 

applied for environmental decision purposes. Variograms that accommodate time and space lags 

were used for the analysis and these proved to be effective. Its environmental meaning, in particular 

its relationship with traffic patterns was discussed. Data from air quality monitoring stations located 

in the central part of Lisbon were used in this study. It described a strategy to identify the type of 

vehicles responsible for certain pollutant levels, particularly for nitrogen oxides, and discussed the 

application of new air quality for European legislation  to the city of Lisbon, Portugal. 

 

Wiehman (Wiehman 2000) stated in 2000 that BC was a significant fraction of PM2.5 aerosols i.e. 

aerosols with diameter less than 2.5 micrometer. The researchers claimed that each year a large 

amount of BC was emitted with other pollutants into the atmosphere, where it could be removed by 

both dry and wet deposition. BC aerosols can normally remain airborne for about 2 days to 1 week 

and can traverse distance of a few thousand km. BC play a key role in earth’s temperature 

regulation because of its ability to absorb solar radiations. BC may be the second biggest 

contributor to global warming, after CO2, as interpreted by Jacobson, (Jacobson,. 2001).  

 

A report TOXNET website report (TOXNET, 2000) indicates that the common air pollutants are 

responsible for a variety of health effects, ranging from eye irritation to cardiovascular effects to 

respiratory and pulmonary problems. Sulfur dioxide primarily affects the mucous membranes such 

as those of eyes and nose and respiratory system. It is responsible for causing chest tightness, 

coughing, wheezing and other respiratory problems. Sulfur dioxide in the presence of particulate 

matter can aggravate chronic lung diseases and increase the risk of respiratory illness. 

 

Ramanathan’s study on South Asia (Ramanathan, 2001) points out that the utilization of coal and 

other fossil fuels were the major energy sources in this region. Due to almost non-existing 

regulatory methods and poorly controlled combustion of fossil fuels, large emissions of pollutants 

were exhausted into the air. Both fossil fuel combustion and biomass burning contributed to aerosol 

production, by emitting primary aerosol particles (e.g., fly ash, dust and black carbon), aerosol 

precursor gases such as SO2, NOx and volatile organic compounds which come from secondary 

aerosol particles through gas-to-particle conversion. The most visible impact of air pollution was 
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the haze/fog, a brownish layer of pollutants and particles emitted from biomass burning and fossil 

fuel combustions that pervades in South Asia-INDOEX experiment  

 

Jianjunli, et el in 200 (Jianjunli, 2002)) reported that Black Carbon exist in the atmosphere as fine 

and coarse aerosol and was mainly produced from incomplete combustion. Natural sources 

included forest fires and biomass burnings. Anthropogenic sources included emission from 

automobiles, aircraft, ships, power plants that use fuels like coal, oil and manufacturing industries 

 Konovalov (Konovalov, 2003) studied nonlinear relationships between atmospheric aerosol and its 

gaseous precursors by analyzing of long-term air quality monitoring data by means of neural 

networks. The nonlinear features of the relationships between concentrations of aerosol, volatile 

organic compounds (VOC) and nitrogen oxides (NOx) in urban environments were revealed 

directly from the data of long-term routine measurements of NOx, VOC, and total suspended 

particulate matter (PM). The main idea of the method was the development of special empirical 

models based on artificial neural networks. These models, that are basically, the nonlinear 

extension of the commonly used linear statistical models provide the best fit for the real (nonlinear) 

PM-NOx-VOC relationships under different atmospheric conditions. Such models may be useful in 

the context of various scientific and practical problems related to atmospheric aerosols. The method 

is demonstrated as an example of two empirical models based on independent data-sets collected at 

two air quality monitoring stations at South Coast Air Basin, California. It is shown that in spite of 

a rather large distance between the monitoring stations (more than 50 km) and thus substantially 

different environmental conditions, the empirical models demonstrate several common qualitative 

features. Specifically, under definite conditions, a decrease in the level of NOx or VOC may lead to 

an increase in mass concentration of aerosol. It is argued that these features are due to the nonlinear 

dependence of hydroxyl radical on VOC and NOx. 

Chan and Chung (Chan and Chung, 2003) measured nitrogen oxides and carbon monoxide 

concentration inside and outside of a light-goods-vehicle at different locations and driving 

conditions for a 6-month period. To investigate exposure of the vehicle passenger to the specified 

outdoor pollutant, the indoor–outdoor air quality (IO) relationships under various driving 

conditions, namely traffic density, ventilation modes and type of roadway were studied. Four main 

types of driving environments were selected. These included highway, countryside, urban street 

and tunnel. The vehicle was driven under the three main types of ventilation conditions: air-

conditioning with air-recirculation, air-conditioning with fresh air intake and natural ventilation. It 

was found that the IO ratio was not specific only to the mode of ventilation but also depended on 

the driving environment. The IO value could vary drastically even using the same ventilation mode 
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when the vehicle was travelling in a different environment. It was found that using fresh-air 

ventilation mode; the IO could change from approximately 0.5–3 as it commutes from a highway to 

the countryside. The results also indicated that indoor NO level increased with the increase in the 

traffic density.  The fluctuation of indoor NO level of naturally ventilated vehicle, followed the 

variation of outdoor NO concentration with the IO value varying from 0.5 to 5. The results also 

showed that even in an air-conditioned van, the indoor NO and CO concentration was significantly 

affected by that outdoor concentrations. It suggested the use of different ventilation mode when 

commuting in different environment.  

Kacenelenbogen at.el (Kacenelenbogen, 2006) looked into the relationship between daily fine 

particle mass concentration (PM2.5) and columnar aerosol optical thickness derived from the 

Polarization and Directionality of Earth’s Reflectances (POLDER) satellite sensor. The study was 

focused over France during the POLDER- 2 lifetime between April and October 2003 (Check). The 

experts compared the POLDER derived aerosol optical thickness (AOT) with integrated volume 

size distribution derived from ground-based Sun Photometer observations. A good correlation 

(R=0.72) with sub-micron volume fraction indicated that POLDER derived AOT was sensitive to 

the fine aerosol mass concentration. Considering 1974 match-up data points for over 28 fine 

particle monitoring sites, the POLDER-2 derived AOT was fairly well correlated with collocated 

PM2.5 measurements, with a correlation coefficient of 0.55. The correlation coefficient reached a 

maximum of 0.80 for particular sites. The workers analyzed the probability to find an appropriate 

Air Quality Category (AQC) as defined by U.S. Environmental Protection Agency (EPA) from 

POLDER-2 AOT measurements. The probability could be up to 88.8% (±3.7%) for the “Good” 

AQC and 89.1% (±3.6%) for the “Moderate” AQC. 

 

 Monjardino, et.al. (Monjardino, 2007) carried out a study to assess the rural background station 

representativeness area for O3 as  tropospheric ozone which was a pollutant of major concern in 

Portugal and in Europe, especially during summer and spring time. In Portugal, several studies and 

the analysis of air quality data series highlighted high ozone (O3) levels inland.  Monitoring 

campaigns were lodged in the summer of 2005 within five Portuguese  

air quality management zones where critical levels usually reached. O3 passive samplers (148 

diffusive tubes, one-week exposure) as well as a mobile monitoring station used. In relation to 

spatial O3 patterns, the studied air quality stations appeared to be representative of the majority of 

their zones. Regarding the temporal representativeness, a trend was found for higher hourly O3 

correlations between sites located both on a coastal territory axis and on an inland territory axis. 

They concluded that similar geographical, topographical and meteorological conditions were more 
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significant factors to define the station areas of representativeness, rather then the proximity 

between locations. 

 

Ramadan (Ramadan, 2007) conducted an ambient air quality monitoring at twenty locations in the 

southern part of Kuwait, as a part of an environmental impact assessment study requested by the 

Kuwait National Petroleum Company. Two waves of passive samplers (triplicates) were used to 

measure: NO, NO2, SO2, H2S, NH3 and a high volume sampler was used to measure PM10. During 

the sampling period, the wind was observed to be predominately from the west and northwest with 

an average speed of 28 m/s. A comparison between the measured concentrations and the applicable 

air quality standards promulgated by the Kuwait Environment Public Authority showed that those 

compounds had very low concentrations compared to both industrial and residential KEPA 

standards and accordingly there was no violation of KEPA air quality standards. 
 

.It has been already pointed out that not many studies have been carried out in Pakistan due to 

constraints as highlighted above. The major contributors towards these studies are Environmental 

Protection Agency, Islamabad, Provincial Environmental Protection Departments and (SUPARCO) 

SUPARCO seems to have been most active in these studies. Ghauri et. al.(Ghauri, 2006) reported 

in 2006 that high levels of TSP, PM10 were observed in a major six cities study of 

SUPARCO/ENERCON and these were also observed in previous published studies of Lahore by 

Smith (Smith, 1995).  

 

The baseline ambient air quality data in this thesis is taken from SUPARCO/ENERCON study as 

the author was its active executive team member. Starting from this baseline, the objectives of the 

work reported in this thesis are as under: 

 
2.1   THE MAJOR OBJECTIVES OF THE STUDY 
 

1. To present the ambient air quality levels in term of particulate and gaseous pollution load at 

various sites to assess the indoor and outdoor air quality situation in Lahore 

2. The measured level compared with standards and level measured by other organization. 

3. To monitor the PM2.5 concentration 

4. To study the concentration level for trace metals and cations and anion. 

5.  To identify the various sources using statistical model Positive Matrix Factorization (PMF) 
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RESEARCH METHODOLOGY 
The international protocols were followed during the acquisition of baseline ambient air pollutants 

data. The main episodes were monitoring site selection, data acquisition scheduling, sampling and 

application of various monitoring techniques for the measurement of air pollutants and application 

of statistical software in source apportionment, etc. All these episodes, after merger, covered the 

three major stages: Data Collection, Data Analysis and Data Interpretation. 

 

3.1   Site Selection Criteria 
The USEPA 40 CFR recommended Analyzers/Samplers were used for monitoring of various 

pollutants and its guidelines were followed for site selection (U.S. environmental protection agency 

method in 40 CFR parts 50, Appendices A to N).  These guidelines have been framed with 

reference to the environs surrounding the measurement location, and thus differ on the basis of 

zone representation intended for a specific monitoring site. Large nearby buildings and trees 

extending above the height of the monitoring equipment may act as barriers or deposition surfaces. 

Some trees may also be sources of PM in form of detritus, pollen, or insect parts. These particulates 

were avoided by placing locating samplers more than 20-meter from nearby trees, and at twice the 

difference in elevation from nearby major buildings or other obstacles. Thus the airflow within 2 

meters around the sampler remained unobstructed as per requirement. Distance from the sampler to 

the obstacle such as a building or other was essentially at least twice the height of the obstacle 

protruding above the sampler. A distance of 5 meters upwind in the most common wind direction 

was maintained from building exhausts and intakes.  

 The analyzers/samplers were located within the zone of influence of sources it represented. As far 

as vehicular exhaust and road dust emissions from paved roads were concerned, earlier studies 

provided guidance on the recommended monitoring distances from paved roads with different 

levels of average daily traffic for neighborhood and urban-scale sites (Guidelines for Ambient Air 

Monitoring Site Selection 40 CFR, Part 58, Appendix C 40 CFR). A minimum distance of ~50-

meter from busy paved highways was usually maintained out side the road’s immediate zone of 

influence. These sitting criteria were established for PM10 compliance monitoring sitting by 

U.S.EPA, (1987).  

  As the meteorological conditions change with time, the meteorological changes were taken into 

account during location sitting in order to collect representative samples and for considering 

temporal scale impacts at any sitting location. The temporal scale selected in this program was 8 to 

12 hours to catch diurnal source variations as well as impact of diurnal changes in meteorological 
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settings. As proposed the sampler inlet was kept at about 3-meters above ground level so that 

emissions of low height local sources was captured but undue influence of larger size air borne 

local dust was avoided. 

3.1.1   Study Sites 

The following seven sites including residential, commercial and industrial areas were selected for 

ambient air quality monitoring in Lahore. 

 Sampling Site 1: Chowk Yateem Khana 

 Sampling Site 2: Azadi Chowk 

 Sampling Site 3: Shalimar Hospital 

 Sampling Site 4: Qurtaba Chowk  

 Sampling Site 5: Bank Square 

 Sampling Site 6: Ichra 

 Sampling Site 7: Airport  

 Sampling Site 8.      Johar Town (Only PM2.5 measured and analyzed for trace metals and 
anions) 

Every site was selected after a careful consideration and thorough examination of the available 

demographic information. Commercial area is the urban location representative of city trade centers 

e.g. shopping areas and offices. In this study, Ichra, Qurtaba Chowk, Air Port and Bank Square 

were considered as commercial areas. As, point sources make an important contribution to long-

term or peak concentrations in industrial areas, the sites narrated below were chosen with this 

important reference.  Azadi Chowk is located near Badami Bagh having a number of steel 

industries and Yateem Khana has similar industrial establishments in its vicinity. Thus, these two 

sites were selected as industrial areas. High traffic density was observed in these areas as well. 

Residential sites were the locations situated in residential areas. Shalimar Hospital site was the 

choice as a representative of the residential areas.  

 
3.2 Ambient Air Quality Data Acquisition Plan, Frequency and Monitoring 
Schedule 
The ambient air quality data acquisition plan stages, frequency and monitoring schedule are 

described in the following sub-sub sections:     

3.2.1 Experimental Plan and Study Stages 

Stage 1: Ambient air quality was monitored during 2003-2004 at seven above mentioned sites and 

repeated measurements four times in different seasons for TSP, PM10, SO2, CO, CO2, NOx, 
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hydrocarbons (methane and non methane), O3, noise level, Lead  were made and traffic density was 

also counted.  

Stage 2: Particulate PM2.5 was measured from Nov. 2005 to Jan., 2006 (Punjab University New 

Campus near Johar Town),  21st  Feb. 2006 to 10th March 2006 and Nov.2006 to Dec. 2007  at 

Johar Town. 

Stage 3: Three months winter samples of PM2.5 of Nov. 2005 to Jan., 2006  were  analyzed for 

anions (sulfate and nitrate) and NH4 and trace and toxic metals such as Cl, Br,  Na, K, Mg, Ca, Be, 

Al, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, As, Se, Sr, Mo, Ag, Cd, Sn, Sb, Ba & Pb. While PM2.5  samples 

of 21st  Feb. 2006 to 10th March 2006 were analyzed for Al,  Ca, Cr, Mn, Fe, Ni, Zn Pb, SO4, NO3 

and Se. 

Stage 4: Statistical Software Positive Matrix Factorization (PMF) was applied to Analytical results 

of PM2.5 of winter samples of Nov. 2005 to Jan., 2006 for source apportionment. 

3.2.2 Sampling Frequency 

Levels of gaseous pollutants and noise were recorded at 15 minutes interval, while that of 

particulate matter: TSP, PM10 and PM2.5 were determined for 8 hours, 12 hours and 24 hours, using 

pre-calibrated automatic monitors/samplers. Traffic count was determined continuously for 16 

hours. Each site was continuously monitored for at least 2 days (48 hours) round the clock during 

every cycle. One complete cycle for monitoring seven sites required approximately one month 

including travel time between the sites.  

3.2.3 Sampling/Monitoring Schedule 

The 1st cycle for monitoring ambient air quality was carried out from 6th  July 2003 to 24th July 

2003,  2nd  cycle from  22nd  September 2003  to  10th  October  2003,  3rd cycle from  24th March  

2004 to  10th April 2004  and 4th,  the last cycle was completed from 7th  June  2004 to 24th June 

2004.   The 1st cycle study was reported as post monsoon monitoring, 2nd cycle data represented 

fall/autumn levels, 3rd cycle as spring while 4th cycle in June represent summer study.  

PM2.5 levels were measured on 8 hour and 12 hour basis from Nov. 2005 to Jan., 2006 and 21st Feb. 

2006 to 10th Mar. 2006 at Johar Town.  

3.3 Sampling/Monitoring Techniques for Various Air Pollutants 

Air quality monitoring was carried out using the SUPARCO Mobile Laboratory equipped with 

online US-EPA designated pre-calibrated automatic monitors/analyzers cited in Table 3. These 

ambient air analyzers were used for all criteria pollutants for monitoring SPM/PM10, PM2.5, SO2, 
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CO, CO2, NOx, hydrocarbons, O3, and noise level monitoring. The detection limit of all these 

sensors/ equipment is as low as parts per billion (ppb).  

The Mobile Laboratory was stationed at the selected seven observation points. Ambient levels of 

the following air pollutants and noise, along with meteorological data and traffic count were 

recorded continuously for 48 hours at the said locations:  

• Carbon monoxide (CO) 

• Sulfur dioxide    (SO2) 

• Oxides of Nitrogen (NOx) 

• Ozone (O3)   

• SPM 

• PM10  

• PM2.5 

• Noise level measurements were carried out at a distance of 7.5 meters as well as inside 

different modes of vehicles 

• Traffic Count was recorded by using video camera and traffic counter.  
 
 
 
 
Table 2: Air Quality Monitoring Analyzers and Samplers 
 

S.  

N

o. 

Facility Description and Detection Limits 

1 Mobile LABS ISO certified duplicate mobile environmental laboratories 

are fully equipped with advanced sampling & monitoring 

instruments along with online recorders and database 

management programs to carry out short term or long-term 

projects. 

Mobile laboratories are equipped with online USEPA 

designated ambient air analyzers for all criteria pollutants 

approved for monitoring and surveys such as SPM/PM10, 

SO2, CO, CO2,  NOX,  Hydrocarbons, O3, and noise level 

monitoring. The detection limit of all these sensors/ 

equipment is as low as parts per billion (ppb). 

2 Chemical SUPARCO’s broad experience using latest equipment 
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/Analytical Labs. ensures lower detection limits and accurate results. USEPA, 

40 CFR standard procedures are followed for analysis of 

ambient anions, cations and trace and toxic metals. 

3 Meteorological 

Parameters 

Measurement 

Following Meteorological parameters were measured round 

the clock: 

Temperature Range:  -10 to 55°C,    +/-  0.05°C 

Humidity  Range : 0 to 100 %     +/- 0.5 % 

Wind data (wind speed, wind direction.)  

 Range 0  to  360,Ws= 0 to  25m/s 

4 Noise Level Meter 

 

High precision noise level recorder was used  for  noise 

pollution assessment. Preamplifier of recorders detects 

sound level with the help of microphone. The measuring 

ranges are 20-130 dB. 

5 Traffic Count 

 

Automatic high-speed computer controlled digital camera 

for recording the traffic count is available onboard the 

mobile labs.  The data may be classified with the help of 

pre- fed   vehicle type.  The vehicle type is programmable 

through the DBMS software. 

6 UV Fluorescence, 

SO2 Analyzer 

The UV source is a Zinc-ray lamp. Aromatic hydrocarbons 

are eliminated by means of selective membrane. The 

measuring range is 0.001-0.2, 0.5-1.0, 1.0-10.0 ppm, the 

minimum selectable limit is less than 1ppb. 

7 Chemiluminescence 

NOx  Analyzer 

Every 80 seconds, the sample is switched in a pre-reactor 

before entering the reaction cell. The whole NO is oxidized 

before measurement providing dynamic zero compensation. 

The measuring range is 0.01- 0.05, 0.1- 0.5, 1 -10  ppm 

8 IR Gas Filter 

Correlation- CO 

Analyzer 

Instrument operated by absorption of infrared radiation at 

specific wavelength near 4.7 microns. The range is 0.50 – 1, 

1-10, 10-50 ppm with minimum detectable concentration of 

0.1 ppm. 

9 UV Photometry 

Ozone Analyzer 

The concentration of Ozone is determined by the 

attenuation of 264mmUV light along a single path cell. 

The measuring range is 0-0.1/0-0.5/0-1/0-5/0-10ppm O3 

with lower detectable limit less than 1ppb. 
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1

0 

FID Hydrocarbon  

Detector 

Flame Ionization Detection of Hydrocarbons, both Methane 

& Non-methane.  Detection Range is less than 0.01-10 ppm 

1

1 

High Volume 

Sampler for TSP & 

PM10. 

Gravimetric determination of SPM/PM10 collected on a 

filter medium. Measuring Range is  0-5000 microgram per 

cubic meter and 0-1000 microgram per cubic meter 

Average Reading: ½ to 24 hours duration. 

1

2 

PM2.5 Aerosol 

Sampler 

Model RAAS-400 manufactured by Thermo Electron 

Corporation USA. The samples were collected on 47-mm 

Zelfluor (Teflon) filters. Gravimetric determination of 

PM2.5 collected on a filter medium Sampler with a flow 

rate 16.67 L/min). 

 
 
3.3.1 Calculation of particulate matter concentration for both fine and coarse samples. 
 
The equation given below was applied for concentration determination: 
 
 [(Wf –Wi ) × 106] 
PM =  
                     VT 
 
Where,  
PM = Mass concentration of particulate matter (TSP, fine or coarse fraction) 
 
Wi = Average initial weight of clean filter, g. 
Wf  = Average final weight of exposed filter, g. 
V  = Air volume sampled, converted to standard conditions 
T = Time 
106 = Conversion of g to µg. 
 
3.3.2    Monitoring of Ions, and Trace Metals  
 

The TSP and PM10 samples of seven sites were analysed for lead concentration using atomic 

absorption spectrophotometer (Varian Spectra AAS-20). The detail sample preparation and analysis 

procedure is described in Annexure 1.  As TSP and PM10 samples were collected on 8 hour basis, 

therefore only one day time sample was analysed from three time samples a day. 
 

The collected PM2.5 samples at Johar Town was analysed for sulphate and nitrate and also for trace 

and toxic metals such as Cl, Br,  Na, K, Mg, Ca, Be, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, As, Se, Sr, 

Mo, Ag, Cd, Sn, Sb, Ba & Pb.. Trace and toxic metals were analysed by Atomic Absorption 

Spectrophotometer. Anions were analysed by Ion  Chromatograph (Metrohom, Switzerland).  The 

details of sample preparation and analysis procedure are described in Annexure 1.  Statistical 
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software Positive Matrix Factorisations (PMF) was applied for Source apportionment. The Positive 

Matrix Factorization (PMF) method was developed by Paatero (Paatero and Tapper, 1993; Paatero, 

1997). Positive Matrix Factorization (PMF) is a Multivariate receptor method, developed by Dr. 

Paatero at the University of Helsinki in Finland in the mid 1990’s. PMF can be used for source 

identification and apportionment of pollutants. A general receptor model assumes there are p  

sources contributing to a receptor site. This can be mathematically stated as 

ijkj
p

k ikij efgX +=∑ =1
    (1)  Where, 

 
ijX  = Concentration of species j  in thi  sample. 

ikg  = Contribution of thk  factor to the thi  sample. 

kjf  = Fraction of thk  factor that is species j . 

ije  = Residual for the thj  species in thi  sample. 
 

The objective is to estimate the contributions ( ikg ) and source profiles ( kjf ). EPA-PMF 1.1 uses 

constrained, weighted method of least squares for the estimation. Constraints refer to non-

negativity of source contribution and source profiles. An uncertainty value, for each species in each 

sample, can be input by the user. Samples with higher value of uncertainty are weighted less 

whereas those with smaller value of uncertainty are weighted higher.  

 

The task of EPA PMF is to minimize the sum of squares (Q) 
2

11
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Where, 

n  = Total No. of samples. 

m  = Total No. of species. 

ijs  = Uncertainty for thj  species in thi  sample. 

Equation (1) can also be written in matrix form as 

X = GF + E      (3) 

Where, 

X = Matrix of Measured data with dimension “no. of samples” x “no. of species”. 

G = Contributions Matrix with dimension “no. of samples” x “no. of factors”. 

F = Source profiles Matrix with dimension “no. of species” x “no. of factors”. 

E = Matrix of residuals with dimension “no. of samples” x “no. of species”. 
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Matrix ‘X’ along with uncertainty matrix ‘S’ are input for PMF model whereas matrices 

‘G’, ‘F’ and ‘E’ are obtained as output data. PMF output matrix ‘F’ and ‘G’ are normalized 

using multi-linear regression analysis. 

The software detailed procedure is described in Annexure 2.  
 

 

3.3.3 Quality Assurance  

Quality assurance and data validation program was as follows:  
 

1. Traceability of chemicals/ materials used during sampling and lab analysis  
2. Certification of instruments / equipments used during sampling and lab analysis. 
3.  Specification of sheets of chemicals / materials used during sampling/ lab analysis. 
4.  Acceptance certificate of chemicals from certification bodies. 
5.  Calibration of laboratory equipments / sampling instruments or equipments. 
6.  USEPA procedures / guidelines for ambient quality monitoring, which was followed for 

sampling / laboratory analysis and these procedures were counter checked at suitable 
intervals.  

7. Laboratory testing conducted in a manner to ensure precision and accuracy at all stages. 
8. Documentation for traceability of results of various steps during sampling which  includes;  

 Approved document of each sampling procedure  
 Data sheet (Checklist) of various processes filled during sampling / laboratory   analysis  
 US-EPA ambient air quality standards / NEQS Charts for permissible limits of pollutants  
 Acceptance certificates of chemicals/ materials. 

 
Checklists was include  
 

a) Sampling procedures  
b) Preservation of samples  
c) Dilution techniques  
d) Work instructions/ instrumental operation procedure 
e) Calculation and reporting results.  
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CHAPTER – 4 
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  RESULTS 
As air pollution, in general, is very complex and diverse because of the wide variability in the type, 

intensity, density and spatial distribution of emission sources, the air quality situation results at 

various sites of Lahore, the second largest city in Pakistan are presented in the following lay out:   

• The general environmental situation created by different activities at different study sites in 
Lahore has been presented as descriptive research. 

• The measured ambient air quality pollutant concentration levels at seven locations of 
Lahore have been computed.   

• PM2.5 level measured from Nov. 2005 to Jan. 2006, 21 Feb 2006 to 10 March 2006, Nov., 
2006  to Dec 2007 at  Johar Town have been presented. The analytical results of trace and 
toxic metals and anions and cations measured in PM2.5 (Data from Nov. 2005 to Jan. 2006 
at  Johar Town) have been tabulated.  

• Outputs of statistical model Positive Metric Factorization (PMF) that helps for source 
apportionment to evaluate various possible sources of chemical species in Lahore have been 
described. 

 

4.1. Sampling Sites 
The location of the sampling sites is shown in Fig.1. The observations and description of the factors 

responsible for the increase in concentration of air pollutants at different sites follows. 

 
                              Fig.1. Location of Sampling Sites 

The major contributors to the environmental situation at different sites of Lahore are vehicular 

emissions and industrial exhausts. The vehicular emissions including highly damaging emissions of 

fine particulate matter are often among the major contributors to the air pollution. The widespread 

use of low-quality fuel, combined with a dramatic increase in the number of vehicles particularly in 

large cities like Lahore has led to alarming air pollution problems especially high particulates level. 

Similarly, industrial establishments particularly those which involve the burning of fossil fuels such 

as iron and steel industry and other metallurgical concerns, brick kiln, etc in and around the City, 
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exhaust tremendous amount of black carbon, organic carbon, soot, carbon monoxide, carbon 

dioxide, nitrogen oxides and so on; some of which are highly toxic and some cause greenhouse 

effect. The environmental situation at different study sights was examined with reference to some 

important parameters.   

Our enquiry reveals that the main roads through which vehicles from different cities of Pakistan 

enter Lahore from all the four directions are “Multan Road”, “Ferozepur Road”, “G.T.Road”, 

Motorway and “Sheikhupura Road”. The traffic from G.T, Road and Sheikhupura Road merges 

before the Ravi Bridge and divides into two parts after crossing the Bridge. The full traffic load is 

distributed for destinations in the City and other small towns via Multan Road. Luckily, a part of 

traffic from Motorway and also from Old Ravi Bridge by-passes to Multan Road from the entry 

point beyond Niazbaig Thokar and from there it moves on to the farthest destinations such as 

Karachi, Quetta, etc.    

All the roads narrated above are having industrial clusters on both sides up to about 30 Km from 

the boundary of main city. Major industries produce leather, textiles, chemicals, pulp and paper, 

iron and steel, ceramics, fertilizers, polyester, etc. In addition, there are encountered electroplating 

industry and brick kilns.  All these industries liberate a number of metallic and non-metallic 

pollutants, black carbon and also increase the particulate load to the environment which adversely 

affects air quality to an alarming extent. For example, leather tanneries are the major source of 

pollutants such as H2S, NH3, Cr (VI), poly-chloro-phenols and a number of other carcinogenic 

compounds like organic dyes and solvents (formaldehyde, acetone, etc). Similarly, pulp and paper 

industry is a source of gaseous pollutants such as SO2, CO and CO2. Steel industry is associated 

with metallic pollutants as well as NOx, SOx, CO and CO2. The brick kilns emit toxic fumes 

containing suspended particulate matters rich in carbon particles and high concentrations of carbon 

monoxide and oxides of sulfur (SOx). Increasing emissions from vehicular traffic, industries, 

cooking, open solid waste burning, and use of low quality fuel (adulterated fuel, etc) in many brick 

kilns pose potential risks to air quality of Lahore.   

Airborne particulate matter is present everywhere in the atmosphere and varies widely (spatially 

and temporally) in size, concentration and chemical composition. Particulate emissions to air are 

the main environmental challenges for industry and transport sectors. Also of concern are the 

sulfate and nitrate particles that are formed as by-product of SO2 and NO2 emissions, primarily 

from fossil fuel-burning in power plants and vehicular exhausts. According to the report of World 

Health Organization (WHO), South Asia has become one of the most polluted areas in the world 

due to its rapid industrialization and increasing population. Lahore is particularly prone to the air 

emissions from the exhausts of the power plants that constitute a long chain right from Nagpur to 

our border near Lahore. Exposure to particulate matter leads to more visits to the doctor or 
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emergency room. Health effects include coughing, wheezing, shortness of breath, aggravated 

asthma, lung damage (including decreased lung function and lifelong respiratory disease), and 

premature death in individuals with existing heart or lung diseases (M N Rao and H V N Rao Air 

Pollution).  

 
4.2 Monitoring of TSP, PM10 and Noise Level 
 
The spatial and temporal concentration variations of TSP, PM10 and noise level (48hrs average) in 

Lahore are shown in Fig. 2 whereas the variation in gaseous emissions from vehicles and industries 

measured in the vicinity of the city are shown in Fig.3.  
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Fig.2: The spatial and temporal concentration variations of TSP, PM10 and noise level (48hrs 
average) in Lahore 
 
4.3    Monitoring of SO2, NOx, O3, CO, HC Non-methane and HC Methane  
 

 
Fig. 3: Spatial and Temporal Concentration Variations of Gases (48hrs average) in Lahore 
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4.4 Detailed Site Wise Results 
The results of enquiry at individual sampling sites are reported below. For the individual sites not 

only the pollutant concentrations and their variation profiles were constructed but also was 

determined the traffic density in terms of the number of vehicles passing the site per hour which 

was subsequently correlated to the measured concentration levels. 

4.4.1 Sampling Site 1- Chowk Yateem Khana: The diurnal variations of pollutants and traffic 

density at Chawk Yateem Khana during fall/autumn and summer studies are shown in Fig, 4(a) and 

4(b).  Pollutants average concentrations were compared with US-EPA Air Quality Standards as 

shown in Table 3. The measured values were on 48 hrs basis. Therefore, two values were taken 

each averaged for 24 from 48 hrs data and maximum average concentrations were compared with 

the prescribed standard limits. In case of CO, six average values were obtained from the 48hrs data 

and maximum value was compared with USEPA 8 hrs limit (9ppm).   

 
Fig. 4 (a): Diurnal Variation of Pollutants and Traffic Density at Chowk Yateem Khana 
during fall/autumn study. 

 
Figure 4 (b): Diurnal Variation of Pollutants and Traffic Density at Chowk Yateem Khana 
during summer study 
 
 
 
Table 3:  Pollutant Standard and Observations at Chowk Yateem Khana 
Pollutants Seasons and Date of Monitoring US-EPA 
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Monsoo
n 
9 -11 Jul 
03

Fall/aut
umn 
23-25 
Sep 03

Spring 24-26 
Mar 04 

Summer     
7-9 June 04 

Average 
Time Standard 

SO2 (ppb) 48Range 12~37 12~52 15~53 15~50 - - 
SO2 Avg.24 hrs 22.8 26.9 32.5 33.2 24 hrs 140 ppb 
NOx(asNO2) 48Range  (ppb) 14~38 17~59 21~56 39~61 - - 
NOx Avg.24 hrs 26.4 33 40.5 54.2 Annual 53 ppb 
CO (ppm)48 Range 1.04~4.8 1.7-8.1 2.25-10.5 3.9-8.5 - - 
CO Avg. 8 hrs 5.9 6.1 5.3 6.9 8 hrs 9 ppm 
O3(ppb)48Range 6~27 9~32 11~49 15~41 - - 
O3Avg. 8 hrs 18.1 26.2 28.3 32.4 8 hrs 80 ppb 
HC Methane (ppm)48 Range 0.3~1.6 0.4~1.4 0.8~2.2 1.2~2.8 - - 
HC Methane Avg.24 hrs 1.0 1.2 1.5 1.8 3 hrs 6-9 

am 
0.24 ppm 

TSP(µg/m3  ) 48 Range 201-730 520~98 490~785 600~990 0 - 
TSP Avg.24 hrs 515 714 798 856 24 hrs 260 µg/m3 
PM10 (µg/m3 ) 48Range 190-302 221~29 241~293 263~368 -  - 
PM10 Avg.24 hrs 268 272 290 293 24 hrs 150 µg/m3 
 

TSP, PM10, CO and methane levels exceeded the prescribed standard limits. The diurnal variations 

of pollutants i.e. SO2, NOx, CO, O3, Hydrocarbons (methane and non-methane) and traffic density 

(Gasoline and Diesel) during the summer seasons follow the pattern of vehicle density (Fig. 4a & 

4b). The maximum total diesel vehicles counted during 48 hours over all the four seasons were 

50,416 (1,050 per hour), 43156 (899 per hour), 36962 (770 per hour) 37079 (772 per hour). The 

maximum total petrol vehicles counted during 48 hours over all the four seasons were 36275 (756 

per hour), 32158 (670 per hour) 36720 (765) and 30441 (634).  

Average (24hrs) TSP varied from 515 to 856µg/m3. Average 24 hours concentration of PM10 was 

280.75µg/m3 and it varied from 268µg/m3 to 293µg/m3 at this site. Average NOx for 24 hours was 

found 38.5 ppb. Average SO2 (24 hours) was observed 28.8 ppb, and it varied from 12 ppb to 53 

ppb. Average 8 hours ozone concentration was 26.2 ppb and it varied from 6 ppb to 49 ppb. 

Average 8 hours CO concentration was 6.9 ppm and it varied from 1.0 ppm to 10.5 ppm. Average 

concentration of non-methane hydrocarbons was 1.4 ppm and it varied from 0.5 to 2.8 ppm.  

Average concentration of hydrocarbon (methane) was 1.12 ppm and it varied from 0.3 to 2.8 ppm. 

Average noise level was found 82.79 dB, and it varied from 69 dB to 93 dB. 

 

4.4.2 Sampling Site 2: Azadi Chowk: The diurnal variations of pollutants and traffic density at 

Azadi Chawk during fall and summer studies are shown in Fig, 5(a) and 5(b).  Recorded levels 

were compared with US-EPA Air Quality Standards (Table 4). The measured values were on 48 hrs 

basis. Therefore, two values were taken each averaged for 24 from 48 hrs data and maximum 

average concentrations were compared with the prescribed standard limits. In case of CO, six 
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average values were obtained from the 48hrs data and maximum value was compared with USEPA 

8 hrs limit (9ppm).   

 

 The diurnal variations of pollutants i.e. SO2, NOx, CO, O3, Hydrocarbons (methane and non-

methane) and traffic density (Gasoline and Diesel) during the summer seasons follow the pattern of 

vehicle density (Fig. 5a and 5b). The maximum total diesel vehicles counted during 48 hours over 

all the four seasons were 66302 (1381 per hour), 23947 (499 per hour), 41561 (866 per hour) 

375813 (783 per hour). The maximum total petrol vehicles counted during 48 hours over all the 

four seasons were 49124 (1023 per hour), 27272 (568 per hour) 22342 (465 per hour) and 25376 

(529 per hour).  

 
Fig. 5 (a): Diurnal Variation of Pollutants and Traffic Density at Azadi Chowk during 
fall/autumn study. 

 
Figure 5 (b): Diurnal Variation of Pollutants and Traffic Density at Azadi Chowk during 
summer study 

 
 
 
 
 
 
 
 
 
Table 4: Pollutant Standard and Observations at Azadi Chowk 
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Pollutants 

Seasons and Date of Monitoring US-EPA 

Monsoon 
9-11 Jul 03 

Fall 23-
25 Sep 03 

Spring 
24-26 
Mar 04 

Summer 
7-9 June 
04 

Average 
Time Standard 

SO2 (ppb) 48 hrs Range 10~31 14~34 17~37 17~40 - - 
SO2 Avg.24 hrs 26 23.8 28.1 31.9 24 hrs 140 ppb 
NOx (asNO2) 48hrs Range 19~40 19~44 21~47 34~59 - - 
NOx Avg.24 hrs 33.2 29.7 33.1 49.7 Annual 53 ppb 
CO (ppm) 48Range 1.6-4.7 1.7-6.4 2.3-6.1 3.0-12.0 - - 
CO Avg. 8 hrs 4.7 5.2 4.8 8.3 8 hrs 9 ppm 
O3(ppb) 48Range 6~36 10~45 14~45 14~47 - - 
O3Avg. 24 hrs 23.3 25.6 28.9 32 - - 
O3Avg. 8 hrs 26.2 33.1 35.7 38.8 8 hrs 80 ppb 
TSP(µg/m3  )48 Range 198-693 321~632 388~584 398~975 - - 
TSP Avg.24 hrs 572 585 617 850 24 hrs 260 µg/m3 
PM10 (µg/m3 ) Range 260~275 132~279 120~259 238~298 - - 
PM10 Avg.24 hrs 214 244 271 274 24 hrs 150 µg/m3 

Average 24 hours TSP concentration was 656µg/m3 and it varied from 198 to 975µg/m3 at this site.   

Average 24 hours PM10 concentration was 251.7µg/m3 and it varied from 120 to 298µg/m3 at this 

site. 48 Hours average concentration of NOx was 34.5 ppb and it varied from 19 ppb to 59.0 ppb. 

Average NOx concentration for 24 hours was found to be 36.4 ppb Average 24 hours SO2 

concentration was found to be 27.45 ppb and it varied from 10 ppb to 40 ppb.  Average 8 hours O3 

concentration was 33.4 ppb and it varied from 6 ppb to 47 ppb. Average 8 hours CO concentration 

was 5.7 ppm and it varied from 1.6 ppm to 12.0 ppm. Average concentration of non-methane 

hydrocarbons was 1.5 ppm and it varied from 0.2 to 2.3 ppm. Average concentration of methane 

hydrocarbons was 1.1 ppm, and it varied from 0.1 ppm to 1.9 ppm. Average noise level was found 

78.8 dB and it varied from 62 dB to 91 dB. Average concentration of lead was 4.5µg/m3, and it 

varied from 4.0 to 5.1µg/m3.  

 

 

4.4.3   Sampling Site 3: Shalimar Hospital: The diurnal variations of pollutants and traffic 

density at Shalimar Hospital site during fall/autumn and summer studies are shown in Fig, 6(a) and 

6(b).  The diurnal variations of pollutants i.e. SO2, NOx, CO, O3, Hydrocarbons (methane and non-

methane) and traffic density (Gasoline and Diesel) during the summer seasons follow the pattern of 

vehicle density (Fig. 6a and 6b). Recorded levels were compared with US-EPA Air Quality 

Standards (Table 5.) The total diesel vehicles counted during 48 hours over all the four seasons 

were 12172 (254 per hour), 17919 (373 per hour), 16579 (345 per hour) and 18938 (395 per hour). 

The total petrol vehicles counted during 48 hours over all the four seasons were 33225 (692 per 

hour), 23506 (490 per hour) 25143 (524 per hour) and 20091 (419 per hour).  
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Fig.6 (a): Diurnal Variation of Pollutants and Traffic Density at Shalimar Hospital during 
fall/autumn study. 

 
Figure 6 (b): Diurnal Variation of Pollutants and Traffic Density at Shalimar Hospital during 
summer study. 
 
 
Table 5: Pollutant Standard and Observations at Shalimar Hospital 

Pollutants 

Seasons and Date of Monitoring US-EPA 

Monsoon 
9-11 Jul 03 

Fall/autu
mn 23-25 
Sep 03 

Spring 
24-26 
Mar 04 

Summer 7-
9 June 04 

Average 
Time Standard 

SO2 (ppb) 48 hrs Range 10~25 13~30 15~33 14~35 - - 
SO2 Avg.24 hrs 20 23.9 26.4 28.1 24 hrs 140 ppb 
NOx (asNO2)48 Range (ppb) 15~38 17~37 22~41 22~41 - - 
NOx Avg.24 hrs 27.2 27 31.5 31.8 Annual 53 ppb 
CO (ppm) 48 hrs Range 1.0~6.0 1.8~5.0 2.3~4.7 2.4~5.7 - - 
CO Avg. 8 hrs 3.4 4.2 4.7 5.7 8 hrs 9 ppm 
O3(ppb) 48 Range 8~33 13~34 17~41 17~41 - - 
O3Avg. 8 hrs 24.5 26.6 36.2 36.3 8 hrs 80 ppb 
TSP (µg/m3  )48 Range 210~625 330~478 285~459 695~855 - - 

TSP Avg.24 hrs 391 376 387 487 24 hrs 260 µg/m3 

PM10 (µg/m3 ) 48 Range 190~301 162~282 148~266 184~300 - - 
PM10 Avg.24 hrs 190 220 230 270 24 hrs 150 

 

Average (24 hours) TSP concentration was 410.25µg/m3 and it varied from 210 to 855µg/m3 at this 

site. Average (24 hours) PM10 concentration was 234.5µg/m3, and it varied from 148 to 301µg/m3 at 
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this site. 48 Hours average NOx concentration was found 27.8 ppb, and it varied from 15 ppb to 41 

ppb. Average NOx concentration for 24 hours was found 29.3 ppb. Average 48 hours SO2 

concentration was found 22.5 ppb and it varied from 10 ppb to 35 ppb. Average SO2 concentration 

for 24 hours was found 27.4 ppb. Average 8 hours O3 concentration was 31 ppb and it varied from 

8 ppb to 41 ppb. The ozone concentrations observed were within the standard limits. Average 8 

hours CO concentration was 4.5 ppm and it varied from 1 ppm to 6.0 ppm. The maximum 

concentration of carbon monoxide, average of 48 hours (3.22 ppm) and average of 8 hours were 

within the limits. Average concentration of non-methane hydrocarbons was 1.3 ppm, and it varied 

from 0.6 to 2.3 ppm. Average concentration of methane hydrocarbons was 1ppm and it varied from 

0.4 to 1.8 ppm. Average noise level was found 77.3 dB and it varied from 62 dB to 95 dB. Average 

concentration of lead was 3.1µg/m3 and it varied from 2.8 to 3.5µg/m3.  

4.4.4  Sampling Site 4: Qurtaba Chowk: The diurnal variations of pollutants and traffic density at 

Qurtaba Chowk site during fall/autumn and summer studies are shown in Fig, 7(a) and 7(b).  The 

diurnal variations of pollutants i.e. SO2, NOx, CO, O3, Hydrocarbons (methane and non-methane) 

and traffic density (Gasoline and Diesel) during the summer seasons follow the pattern of vehicle 

density (Fig. 7a and 7b). Major sources of air pollution were vehicular emission. The other sources 

of air pollution were the nearby fast food restaurants. Recorded levels were compared with US-

EPA Air Quality Standards (Table 6.). The total diesel vehicles counted during 48 hours over all 

the four seasons were 17261 (328 per hour), 20243 (422 per hour), 30788 (641 per hour) and 29984 

(625 per hour). The total petrol vehicles counted during 48 hours over all the four seasons were 

35786 (665 per hour), 24161 (503 per hour), 32530 (678 per hour) and 29698 (619 per hour).  

 
Fig.7 (a): Diurnal Variation of Pollutants and Traffic Density at Qurtaba Chowk during 
fall/autumn study. 
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Figure 7 (b): Diurnal Variation of Pollutants and Traffic Density at Qurtaba Chowk during 
summer study. 
 

Table 6:  Pollutant Standard and Observations at Qartaba Chowk 

Pollutants 

Seasons and Date of Monitoring US-EPA 

Monsoon 
9-11 Jul 
03 

Fall/autumn 
23-25 Sep 03 

Spring 
24-26 
Mar 04 

Summer 
7-9 June 
04 

Average 
Time Standard 

SO2 (ppb) 48hrs Range 11~29 11~33 15~37 15~37 - - 
SO2 Avg.24 hrs 22 20.7 25.1 28.4 24 hrs 140 ppb 

NOx (asNO2) 48hrs 20~33 19~34 25~39 44~60 - - 
NOx Avg.24 hrs 30 24.7 30.6 37.9 Annual 53 ppb 
CO (ppm) 48hrs Range 1.0-3.1 1.1-4.8 2.2-4.4 2.5-5.8 - - 
CO Avg. 8 hrs 2.7 3.8 4.2 4.7 8 hrs 9 ppm 

O3(ppb) 48 hrs Range 7~29 9~26 13~30 15~34 - - 
O3 Avg. 8 hrs 22 28.6 27.7 31.9 8 hrs 80 ppb 
TSP(µg/m3 ) 48 Range 215~390 243~407 217~398 727~965 - - 

TSP Avg.24 hrs 331 340 335 861 24 hrs 260 µg/m3 
PM10 (µg/m3 ) Range 82~176 45~174 93~146 225~291 - - 

PM10 Avg.24 hrs 129 136 137 262 24 hrs 150 
 

Average 24 hours TSP concentration was 466.75µg/m3 and it varied from 215µg/m3 to 965µg/m3 at 

this site. Average 24 hours PM10 concentration was 166µg/m3 and it varied from 45µg/m3 to 

291µg/m3 at this site. 48 Hours average NOx concentration was found 29.0 ppb; it varied from 19 

ppb to 60 ppb. Average NOx concentration for 24 hours was found 30.8 ppb. Average 24 hours SO2 

concentration was found 24 ppb and it varied from ppb 11 ppb to 37 ppb. Average 8 hours ozone 

concentration was 27.5 ppb and it varied from 7 ppb to 34 ppb. Average 8 hours CO concentration 

was 3.8 ppm and it varied from 1.0 ppm to 5.8 ppm. Average of 48 hours (2.6 ppm) and average of 

8 hours were within standards. Average concentration of non-methane hydrocarbons was 1.35 and 

it varied from 0.6 to 1.6 ppm. Average concentration of methane hydrocarbons was 0.9 ppm, and it 

varied from 0.3 to 1.4 ppm. Average noise level was found 79 dB and it varied from 62 dB to 91 

dB. Average concentration of lead was 3.1µg/m3; it varied from 2.98 to 3.5µg/m3.  
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4.4.5 Sampling Site 5: Bank Square: This sampling site was within commercial area of Lahore.  

The traffic mainly consisted of light duty vehicles. The diurnal variations of pollutants and traffic 

density at Shalimar Hospital site during fall/autumn and summer studies are shown in Fig, 8a and 

8b.  The diurnal variations of pollutants i.e. SO2, NOx, CO, O3, Hydrocarbons (methane and non-

methane) and traffic density (Gasoline and Diesel) during the summer seasons follow the pattern of 

vehicle density (Fig. 8a and 8b). Recorded levels were compared with US-EPA Air Quality 

Standards (Table.7).  

 
Fig.8 (a): Diurnal Variation of Pollutants and Traffic Density at Bank Square during 
fall/autumn study. 
 
 

 
Figure 8 (b): Diurnal Variation of Pollutants and Traffic Density at Bank Square summer 
study. 
 

The total diesel vehicles counted during 48 hours over all the four seasons were 11808 (327 per 

hour), 18329 (382 per hour), 35002 (653 per hour) and 7416 (154 per hour). The total petrol 

vehicles counted during 48 hours over all the four seasons were 27183 (536 per hour), 30802 (642 

per hour), 23824 (496 per hour) and 29356 (612per hour).  

 

Average 24 hours TSP concentration was 371.1µg/m3 and it varied from 155 to 776µg/m3 at this 

site. Average 24 hours PM10 concentration was 194µg/m3 and it varied from 69µg/m3 to 289µg/m3 
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at this site. Average (48hrs) NOx concentration was found 28.7 ppb and it varied from 14 ppb to 

53.3 ppb.  24 Hours average of SO2 concentration was found 20.5 ppb and it varied from 9 ppb to 

35 ppb. Average 8 hours ozone concentration was 28.2 ppb and it varied from 5 ppb to 42 ppb. 

Average 8 hours CO concentration was 3.7 ppm and it varied from 0.9 ppm to 5.7 ppm. Average 

concentration of non-methane hydrocarbons was 1.3 ppm and it varied from 0.7 to 2.1 ppm. 

Average concentration of methane hydrocarbons was 1 ppm, and it varied from 0.4 to 1.8 ppm. 

Average noise level was found 77.5 dB and it varied from 58 dB to 91 dB. Average concentration 

of lead was 2.7µg/m3 and it varied from 2.4 to 2.9µg/m3.  

 

able 7:  Pollutant Standard and Observations at Bank Square 

Pollutants 

Seasons and Date of Monitoring US-EPA 

Monsoo
n 
9th Jul 
03 to 11 

Fall/aut
umn 23-
25 Sep 
03

Spring 
24-26 
Mar 04 

Summer 
7-9 June 
04 

Average 
Time Standard 

SO2 (ppb) 48hrs Range 10~25 9~28 13~32 15~35 - - 
Avg.24 hrs 17.6 20.7 20.1 23.4 24 hrs 140 ppb 
NOx (asNO2) 48Range (ppb) 15~32 14~34 19~38 34~53.3 - - 
Avg.24 hrs 23.5 26.8 26.8 30.3 Annual 53 ppb 
CO (ppm) 48hrs Range 1.4~3.1 0.9~5.7 1.3~4.7 1.4~5.6 - - 
CO Avg. 8 hrs 3.2 4.7 3.4 3.6 8 hrs 9 ppm 
O3(ppb) 48hrs  Range 5~30 12~35 15~38 17~42 - - 
O3 Avg. 8 hrs 23.9 28.2 28.3 32.6 8 hrs 80 ppb 
TSP(µg/m3  ) 48hrs Range 155~30 176~241 184~223 694~776 - - 
TSP Avg.24 hrs 227 214 281 764 24 hrs 260 µg/m3 
PM10 (µg/m3 ) 48 hrs Range 69~209 86~148 106~177 236~289 - - 

PM10 Avg.24 hrs 138 157 167 279 24 hrs 150 µg/m3 

 

4.4.6 Sampling Site 6: Ichra: The diurnal variations of pollutants and traffic density at Ichra site 

during fall/autumn and summer studies are shown in Fig, 9(a) and 9(b).  The diurnal variations of 

pollutants i.e. SO2, NOx, CO, O3, Hydrocarbons (methane and non-methane) and traffic density 

(Gasoline & Diesel) during the summer seasons follow the pattern of vehicle density (Fig. 9a & 

9b). The TSP exceeded World Bank; WHO and US-EPA limits. Recorded levels were compared 

with US-EPA Air Quality Standards (Table 8.). The total diesel vehicles counted during 48 hours 

over all the four seasons were 17271 (360 per hour), 20501 (433 per hour), 34466 (718 per hour) 

and 22420 (467 per hour). The total petrol vehicles counted during 48 hours over all the four 

seasons were 31988 (660 per hour), 25621 (534 per hour), 25418 (530 per hour) and 24892 (519 

per hour).  
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             Figure 9 (b): Diurnal Variation of Pollutants and Traffic Density at Ichra    
            Fall study.         
 

             
           Figure 9 (b): Diurnal Variation of Pollutants and Traffic Density at Ichra    
           summer study. 
 
 
Table 8: Pollutant Standard and Observations at Ichra 

Pollutants 

Seasons and Date of Monitoring US-EPA 

Monsoo
n 
9-11 Jul 
03 

Fall/autum
n 23-25 
Sep 03 

Spring 
24-26 
Mar 04 

Summer 
7-9 June 
04 

Average 
Time Standard 

SO2 (ppb) 48 hrs Range 11~26 11~29 14~33 15~37 - - 
SO2Avg.24 hrs 19 19.3 23.4 26.4 24 hrs 140 ppb 
NOx (asNO2) 48 hrs 15~35 14~39 19~41 38~58 - - 
NOx Avg.24 hrs 25 26.6 29.1 40.1 Annual 53 ppb 
CO (ppm) 48 hrs Range 1.8~5.7 1.2-3.0 2.0-5.1 2.3-3.6 - - 
CO Avg. 8 hrs 4.7 5.2 5.1 5.9 8 hrs 9 ppm 
O3(ppb) 48hrs Range 6~4.3.5 10~44.5 16~44 18~46 - - 
O3Avg. 8 hrs 32 32.7 33.7 36.4 8 hrs 80 ppb 
TSP(µg/m3) 48hrs Range 169-237 536~996 464~769 674~955 - - 
TSP Avg.24 hrs 412 701 813 823 24 hrs 260 µg/m3 
PM10 (µg/m3 ) Range 56-154 82~241 130~189 236~289 - - 
PM10 Avg.24 hrs 107 162 223 266 24 hrs 150 
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Average 24 hours TSP concentration was 687.25µg/m3 and it varied from 169 to 996µg/m3 at this 

site. Average 24 hours PM10 concentration was 189.5µg/m3 and it varied from 56µg/m3 to 

289µg/m3 at this site. 48 Hours average NOx concentration was 31.8 ppb and it varied from 14 ppb 

to 58 ppb. Average 48 hrs SO2 was 21 ppb and it varied from 11 ppb to 37 ppb. Average SO2 

concentration for 24 hours was found to be 22.0 ppb. Average 8 hours ozone concentration was 

33.7 ppb and it varied from 6 ppb to 46 ppb. Average 8 hours CO concentration was 5.2 ppm and it 

varied from 1.2 ppm to 5.1 ppm. Average concentration of non-methane hydrocarbons was 1.5 ppm 

and it varied from 0.6 to 2.5 ppm.  Average concentration of methane hydrocarbons was 1.1 ppm 

and it varied from 0.4 to 2.2 ppm.  Average noise level was found 77.8 dB and it varied from 63 dB 

to 90 dB. Average concentration of lead was 4.0µg/m3 and it varied from 3.9µg/m3 to 4.4µg/m3.   

 

4.4.7 Sampling Site 7: Airport: The diurnal variations of pollutants and traffic density at Airport 

site during fall/autumn and summer studies are shown in Fig, 10a and 10b.  The diurnal variations 

of pollutants i.e. SO2, NOx, CO, O3, Hydrocarbons (methane and non-methane) and traffic density 

(Gasoline and Diesel) during the summer seasons follow the pattern of vehicle density (Fig. 10a 

and  10b). Recorded levels were compared with US-EPA Air Quality Standards (Table9). The total 

diesel vehicles counted during 48 hours over all the four seasons were 2306 (48 per hour), 1503 (31 

per hour), 2329 (48 per hour) and 3395 (71 per hour). The total petrol vehicles counted during 48 

hours over all the four seasons were 3283 (68 per hour), 3835 (80 per hour), 5264 (110 per hour) 

and 6035 (126 per hour).  

                  
                 Fig.10 (a): Diurnal Variation of Pollutants and Traffic Density at Air Port   
                 during fall/autumn study. 
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              Figure 10 (b): Diurnal Variation of Pollutants and Traffic Density at Air port   
              summer study. 
 
              

Table 9: Pollutant Standard and Observations at Air Port 

Pollutants 

Seasons and Date of Monitoring US-EPA 

Monsoon 
9-11Jul 
03 

Fall/autu
mn 23-25 
Sep 03 

Spring 
24-26 
Mar 04 

Summer 
7-9 June 
04 

Average 
Time 

Standard 

SO2 (ppb) 48hrs Range 11~25 9~29 13~31 16~36 - - 

SO2 Avg.24 hrs 18.1 19.7 22.8 27 24 hrs 140 ppb 
NOx (asNO2) 48hrs Range 18~33 14~29 17~33 31~47 - - 
NOx Avg.24 hrs 25.5 20.3 24.1 42.9 Annual 53 ppb 

CO (ppm) 48hrs Range 1.4-2.6 1.7-5.6 1.8-2.8 1.8-2.4 - - 
CO Avg. 8 hrs 1.7 1.5 2.3 2.5 8 hrs 9 ppm 

O3(ppb) 48hrs Range 8~31 10~32 15~36 16~37 - - 

O3 Avg. 8 hrs 23.7 20.9 27 28.8 8 hrs 80 ppb 

TSP(µg/m3  ) 48hrs Range 118~275 104~245 149~169 462~571 - - 
TSP Avg.24 hrs 204 183 163 534 24 hrs 260 µg/m3 
PM10 (µg/m3 ) 48hrs Range 41~184 74~187 92~152 198~262 - - 

Avg.24 hrs 121 135 120 232 24 hrs 150 µg/m3 
  

Average 24 hours TSP concentration was 271µg/m3 and it varied from 104 to 571µg/m3 at this site. 

Average 24 hours PM10 concentration was 152µg/m3 and it varied from 41 to 262µg/m3 at this site. 

48 Hours average NOx concentration was found 26.2 ppb and it varied from 14 ppb to 47 ppb. 

Average NOx concentration for 24 hours was found 28.2 ppb. Average 24 hours SO2 concentration 

was found 21.9 ppb and it varied from 9 ppb to 36 ppb. Average 8 hours ozone concentration was 

25.1 ppb and it varied from 8 ppb to 37 ppb. Average 8 hours CO concentration was 2 ppm and it 

varied from 1.4 ppm to 5.6 ppm. Average concentration of non-methane hydrocarbon was 1.2 ppm 

and it varied from 0.4 to 2.4 ppm. Average concentration of methane hydrocarbons was 1.0 ppm 

and it varied from 0.3 to 1.9 ppm. Average noise level was found 72.3 dB and it varied from 53 dB 

to 90 dB. Average concentration of lead was 2.3µg/m3 and it varied from 2 to 2.6µg/m3.  
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4.5    Seasonal Variation and Meteorology 

The 1st cycle study was reported as post monsoon monitoring from 6th July 2003 to 24th July 2003. 

The 2nd cycle data from 22nd September 2003 to 10th October 2003 represented fall/autumn  levels. 

The 3rd cycle  from 24th March  2004 to  10th April 2004 was representative of spring while  the 4th 

cycle during 7th  June  2004 to 24th June 2004 was of summer. The wind roses and air trajectories 

were plotted and are presented in Fig. 11 and 12. A wind rose gives a very succinct but 

information-laden view of how wind speed and direction are typically distributed at a particular 

location. Presented in a circular format, the wind rose shows the frequency of winds blowing 

FROM particular directions. The length of each "spoke" around the circle is related to the 

frequency of time that the wind blows from a particular direction. Each concentric circle represents 

a different frequency, emanating from zero at the center to increasing frequencies at the outer 

circles. The wind roses shown here contain additional information, in that each spoke is broken 

down into discrete frequency categories that show the percentage of time that winds blow from a 

particular direction and at certain speed ranges. All wind roses shown here use 16 cardinal 

directions, such as north (N), NNE, NE, etc. 

             
 
Figure 11.  Wind Rose present seasonal prominent wind direction and average           wind 
speed at Lahore 
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Figure 12.  Air Trajectories during study period  
 
 
4.6   Comparison of Air Pollutants Concentration in Lahore with 
Other Major Cities of Pakistan 
A comparison of all the maximum air pollutant concentrations in Lahore were compared with those 

in other major cities of Pakistan: Quetta, Peshawar, Rawalpindi, Islamabad and Karachi. The 

comparisons of different sets of pollutant concentrations are made in the following sub-sub-

sections. 

4.6.1 Particulate Matter (TSP and PM10) 
In urban areas the higher concentrations of PM10 are indicative of higher traffic density, whereas 

higher TSP values are indicative of size reduction processes such as iron, cement and ceramic 

industrial activities or natural dust entrainment. The particulate levels as monitored in different 

cities contain a significant amount of crustal dust, which is a peculiar characteristics of local soil 

(especially in northern and eastern cities of Pakistan including Lahore), lack of vegetation and 

paved areas. Lahore is facing alarming level of TSP followed by Quetta, Peshawar, Rawalpindi, 

Islamabad, and Karachi. The peak values were also compared with EP-USA standards. 
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        Fig. 13: Comparison of Max. TSP recorded in Lahore with that in major cities of     
        Pakistan. 
The maximum (1 hr) TSP peak values at enquiry sites of different cities were as follows: 

Chowk Yateem Khana, Lahore  996 µg/m3 

Satellite Town, Quetta   778 µg/m3 

Attock Oil Refinery, Rawalpindi  500 µg/m3 

Kohat Ada, Peshawar    530 µg/m3 

I-9, Islamabad    490μg/m3),  

Civic-Center, Karachi   410µg/m3 

All these values are shown in Fig.11. Other cities though exceed prescribed limits of USEPA have 

the mean TSP levels around 350 µg/m3 (Fig. 12).  

 

 
                      Fig. 14: Mean concentration (48hrs) of TSP in major cities and   
                                Lahore 
The maximum (I hr) PM10 levels were also recorded at Lahore and average value was 367 μg/m3. 

The corresponding values in other cities were Peshawar (350 μg/m3), Quetta (331 μg/m3), and 

Islamabad (280 μg/m3), Rawalpindi (276 μg/m3), Karachi (302 µg/m3), (Fig. 13).  
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Fig.15: Max Concentration of PM10 in Lahore and other major cities 

These levels were clearly higher in summer months (4th cycle) as compared to other seasons.  At 

most of the sites, the mean (48 hrs) PM10 level exceeded the USEPA standard limit of 150 μg/m3 

(Fig.14).                              

                          
Fig. 16: Mean conc. of PM10 (48 hrs) in Lahore and other major cities of       
Pakistan 
 

 

 

 

 

4.6.2 Gaseous Pollutants 
4.6.2.1 Oxides of nitrogen: Lahore city has shown highest levels of nitrogen oxides, which 

was is by the heavy traffic around the sampling sites; however stationary sources such as power 
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plants around the city are also the contributors (Fig, 15). The overall NOx concentrations ranged 

5.4 ~ 60.7 ppb during 24 hours at all 33 sampling sites. 
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Figure 17: Mean Conc. of NOx in Lahore and other major cities of Pakistan 

 

4.6.2.2 Sulphur Dioxide: The maximum daily SO2 concentration recorded in Lahore was 52.5 

ppb and at Quetta around 50 ppb compared to other cities. However, ambient mean SO2 levels in 

urban areas are within US-EPA permissible limit of 140 parts per billion (Fig. 16). 

 

 

0

7

14

21

28

35

C
on

c.
 in

 p
pb

* NEQS…  Pakistan National Environmental Quality Standards.

1st Cycle
2nd Cycle
3rd Cycle
4th Cycle

USEPA Permissible 
Limit (24h) for SO2 is 
140 ppb

NEQS*  Permissible Limit (Annual 
mean) for SO2 is 38 ppb

 
Fig. 18: Mean (48 hrs) SO2 conc. in Lahore and other major cities of Pakistan  

                       4.5.2.3 Surface ozone 

Figure 11 shows the surface mean ozone levels in the six cities, which are well within prescribed 

USEPA limit of 120 ppb. The surface ozone ranged from 8.5~45 ppb at Lahore 6~41 ppb at 

Karachi, 6.2~32 ppb at Islamabad, 11~25 ppb at Quetta, 3.3~33.5 ppb at Rawalpindi, and 4~46 ppb 

at Peshawar.  
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           Fig. 19. Mean Conc. of Ozone in Lahore and major cities of Pakistan 

 

4.6.2.3  Carbon Monoxide 
Mean CO concentration was found within the permissible limit (10 ppm) in all the six major cities 

(Fig. 17). CO varied from1.3~12 ppm at Lahore, 1.5~5.2 ppm at Islamabad, 1.6~13 ppm at 

Karachi, 1.6~8 ppm at Rawalpindi and 2~10 ppm at Peshawar. 
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        Fig.20: Mean Conc. of CO in Lahore and other major cities of Pakistan  
  4.6.2.4   Hydrocarbon (Methane & Non Methane) 

The 48 hourly average concentration of hydrocarbon (methane & non-methane) in  six cities  are 

presented in Figure 19 and Figure 20 respectively. The observed range of HC (Methane) was 

0.25~2.8ppm at Karachi, 0.45~2.2ppm at Lahore, 0.3~1.7ppm at Islamabad, 0.20~1.3ppm at 

Quetta, 0.1~1.3ppm at Rawalpindi, and 0.2~2.8ppm at Peshawar, while HC (Nonmethane) ranged 

from 0.1~3.2ppm at Karachi, 0.6~2.5ppm at Lahore, 0.4~2.2ppm at Islamabad, 0.4~1.6ppm at 

Quetta, 0.6~1.8ppm at Rawalpindi, 0.1~1.9ppm at Peshawar.    
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Fig. 21: Average conc. (48 hrs) of Methane Hydrocarbon  concentration in   
Lahore and other cities of Pakistan 
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         Fig. 22: Average conc. (48 hrs) of Non Methane Hydrocarbon concentration  
         in Lahore and other cities of Pakistan 
 
 
4.7.  Particulate Matter (PM2.5)  
The PM2.5 results are reported at two levels. At the first level, the seasonal variations of PM2.5 

concentration with standard deviation was discussed at the second level the PMF model results with 

the grouping of elements with possible same source were discussed along with elements diurnal 

concentration variations. The contribution of various sources was also mentioned. 

 

4.7.1 Sampling Site 8: Johar Town: The choice of the study site for the monitoring of 

particulate matter (PM2.5) in Lahore was Jauhar Town, an urban residential area. Various industrial 
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activities in its vicinity “Hanjarwal”, “Multan Road”, “Township” and “Kot Lakhpat” are about at 2 

to 6 Km (Figure 1). 

 

4.7.2 Seasonal PM2.5 Concentration Variations  
Particulate (PM2.5) monitoring was carried out at an urban site on continuous basis to evaluate 

various local and distant sources at urban residential site. Seasonal variations from November 2005 

to December 2007 (two days per week) were recorded over the year. Particles concentration 

showed marked seasonal variations (Fig. 23).  

 
Figure 23: PM2.5 Concentration Variations from November 2005 to December 2007 
 
 

4.7.3   PM2.5 mass and air trajectories (Nov. 2005 to Jan., 2006) 
Backward trajectory direction of 72 h produced with HYSPLIT from the NOAA ARL (Draxler, 

R.R. and Rolph, G.D., 2003 & Rolph, G.D., 2003) is presented in Figure 24 (a, b, c & d) for the 

days when maximum concentration was observed.  
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Fig.24: Backward trajectory direction (72 hrs) produced with HYSPLIT4  
from the NOAA ARL.   
 

4.7.4   Analytical Results of PM2.5 Winter Samples (Nov. 2005 to Jan., 2006) 
The analytical results of PM2.5 aerosol samples of  Nov. 2005 to Jan. 2006 analyzed for SO4

-2, NO3
-

, NH4
+, Be, V, Cr, Ni, Mo, Mg, Al, Na, K, Ca, Mn, Co, Zn, As, Se, Sr, Cd, Sn, Sb, Ba, Fe, Ti & Pb 

are presented in Table 10 (a, b, c & d). 

 

4.7.5.   Source Apportionment: 
The analytical results were distributed in five factors when Positive Matrix Factorization (PMF) 

PMF 1.1 was applied on short term data of winter season (Nov. 2005 – Jan. 2006) and is presented 

in figure 25.  
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                Figure 25: Source profiles resolved from PM2.5 mass  

 
 
 
 
Table 10a: PM2.5 load, Elements & ions concentration in PM2.5 measured in Lahore 

Time PM2.5 SO4
2- NO3

- NH4
+ Be V Cr 

Range (Day) 53-476 3.33-59 2.10-73 1.98-54 0.04-2.33 0.34-17.9 0.32-2514 

Range (Evening) 84-403 3.63-52 0.42-44 3.43-46 0.04-0.71 1-14.5 1.71-1794 

Range (Night) 105-452 4-66 4.16-37 4.57-60 0.02-0.47 0.23-14.3 0.18-2902 

Average (Day) 161.4 12.64 21.83 14.53 0.52 6.36 479.6 
Average (Evening) 186.0 11.50 16.51 12.10 0.32 4.91 403.6 
Average (Night) 228.8 15.70 20.95 15.79 0.22 5.70 278.4 

Concentration of PM2.5 SO4
2- NO3

- in µg m-3 while concentration of Be, V, Cr, Ni, Mo in ngm-3 
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Table 10b: Elements concentration in PM2.5 mass in Lahore 

Time Mn Co Zn As Se Sr Cd 

Range (Day) 11.7-438 0.26-31.4 39-47864 2.4-23.4 0.99-24.2 0.79-11.4 0.34-
27 7

Range (Evening) 16.3-490 0.32-138 10-31543 0.25-135 1.26-20.9 0.96-84 0.13-93 

Range (Night) 16.9-1646 0.13-34.6 42-41046 0.97-50 2.29-24.3 1.01-7.1 0.37-57 

Average (Day) 106.9 6.20 4439 9.58 10.53 3.58 7.02 

Average (Evening) 128.1 10.12 2831 11.09 9.18 6.24 9.83 
Average (Night) 155.6 3.27 4195 8.65 10.08 3.84 7.52 
 concentration in ng m-3 

 
Table 10c Elements concentration in PM2.5 mass measured in Lahore 

concentration in ng m-3 

 
 
 
 
Table 10c Elements concentration in PM2.5 mass measured in Lahore 

Time Ni Sn Sb K Ca Mo 

Range (Day) 1.13-1857 0.75-315 1.39-66 243-2954 183-3467 0.17-269 

Range (Evening) 0.44-1411 8-988 0.26-157 589-5087 176-3040 0.12-205 

Range (Night) 2.27-2002 0.19-553 2.16-97 259-5660 289-1489 0.08-294 

Average (Day) 349.2 97.82 15.80 1358 715.1 45.74 
Average 
(Evening) 286.6 133.9 18.60 1781 941.6 37.97 

Average (Night) 179.6 96.28 12.47 2083 730.6 24.22 

      concentration in ng m-3 

 
 

 

Time Ba Fe Ti Pb Mg Al Na 

Range (Day) 1-22.5 141-
11112

8.94-141 11.17-
6948

100-
1357

28-1908 61-928 

Range (Evening) 0.08-
99.7 194-9661 15.9-116 20.8-

11617 45-1058 179-2118 51-
1482 

Range (Night) 2.48-21 221-
13125

3.92-135 47.6-
9095

99-773 52-2146 132-
2194

Average (Day) 7.37 2996 38.46 953.3 319.0 559.9 296.3 

Average (Evening) 13.27 3025 57.61 820.6 467.5 1039 346.1 

Average (Night) 10.93 2382 48.06 778.7 397.5 964.9 405.5 
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4.7.6    Source Contribution to PM2.5 mass 
The multi-linear regression was used to estimate contribution of each source to PM2.5 mass 
measured in Lahore (Fig. 27).   

  
Figure 26: Contribution of Identified Sources to PM2.5 Mass at Lahore, Pakistan 

 

A good correlation, was observed between the measured and the calculated mass of PM2.5 (Fig. 26) 

with an R2 value of 0.666.  

 

 
 

Figure 27: Correlation between measured and calculated PM2.5 mass 
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4.8   ESTIMATION OF INDOOR AIR POLLUTION IN LAHORE 
 

Ambient PM2.5 concentration was transformed to estimate indoor PM2.5 concentration using the 

ratio 0.75 (Low case) and 0.96 (high case) based on evidence from India (Alena, 2005). This study 

was carried out in Kanpur which has climatic conditions similar to Lahore.  

  
Table 11: Ambient PM2.5 and indoor PM2.5 estimated  concentration at   Johar Town (Urban 
and residential area) 
 

Start time PM2.5 Low case High Case 
11/22/05  222 166.5 213 
11/23/05  89.9 67.4 86 
11/24/05  231 173.5 222 
11/25/05  193 144.5 185 
11/26/05  136 101.9 130 
11/27/05  225 168.8 216 
11/28/05  118 88.8 114 
11/29/05  105 78.8 101 
11/30/05  53.1 39.9 51 
12/1/05  251 188.6 241 
12/2/05  159 119.0 152 
12/3/05  236 176.6 226 
12/4/05  141 106.0 136 
12/5/05  167 125.3 160 
12/6/05  131 98.3 126 
12/7/05  346 259.7 332 
12/8/05  258 193.9 248 
12/9/05  282 211.5 271 
12/10/05  84.3 63.2 81 
12/12/05  452 338.6 433 
12/13/05  100 75.0 96 
12/14/05  221 165.8 212 
12/15/05  190 142.3 182 
12/16/05  240 179.9 230 
12/17/05  291 218.5 280 
12/18/05  155 116.0 149 
12/19/05  203 152.3 195 
12/20/05  236 177.0 227 
12/21/05  403 302.2 387 
12/22/05  356 267.0 342 
12/23/05  332 248.9 319 
12/26/05  172 129.0 165 
12/27/05  153 114.8 147 
12/28/05  251 188.3 241 
12/29/05  303 227.3 291 
12/30/05  208 155.9 200 
1/1/06  184 138.0 177 
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1/2/06  81.8 61.4 79 
1/5/06  54.9 41.2 53 
1/6/06  220 165.0 211 

1/13/06  152 113.6 145 
1/19/06  78.2 58.7 75 
1/20/06  61.9 46.4 59 
1/21/06  170 127.5 163 
1/22/06  85.0 63.8 82 
1/23/06  97.0 72.8 93 
1/24/06  215 160.9 206 
1/25/06  68.9 51.7 66 
1/26/06  100 75.0 96 
1/27/06  127 95.0 122 
1/28/06  139 104.3 133 
1/29/06  172 129.0 165 
1/30/06  119 89.3 114 
1/31/06  179 134.3 172 

2/21/2006 183 137.25 175.68 
2/22/2006 100 75 96 
2/23/2006 75 56.25 72 
2/24/2006 133 99.75 127.68 
2/25/2006 88 66 84.48 
2/26/2006 67 50.25 64.32 
2/27/2006 38 28.5 36.48 
2/28/2006 50 37.5 48 
3/1/2006 233 174.75 223.68 
3/2/2006 32 24 30.72 
3/3/2006 237 177.75 227.52 
3/4/2006 88 66 84.48 
3/5/2007 258 193.5 247.68 
3/7/2006 75 56.25 72 
3/7/2006 212 159 203.52 
3/8/2006 38 28.5 36.48 
3/9/2006 287 215.25 275.52 

3/10/2006 237.5 178.125 228 
 
 
 
Limitations of the results 
 

1. Historical pollutants data was not available for trend analysis 
2. Similarly indoor air quality data for Lahore was not available and  

     estimated on the basis of outdoor levels. 
3. Positive Matrix Factorization model was applied on short term data.  
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DISCUSSION 
The major objective of the project was the measurement of the air pollutants levels in Lahore and 

subsequent comparison of pollutant concentrations with those reported by our predecessors for 

other cities of Pakistan and overall comparison of the computed values with the similar study 

carried out by JICA /EPD Lahore in March 2000. In addition, PM2.5 monitoring of urban site, Johar 

Town and analysis were carried out for trace metals and anions. The results are discussed 

accordingly. The results of the Johar Town site obtained after application of the statistical model 

PMF for source apportionment and trace technique are also discussed. The estimated indoor air 

quality around the major intersections is also discussed. 

 

5.1 Overall Air Quality Situation in Lahore 
A bad ambient air quality in terms of very high TSP, PM10, PM2.5 CO and hydrocarbon (methane) 

was observed in Lahore during this study. The situation is the matter of great concern especially 

when measured values are compared with US-EPA standards (Ambient air quality standards for 

Pakistan being not available during the period of study). For example, it was found that even the 

minimum and average level of TSP and PM10 were about 40 to 100 % higher than the prescribed 

limits. PM2.5 values ranged from 32µg/m3 to 400µg/m3 at Johar Town site.  PM2.5 measured at 

another site showed large fluctuation in daily concentration with marked day and night variations. 

Hence present study gives a clear picture of the risks especially for particulates load, being posed 

by different uncontrolled pollution sources. The fine particles are the worst cause of lung damage 

due to their ability to penetrate deep into the air passages. The particles lodged in the lungs can 

cause severe breathing troubles by physical blockage and irritation of the lung capillaries.  

The 24-hours average concentration of TSP, ranged from 204 - 861µg/m3 and PM10 ranges from 

107 to 293µg/m3 (Table 3-9). PM10 is characteristic of diesel oil usage as well as vehicles with two 

stroke engines like rickshaws and motorcycles. The industrial processes such as brick kilns, 

external combustion boilers and portable diesel generators also share the major contribution of 

PM10. High levels were recorded during summer when both TSP and PM10 concentrations at 

various sites exceeded the limits about 2 to 3 times. Comparatively high pollutants levels were 

recorded at Chowk Yateem Khana sampling site. It is a major traffic intersection and is located 

within populated areas such as “Samanabad”, “Jinnah Colony”, “Bakkar Mandi”, etc. This is the 

main terminal of local/urban and intercity transport. Due to unplanned bus stands and poor road 

conditions, higher levels of most of ambient air pollutants were recorded. 
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The comparison of the profiles of different pollutants displayed in Fig. 2 and Fig.3 of particulate 

and gaseous emissions from various sources indicates that the concentrations of these pollutants are 

in accordance with the pollution load imparted by sources in that area. Most of gaseous pollutants 

were found within the prescribed limits at most of the sites. Except maximum CO level crossed and 

approached the limit at two sites (Chowk Yateem Khana and Azadi Chowk), while hydrocarbon 

methane exceeded the limit at about all sampling sites. Up to this point, we have discussed the 

general situation in Lahore city. Let us now turn to situation analysis of the different sampling sites 

in detail. 

 

5.2 Site Wise Situation in Lahore 
The major intersections such as “Yateem Khana Chowk”, “Azadi Chowk”, “Ichra” and “Qurtaba 

Chowk”, exhibit very high ambient air pollutants levels. Alarmingly high particulate pollution was 

recorded in Chowk Yateem, Khana, Azadi Chowk”, “Qurtaba Chowk” and “Ichra site. This is 

because of fugitives emissions from very poorly managed and unpaved roads, high traffic density, 

poor sanitation, lack of knowledge and awareness among people, cottage and steel industry within 

residential areas. On the contrary, at Airport, lowest average concentration was observed because in 

this part of city, vehicular emissions are lower, less industrial activities vegetation is relatively 

better in the area and air movement is well facilitated. Clear seasonal variation of TSP levels was 

observed in monsoons and those observed in summer months (Fig. 2).  Luckily, high monsoon 

observed in Lahore and wash out the pollutants therefore, marked drop was observed in this season. 

The 24 hours average values of PM10 vary from 107-293µg/m3(Table 3-9) .  The maximum value 

corresponds to high traffic density regions of “Yateem Khana Chowk”,  “Azadi Chowk”, and 

“Ichra” where there are unpaved, rough roads and traffic jams contribute to high levels. Other 

important factors at “Yateem Khana Chowk” are presence of animal market (“Bakkar Mandi”) and 

bus stands for several public transport companies in the region and, to some extent, other various 

small industries on “Multan Road”. Azadi Chowk sampling site is the country’s famous historical 

place. The city’s major roads merge at this point. A large number of public vans, rickshaws, motor 

cycles cars, etc,. pass this site in addition to the inter-city traffic (in and out). The areas around the 

sampling site had higher traffic density. Residential colonies are at some distance from site. 

Shalimar Hospital sampling site was located within residential cum commercial area of Lahore. 

The traffic mainly consisted of light duty gasoline vehicles. Qurtaba Chowk sampling site is within 

commercial area of Lahore along roadside.  This sampling point was near three ways crossing of 

“Mazang Chungi”. The traffic mainly consisted of gasoline public transport vehicles and diesel-

fueled vehicles of urban transport. Bank Square sampling site was within commercial area of 

Lahore. The traffic mainly consists of light duty vehicles. Ichra sampling site is located in 
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commercial area of “Ferozpur Road”.  The sampling point was close to main “Ferozpur Road” near 

“Ichra Bus Stop”. The site was observed to have high traffic count especially in the evenings. 

Traffic consisted of gasoline as well as diesel fueled light and heavy duty vehicles. Worsening air 

quality was also due to slow dispersion of pollutants, as calm wind conditions prevailed during the 

sampling period and high rise commercial buildings around the site.  Airport sampling site is 

located within residential area in suburbs of Lahore.  The traffic, here, mainly consists of light duty 

vehicles. Comparatively less level were recorded at this site but Particulate level (both TSP and 

PM10) exceeded the limit. 

 

Higher concentrations of these air pollutants were observed between 8-11 AM and 4-9 PM 

indicating the impact of vehicular density on air quality (Fig 5a and 5b). TSP reported by JICA was 

around 3 to 5 times higher than measured in this study (JICA/EPD Report March 2000). At most of 

the sites, the mean (48 hrs) PM10 level exceeded the USEPA standard limit of 150 ug /m3 (Fig.8). 

Average 24 hour concentration of PM10 also exceeded the limit at major intersections. These 

findings confirm the results of a study conducted by Pakistan EPA with assistance from JICA in 

five cities (Lahore, Faisalabad, Gujranwala, Rawalpindi, and Islamabad), which revealed that fine 

PM levels have reached 6-7 times the WHO guideline values. Comparatively lowest PM10 

concentrations have been recorded at Qurtaba Chowk and Air Port, which is a clear indication that 

these sites  have lesser activities comparatively and are visited by comparatively fewer vehicles. 

Particulate matter is a complex mixture. It partly consists of primary particles, which are emitted 

directly as a result of combustion processes or are produced by abrasion of tires, brakes, road 

surfaces and  fugitive dust. It also contains secondary particles, which are formed in the atmosphere 

from gaseous precursors. 

 

Average concentration of all gaseous pollutants was found within the limit except hydrocarbon 

methane level exceeded the standard. However, hourly highest CO sometime exceeded the 

prescribed limit at major intersections. CO is a poisonous gas, is the matter of great concern 

especially during traffic jams for children, elderly people and those who already have lungs and 

heart ailments. Gaseous high levels were also observed near major intersections and industrial areas 

such as “Yateem Khana Chowk”  “Azadi Chowk”, “Qurtaba Chowk” and “Ichra”. Oxides of 

nitrogen are produced during combustion of  motor fuels. Hence, major contributors of the NOx are 

emissions from light duty gasoline, heavy duty diesel vehicles, light duty gasoline trucks and CNG 

vehicles. Major contributors of the SO2 are emissions from light duty gasoline and heavy duty 

diesel vehicles. Ground level O3 is a secondary pollutant which is formed in the troposphere from 

nitrogen oxide and volatile organic compounds under the influence of sunlight. The average non-



84 
 

methane hydrocarbon concentrations are quite higher than the standard limit set by US-EPA (0.24 

ppm for 6-9 AM). Hydrocarbons originate during refining, burning and evaporation of gasoline, the 

motor fuels. Hydrocarbons promote the formation of photochemical smog. In urban areas, methane 

is emitted from natural gas industry (venting, flaring, distribution leaks), landfills, biomass 

degradation, sewage wastewater channels and storage.  JICA/EPD also reported gaseous pollutants 

higher than recorded in this study. Maximum level was observed during spring and summer 

seasons. Maximum noise value exceeded 85 dB standard limits of NEQS for traffic noise. However 

mean, level was observed within the standard limit.  

 

Lead compounds are emitted from automobiles as leaded gasoline is still being used. These are also 

emitted from the storage battery production and in the recovery of Pb from storage batteries. The 

analyzed level exceeded 1.5µg/m3 (quarterly average) the standards set by US-EPA. The 

concentrations of lead exceeded the standard guidelines.  As unleaded gasoline is being used in 

many refineries therefore decline in lead concentration would be expected. 

Different sites of Lahore present a gloomy air quality picture due to overloading of atmosphere 

with the extremely dangerous primary and secondary pollutants narrated above. 

 

5.4 Meteorology 
The local wind (Fig.11) and air trajectories (Fig.12) showed almost the same wind direction. 

During monsoon study (July), the wind was blew from west and southwesterly, post monsoon 

(Oct.) and spring (April) wind direction was easterly and southeasterly. Southerly wind was 

observed in the month of June, when the monitoring was carried out.  The air trajectories also 

showed that the city also effected from trans-boundary air parcels when easterly wind blown fro 

India.  

 

5.5 Comparison of air quality level in Lahore and other cites of Pakistan  

In major urban areas of Pakistan including Lahore, it is well reported in the electronic media  and 

press that people of all ages suffer from throat infections especially when weather is cold and dry. 

In all cities, the vehicular emissions have been dominated by emissions from old and poorly 

maintained vehicles that contribute to enhanced ambient concentrations of fine particulates and 

carbon monoxide. In urban areas the higher concentrations of PM10 are indicative of higher traffic 

density, whereas higher TSP values are indicative of reduced size particles of pollutants such as 

iron, cement and ceramic industrial activities, fugitive emissions or natural dust entrainment. The 

particulate levels as monitored in different cities contain a significant amount of crustal dust, which 
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is a peculiar characteristic of local soil especially in northern and eastern Pakistan including 

Lahore, lack of vegetation and unpaved areas. Lahore comparatively experiences high pollutant 

levels in major cities study. It was observed that maximum TSP load was recorded during summer 

season and minimum in monsoon. Further daytime particulate load was higher than nighttime one, 

indicating more urban activities during day time. Lahore is facing alarming level of TSP followed 

by Quetta, Peshawar, Rawalpindi, Islamabad, and Karachi. The high TSP maximum (1 hr) levels in 

these cities are 2 to 4 times higher than the standard limit of USEPA of 260 µg/m3 (Fig. 5). The 

maximum (1 hr) TSP peaks were found at Chowk Yateem Khana, Lahore (996 µg/m3), than 

Satellite Town, Quetta (778 µg/m3), Attock Oil Refinery, Rawalpindi (500 ug/m3), Kohat Ada, 

Peshawar (530 µg/m3 ) and I-9, Islamabad (490 µg/m3), Civic-Center, Karachi (410 µg/m3) as 

shown in Fig. 5. The dust and vehicular emissions are the major part in TSP load observed in five 

cities, whereas low TSP levels were observed in Karachi, which borders Arabian Sea having 

different meteorological conditions such as higher wind speed and humidity. There is a clear 

difference of TSP levels measured in monsoons (1st Cycle) and those measured in summer months 

(4th Cycle). The trend remained the same for mean TSP levels, with maxima of means at Lahore 

and Quetta. Other cities, though exceeding prescribed limits of USEPA, had mean TSP levels, 

around 350 µg/m3 (Fig. 6). 

 

Higher levels of particulates especially PM10 are attributed to large number of 2 stroke vehicles, 

diesel driven vehicles and adulteration of petrol/diesel. The maximum (I hr) PM10 levels were again 

observed at Lahore (367 µg/m3), then in Peshawar (350 µg/m3), Quetta (331 µg/m3), and Islamabad 

(280 µg/m3), Rawalpindi (276 µg/m3), Karachi (302 µg/m3), (Figure 7). The ever increasing 

vehicular emissions are the main factor leading to bad air quality in urban areas. Motor vehicles 

account for about 90 percent of total emissions of hydrocarbons, NOx, particles and CO. Oxides of 

nitrogen produced under high temperature combustion are major criteria pollutants that are 

precursors of photochemical smog, ozone and acid rain. Oxides of nitrogen are found within 

permitted limit but their concentrations in the ambient air has been found increasing since the 

compressed natural gas (CNG) was introduced  in vehicles not equipped with catalytic converters. 

 

In all the studied major cities, NOx levels fall within specified U.S. ambient air quality standards 

(50 ppb as annual mean, 100 - 170 ppb as one hourly mean). Lahore city has shown highest levels 

of nitrogen oxides, which is caused by the heavy traffic around the sampling sites, however 

stationary sources such as power plants around the city are also the contributors (Fig. 9). 

Consequent upon the conversion of gasoline driven engines to CNG and LPG (Liquid Petroleum 
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Gas) usage, NOx emissions has increased and  presently it is second to CO as the most prevalent 

pollutant.  

SO2 is the principal pollutant supposed to be causing acid deposition after being oxidized to 

sulfuric acid. Coal burning is the single largest source of atmospheric SO2, accounting for about 

50% of annual global emissions in recent years. Man-made sulfur emission in the form of SO2 

arises mostly from combustion of fuel containing trace amounts of inorganic and organic sulfur. 

However, ambient mean SO2 levels in urban areas are within US-EPA permissible limit of 140 

parts per billion (Fig. 10). Although the high levels of sulfur content automotive diesel (0.5%–1%) 

is used in Pakistan, comparatively low sulphur dioxide level may be due the less density of heavy 

duty diesel vehicle than cars and two and three wheelers. There is also increasing trend of use of 

alternate fuel i.e. LPG and CNG in place of diesel fuel. The heavy duties vehicles are also mostly 

drive in night and do not pass from central city roads and thus liberate less sulfur dioxide in Lahore 

air environment.     

 

Since 1980, the maximum growth has been noted in 2-stroke vehicles. For instance, delivery vans 

have increased 1190%, followed by Motor cycles 634% and Rickshaws 192%. Diesel trucks and 

buses have also increased at an alarming rate of 200-300% since 1980. Diesel vehicles emit 

excessive graphitic carbon (visible smoke) due to overloading, faulty injection nozzles and weak 

engines. Available diesel in local market contains 1~1.5% sulfur (NTRC, 1995). Comparatively 

low sulfur dioxide was recorded at Karachi as compared to that at Lahore. Although vehicle 

emission estimates show that a considerable amount of SO2 is being emitted every-day at Karachi 

due to larger number of diesel vehicles being operated in the city, but due to well established sea 

breeze pattern of the city, even the road side levels of SO2 were observed well within specified 

limits of US-EPA of 140 ppb as 24 hour. In addition to diesel fueled vehicles, a number of brick 

kilns are being operated around Lahore, Peshawar and Islamabad which burn high sulfur coal also 

contribute to ambient SO2 concentration. It has also been reported (Hameed, 2001) that coal based 

power plants across the border contribute towards increasing SO2 levels in northeastern Pakistan. 

 

In recent years, attention has also been paid to the concentration of surface ozone. Eye irritation and 

increased number of asthmatic attacks are attributed to photochemical oxidant levels around 

200µg/m3 (0.1 ppm). Most of the ozone in the troposphere (lower sphere) is formed indirectly by 

the action of sunlight on nitrogen dioxide. In addition to ozone (O3), photochemical reactions 

produce a number of oxidants including peroxyacetyl nitrates (PAN), nitric acid and hydrogen 

peroxide. Fig. 11 shows the surface mean ozone levels in the six cities, which are well within 

prescribed US-EPA limit of 120 ppb. Surface ozone has shown marked afternoon maximum at all 



87 
 

sampling sites between 1200-1500 hours irrespective of climatic conditions and site location. Peak 

ozone levels were seen dependent on seasonal temperatures and observed numbers of sunny days in 

a particular city besides availability of its precursors. There has been 50 ~ 60 % rise in ozone levels 

in summer compared to winter and monsoon months when solar insulation is week. 

 

The max.(1 hourly) carbon monoxide exceeded the recommended limit about 10% to 30 % at 

Lahore, Karachi and Quetta. However mean CO concentration was found within the permissible 

limit (9 ppm) (Fig. 12). Though CO demonstrated a diurnal cycle at all the monitoring sites, a 

minimum CO level always prevailed with or without traffic indicating contribution from 

indiscriminate burning of solid waste in urban areas.  

 

Hydrocarbon (methane and non methane) levels were also measured at all sampling sites in six 

cities. The 48 hourly average concentration of hydrocarbon (methane and non-methane) in six cities 

are presented in Fig.13 and Fig.14 respectively. The maximum HC level for methane was observed 

exceeding the prescribed US-EPA limit of 0.24 ppm at most of study sites. The main source of H-

Cs (non-methane) in air has been evaporation losses and leakages from ill-maintained vehicles and 

storage facilities. Natural gas (mostly methane) is the main fuel being used in industry, as CNG in 

vehicles and in day to day cooking. Frequent leakage is mainly responsible for higher methane 

levels. Biogenic methane could also be contributing since significant agricultural cultivation is 

being practiced around urban areas.  

 

 

5.6 PM2.5 Level, Trace Metals and Anion Concentration 

Sampling Site 8: Johar Town: The choice of the study site for the monitoring of particulate 

matter (PM2.5) in Lahore was Jauhar Town, an urban residential area. It was planned that the study 

site should represent the local and distant sources of air pollution and should also avoid the 

immediate sources. Therefore the selected site was ideal because it is downwind to the city and 

near to the Indian border (approx. 35 Km). The well planned canal road is at one Km from 

sampling sites. Various industrial activities in its vicinity “Hanjarwal”, “Multan Road”, 

“Township” and “Kot Lakhpat” are about at 2 to 6 Km (Figure 1). 

 

5.6.1 Seasonal PM2.5 Concentration Variations: 

PM2.5 concentration during November, 2005 to January, 2006 ranged from 53µg m-3 to 476µg m-3 

with mean and standard deviation 191µg m-3 and ±90 µg m-3 respectively. Later during February, 

2006 to March, 2006 PM2.5 level ranged from 32 µg m-3 to 400 µg m-3 with mean and standard 
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deviation 143 µg m-3 and ±100 µg m-3 respectively. After a gap of seven months the PM2.5 

monitoring was started again on continuous basis. PM2.5 concentration variations from November, 

2005 to December, 2007 are demonstrated in Figure 23. The particles concentration showed 

marked seasonal variations. Comparatively high and alarming levels were recorded in winter 

(December – February). These levels varied from 49.9µg m-3 to 447 µg m-3 with mean 175µg m-3 

and standard deviation ± 88.52µg m-3 (November, 2006 to February, 2007). Some higher levels 

varying from 24.95µg m-3 to 432µg m-3 with mean 136µg m-3 and SD +/- 114.81µg m-3 were also 

observed on some days of spring (March – April). However, sharp decrease in particles (PM2.5) 

level was observed in summer (May – June) when concentrations varied from 34.52µg m-3 to 

273.62µg m-3 (mean 93.35µg m-3), during monsoon (July – August), these levels varied from 17µg 

m-3 to 66.34µg m-3 with an average of 36.78µg m-3 and post monsoon (September – October) 

varied from 12µg m-3 to 185.72µg m-3 (average 47.61µg m-3) at low SD (±64.77, ±12.06 and 

±36.55µg m-3 respectively).  

The observed PM2.5 concentrations were 2 ~ 14 times higher than the prescribed limits of USEPA 

i.e. 35µg m-3 in winter and spring. The excess from standard limit in summer was observed from 2 

to 8 times. Luckily, Lahore experiences heavy monsoons during post summer season that washes 

away the suspended particles at least in rainy days. Therefore, steeper decline from late June to 

September was observed (Figure 23). Alarmingly high PM2.5 concentrations were recorded 

especially in dry winter (November – January) in the densely populated areas. The visibility limit in 

Lahore and its adjoining areas during winter is often as low as 50 meters. PM2.5 concentrations also 

showed a sudden rise which was many-fold during fog days when secondary aerosols especially 

sulfate also contribute to total aerosol load (Table 10a). 

 

Apart from the distant sources, the local industrial and vehicular emissions, emissions from brick 

kilns and indiscriminate burning of agricultural and solid waste also contribute to the PM2.5 

concentration especially through the emission of trace metals, EC, BC, OC, etc.  

 

 5.6.2 Analytical Results of PM2.5 Winter Samples (Nov. 2005 to Jan., 2006) 
The analytical results of PM2.5 aerosol samples of  Nov. 2005 to Jan. 2006 analyzed for  SO4

-2, 

NO3
-, NH4

+, Be, V, Cr, Ni, Mo, Mg, Al, Na, K, Ca, Mn, Co, Zn, As, Se, Sr, Cd, Sn, Sb, Ba, Fe, Ti 

& Pb are presented in Tables 10 (a,b,c & d). 

 

5.6.3 PM2.5 mass and air trajectories  
Backward trajectory direction of 72 h produced with HYSPLIT from the NOAA ARL26, 27 is 

presented in Figure 24 (a, b, c & d) for the days when maximum concentration was observed. The 
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air trajectory for 21 and 23 December, 2005 (Figure 24) when high PM2.5 mass was measured (476 

µg m-3, 308 µg m-3 respectively) revealed air parcel transported from south-east of Lahore (India). 

These trends may be explained on the basis that the wind direction from east and south-east has 

strong influence on particulate pollution load especially due to increased concentration of sulfate 

during foggy days. In the air parcel coming from east and north on 20th December, 2006, the PM2.5 

concentration was 400µg m-3 while on 06 December, 2007, the air parcels received from north-west 

and north had PM2.5 concentration of 422µg m-3 (Fig 24). 

 

5.7    Source Evaluation  
5.7.1 Model Results (Source Apportionment Positive Matrix Factorization: Statistical 

software positive matrix factorization was applied to analytical results. The analytical results 

distributed in five factors (sources) displayed by Positive Matrix Factorization (EPA-PMF 1.1) 

model application on the short term data of daytime, evening and nighttime (November, 2005 – 

January, 2006) are displayed in Figure 25. Factor 1 includes Al, Ca, K which refer to soil and road 

side dust (Figure 25). The average evening (1039 ng m-3) and nighttime conc. (964.9 ng m-3) of Al 

were higher than the daytime conc. (559.9 ng m-3). Ca conc., in the evening (941.6 ng m-3) were 

higher than the nighttime (730.6 ng m-3) and daytime concentrations (715.1 ng m-3). K 

concentration was recorded higher at night (2083 ng m-3) as compared with evening (1781 ng m-3) 

and daytime (1358 ng m-3) concentrations. The soil contains characteristic elements Al, Si, Ca, Mg, 

Ti and K.  The road dust contribution (18%) may be due to unpaved and grass free belt along some 

of the roads. Effect of human activities is clearly reflected in PMF results. These results clearly 

showed that weekdays contributions were higher than the weekend contributions. 

 

Factor 2 comprises Co, Cr, Fe, Mo, Ni, and Sn referring to industrial emission originating 

principally from ferrous metal sources. Factor 2 has high loading percentage for Cr, Mo and Ni. 

Average concentrations of Cr, Mo and Ni were highest at daytime i.e. 479.6 ng m-3, 45.74 ng m-3 

and 349.2 ng m-3 respectively, whereas the lowest concentrations were observed at night (278.4 ng 

m-3, 24.22 ng m-3 and 179.6 ng m-3 respectively). The possible source for Factor 2 is industrial 

emission including Iron and Steel Industry or Ferrous Smelters emissions. 

 

PMF displays a separate factor designated as Factor 3, for Cd, Pb, Sb, and Zn indicating 

vehicular/traffic emission as their common source (figure 25). This group has higher loading 

percentage that is more than 80% Zn and Pb.  The concentrations of Zn and Pb were higher (4439 

ng m-3 and 953.3 ng m-3 respectively) in 1st half of the day as compared to the evening (2831 ng m-3 
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and 820.6 ng m-3 respectively) and nighttime (4195 ng m-3 and 778.7 ng m-3 respectively) 

concentrations. Factor 3 represents vehicular emissions especially those from 2-stroke engines. 

Vehicular emissions and battery manufacturing are two major sources of airborne lead. Zn, Cd, Sb, 

Ba and Pb that are emitted from road traffic in considerable quantities. Zn is emitted from 

Lubrication oil, brake linings and tyres. Metal wear particles consisting of Cd-bearing alloys are 

also emitted. Pb plates used in battery manufacture usually contain about 4-5% Sb12. Unleaded 

gasoline has been introduced in most of the refineries of Pakistan and the ratio of vehicle engine 

conversion from gasoline to CNG due to price difference is also on increase. Therefore, a sharp 

decrease in Pb level is expected to be observed. On the contrary, a high Pb concentration was 

recorded. This may be due to rapid rise in private car ownership because of bank incentives, use of 

illegal low quality/adulterated fuel, traffic jams and soil deposited Pb, etc. The day time mean Pb 

level (953.3 ng m-3) is higher than that analyzed in 2002 (856 ng m-3)15. However, vehicular 

exhaust derived lead is reduced to 67% (day and nighttime) and to 55% in the evening from earlier 

reported as 70%15, while aerosol Pb from large battery manufacturing has increased to 33% and 

45% in day and evening samples from earlier reported as 30%.  It was found that Cd and Sb, 

despite their short history as traffic-emitted metals, have increased more than eightfold in roadside 

soils if compared to background levels.  

Factor 4 with high percentage of SO4
-2, NO3

-1 and NH4
+ refers to secondary aerosols (Figure 25). 

Secondary sulfates have been identified and characterized by a high concentration. These secondary 

aerosol particles may be largely from coal and biomass combustion in rural Lahore. The precursor 

gas of nitrate, NOX is emitted by vehicles and stationary sources such as thermal electricity 

generating plants. The percentages of secondary sulfate and secondary nitrate and Se were 75%, 

60%, 60% respectively (Figure 25). Factor 5, containing high percentage of V, As, Sr and Ba, 

refers to mixed urban source of Oil/Coal burning probably in industries, vehicles and brick kilns. 

5.7.2  Source Contribution to PM2.5 Mass 
The PM2.5 mass calculated from scaled source contribution of PMF and the results of multi-linear 

regression applied to estimate contribution of each source to PM2.5 mass.  

Source apportionment results are demonstrated in Figure 26 which displays the highest contribution 

of secondary aerosols, crustal elements and industrial emissions. The winter months in Lahore are 

dominated by dry air, cold and wind speed as low as 1 ms-1 which result in foggy/hazy environment 

with ground level inversion. That is why the high level of most of pollutants was recorded. The 

overall contribution of road dust to PM2.5 was 18%. Industrial emissions (Industrial oil burning, 

smelting, steel industry) contributed up to 26%.  The source apportionment results show that the 
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secondary products were the dominant one (51%). The city is also affected from distant sources of 

air pollution. The major contribution to PM2.5 mass is of secondary aerosols. SO2 emissions from 

China and India increased by approximately 60% and 150% respectively between 1980 and 200028 

and are forecasted to increase further.28,29  In India, the dominant share of sulfur dioxide load 

(tones/day) by different categories is  89% of the total load30.The sulfate column burden shows a 

high load over south and east India  (8–10 mg SO4
2− m−2)31. 

 

A good correlation, with an R2 value of 0.666  (Figure 27) was observed between the measured 

(Gravimetrically measured mass collected on filter paper used in sampler) and the calculated mass 

of PM2.5 from PMF when the analytical data of trace and toxic metals and anions was used as input 

file. This means the correlation between measured and calculated values is reasonably significant 

i.e. 66% (More than 50%). 

 

5.7.3 Trace Technique 
A tracer technique using Se has been developed to qualify the in-cloud oxidation of SO2 by Husain 

in 1989 (Husain, 1989). Se, like sulfur is produced in the high temperature combustion of fossil 

fuels. Within relatively short distances from the emission sources (10 km), it undergoes rapid gas to 

particles conversion (Kitto, 1987) and therefore, at remote sites, it exists almost entirely more than 

90% in the condensed phase. At remote sites downwind of high emission sources sulfate and Se are 

found to be highly correlated indicating their similar atmospheric removal rates (Husain, 2004). 

Our analyzed results show similar concentration pattern for SO4 and Se. The SO4 and Se are highly 

correlated and may be originating from same source most probably the coal combustion. The high 

SO4/Se ratio also support the previous finding that there are distant sources of SO4 aerosol in 

Lahore (Hameed, 2000, Rattigan , 2002) 

5.8    Estimation of Indoor Air Pollution 
A number of studies carried out all over the world on indoor/outdoor concentration relationship 

which has reported direct impact of outdoor air pollutants on indoor air quality. The results 

revealed that indoor PM10, PM2.5 and sulfate, nitrate and ammonium concentrations had a 

significant linear relationship with mass concentrations in outdoor samples. Furthermore, indoor 

sulfate, chloride and ammonium concentrations were higher towards the finest particle sizes, 

indicating a higher potential inhalation health hazard (Ahmed A. 2003). The study also confirmed 

that indoor air quality depends on outdoor atmospheric pollution level, indoor activities and 

virtually on the particle size.  Indoor air could be healthier than outdoor air if we use an energy 

recovery ventilator to provide a consistent supply of fresh filtered air (healthandenergy.com).  In 

http://www.inderscience.com/search/index.php?action=basic&wf=author&year1=1995&year2=2007&o=2&q=Ahmed%20A.%20El-Abssawy�
http://healthandenergy.com/energy_recovery_ventilators.htm�
http://healthandenergy.com/energy_recovery_ventilators.htm�
http://healthandenergy.com/air_pollution_causes.htm�
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Pakistan, there is a lack of awareness to use the filters for outdoor air cleaning. Therefore the 

outdoor high level directly affects the indoor air quality especially around the major intersections.  

 

It is estimated that indoor air concentration at various sites of Lahore exceed the standard limit as 

alarming high outdoor particle load (TSP, PM10, PM2.5) was recorded that exceeds the standard 

limit of about 2 to 4 times. To estimate the indoor concentration from out door level, we have 

utilized the studies of other researchers, as actual monitor to measure indoor pollution was not 

available. Ambient PM2.5 concentration was measured in a residential urban site, It was 

subsequently transformed to estimate indoor PM2.5 level using the ratio 0.75 (Low case) and 0.96 

(high case) based on evidence from India (Alena , 2005) as computed in Table 11. Alena  2005, 

reported daily average level of indoor PM2.5 as  360 µg/m3 when ambient PM2.5 was 375 µg/m3 

(24hrs) at a residential site in an urban area Juhi Lal Colony, during winter. Therefore the 

indoor/outdoor ratio is 0.96. They also reported that during all seasons, indoor levels are lower of 

0.75 times of ambient air than outdoor ambient air levels. This study was carried out in Kanpur 

which has almost similar climatic conditions to Lahore. Both low case and high case ratios was 

applied to incorporate two possible scenarios. The estimated indoor PM2.5 level most of the time 

exceeded the standard limit of 35 µg/m3 of USEPA (Table 11). These high indoor levels may have 

significant bearing on public health especially house wives and infants who spend most of their 

time in indoor environment, in terms of both morbidity and mortality. 

 

Conclusion 
Considering the results reported and discussed up to this point, it may be concluded that the levels 

of TSP, PM10 (dust particle) and gases were higher in summer which can be interpreted in terms of 

time dependent changes and anthropogenic activities. The high levels of CO, NOx and HC are 

related to excessive generation of gases and particles due to ever increasing traffic density and 

congestions/jams at intersections. The dust level at all sampling sites exceeded the prescribed limit 

however most of gases were found within limit.  The observed PM2.5 concentrations were 2 ~ 14 

times higher than the prescribed limits of USEPA i.e. 35µg m-3 in winter and spring. The excess 

from standard limit in summer was observed from 2 to 8 times while steeper decline from late June 

to September was encountered. The alarmingly high levels demand a serious concern over the issue 

of particle pollution in the study area which badly affects the health of local dwellers.  As the 

scientists have well understand that aerosols also have serious regional climate implications. They 

can modify the climate forcing by altering the radiative heating of the planet and cloud properties. 

The status and trend analysis of PM2.5 and identification of local emission sources and long range 

transport contributions to local air pollution levels is imperative for control policy 
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recommendations. The source apportionment results of winter 2005 and 2006 derived from Positive 

Matrix Factorization (PMF) model indicate that the major contributors of PM2.5 during winter in 

Lahore are: secondary aerosols, industrial emissions, soil/road dust and vehicular emissions. The 

high secondary aerosol contribution shows that in addition to local vehicular and industrial 

emissions, the city is also badly affected by trans-boundary air pollution sources. However, the 

prominent contribution from local vehicular and industrial emissions could not be neglected. The 

trace metals Cr, Mo and Ni from industrial source profile showed higher concentrations in daytime 

as compared to that in the evening and night. Zn and Pb concentrations were also recorded higher at 

daytime. Although the Pb concentration was found to be increased than that measured in 2000, 

however, there was a decrease in vehicular Pb concentration as compared to that reported earlier. 

The concentrations of soil/road dust characteristic elements Al, Ca and K were found to be 

minimum at daytime while higher in evening and nighttime samples. It implies that soil/dust 

remains suspended in evening and night due to activities in the 2nd half of the day. To alleviate air 

pollution problem, the mass transport system should be improved with minimization of the ever-

increasing demand of private cars and minimum the use of fossil fuels in industry. The estimated 

indoor PM2.5 level most of the time exceeded the standard limit of 35 µg/m3 of USEPA. The 

yearlong PM2.5 filters are being analyzed to help further conclude the culprit elements/compounds 

responsible for high level of PM2.5 and evaluate using air trajectories from where these high 

concentrations come. However, for better results of PMF many elements including EC, BC OC, Si 

etc would be analyzed. 

 

5.9 Recommendations 
In order to achieve better monitoring and efficient control of air quality in City of Lahore the 

recommendations are as follows:  
 An efficient mass transit system should be provided as that would help to down the ever 

increasing number of private cars  

 The scores of factors that contribute to the overall mismanaged system should be removed.  
Some of these factors include: 
• Lack of infrastructure facilities,  

• Majority of vehicles being not road-worthy,  

• Large sections of the roads being not vehicle worthy,  

• Limited use of fuel-efficient technologies. 

• There is therefore an urgent need to: 

• improve fuel quality and efficiency of the road transport vehicles all over the   

      Metropolitan area,  
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• monitor the performance of vehicles on road by emission related  testing/tuning  
procedures,  

• introduce a well managed transportation plan  

• Set up workshops for emission related tuning of all vehicles. Vehicles, old or
 new, should be allowed to run on city roads after checking for their emission
 related efficiency. 

• Environmental Monitoring System in Pakistan implemented by Pak-EPA in collaboration 
with JICA, Japan later  in 2007  in major cities of Pakistan is appreciated that would help in 
trend analysis  

• The measures taken by the Government of the Punjab, Transport Department should be 
fully supported. These messures are narrated below: 

o Imposition of ban on 2-stroke motor cab/cycle rickshaws 
o Induction of 4-stroke CNG rickshaws 
o CNG Buses 

 

Future Extension of Research Project 
Keeping in mind the general view of various sources of Lahore City, the results show reasonable 

findings. Although in this study, short duration data was analyzed, the true picture may emerge by 

the application of  long term data to PMF. Regarding this aspect                    

and others, the following recommendations are made to extend this research project further: 

• The long term indoor and outdoor monitoring may be carried out at multiple sites with the 

application of PMF. 

• The monitoring of air quality in Lahore and other cities of Pakistan should be done on 

continuous basis as it will be helpful in setting up the time series that may be analyzed to 

develop the changes in the air quality pattern from past to present. 

• The patterns so developed may be used to make future forecasts about air quality in 

Pakistan. The time series analysis will thus will be helpful for equipping ourselves to deal 

with the problems in future. 

• Similar studies may also be extended to determine certain untouched aspects of air quality 

monitoring. An important aspect is the determination of the mixing heights of different air 

pollutants in the atmosphere. 

• The smallest particle, less than 100 nonometers (nanoparticles) should also be monitored.  

• Adequate methodologies may be developed to carry out financial, economic and social 

benefit-cost analyses of the projects aimed at the cleaning and controlling of air atmosphere 

in Pakistan 
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Results  of four winter studies (1999, 2000, 
2001, 2005)
Source Apportionment-Application of SO4

2-/Se 
Tracer technique, Statistics analysis, Factor 
analysis
Local and distant source identification
Future plans

  
 

Sampling Location Aerosol Samples were collected at Lahore, which is the
capital of Punjab and the second largest city in Pakistan with a population of 7 million.

Sampling Details

• Aerosol Sampling (PM2.5) was carried out during last few winters on following Dates:

1. January 1-5 1999

2. December 25-31, 1999 and January 1-8, 2000

3. January 9-11 2001 sampling interval was 5 min.

4. Nov. 21 2005 to Dec. 9, 2005

• During winter, northeastern Pakistan  is under the influence of a high-pressure system resulting 
in dry weather and low wind speeds.  These conditions are ideal for accumulation of pollutants in the 
atmosphere.

SUPARCO 
OFFICE

WaghaBhati 
Gate

Lhr. 
Cantt

Township
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METHODOLOGY

(i) The samples were collected on 47-mm Zelfluor (Teflon) filters using
Millipore Swinex holder trains.

(ii) Thermo Electron Corporation RAAS PM2.5 Aerosol Sampler

(iii)   Black Carbon/Elemental Carbon and Organic Carbon Magee 
Scientific Model AE21 Aethalometer

Analysis Carried out for following parameters (Wadsworth Center, NY 
State Department of Health)

a) Anions & Cations (Ion Chromatograph) 

b) Trace and Toxic metal (ICP-MS) 

 

Mean Concentration and Range of Trace Species

STUDY 1
January 1-5 1999 

S.No. Species Mean Max Min

1 SO4
2- 50.29 98.90 17.50

2 NO3
- 37.03 65.50 22.80

3 Cr 19.00 28.20 5.70

4 Sc 1.34 2.30 0.10

5 Fe 4944.67 8767 535

6 Zn 1253.56 3892 301

7 Se 7.74 11.70 5.10

8 As 13.13 25.30 6.80

9 Sb 19.07 61.90 4.80
Concentrations of SO4

2-, NO3-, are in µg/m3, other in ng/m3.
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S.No. Species Mean Max Min

1 SO4
2- a 43.2 141.3 3.78

2 NO3
- a 31.7 74.5 3.1

3 SO2
a 21.2 68.5 0.83

4 Se 26.1 257.6 0.73

5 As 10.6 25.97 1.94

6 Sb 13.1 84.8 0.69

7 Cu 843.9 5305 29.4

8 Zn 2200 7796 111.5

9 Pb 846 4786 31.1

10 Al 13391 54351 1004

11 Fe 8176 24197 741.8

12 Ca 8696 30811 1312

13 Mg 1078 4409 101

14 Cr 22.1 67.6 1.44

15 Mn 177.1 503.9 16

16 Co 3.33 9.53 0.28

17 Ni 16.5 55.6 1.53

a Concentrations of SO4
2-, NO3-, and SO2 are in µg/m3, other in ng/m3.

STUDY 2
25 December 1999 to 8th January  2000

Mean Concentration and Range of 
Trace Species

the two sampling time intervals of  6 hour periods from 0800 to 1400 and 
1400 to 2000 hours followed by a 12 hour over night period from 2000 to 
0800 hours.  

 

Date 
(2001)

Time zone Mean 
SO2-

4
(µg/m3 )

Se conc.
(ng/m3 ) 

January 
9

08:00-10:00 19.02 3.55

12:00-13:15 17.32 2.05

January 
10

00:00-02:00 18.64 3.46

08:00-10:00 10.63 3.4

12:00-13:00 27.84 4.02

January 
11

00:00-01:00 13.9 0.95

08:00-09:45 8.8 1.87

Summary of 5-min aerosol measurements at Lahore, Pakistan, during 
January 2001
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Concentration (µg/m3) of black 
carbon at Lahore

Date
(2005) Min.BC Max. BC Avg. BC

Nov 21 1.6 46.1 14.3
Nov 22 6 54.4 18.2
Nov 23 3.7 52.8 15.8
Nov 24 4.4 38.3 16.5
Nov 25 3.2 55.2 12.1
Nov 26 4.7 58.8 21.2

 
 

 

 

 

 

 

 

ANNE 

 

 

 

 

 

 

 

 

 

 

 

Nov 27 11.4 45 21.4
Nov 28 4.8 52.4 14.3
Nov 29 1.5 40.4 10.8
Nov 30 1.7 34.7 12
Dec 01 2.1 57.9 20.9
Dec 02 3.1 68.7 26.3
Dec 03 2.2 56.7 21.4
Dec 04 3.3 51.4 19.5
Dec 05 3.1 57.6 15.9
Dec 06 2.1 76.3 20.7

Concentration (µg/m3) of black 
carbon at Lahore
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STUDY 4
Nov. 21 2005 to Dec. 9, 2005
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CITY YEAR BLACK 
CARBON

Kanpur, India
(Tripathi et al)

2005 12.3

Five cities of Bangladesh 
(Salam et al)

2003 10.1 to 41.3 
(EC)

Beijing, China (He at al) 2001 and 2004 8.1 (EC)
Measurement of EC in other 
cities in China by various 
groups.

2003, 2005, 2006 4.7 to 11.8 
(EC)

Mumbai, India 
(Venkataraman)

2002 12.5 (EC)

Dhaka 2001 22
Lahore 2005 21.7
New York 2002 <2
London 1995 2.3

Concentrations (ug/m3) of  Black Carbon/Elemental 
Carbon in Metropolitan Areas
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STUDY 1
January 1-5 1999

SOURCE EVALUATION OF CHEMICAL SPECIES  
Application of Tracer technique

STUDY 2
25 December 1999 to 8th January  2000
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STUDY 3
January 9-11 2001

In January 2001 the sampling interval was 5 min. 
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Sulfate was good correlated with Se and not with any element 
indicating their common source, most likely coal combustion

The SO4/Se ratios vary from ~1800 to 10,000 with a mean of 
4070 are in the range typically observed at sites in the US and 
indicative of substantial contributions to sulfate concentration due to 
the oxidation of SO2.

The sulphate/Se ratio were suggestive of longe-range transport 
from several hundred kms    

Application of Tracer technique

 
 

STUDY 1
January 1-5 1999 

S.No. Species

Factor

1 2 3

1 Fe 0.976

2 Sc 0.973

3 Cr 0.966

4 Sb 0.985

5 As 0.898

6 Zn 0.870

7 SO4
2- 0.876

8 Se 0.875

9 NO3
- -0.603 0.701

Rotated Factor Analysis of Aerosol Data

Factor loadings less than 0.4 have been omitted.

Statistics analysis
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S.No. Species 1 2 3 4
1 Al 0.980
2 Mg 0.977
3 Fe 0.967
4 Co 0.963
5 Cr 0.952
6 Mn 0.935
7 Ca 0.923
8 Ni 0.695 0.573
9 As 0.522 0.590 0.414

10 Pb 0.965
11 Sb 0.828 0.477
12 Zn 0.661
13 SO4

2- 0.958
14 NO3

- 0.841
15 Se 0.951
16 Cu 0.469 0.470

Rotated Factor Analysis of Aerosol Data

Factor loadings less than 0.4 have been omitted

STUDY 2
25 December 1999 to 8th January  2000

 
 

 

 

Element Crustal concentration 
(ppm)

Aerosol concentration 
(ng/m3)

EFa R2

Al 81300 13392 1 1
Fe 50000 8176 0.99 0.940
Ca 36300 8696 1.45 0.819
Mn 950 177.1 1.13 0.895
Cr 100 22.1 1.34 0.90
Ni 75 16.5 1.33 0.91
Co 25 3.33 0.81 0.927
Zn 70 2333 202.3 0.096
Cu 55 843.9 93.2 0.253
Pb 13 846 395 0.020
Se 0.05 20.6 2498 0.011
As 1.8 10.8 36.5 0.388
Sb 0.2 13.3 405 0.015

Crustal Enrichment Factors of Trace Elements

aEnrichment factor =(Xair/Alair)(Xcrust/Alcrust)

STUDY 2
25 December 1999 to 8th

January  2000
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Indian Ocean Experiment (INDOEX):

 
 

 

 

The high levels of pollutants especially aerosol sulfate 
concentration were observed may be due to local  sources and 
extensive coal utilization of coal in Indian power plants. 

The high level of BC may be due local activities such as 
frequent garbage burning, diesel combustion, sugar mill and bick 
kilin activities around the city.

A detailed scientific investigation of aerosol chemistry has
been initiated at multiple sites in Lahore

The control measures are required to be placed because of
potential threat to the inhabitants of the region where millions of
people live.

Conclusion and Future plans
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Particulate Matter (PM2.5) Concentration and Source Apportionment in Lahore 
 

ABSTRACT 

The work reported in this paper was carried out to study the trends of PM2.5 (particles with an 
aerodynamic diameter of 2.5µm or less) concentrations and source apportionment of PM2.5 
monitored at an urban residential site in Lahore Pakistan. PM2.5 aerosol samples were collected for 
2 days in a week at 12 hour interval in a day, both in dry and wet seasons, on ZefluorTM filter 
papers using Thermo-Electron Corporation Reference Ambient Air Sampler (RAAS). Total 310 
samples were collected during the period under study i.e. from November 2005 to December 2007. 
High PM2.5 loads were observed in winter, which were approximately 4 times greater than those 
observed in the summer, spring, fall and monsoon seasons in the yearlong measurements. Source 
apportionment was performed on short duration analysis results of November 2005 to January 2006 
using Positive Matrix Factorization (PMF) model. The results derived from PMF model indicated 
that the major contributors to PM2.5 in Lahore are: soil/road dust, industrial emissions, vehicular 
emissions, and secondary aerosols. It is, therefore, concluded that in addition to local vehicular and 
industrial emissions, the city is also affected from trans-boundary air pollutants particularly due to 
secondary aerosols (especially SO4

2-) during winter which increase PM2.5 concentrations manyfold 
when relatively less mixing height exists. The sulfate particles also facilitate in haze/fog formation 
during calm highly humid conditions, thus reduce visibility and increase the incidents of respiratory 
diseases encountered in the city every year. 

Keywords:  Airborne particulate matter, Source apportionment, PM2.5, Lahore 
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INTRODUCTION 

Urban atmosphere, in general, is highly convoluted and assorted because of the wide variability in 

the type, intensity, density and spatial distribution of emission sources. Aerosol particles, due to 

their relatively small size may remain airborne for several days so transported over large distances 

and are, therefore, ubiquitous in the atmosphere. Air pollution primarily affects urban areas, where 

the density of buildings, existence of industries and presence of a large number of vehicles prevent 

dispersion of pollutants. Thus, the studies on air quality date back to the point of extensive 

awareness about the present and the future hazards of air pollution. The detrimental effects of 

particulates on human health have been studied in various urban centers across Europe, United 

States of America and many other countries. Even for polar region, Turpin and Huntzicker reported 

a range of species, such as SO4
2-, NO3

- and NH4
+, produced by photochemical oxidation of gases 

which are of both anthropogenic and biogenic origin.1 Pope et al2 reported the association between 

increased air pollution and human health deterioration. Dockery, et al3 and Anderson4 carried out 

studies relating air pollution, mortality and hospital admissions for asthma. There are many reports 

on the negative impact of PM2.5 on respiratory tract.5, 6, 7 WHO estimated premature deaths caused 

by urban polluted air to be over 750,000 globally including more than 530,000 in Asia.8 In the 

USA, peak adverse health effects occur among the people of age 65 and older while in Delhi 

(India), peak effects occur even at relatively much younger age (15 to 44).9 The Indian Ocean 

Experiment (INDOEX) documented that every year, from December to April, anthropogenic haze 

spreads over most of the North Indian Ocean, and South and South East Asia.10 

It is well understood that aerosols also have serious regional climatic implications. They can 

modify the climate forcing by altering the radiative heating of the planet and cloud properties. 

Therefore, the long term study of PM2.5 and identification of local and distant sources are 

imperative for control policy recommendations. 

A bad ambient air quality in terms of higher TSP, PM10, PM2.5, CO and hydrocarbon (methane) has 

been reported in Lahore as compared to those in the other major cities of Pakistan.11 The major 
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emission sources in Karachi and Lahore, the two biggest cities of Pakistan, are vehicles, industries 

and fossil fuel based thermal power plants.12, 13 

In order to monitor air quality in the country, Pakistan Space and Upper Atmosphere Research 

Commission (SUPARCO) carried out a number of short term winter studies in Lahore over the 

years 1998-9914, 200015, 200116 and 2005-2006.17 In these studies, exceptionally high SO4
2- 

concentrations were reported during the foggy days. SO4
2-/Se tracer technique was applied to 

quantify the in-cloud oxidation of sulfur dioxide.18 The SO4
2-/Se tracer technique was also applied 

to delineate the origin of the sulfate aerosol.14, 15, 16 A study conducted by Hameed et al14 reported 

high SO4
2-/Se ratios (from 2,873 up to 12,903) which suggested that the distant fossil fuel 

combustion, about 400 to 933 Km away from Lahore, contributed significantly towards high SO4
2- 

levels. Another study17 reported comparatively low SO4
2-/Se ratio, from 910 up to 2,534, which led 

to the conclusion that the local as well as remote sources contributed to the elevated sulphate levels.  

The work undertaken by SUPARCO is still in progress and on the basis of the reports highlighted 

above, less polluting energy sources are being explored e.g. attempts are being made to gradually 

replace the coal and gasoline with natural gas in domestic and industrial usage.  

The present study is aimed at studying diurnal and seasonal concentration of PM2.5 and estimating 

contribution of various sources. 

 

EXPERIMENTAL 

 

Study site 

For the purpose of monitoring fine particulate matter (PM2.5) in Lahore, Jauhar Town, a residential 

area located in the south of the city was selected (Figure 1). It is the largest residential society of 

Lahore, developed by the Lahore Development Authority (LDA). The study site should represent 

the local and distant sources of air pollution and should also avoid the immediate sources; therefore 

the selected site is ideal because it is downwind to the city and near to the Indian border 
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(approximately 35 Km). The well planned canal road is at distance of one Km from the sampling 

site. Various industrial activities in its vicinity (2 to 6 Km) of the sampling site are taking place in 

“Hanjarwal”, “Multan Road”, “Township” and “Kot Lakhpat” (Figure 1). 

 

[Figure 1] 

 

PM2.5 monitoring 

PM2.5 samples were collected using Thermo Electron Corporation PM2.5 Reference Ambient Air 

Sampler (RAAS) during the time period one from November 22, 2005 to March 10, 2006 and the 

other from November 29, 2006 to December 17, 2007 at “Jauhar Town”. The sampling was 

performed at a height of 10 meter from the ground level. From November 22, 2005 to December 

23, 2005, the 12 hour daytime sampling was divided into two intervals: ‘morning’ from 0900 to 

1500 hours and ‘evening’ from 1500 to 2100 hours whereas the ‘night’ samples were collected for 

12 hours from 2100 to 0900 hours. From December 24, 2005 to Jan. 31, 2006 the ‘morning’ and 

‘evening’ sampling times were shifted to 0800 to 1400 hours and 1400 to 2000 hours respectively 

while the nighttime samples were collected for 12 hours from 2000 to 0800 hours. For the yearlong 

data from February 21, 2006 to March 10, 2006 and November 29, 2006 to December 17, 2007 

sampling was done at 12 hours intervals. The samples were collected on 47 mm pre-weighed 

ZefluorTM filter papers at constant air flow rate of 16.67 l/min. 

 

Chemical analysis   

The filter papers were kept in controlled environmental conditions at a temperature of 20 – 23 ºC 

and relative humidity of 30 – 40% for 24 h, as per USEPA standard, prior to and after the collection 

of PM2.5 mass. PM2.5 mass was determined gravimetrically by the difference of weight of filter 

paper before and after collecting PM2.5. The samples collected from November 2005 to January 

2006 were analyzed for ions and trace metals. Analysis of extracts for ions of interest was done by 
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DIONEX (Model DX 500) equipped with Peaknet software.19  The filters were digested in a 

microwave oven and analyzed for 25 trace metals by Inductively Coupled Plasma Mass 

Spectrometry.20 

 

Model based data analysis 

Backward air trajectories were used to assess the origin of the source of the pollutants collected at 

the receptor site.  Backward trajectory of 72 h accessed via the NOAA (National Oceanic and 

Atmospheric Administration) Air Resources Laboratory READY (Real-time Environmental 

Applications and Display sYstem) website with the HYSPLIT4 (HYbrid Single-Particle 

Lagrangian Integrated Trajectory) model.21, 22 

Positive Matrix Factorization (PMF), a multivariate receptor based model developed by Paatero et 

al23, 24, 25, was applied to the analytical results of the PM2.5 samples collected at the receptor site 

during the winters of 2005 and 2006 to identify sources and their contributions to the receptor site 

airborne fine particulate matter. Receptor based multivariate source apportionment models use 

chemical composition of fine particulate matter measured at receptor site / sites to determine 

correlation among them assuming that highly correlated species come from a common source. EPA 

PMF version 1.1, a software tool based on PMF model, was used for PM2.5 source apportionment in 

the current study. Further, the quantitative contribution of each species to each source obtained 

from the PMF results was utilized to quantify the contribution of each source to PM2.5 mass. 

 

Model description 

A general receptor model assumes there are p  sources contributing to a receptor site. This can be 

mathematically stated as 

ijkj
p

k ikij efgX +=∑ =1    
(1) 

Where, 

ijX  = Concentration of species j  in thi  sample 
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ikg  = Contribution of thk  factor to the thi  sample 

kjf  = Fraction of thk  factor that is species j  

ije  = Residual for the thj  species in thi  sample 

To estimate the contributions ( ikg ) and source profiles ( kjf ), PMF uses constrained, weighted, least 

squares method. The task of EPA PMF is to minimize the sum of squares of standardized (residual 

divided by corresponding uncertainty value) residuals (Q) 

2
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j ij

ij
n

i s
e

Q
    

(2) 

Where, 

n  = Total No. of samples. 

m  = Total No. of species. 

ijs  = Uncertainty for thj  species in thi  sample. 

 

Equation (1) can also be written in matrix form as 

X = GF + E     (3) 

Where, 

X = Matrix of Measured data with dimension “no. of samples” x “no. of species”. 

G = Contributions Matrix with dimension “no. of samples” x “no. of factors”. 

F = Source profiles Matrix with dimension “no. of species” x “no. of factors”. 

E = Matrix of residuals with dimension “no. of samples” x “no. of species”. 

Matrix of the measured concentrations ‘X’ and uncertainty matrix ‘S’ are the inputs for the PMF 

model whereas the matrices ‘G’, ‘F’ and ‘E’ are obtained as output data. 

The source contribution matrix “G” was further utilized for source apportionment by taking into 

account the measured PM2.5 mass. To perform the quantitative source apportionment, a scaling 

coefficient, yk, is introduced in the model equation (1) so that 
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kj
p

k ikij fgX ∑ =
=

1  

kj
p

k

k

k
ikij fgX

y
y

∑ =
=

1
.

 

yk was determined by multi-linear regression of computed source contribution against measured 

PM2.5 mass. Constant of linear regression was assumed to be zero. 

ik
p

k ki gym ∑ =
=

1  

After determination of yk values, the final scaled source contributions were determined. PM2.5 mass 

was again calculated from scaled source contribution.  

EPA-PMF 1.1, after several runs, revealed five most interpretable sources with a minimum Q value 

(Figure 4).  

 

RESULTS AND DISCUSSION 

The results are reported at two levels. At the first level, the seasonal variation of PM2.5 

concentration with standard deviation is discussed, whereas, at the second level the PMF model 

results with grouping of species from the same possible sources are discussed along with the 

diurnal variations of the elemental concentrations. The contribution of various sources is also 

discussed. 

 

Seasonal PM2.5 concentration variations 

PM2.5 concentration during November 2005 to January 2006 ranged from 53µg m-3 to 476µg m-3 

with the mean value of 191±90 µg m-3. During February 2006 to March 2006, PM2.5 level ranged 

from 32 µg m-3 to 400 µg m-3 with the mean value of 143 ±100 µg m-3. After a gap of seven months 

the PM2.5 monitoring was restarted on continuous basis. PM2.5 concentration variation from 

November 2005 to December 2007 is demonstrated in Figure 2. The particulate concentration 

showed marked seasonal variations. Comparatively high and alarming levels were recorded in 

winter (December – February). These levels varied from 49.9µg m-3 to 447 µg m-3 with the mean of 
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175 ± 88.52µg m-3 (November 2006 to February 2007). Some higher levels ranging from 24.95µg 

m-3 to 432µg m-3 with mean of 136 ±114.81µg m-3 were also observed on some days of spring 

(March – April). However, a sharp decrease in particles (PM2.5) level was observed in summer 

(May – June) when concentrations varied from 34.52µg m-3 to 273.62µg m-3 (mean 93.35 ±64.77µg 

m-3), during monsoon (July – August), these levels varied from 17µg m-3 to 66.34µg m-3 with an 

average of 36.78±12.06 µg m-3 and in post monsoon (September – October) these varied from 12µg 

m-3 to 185.72µg m-3 having an average of 47.61±36.55 µg m-3 .  

The observed PM2.5 concentrations in winter and spring were 2 ~ 14 times greater than the 

prescribed limits of the USEPA i.e. 35µg m-3. A 2 to 8 times excess from the standard limit was 

observed in summer. Annual arithmetic mean of PM2.5 for the year 2007 was 103 µg m-3 which 

exceeded seven fold from USEPA annual standard for PM2.5 (15µg/m3). 

 

[Figure 2] 

 

Alarmingly high PM2.5 concentrations were recorded in dry winter (November – January) in the 

densely populated areas. The visibility in Lahore and its adjoining areas during winter is often as 

low as 50 meters. PM2.5 concentrations also showed a sudden rise which was many-fold during 

foggy days when secondary aerosols especially sulfate also contribute to total aerosol load (Table 

1). Luckily, during heavy monsoon seasons in Lahore, the suspended particulates are washed away 

in the rainy days. Therefore, a steeper decline in PM2.5 concentration was observed from late June 

to September. 

Backward air trajectories, produced with HYSPLIT from the NOAA ARL21, 22 are presented in 

Figure 3 (a, b, c & d) for the days when maximum concentration was observed. Each air trajectory 

was computed 72 hours back in time at a height of 1000 meter. On 21st and 23rd December, 2005 

(Figure 3a, b), when high PM2.5 mass was measured (476 µg m-3, 308 µg m-3 respectively), the air 

trajectories revealed air parcels transported from south-east of Lahore (India). This trend may be 
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explained on the assumption that the wind direction from east and south-east has strong influence 

on fine particulate pollution load especially due to increased concentration of sulphate during foggy 

days. In the air parcel coming from east and north on December 20, 2006, the PM2.5 concentration 

was 400µg m-3 while on December 06, 2007, the air parcels received from the north-west and north 

had PM2.5 concentration of 422µg m-3. It appears that apart from the distant sources, the local 

industrial and vehicular emissions, emissions from brick kilns and indiscriminate burning of 

agricultural and solid waste also contribute to the PM2.5 concentration especially through the 

emission of trace metals, Elemental Carbon (EC), Black Carbon (BC) and Organic Carbon (OC). 

 

[Figure 3] 

 

Analytical results of PM2.5 winter samples (November 2005 to January 2006) 

The analytical results of PM2.5 aerosol samples of  November 2005 to January 2006 analyzed for 

SO4
2-, NO3

-, NH4
+, Be, V, Cr, Ni, Mo, Mg, Al, Na, K, Ca, Mn, Co, Zn, As, Se, Sr, Cd, Sn, Sb, Ba, 

Fe, Ti & Pb are presented in Tables 1 and 2. 

 

[Table 1 & 2] 

 

Source apportionment 

The analytical results distributed in five factors (sources) displayed by Positive Matrix 

Factorization (EPA PMF 1.1) model application on the short term data of daytime, evening and 

nighttime (November 2005 – January 2006) are shown in Figure 4. Factor 1 includes Al, Ca, K 

which refer to soil and road side dust (Figure 4). The average evening (1039 ng m-3) and nighttime 

(964.9 ng m-3) concentrations of Al were higher than the daytime concentration (559.9 ng m-3). 

Calcium concentration in the evening (941.6 ng m-3) was higher than the nighttime (730.6 ng m-3) 

and daytime (715.1 ng m-3) concentrations. Higher K concentration was recorded at night (2083 ng 
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m-3) as compared to the evening (1781 ng m-3) and daytime (1358 ng m-3) concentrations. Soil 

contains characteristic elements Al, Si, Ca, Mg, Ti and K.  The road dust contribution (18%) may 

be from unpaved and grass free belts. 

 

[Figure 4] 

 

Factor 2 comprises Co, Cr, Fe, Mo, Ni, and Sn referring to industrial emissions originating 

principally from ferrous metal sources. Factor 2 has high loading percentage for Cr, Mo and Ni. 

The average concentrations of Cr, Mo and Ni were highest in daytime i.e. 479.6 ng m-3, 45.74 ng 

m-3 and 349.2 ng m-3 respectively, whereas the lowest concentrations were observed at night (278.4 

ng m-3, 24.22 ng m-3 and 179.6 ng m-3 respectively). The possible source for Factor 2 may be 

industrial emissions from Iron and Steel Industry or Ferrous Smelters. A Relatively higher 

contribution of Factor 2 in PM2.5 mass was found in weekdays as compared to that in the weekends 

(Figure 5). 

 

[Figure 5] 

 

PMF displays a separate factor designated as Factor 3, for Cd, Pb, Sb, and Zn indicating 

vehicular/traffic emission as their common source. This group has higher loading percentage that is 

more than 80% Zn and Pb.  The concentrations of Zn and Pb were higher (4439 ng m-3 and 953.3 

ng m-3 respectively) in the 1st half of the day as compared to the evening (2831 ng m-3 and 820.6 ng 

m-3 respectively) and nighttime (4195 ng m-3 and 778.7 ng m-3 respectively) concentrations. Factor 

3 represents vehicular emissions especially those from two stroke engines. Vehicular emissions and 

battery manufacturing are two major sources of airborne lead. Zn, Cd, Sb, Ba and Pb are emitted 

from road traffic in considerable quantities. Zn is emitted from lubrication oil, brake linings and 

tyres, whereas, metal wear particles from Cd-bearing alloys are also emitted. Pb plates used in 
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battery manufacturing usually contain about 4 - 5% Sb.12 Unleaded gasoline has been introduced in 

most of the refineries of Pakistan and the ratio of vehicle engine conversion from gasoline to 

compressed natural gas (CNG) due to low price is also on increase. Therefore, a rapid decrease in 

Pb level was expected to be observed. On the contrary, a high Pb concentration was recorded. This 

is likely to be due to rapid increase in private car ownership because of bank leasing facilities, use 

of adulterated fuel, traffic jams and soil deposited Pb, etc. The day time mean Pb level (953.3 ng m-

3) is higher than that observed in 2002 (856 ng m-3).15 However, vehicular exhaust derived lead is 

reduced to 67% in day and night and to 55% in the evening as compared to the earlier reported 

value of 70%15, while aerosol Pb from large battery manufacturing has increased to 33% and 45% 

in day and evening samples respectively as compared to the earlier reported value of 30%. It was 

found that Cd and Sb, despite their short history as traffic-emitted metals, have increased more than 

eight times in roadside soils as compared to background levels.  

Factor 4 with high percentage of SO4
2-, NO3

- and NH4
+ refers to secondary aerosols. Secondary 

sulphates have been identified and characterized by a high concentration. These secondary aerosol 

particulate could be largely from coal and biomass combustion in the rural areas of Lahore. The 

precursor gas of nitrate, NOX is emitted by vehicles and stationary sources such as thermal 

electricity generating plants. The percentages of secondary sulphate, secondary nitrate and Se were 

75%, 60% and 60% respectively (Figure 4). Factor 5, containing high percentage of V, As, Sr and 

Ba, refers to mixed urban source of Oil/Coal burning probably in industries, vehicles and brick 

kilns. The contribution of this factor, in PM2.5 mass, during weekdays was found higher than that in 

the weekends (Figure 5). 

 

Source contribution to PM2.5 mass 

The PM2.5 mass calculated from scaled source contribution of PMF and the results of multi-linear 

regression is applied to estimate the contribution of each source to PM2.5 mass. 
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Source apportionment results shown in Figure 6 display the high contribution of secondary 

aerosols, crustal elements and industrial emissions towards PM2.5 mass. The overall contribution of 

road dust to PM2.5 was 18%, whereas, industrial emissions (Industrial oil burning, smelting, steel 

industry) contributed up to 26%. The source apportionment results show that the secondary 

products were the dominant (51%). The city is also affected from distant sources of air pollution. 

Every winter a dense belt of fog occurs over northeastern India extending to northwestern India and 

to eastern Pakistan. The visibility impairment in the form of brown cloud, fog and haze/smog also 

is experienced in Asia round the year. Indian Ocean Experiment (INDOEX) also reported 

substantial amounts of inorganic, organic and secondary aerosol pollutants over the entire northern 

Indian Ocean.26 The intensity of fog episode is greater in India as compared to the eastern part of 

Pakistan. These episodes and low dispersion are often experienced in India extended to the border 

areas of Pakistan. Therefore pollutants contribution from distant sources under similar 

meteorological condition should be evaluated. The SO2 emissions in India are much higher than 

those in Pakistan, as coal is extensively used in India for electricity generation (thermal power 

plants). In India, the dominant share of sulphur dioxide load (tonnes / day) by different categories is 

89% of the total load.27 SO2 emissions from China and India increased by approximately 60% and 

150% respectively between 1980 and 200028 and are expected to increase further.28, 29 Stationary 

sources are major contributors to aerosol sulphur pollution.30 The higher sulphur content in diesel 

fuel being used in Pakistan31 is also one of the major local sources of SO2 and sulphate in urban 

Lahore. Similarly, there is a contribution of SO2/H2S from open sewage drains in Lahore. In 

addition, there are many brick kilns operating in and around Lahore. The low quality and/or 

adulterated fuel used in some of these may also contribute to overall SO2. 

 

[Figure 6] 
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A good correlation, with an R2 value of 0.666 (Figure 7) was observed between the measured 

(Gravimetrically measured mass collected on filter paper used in sampler) and the calculated mass 

of PM2.5 from PMF when the analytical data of trace and toxic metals and anions was used as input 

matrix. The correlation between measured and calculated PM2.5 mass is a reasonably significant 

value i.e. 66% (more than 50%). 

 

[Figure 7] 

 

CONCLUSION 

It was observed that, during the study period, the PM2.5 concentrations measured in Lahore ranged 

from 2 to 14 times higher than the prescribed limits of USEPA i.e. 35µg m-3 in winter and spring. 

The excess from standard limit in summer was observed ranging from 2 to 8 times while steeper 

decline from late June to September was observed. The alarmingly high levels of PM2.5 must be 

affecting the health of local dwellers. Therefore, a well thought health study needs to be 

undertaken. The source apportionment results of winter 2005 and 2006 indicate that the major 

contributors of PM2.5 during winter in Lahore are: secondary aerosols, industrial emissions, 

soil/road dust and vehicular emissions. The high secondary aerosol contribution shows that in 

addition to local vehicular and industrial emissions, the city is also affected by trans-boundary air 

pollution sources. However, the prominent contribution from local vehicular and industrial 

emissions cannot be neglected. The trace metals Cr, Mo and Ni from industrial source profile 

showed higher concentrations in daytime as compared to that in the evening and night. Zn and Pb 

concentrations were also recorded higher in the daytime. Although the Pb concentration was higher 

than that observed in 2000, however, there was a decrease in vehicular Pb concentration as 

compared to that reported earlier. The concentrations of soil/road dust characteristic elements Al, 

Ca and K were found minimum in the daytime while higher in the evening and nighttime samples. 

It implies that soil/dust remains suspended in evening and night due to activities in the 2nd half of 
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the day. To alleviate air pollution problem, the mass transport system should be in place to curtail 

ever-increasing demand of private cars and the use of fossil fuels should be reduced in industry. 

The yearlong PM2.5 filters are being analyzed to help further analyze facts responsible for higher 

level of PM2.5.  
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FIGURE CAPTIONS 

 

Figure 1 Location of the Sampling Site. 

 

Figure 2 PM2.5 concentrations variation from November, 2005 to December, 2007. 

 

Figure 3 72 h backward air trajectories produced with HYSPLIT4 from the NOAA ARL. 

 

Figure 4 Source profiles resolved from PM2.5 mass. 

 

Figure 5 Weekday/Weekend contributions of Factors towards PM2.5 mass. 

 

Figure 6 Contributions of Identified Sources to PM2.5 Mass at Lahore, Pakistan. 

 

Figure 7 Correlation between measured and calculated PM2.5 mass. 
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Figure 1 
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Figure 3 
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Figure 4 
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Figure 5 

 

 

 

 

Figure 6 

 

Secondary Aerosols (51%)

Vehicular / Industrial
Oil burning (18%)

Road Dust (18%)

Steel Industry (8%)

 



138 
 

Figure 7 
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Table 1 PM2.5 load and Elements & ions concentration in PM2.5 measured from November 22, 2005 to January 31, 2006 in Lahore 

 

Time 
PM2.5 SO4

2- NO3
- NH4

+ Be V Cr Ni Mo Mg Al Na K Ca 

Concentration (µg m-3) Concentration (ng m-3) 

Range (Day) 53-476 3.33-59 2.10-73 1.98-54 0.04-2.33 0.34-17.9 0.32-2514 1.13-1857 0.17-269 100-1357 28-1908 61-928 243-2954 183-3467 

Range (Evening) 84-403 3.63-52 0.42-44 3.43-46 0.04-0.71 1-14.5 1.71-1794 0.44-1411 0.12-205 45-1058 179-2118 51-1482 589-5087 176-3040 

Range (Night) 105-452 4-66 4.16-37 4.57-60 0.02-0.47 0.23-14.3 0.18-2902 2.27-2002 0.08-294 99-773 52-2146 132-2194 259-5660 289-1489 

Average (Day) 161.4 12.64 21.83 14.53 0.52 6.36 479.6 349.2 45.74 319.0 559.9 296.3 1358 715.1 

Average (Evening) 186.0 11.50 16.51 12.10 0.32 4.91 403.6 286.6 37.97 467.5 1039 346.1 1781 941.6 

Average (Night) 228.8 15.70 20.95 15.79 0.22 5.70 278.4 179.6 24.22 397.5 964.9 405.5 2083 730.6 

 

Table 2 Elements concentration in PM2.5 mass measured from November 22, 2005 to January 31, 2006 in Lahore 

 

Time 
Mn Co Zn As Se Sr Cd Sn Sb Ba Fe Ti Pb 

Concentration (ng m-3) 

Range (Day) 11.7-438 0.26-31.4 39-47864 2.4-23.4 0.99-24.2 0.79-11.4 0.34-27.7 0.75-315 1.39-66 1-22.5 141-11112 8.94-141 11.17-6948 

Range (Evening) 16.3-490 0.32-138 10-31543 0.25-135 1.26-20.9 0.96-84 0.13-93 8-988 0.26-157 0.08-99.7 194-9661 15.9-116 20.8-11617 

Range (Night) 16.9-1646 0.13-34.6 42-41046 0.97-50 2.29-24.3 1.01-7.1 0.37-57 0.19-553 2.16-97 2.48-21 221-13125 3.92-135 47.6-9095 

Average (Day) 106.9 6.20 4439 9.58 10.53 3.58 7.02 97.82 15.80 7.37 2996 38.46 953.3 

Average (Evening) 128.1 10.12 2831 11.09 9.18 6.24 9.83 133.9 18.60 13.27 3025 57.61 820.6 

Average (Night) 155.6 3.27 4195 8.65 10.08 3.84 7.52 96.28 12.47 10.93 2382 48.06 778.7 
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ANNEXURE 1 

ANALYSIS FOR TRACE METALS AND ANIONS 

 

Several methods are available for measuring SPM/PM10/PM2.5 in ambient air. The most 

commonly used device is the high volume sampler, which consists essentially of a blower and 

a filter, and which is usually operated in a standard shelter to collect an 8 hrs, 24 hrs samples. 

The sample is weighed to determine concentration and is usually analyzed chemically. The 

procedures used for determining the anions and cations and  toxic & trace  metals analysis in 

particulate matter (TSP, PM10, PM2.5) in ambient air are described in this method. 

 

Water-soluble ions extraction and analysis  

The Zefluor filters were extracted in 7.0 ml deionized distilled water at 70-80 °C for 2 h in an 

ultrasonic bath. Samples were shaken and vortexed for 30-45 s and allowed to cool. 

Concentrations of anions & cations were determined by ion chromatography. Peak areas were 

calibrated by analyzing a series of standards over the range 0.025-10 mg/l. Good linear fits 

were obtained with correlation coefficients greater than 0.995. The accuracy of the calibration 

curves was checked by analyzing quality controls at concentrations of 0.75 and 6.0 mg/l. The 

percentage standard deviation on the QC’s was approximately 5%. A series of samples were 

also analyzed in duplicate.  

 

Sample extraction and analysis for elemental composition   

Samples of TSP& PM10 were collected on Whatman 41 filter paper while PM2.5 on Zefluor 

filters paper. Hot acid extraction is recommended when microwave technology is not 

available. The filter strips are placed in a beaker and extracted by ashing up to 450oC and 

refluxing on a hot plate, using 10 mL hydrochloric acid (8%) nitric acid (3%) solution. The 

digestate is filtered before analysis. 
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Analysis is done by atomic absorption Spectrophotometer Varian SpectraAA-20 which based 

on both flame atomic absorption (FAA) spectroscopy and graphite furnace atomic absorption 

(GFAA) spectroscopy of the two methods, the detection limit for GFAA is about two orders 

of magnitude better than FAA.  This technique operates by measuring energy changes in the 

atomic state of the element. The sample is vaporized and dissociates into its elements in the 

gaseous state. The element being measured is aspirated into a flame or injected into a graphite 

furnace and atomized. The atoms in the unionized or "ground" state absorb energy, become 

excited, and advance to a higher energy level.  A hollow cathode discharge lamp for the 

determined metal provides a source of the characteristic radiation energy for that particular 

metal. A light beam containing the corresponding wavelength of the energy required to raise 

the atoms of the element from the ground state to the excited state is directed through the 

flame or furnace. This wavelength is observed by a detector.  
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ANNEXURE 2 

 

 Brief about Statistical Software Positive Matrix Factorization (PMF)  

 

Positive Matrix Factorization (PMF) is a Multivariate receptor method, developed by Dr. 
Paatero at the University of Helsinki in Finland in the mid 1990’s. PMF can be used for 
source identification and apportionment of pollutants. A general receptor model assumes there 
are p  sources contributing to a receptor site. This can be mathematically stated as 

 

ijkj
p

k ikij efgX +=∑ =1
         (1) 

 
Where, 
 

ijX  = Concentration of species j  in thi  sample. 

ikg  = Contribution of thk  factor to the thi  sample. 

kjf  = Fraction of thk  factor that is species j . 

ije  = Residual for the thj  species in thi  sample. 
 

The objective is to estimate the contributions ( ikg ) and source profiles ( kjf ). EPA-

PMF 1.1 uses constrained, weighted, least squares method for the estimation. 

Constraints refer to non-negativity of source contribution and source profiles. An 

uncertainty value, for each species in each sample, can be input by the user. Samples 

with higher value of uncertainty are weighted less whereas those with smaller value of 

uncertainty are weighted higher.  

 

The task of EPA PMF is to minimize the sum of squares (Q) 
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Where, 
 
n  = Total No. of samples. 
m  = Total No. of species. 
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ijs  = Uncertainty for thj  species in thi  sample. 
 
Equation (1) can also be written in matrix form as 
 
X = GF + E       (3) 
 
Where, 
 
X = Matrix of Measured data with dimension “no. of samples” x “no. of species”. 
G = Contributions Matrix with dimension “no. of samples” x “no. of factors”. 
F = Source profiles Matrix with dimension “no. of species” x “no. of factors”. 
E = Matrix of residuals with dimension “no. of samples” x “no. of species”. 
 
 
Matrix ‘X’ along with uncertainty matrix ‘S’ are input for PMF model whereas 
matrices ‘G’, ‘F’ and ‘E’ are obtained as output data. PMF output matrix ‘F’ and ‘G’ 
are normalized using multi-linear regression analysis. 

 

2.   Procedure to apply the Source Apportionment model PMF to Analytical Results 

 

1. EPA-PMF output folder contains the following text output files: 
 
  qualifier_contrib.txt 
  qualifier_diag.txt 
  qualifier_profile.txt 
  qualifier_resid.txt 
  qualifier_strength.txt 
 
2. Open “qualifier_contrib.txt” in “Microsoft Excel” as follows: 
 

a) Click File > Open 
b) Select “Files of Type” as Text Files (*.prn; *.txt; *.csv) as highlighted in 

the figure below and select “qualifier_contrib.txt” file. 
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c) Click “Open”. Text Import Wizard is displayed as shown in the figure below: 

 
 

d) Select “Delimited” radio button as highlighted in red in the figure above and 

click “Next” 
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e) Check “Space” checkbox as shown in the above figure and click “Next”. 
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Contribution file has the following format: 

 

Ran

d. 

Run 

Sample 

No. / 

Sample 

Date 

Factor 1 

Contributi

on 

Factor 2 

Contributi

on 

Factor 3 

Contributi

on 

Factor 4 

Contributi

on 

Factor 5 

Contributi

on 

Factor 6 

Contributi

on 

1 1 0.6789 1.3124 3.6541 6.8755 5.1122 0.0654 

. . . . . . . . 

. . . . . . . . 

. . . . . . . . 

 

3. The contribution file contains results for all the random runs. Choose (on the basis of 

minimum Q value) one of the random runs for further analysis. i.e. delete the rest of 

random run results except the chosen one. 

4. Add a new column (9th column) and insert PM2.5 total mass values for each sample in it. 

5. Scroll down to the last row and select an array of empty cells of the dimension 5 (rows) x 

No. of Factors (No. of Columns). 

6. Type =linest 
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7. Select PM2.5 mass column (values only) and type a comma after it. 

8. Select factor contribution matrix, i.e. all the six columns having factor contribution 

values, type a comma. 

9. Type “False” without quotes. 

10.  Type a comma. 

11. Type “True” without quotes. 

12. Close parentheses by typing “)” without quotes. 

 

 
 

13. Press “Ctrl + Shift + Enter” on the keyboard. Regression results will be displayed as 

shown in the figure below. 
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14. The top row of regression result matrix displays the Multi-linear regression coefficients 

in reverse order (Highlighted in the above figure). 

15. To normalize our data we need to multiply each factor’s contribution values with 

corresponding regression coefficient e.g. multiply each “sample contribution value” for 

Factor 1 with 1st regression coefficient, say m1, and so on for all the factors. 

 
 

Contribution 
values for Factor 1 

1st Regression 
Coefficient 
Cell No:  
H133 
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16. As shown in the above figure, contribution values for Factor 1 is to be multiplied with 1st 

regression coefficient and the resulting column will be the normalized contribution 

values for Factor 1. Similar procedure is adapted for the rest of the Factors. 

17. Add a new heading “Factor 1 Normalized” to an empty column, say column K. Type in 

the formula as shown in the figure below. 

 

 
 

18. $H$133 is the absolute reference for the cell containing 1st regression coefficient. Press 

enter and then copy the formula for all the values by dragging. 

19. Similarly obtain the Normalized contribution values for all the factors. 
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20. Take the average values for each Normalized Factor. 

 

 
 

21. Make a pie chart for the average values. 

Average values for Normalized contribution 
values. 
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