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ABSTRACT 
 

In order to assess the extent of air quality within the major urban environments in Pakistan, PM2.5 pollutant has been 
analyzed during the period 2007–2011 in Islamabad; and 2007 to 2008 in Lahore, Peshawar and Quetta (high elevation, 
1680 m MSL). Seasonal and diurnal variations of PM2.5 mass concentration formation and accumulation within these areas 
have been analyzed. Air quality monitoring data and meteorological data (both QA/QCed) were obtained from Federal and 
Provincial Pakistan Environmental Protection Agencies. In Islamabad, the annual average PM2.5 mass concentrations were 
81.1 ± 48.4 µg/m3, 93.0 ± 49.9 µg/m3, 47.8 ± 33.2 µg/m3, 79.0 ± 49.2 µg/m3, and 66.1 ± 52.1 µg/m3 during 2007 to 2011 
respectively. Comparison of the four cities during summer 2007 to spring 2008 shows that all the four cities had PM2.5 
concentration exceeding the Pakistan National Environmental Quality Standards (annual average concentration of 25 
µg/m3; and 24 hourly average concentration of 40 µg/m3) for ambient air. During the same time period, the highest 
seasonal PM2.5 mass concentrations for Islamabad were observed as 98.5 µg/m3 during spring 2008; 150.4 ± 87.9 µg/m3; 
104.1 ± 51.1 µg/m3 and 72.7 ± 55.2 µg/m3 for Lahore, Peshawar, and Quetta during fall 2007, respectively. Wind speed 
and temperature have a negative correlation with the mass concentration of PM2.5. Diurnal profile for all the cities suggests 
an association of PM2.5 with vehicular traffic. Back trajectory analysis conducted using the NOAA HYSPLIT model 
indicates that air trajectories, during high pollution episodes, influencing the urban regions commonly originate from either 
western India, especially in summer as part of the prevailing monsoon circulation; or are located in eastern Afghanistan. 
The source areas in Western India i.e., states of Gujarat, Rajasthan and Punjab have high concentration of industrial activities 
and crop residue burning, and are likely sources of enhanced PM2.5 concentrations, in addition to the local sources.  
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INTRODUCTION 

 
Air pollution has become a major environmental issue in 

Pakistan. Major causes of air pollution are rapid urbanization, 
economic growth and unplanned industrialization. Pakistan 
has an area of 796 095 km2 with a population of 180.71 
million (Government of Pakistan, 2012). The World Bank 
(2006) estimated an annual environmental degradation cost of 
about Rs. 365 billion or 6% of GDP for Pakistan. Estimated 
environmental health cost due to urban particulate matter 
pollution in the country is around Rs. 65 billion causing 
about 22,000 premature deaths among adults and 700 deaths 
among young children. Particulate matter is one of the 
significant pollutants with adverse health impacts like pre- 
mature mortality, lungs and cardiovascular diseases (Pope 
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et al., 2002; NARSTO, 2004; Pope et al., 2009; Moldanová 
et al., 2011; Silva et al., 2013). Indoor air pollution costs 
approximately Rs. 67 billion causing 28,000 deaths and 40 
million cases of respiratory diseases annually (World Bank, 
2006).  

In urban areas of Pakistan, major sources of fine 
particulates are automobiles exhaust, combustion of fossil 
fuels/biomass, power plants and industrial emissions. Vehicles 
with two-stroke engines are inefficient in burning fuel and 
contribute to emission of fine particulate matter. Two-stroke 
vehicles had a growth of 117 percent in 2010–11 as compared 
to the year 2000–01 (Government of Pakistan, 2012). 
Continued increase in the number of two-stroke vehicles and 
diesel driven heavy duty vehicles add up to emission of 
pollutants into the atmosphere (ADB and CAI-Asia, 2006; 
World Bank, 2006). Sulfur content is 0.5–1% in diesel and is 
1–3.5% in furnace oil leading to high emissions of sulfur 
dioxide and particulate matter (ADB and CAI-Asia, 2006).  

Particulate matter consists of various organic and inorganic 
species with both natural and anthropogenic origin. Fine 
particles (PM2.5) are composed of constituents like elemental 
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carbon, organic carbon compounds, sulfates, nitrates, 
ammonium, heavy metals, H+ and condensed metal vapours 
(NARSTO, 2004). Precursor gases for secondary fine 
particulates are sulfur dioxide (SO2), nitrogen oxides (NOx 
= NO + NO2), volatile organic compounds (VOCs) and 
ammonia (NH3) emitted from a number of natural and 
anthropogenic sources (NARSTO, 2004; Hidy and Pennell, 
2010). Oxidation of SO2 and NOx leads to the formation of 
secondary inorganic PM i.e., sulfates and, nitrates, however, 
oxidation of VOCs emitted by transportation, industrial 
and biogenic sources contribute to the formation of organic 
carbon fraction of particulates (NARSTO, 2004; Zhang et 
al., 2008; Jacob and Winner, 2009; Stone et al., 2010). 
Ammonia enhances this conversion process (Aneja et al., 
2009). About 90% of the black carbon aerosols during winter 
season in Lahore, Pakistan, are present in the form of PM2.5 
contributing to approximately 5–15% of PM2.5 present in 
the atmosphere (Viidanoja et al., 2002; Husain et al., 
2007). The ambient concentrations of pollutants are largely 
dependent on meteorological conditions as well as chemical 
processes within the atmosphere involving air mass transport 
and mixing and solar radiation interactions (Aneja et al., 
2001; Hidy and Pennell, 2010). High relative humidity and 
low temperature in presence of excess ammonia give a 
significant rise to particulate ammonium nitrate (Pitchford, 
et al., 2009), however, nitrate particulates decrease with 
increase in temperature (Aw and Kleeman, 2003; Jacob and 
Winner, 2009). An increase in temperature causes higher 
sulfate particulate concentrations due to faster SO2 oxidation 
(Kleeman, 2008; Liu et al., 2009). Precipitation is another 
factor affecting the lifetime of particulate matter in the 
atmosphere (Jacob and Winner, 2009). Meteorological 
conditions, specifically winter fog, enhance the level of 
pollution in some urban areas of Pakistan (Hameed et al., 
2000; Biswas et al., 2008). The level of primary PM2.5 depends 
more on the source distribution than on meteorological 
conditions (Liu et al., 2009), however, meteorological factors 
like surface-based inversions are quite significant in 
accumulation of pollutants in certain areas (Incesik, 1996). 

Pakistan National Environmental Quality Standards 
(NEQS) for Ambient Air set the 24-hour limit for PM2.5 at 
40 µg/m3, and the annual and hourly average has been set 
as 25 µg/m3. A revised 24-h limit of 35 µg/m3 and annual 
and hourly average of 15 µg/m3 have become effective from 
1st January, 2013 (Pak-EPA, 2010). In this study, the mass 
concentration of PM2.5 has been compared with the NEQS 
applicable before January, 2013.  

The objective of this study is to characterize the mass 
concentration of PM2.5 in four major cities of Pakistan i.e., 
Islamabad, Lahore, Peshawar and Quetta (high elevation 
city) in order to investigate the seasonal and diurnal 
variations, and the effect of meteorological parameters on 
the level of PM2.5 air pollution; and examine the origin of 
air masses i.e., back-trajectory analysis. The study would 
be significant for regulatory agencies to develop control 
strategies in order to improve the air quality of the urban 
environments of Pakistan. Moreover, this data set would 
be of immense value to the urban, regional, and global air 
quality modeling community.  

MATERIALS AND METHODS 
 
Description of Sampling Sites 

The air quality monitoring was carried out in four major 
cities of Pakistan i.e., Islamabad, Lahore, Peshawar and 
Quetta. The sampling cities are indicated in Fig. 1: 
 
Islamabad 

Islamabad is the capital city of Pakistan and is located at 
33°26′N 73°02′E, with Margalla Hills surrounding the city 
from two sides (Siddique et al., 2012). It has a population 
of approximately 1.15 million. The average elevation of 
Islamabad is 507 metres above sea level with lot of variation 
having the highest elevation of 1 604 meters. Islamabad 
has a semi-arid climate with warm to hot humid summers 
with monsoon season and a cold winter. The total area of 
Islamabad is 906 km2. An extended area of 2 717 km2 
including Margalla Hills in the north and northeast has also 
been specified within the jurisdiction of Islamabad. Air 
monitoring station is located at the Central Laboratory for 
Environmental Analysis and Networking (CLEAN), Sector 
H-8/2. The height of the monitoring station is 2.5 m from 
the ground. The area consists of official buildings and an 
industrial estate at a distance of about 2–3 km.  
 
Lahore 

Lahore is located at 31°32′N 74°22′E with a municipal 
area of 332 km2, which has been extended to 1 000 km2 
due to urbanization. Lahore is the second largest city of 
Pakistan with a population of about 9.01 million (Bureau 
of Statistics, 2012). There are approximately 2.7 million 
motor vehicles and 1986 industries in the city (Bureau of 
Statistics, 2012). Vehicular and industrial emissions are the 
main sources of air pollution in the city (Stone et al., 2010). 
Lahore City is located at an elevation of 217 meters above 
sea level. The city is characterized by hot semi-arid climate 
with monsoon season and dry and warm winters. The 
monitoring site is located in Township, a typical residential 
area of Lahore city. The height of the monitoring station 
from the ground is 2.5 m. The major pollution sources in 
the area are traffic movement and textile industries at a 
distance of about 3–5 km. Some farmlands are also located 
on the eastern side of the monitoring station. 

 
Peshawar 

Peshawar is the capital city of Khyber-Pakhtunkhwa (KP) 
province and lies on the Iranian plateau at 34°01′N 71°35′E. 
It has a population of about 3.6 million. The city has an 
area of 1 257 km2 and is located at an elevation of 359 
meter above sea level. Semi-arid climate is a characteristic 
of Peshawar. The air monitoring station is installed at the 
rooftop of KP-EPA building located at Khyber Road, 
Peshawar. The height of the monitoring station from the 
ground is 10 m. The monitoring station is located about 2 
km from a traffic congestion intersection. Major sources of 
air pollution are vehicular emissions. 
 
Quetta 

Quetta (the high elevation city) is the provincial capital
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Fig. 1. Physical Map of Pakistan showing the sampling sites in Islamabad, Lahore, Peshawar and Quetta. 

 

of the Balochistan Province of Pakistan located at 30°13′N 
67°01′E. Quetta is a bowl shaped valley with an elevation 
of 1680 meters surrounded by mountain ranges with peak 
height above ~3000 meters above sea level (Muhammad et 
al., 2006). Quetta has an area of 2 653 km2 with the 
population of about 0.9 million inhabitants. Quetta has a 
semi-arid climate and it does not experience monsoon 
rainfalls. Air monitoring station is installed at the rooftop 
of municipality building in Zarghoon Town, Quetta. Major 
pollution sources in the vicinity of the monitoring station 
are vehicular emissions. Moreover, brick kilns and an 
industrial estate lie at a distance of about 8–10 km.  

 
Experimental Methods 
Data Collection 

The air quality data (QA/QCed) for this research work 
were obtained from Pakistan Environmental Protection 
Agency (Pak-EPA). PM2.5 is measured by Dust Analyzer 
(Horiba Ltd; Model APDA-370) with 0–5 mg/m3 range 
through β-ray absorption method (ISO6349). Moreover, 
hourly air quality monitoring data for five other pollutants 
(carbon monoxide (CO), oxides of nitrogen (NOx), sulfur 
dioxide (SO2), ozone (O3) and hydrocarbons (total 
hydrocarbons, non-methane hydrocarbons and methane) 
are determined using specific and prescribed analyzers in the 
automated air monitoring stations); and meteorological data 
were collected for five years (2007–2011) using automated 
fixed and mobile air monitoring stations. The air monitoring 
stations are equipped with ambient air analyzers, Combined 
Wind Vane, Anemometer (Koshin Denki Kogyo Co, Ltd. 
Model KVS 501), Thermo hygrometer (Koshin Denki Kogyo 
Co, Ltd. Model HT-010), Solar Radiation Meter (Koshin 
Denki Kogyo Co, Ltd. Model SR-010) and Data Logging 
System (Horiba, Ltd. Model Special). Data Logging systems 
at Federal and Provincial EPAs retrieve the ambient air 

quality data from air monitoring stations through data 
processing software.  

Seasons have been specified as winter (December–
February), spring (March–May), summer (June–August), and 
fall (September–November). Seasonal average has been 
calculated in order to find out the variation of PM2.5 mass 
concentration in various seasons.  

 
Back Trajectory Modeling 

Backward air trajectories (48 hours) were determined by 
using the Hybrid-Single Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model which has been developed by 
the US National Oceanic and Atmospheric Administration’s 
(NOAA) Air Resources Laboratory (ARL). Archived three-
dimensional meteorological data is used by HYSPLIT 
model to compute the trajectories. Gridded Meteorological 
Data Archives from Global Data Assimilation System 
(GDAS) of National Center for Environmental Prediction 
(NCEP)/National Center for Atmospheric Research (NCAR) 
was used to calculate the back trajectories. The trajectories 
were computed for a height of 500 m AGL, 1000 m AGL 
and 1500 m AGL for different time durations. Label interval 
was set to be six hours to track the path of trajectory. The 
back trajectories were calculated for Pakistan with a buffer 
zone including some part of China, India, Afghanistan, 
Iran and Arabian Sea.  

 
RESULTS AND DISCUSSION 
 
Spatial and Temporal Variation of PM2.5 

Spatial and temporal variation in mass concentration of 
PM2.5 in different cities gives an insight of the factors 
affecting the pollution levels with respect to geographical 
location and time. Fig. 2(a) provides the average annual 
and seasonal PM2.5 mass concentration in Islamabad during 
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2007–2011. In Islamabad, average annual PM2.5 mass 
concentrations were 81.1 ± 48.4 µg/m3, 93.0 ± 49.9 µg/m3, 
47.8 ± 33.2 µg/m3, 79.0 ± 49.2 µg/m3 and 66.1 ± 52.1 
µg/m3 during 2007 to 2011 respectively. The highest hourly 
average concentrations were observed as 303 µg/m3 during 
December 2007, 495.0 µg/m3 during November 2008, 259.8 
µg/m3 during September 2009, 456.0 µg/m3 during October 
2010 and 379.0 µg/m3 during January 2011. Major sources 
of air pollution in Islamabad are rapid urbanization, vehicular 
and industrial emissions, construction activities, emissions 
from brick kilns located on the outskirts of Islamabad (Qadir 
et al., 2012; Siddique et al., 2012) and forest fires in the 
Margalla Hills. There were about eighty wildfire incidents 
in the Margalla Hills during summer months of 2006–2010 
(The Express Tribune, 2011) contributing to the PM2.5 
pollution during summer months. Some dust storms also 
contributed to the PM2.5 burden in Islamabad city during the 
monitoring period. A dust storm of 148 km/h had impacted 
Islamabad on July 14, 2007 (Pakistan Weather Portal, 2013); 

and another storm with an intensity of 130 km/h struck the 
city on June 23, 2010 (GEO Pakistan, 2010). Advection of 
air pollution from nearby city Rawalpindi also increases 
the pollution level in Islamabad. Biomass combustion for 
space heating in the suburban areas of Islamabad increases the 
mass concentration of PM2.5 during winter season. Moreover, 
Margalla Hills also restricts the dispersion of pollutants 
leading to buildup of pollutant levels in Islamabad.  

Fig. 2(b) provides a comparison of annual and seasonal 
PM2.5 mass concentration among Islamabad, Lahore, Peshawar 
and Quetta during summer 2007–spring 2008 (during this 
period all the four cities have overlapping data). Data shows 
that Lahore is the most polluted city among all the urban 
environments with the highest PM2.5 mass concentration in 
each of the seasons. Furthermore, the average annual and 
seasonal PM2.5 mass concentrations in all the cities, during 
the whole year, remained above the Pakistan NEQS.  

The annual average PM2.5 mass concentration in Islamabad 
has been observed to be 81.2 ± 47.4 µg/m3 and the highest

 

 

Fig. 2(a). Annual and Seasonal Average PM2.5 Mass Concentration (µg/m3) in Islamabad during 2007–2011 (±1 standard 
deviation is also shown in the figure). 

 

 

Fig. 2(b). Comparison of Annual and Seasonal Average PM2.5 Mass Concentration (µg/m3) in Islamabad, Lahore, 
Peshawar and Quetta during Summer 2007–Spring 2008 (±1 standard deviation is also shown in the figure). 
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seasonal average PM2.5 mass concentration for Islamabad 
was 98.5 µg/m3 during spring 2008. Fuel burning for space 
heating in surrounding rural areas is a source of sulfate 
particulates. In addition, atmospheric dispersion of PM2.5 is 
decreased during winter season due to lower mixing depth 
and lower wind speed. Winter fog is another phenomenon 
restricting the dispersion of pollutants away from the city. 
Lower concentration of PM2.5 in summer than in winter may 
also be explained by the heavy monsoon rainfall during the 
months of July and August (Sadiq and Qureshi, 2010).  

The annual average PM2.5 mass concentration for Lahore 
was observed to be 118.3 ± 79.1 µg/m3 and the highest 
seasonal averaged PM2.5 mass concentration of 150.5 ± 
87.9 µg/m3 was observed during Fall, 2007. Primary sources 
of PM2.5 in Lahore are diesel emission, biomass burning, 
coal combustion, two-stroke vehicles and industrial activities 
(Dutkiewicz et al., 2009; Stone et al., 2010). Crop residues 
burning in Punjab, a region spanning northwestern India 
and eastern Pakistan during October and November to 
prepare fields for the next year’s cultivation increases the 
concentration of PM2.5 in ambient air during fall (Haq et 
al., 2014; Singh and Kaskaoutis, 2014). Peak values of PM2.5 
in winter season may be attributed to primary emissions from 
combustion-related sources, which increase during the 
winter season for space heating purposes. Lodhi et al. 
(2009) has also documented about four times higher PM2.5 

mass concentration during winter than those observed in 
other seasons. Mixing height of about 250 m during night 
time and 1000 m during day time in winter season (Husain 
et al., 2007) may be another factor for accumulation and 
increase in concentration of pollutants within this area. 
Lower mixing height traps the pollutants within a particular 
area restricting the dispersion of pollutants to other areas. 
Long-lasting episodes of stagnation accompanied by fog in 
Lahore are quite favorable for increased formation and 
accumulation of sulfate particulates (Biswas et al., 2008). 
Wet deposition mechanism is also more pronounced during 
summer season (Sadiq and Qureshi, 2010).  

The annual average PM2.5 mass concentration for Peshawar 
was found to be 86.2 ± 50.0 µg/m3 and the highest seasonal 
PM2.5 mass concentration observed during fall, 2007 was 
104.1 ± 51.1 µg/m3. Vehicular and industrial emissions are 
the primary sources for PM2.5 mass concentration in Peshawar 
(Khan et al., 2008). Moreover, increased number of brick 
kilns situated in and around the city (Jan et al., 2013) has 
led to high level of PM2.5 as these kilns use low quality of 
coal and tyre burning as fuel. Wood burning during winter 
season for space heating has a great influence on the 
ambient mass concentration of PM2.5 during winter season 
(Sandradewi et al., 2008). High PM2.5 mass concentration 
during winter may be attributed to the atmospheric stability 
under low temperature and lower inversion layer. Such 
conditions lead to accumulation of PM2.5 which has a 
higher residence time as compared to PM10. The scavenging 
effect of monsoon rainfall may also be considered a factor for 
less PM2.5 mass concentration in summer than in winter. 
High PM2.5 concentration during fall season may be attributed 
to burning of agricultural residue (Ali et al., 2014). The 
annual average PM2.5 mass concentration in Quetta was found 

to be 63.3 ± 52.0 µg/m3 and the highest seasonal average 
PM2.5 mass concentration was observed to be 72.7 ± 55.2 
µg/m3 during Fall, 2007. Major sources of air pollution in 
Quetta include emissions from motor vehicles, increased 
usage of two-stroke vehicles, dairy farms diesel-driven heavy 
vehicles, stone crushing, coal-fired power plants, industrial 
activities and brick kilns (Faiz et al., 1996; Muhammad et 
al., 2006; Quetta District Government, 2011). The topography 
of Quetta is favorable for accumulation of PM2.5 and its 
precursor gases subsequently leading to photochemical 
formation of secondary PM2.5 as well. Quetta remains engulfed 
by a thick layer of smog during winter season (Quetta District 
Government, 2011). High winter PM2.5 concentrations are 
largely due to a combination of meteorology and an increase 
in primary combustion sources for space heating purposes. 
During summer months, low pressure prevails over Quetta 
due to which dust storms generated in deserts of Iran are 
transported to Quetta (Muhammad et al., 2006). Higher 
PM2.5 concentrations during summer 2007 may also be 
attributed to dust storm arriving in Quetta on July 23, 2007 
(Wikipedia, 2013).  

All of these cities are under the influence of extensive 
anthropogenic activities leading to higher PM2.5 mass 
concentration. Higher PM2.5 mass concentration during the 
fall season is due to burning of agricultural residue in the 
surrounding areas during the months of September, October 
and November (SUPARCO, 2009). Mansha et al. (2011) 
has also reported higher PM2.5 mass concentrations during 
fall and winter seasons as compared to summer. In winter 
season, elevated levels may be associated with increased coal 
and biomass burning for heating purposes within the cities 
and nearby rural areas. Inversion layers suppress the vertical 
dispersion and diffusion of pollutants which leads to elevated 
levels of pollutants during winter season. The difference 
between winter and summer PM2.5 mass concentration seems 
to be due to a combination of increased burning of fossil fuel 
i.e., coal for space heating purposes in winter season; and 
meteorological conditions i.e., shallow planetary boundary 
layer (Husain et al., 2007), low precipitation level in cities 
other than Quetta and comparatively stable conditions.  

 
Diurnal Profile of PM2.5 
Annual Averaged Diurnal Profile 

Fig. 3 shows the integrated average hourly diurnal profile 
of PM2.5 mass concentration in Islamabad, Lahore, Peshawar 
and Quetta during 2007–2011. Diurnal profiles of all four 
cities follow a similar pattern of variation – in general, the 
first peak occurs between 7.00 a.m. to 10.00 a.m.; and the 
second maximum in PM2.5 mass concentration occurs during 
about 9:00 p.m. to 1:30 a.m. This diurnal pattern shows that 
even the lowest levels are above the Pakistan hourly NEQS 
for PM2.5. The daytime peaks of PM2.5 mass concentration 
correlate well with the traffic pattern. 

Night-time PM2.5 high concentration is due to a 
combination of heavy duty vehicles movement in the city 
and the development of night time inversion layer (diurnal 
meteorological changes). During winter season, high night 
time concentration of PM2.5 may also be attributed to the 
increased use of biomass burning (fuelwood) for heating
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Fig. 3. Integrated Average Diurnal Profile of PM2.5 Mass Concentration (µg/m3) in Islamabad, Lahore, Peshawar and 
Quetta for 2007–2011 (±1 standard deviation is also shown in the figure). 

 

purposes. The early morning elevation in PM2.5 mass 
concentration is owing to an increase of the traffic density.  

 
Seasonal Averaged Diurnal Profile 

The seasonally averaged diurnal profile has been 
determined for each city separately in order to find out any 
variation in diurnal pattern of PM2.5 mass concentration 
during different seasons. Fig. 4 shows the seasonal averaged 
diurnal profiles for Islamabad, Lahore, Peshawar, and Quetta. 
In general there is a bimodal distribution in the diurnal PM2.5 
seasonal variation. The level of PM2.5 concentration has a 
peak during the morning associated with increase in the traffic 
movement (i.e., mobile emissions and dust entrainment); and 
a second peak associated with rush hour traffic and reduction 
in the planetary boundary layer height. Midnight high 
values of PM2.5 may be attributed to heavy duty vehicles 
carrying goods into and through the city. The seasonally 
averaged diurnal profile shows that the concentration of 
PM2.5 is highest during winter season in Islamabad, Lahore, 
and Peshawar associated with usage of coal for heating 
purposes and long-lasting fog.  

The seasonally averaged diurnal profile of PM2.5 in Quetta 
(Fig. 4(d)) is different from other cities’ PM2.5 pattern in a 
way that the PM2.5 mass concentration in Quetta during the 
winter season is lower than the other seasons. Quetta, 
being at high altitude (1680 m, MSL), has increased PM2.5 
mass concentration owing to high usage of biomass 
burning (fuel wood combustion) for space heating purpose 
in winter compared to other cities. However, meteorological 
conditions in Quetta vary with precipitation in winter due 
to western disturbance and no summer monsoon rainfall 
(Chaudhary, 1992). Winter rainfall may be considered as a 
factor contributing towards lower PM2.5 mass concentration in 
winter than summer season. During summer months, 
stagnation and dry weather conditions prevail in Quetta 
leading to enhanced accumulation of PM2.5 and its precursor 
gases within the city. The dust storms generated in the desert 
of Iran are another major contributor towards the pollution 

in Quetta during summer (Muhammad et al., 2006). 
 

Effect of Meteorology on PM2.5 

The PM2.5 mass concentration in Islamabad, Lahore, 
Peshawar and Quetta has been correlated with meteorological 
variables in order to find out any possible association between 
ambient PM2.5 mass concentration and meteorology in 
these cities.  

 
PM2.5 and Temperature 

Fig. 5(a) shows the seasonal correlation of PM2.5 with 
temperature in Islamabad. The figure shows that PM2.5 has 
a negative correlation (p ≤ 0.01; r = –0.2) with temperature 
in winter season and a positive association (p ≤ 0.01; r = 
0.07) with temperature during summer season. About 4% 
of the variance in PM2.5 in winter and 0.4% variance during 
summer can be explained by its linear relationship with 
temperature. An increase in temperature causes decrease in 
nitrate particulates (Aw and Kleeman, 2003; Jacob and 
Winner, 2009) and formation of higher sulfate particulate 
concentrations due to faster SO2 oxidation (Kleeman, 2008; 
Liu et al., 2009). Fig. 5(b) gives the relationship between 
PM2.5 and temperature in Lahore. The figure shows that 26% 
of the variance in PM2.5 can be explained by temperature in 
winter months. During winter, PM2.5 has a strong correlation 
with temperature (p ≤ 0.01; r = –0.5). Fig. 5(c) shows that 
PM2.5 has a negative correlation (p ≤ 0.01; r = –0.1) with 
temperature in winter season and a positive correlation (p 
≤ 0.01; r = 0.1) during summer months. Negative correlation 
observed between PM2.5 and temperature during winter in 
Islamabad, Lahore and Peshawar suggests that thermal 
inversion layers and fog may play a major role in elevation 
of PM2.5 levels. Positive correlation between PM2.5 and 
temperature may also be an indication of increased agricultural 
and biogenic emissions of ammonia and oxides of nitrogen 
(Tai et al., 2010). Raja et al. (2010) has also reported low 
temperature as a significant factor contributing to the 
formation of ammonium nitrate particles in Lahore. 
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Fig. 4. Seasonal Averaged Diurnal Profile of PM2.5 Mass Concentration in (a) Islamabad; (b) Lahore; (c) Peshawar; and 
(d) Quetta (±1 standard deviation is also shown in the figure). 

 

  
 

  
Fig. 5. Effect of Temperature on PM2.5 Mass Concentration (µg/m3) during 2007–2011 in (a) Islamabad; (b) Lahore; (c) 
Peshawar; and (d) Quetta. 
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Similar positive correlation of PM2.5 and temperature 
during summer and a negative correlation during winter 
season have been found by Barmpadimos et al. (2012). 
However, the overall PM2.5 mass concentration trend with 
temperature is negative for Islamabad, Lahore, and Peshawar. 
Tiwari et al. (2013) have also reported a negative correlation 
of PM2.5 with temperature which depends on composition of 
the particulate matter. This is perhaps due to semi-volatile 
components such as nitrates and organics which are expected 
to decrease as they shift from the particle phase to gas 
phase at higher temperature (Sheehan and Bowman, 2001; 
Aw and Kleeman, 2003; Dawson et al., 2007; Tsigaridis 
and Kanakidou, 2007; Kleeman, 2008). 

Fig. 5(d) shows the relationship between PM2.5 and 
temperature in Quetta. The regression analysis shows that 
about 4% of the variation in PM2.5 is associated with 
temperature in winter season and 10% of the PM2.5 variation 
is associated with temperature in summer months. Quetta, 
being a high elevation site, the association between PM2.5 and 
temperature is unlike other cities. Here, PM2.5 is positively 
correlated (r = 0.2) with temperature in winter season, 
whereas, these two variables are negatively correlated (r = 
–0.3) during summer. The correlation between PM2.5 and 
temperature is statistically significant (p ≤ 0.01) during both 
the seasons. Negative correlation observed between PM2.5 
and temperature during summer suggests that there may be 
more abundance of nitrate particles which get converted 
from particle to gas phase due to high summer temperatures 

(Dawson et al., 2007). The positive correlation of PM2.5 
with temperature during winter may be due to the fact that 
the winter precipitation in the form of rainfall and snow works 
as a scavenger for PM2.5 and perhaps plays an important 
role in decrease of PM2.5 mass concentration with decrease 
in temperature during winter months justifying the positive 
relationship between these two variables.  

 
PM2.5 and Solar Radiation 

Fig. 6(a) shows the correlation between PM2.5 and solar 
radiation in Islamabad. The regression analysis provides 
the information that about 0.4% of variation of PM2.5 

during summer is associated with solar radiation and 0.7% 
variation in PM2.5 during summer months depends on solar 
radiation. There is a correlation of r = 0.06 between PM2.5 
and solar radiation in winter and a correlation of r = 0.1 
during summer. Fig. 6(b) shows that PM2.5 has a significant (p 
≤ 0.05) correlation with solar radiation (r = –0.24) during 
winter season in Lahore, however, it does not have a good 
association (r = 0.03) with solar radiation during summer 
season. The regression line shows that 6% of the PM2.5 
variation is associated with solar radiation in winter and a 
negligible fraction of about 0.1% has dependence on solar 
radiation. Fig. 6(c) shows that PM2.5 is negatively correlated 
(p ≤ 0.01; r = –0.2) with solar radiation during winter 
season but there is a weak association (r = 0.06) between 
PM2.5 and solar radiation during summer months. About 
3% of the variation in PM2.5 in winter may be explained by

 

  
 

  
Fig. 6. Effect of Solar Radiation on PM2.5 Mass Concentration (µg/m3) during 2007–2011 in (a) Islamabad; (b) Lahore; (c) 
Peshawar; and (d) Quetta. 
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its linear relationship with solar radiation and 0.3% of 
PM2.5 variation during summer is associated with solar 
radiation which is almost negligible. Fig. 6(d) shows that 
there is positive correlation of PM2.5 and solar radiation 
during both winter and summer in Quetta. PM2.5 has a 
statistically insignificant correlation (r = 0.06) with solar 
radiation during winter season and a good correlation (p ≤ 
0.05; r = 0.2) during summer season with 3% of variation 
in PM2.5 caused by solar radiation.  

 
PM2.5 and Wind Speed 

Wind speed and mixing depth have strong effect on 
particulate matter (Jacob and Winner, 2009). High wind 
speed results in dispersion of PM2.5 mass concentration and 
stagnation leads to accumulation of PM2.5 in a particular 
area. The stagnant conditions caused by low wind speed 
i.e., high pressure systems deteriorate the ambient air quality 
(Liao et al., 2006; Leibensperger et al., 2008). Figs. 7(a), 
7(b), 7(c) and 7(d) show the effect of wind speed on level 
of PM2.5 in Islamabad, Lahore, Peshawar and Quetta 
respectively. It has been observed that there is a statistically 
significant (p ≤ 0.01) negative correlation between PM2.5 
and wind speed during winter and summer seasons in all 
the cities. In Islamabad, PM2.5 has a negative correlation 
with wind speed in both the seasons (winter: r = –0.3 and 
summer: r = –0.17). About 10% of the PM2.5 variation in 
winter and 3% of PM2.5 variation is associated with the 
linear relationship of PM2.5 with wind speed in Islamabad. 

Lower correlation between PM2.5 and wind speed shows the 
contribution of local emission sources towards the ambient 
concentration of PM2.5. PM2.5 has a correlation of r = –0.5 
during winter months and a correlation of r = –0.2 in summer 
in Lahore. About 30% of PM2.5 variation in winter and about 
4% of PM2.5 variation is due to wind speed in Lahore city.  

In Peshawar, PM2.5 has a negative correlation of r = –0.3 
with wind speed during winter months with dependence of 
about 10% of PM2.5 variation on wind speed. There is a 
correlation of r = –0.2 between PM2.5 and wind speed in 
summer season and 4% of PM2.5 variation is associated 
with wind speed in the city. PM2.5 and wind speed have a 
negative correlation of r = –0.13 in winter and a correlation 
of r = –0.25 in summer months in Quetta. About 1% of 
PM2.5 variation in winter and 6% variations in summer are 
explained by its relationship with wind speed in Quetta. 
Correlation of PM2.5 with wind speed is stronger in winter 
than in summer in all cities except Quetta. It indicates the 
contribution of local sources to high PM2.5 mass concentration 
in Quetta during winter season. As Quetta is situated in a 
valley, there is stagnation in the air leading to accumulation 
of PM2.5 mass concentration. Islamabad and Peshawar 
have also mountains which hinder the transport of PM2.5. 
DeGaetano and Doherty (2004) has also shown a negative 
correlation of wind speed with fine particulate matter.  
 
PM2.5 and Vapor Pressure 

Fig. 8(a) represents the correlation between PM2.5 and

 

  
 

  
Fig. 7. Effect of Wind Speed on PM2.5 Mass Concentration (µg/m3) during 2007–2011 in (a) Islamabad; (b) Lahore; (c) 
Peshawar; and (d) Quetta. 
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vapour pressure for Islamabad. PM2.5 has a negative 
correlation with vapour pressure (p ≤ 0.01; r = –0.2) during 
winter months, however, it has a positive correlation with 
vapour pressure (p ≤ 0.01; r = 0.05) during summer season. 
In winter season, about 4% of PM2.5 variation is associated 
with vapour pressure whereas, about 0.3% of PM2.5 variance 
is associated with its linear relationship; with vapour pressure 
during summer season. Fig. 8(b) shows the correlation of 
PM2.5 with vapour pressure during both the seasons in 
Lahore. There is a negative correlation (p ≤ 0.01; r = –0.23) 
between PM2.5 and vapour pressure during winter season 
and a positive correlation (p ≤ 0.01; r = 0.07) during summer 
months. Regressions analysis shows that about 5% of the 
variation in PM2.5 mass concentration is associated with 
vapour pressure in winter, whereas, only about 0.5% PM2.5 
variation is caused by vapour pressure during summer. 
Particulate matter and relative humidity are negatively 
correlated in Southwestern U.S. indicating the primary source 
origin (Wise and Comrie, 2005). High relative humidity 
and low temperature in presence of excess ammonia give a 
significant rise to formation of ammonium nitrate particles 
(Pitchford, et al., 2009) in Lahore (Raja et al., 2010). 

Fig. 8(c) gives the correlation of PM2.5 and vapour pressure 
in Peshawar. PM2.5 has statistically significant (p ≤ 0.01) 
positive correlation with vapour pressure during both the 
seasons i.e., r = 0.36 in winter and r = 0.22 in summer 
season. About 13% of the variation in PM2.5 is related to its 
linear relationship with vapour pressure during winter 

months and about 5% of PM2.5 variation is associated with 
vapour pressure in summer season. Fig. 8(d) shows that 
PM2.5 has a positive correlation (r = 0.05) with vapour 
pressure during winter season, and a negative correlation (p ≤ 
0.05; r = –0.12) during summer season in Quetta. As winter 
months are more humid, the positive correlation between 
these two variables during winter show that the anthropogenic 
emissions like nitrates and sulfates are contributing more 
towards the PM2.5 pollution (Tai et al., 2010). The negative 
correlation of PM2.5 with vapour pressure shows the 
contribution of dust particles and elemental and organic 
carbon to PM2.5 level during summer months (Wise and 
Comrie, 2005; Tai et al., 2010). Regression analysis shows 
that there is weak association of PM2.5 variation with vapour 
pressure i.e., 0.3% in winter and 1% in summer.  

 
Linear Regression Analysis 

Linear regression analysis has been conducted to determine 
the meteorological variables that explain the most variance 
in the overall data. Summary of linear regression analysis is 
given in Table 1. The regression analysis provides the extent 
to which meteorological conditions affect the concentration 
of PM2.5 in the atmosphere. The regression analysis shows 
that the four meteorological variables accounted for 20% 
variance in PM2.5 mass concentration in Islamabad. 
Meteorology seems to affect the PM2.5 mass concentration 
in Islamabad, Lahore and Peshawar more during winter than 
in summer season. The meteorological factors accounted for

 

  
 

  
Fig. 8. Effect of Vapour Pressure on PM2.5 Mass Concentration (µg/m3) during 2007–2011 in (a) Islamabad; (b) Lahore; (c) 
Peshawar; and (d) Quetta. 
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Table 1. Linear Regression Analysis of PM2.5 and Meteorological Variables for Islamabad, Lahore, Peshawar, and Quetta. 

City Season Correlation Coefficient (R) Variance Explained 
Islamabad Winter 0.457 21% 

Summer 0.211 4% 
Annual 0.447 20% 

Lahore Winter 0.453 20% 
Summer 0.251 6% 
Annual 0.432 19% 

Peshawar Winter 0.424 18% 
Summer 0.372 14% 
Annual 0.357 13% 

Quetta Winter 0.279 8% 
Summer 0.489 24% 
Annual 0.239 6% 

 

approximately 19% variance in PM2.5 mass concentration 
in Lahore city. About 13% variance in average PM2.5 
concentration in Peshawar is explained by the meteorological 
conditions. Annual average mass concentration of PM2.5 in 
Quetta seems to be less affected (6%) by meteorology as 
compared to other cities. It has been observed that the effect 
of meteorology on PM2.5 is more prominent during winter 
season in Islamabad (21%), Lahore (20%) and Peshawar 
(18%), however, Quetta (located at high elevation) city has 
a different scenario. Here, the meteorological parameters 
have a contribution of about 8% of the variance in PM2.5 
mass concentration during winter months, whereas, about 
24% of variance in PM2.5 is explained by meteorology 
during summer season.  
 
Back Trajectory Analysis 

The back trajectories for some of the high PM2.5 pollution 
episodes have been calculated to find out the possible source 
regions influencing the ambient air quality of the four 
major cities of Pakistan (Fig. 9). Nine pollution episodes have 
been selected for back trajectory analysis. The trajectories for 
the three altitude levels studied were similar since trajectories 
end inside the boundary layer (500 m, 1000 m, 1500 m). 
So we have provided the back trajectories for only 1000m 
altitude. The back trajectories show that, during high PM2.5 
pollution episodes, the air masses are transported from eastern 
Afghanistan, eastern Iran or western India. Major pollution 
sources from eastern Afghanistan particularly Kabul and 
Jalalabad include vehicular and industrial emissions, biomass 
burning, use of diesel electric generators and burning of tyres 
(ADB and CAI-Asia, 2006). The air masses originating in 
western India are from the states of Gujarat, Rajasthan and 
Punjab, which have coal-fired power plants, industries and 
mechanized farming that are sources of particulate and 
gaseous emissions. Furthermore, two-stroke vehicles also 
aggravate the problem of PM2.5 pollution to a great extent 
(Raja et al., 2010; Guttikanda and Jawahar, 2011). Moreover, 
large scale crop residues burning during October and 
November in Punjab, a region spanning northwestern India 
and eastern Pakistan to prepare fields for the next year’s 
cultivation increases the concentration of PM2.5 in ambient 
air during fall in Eastern Pakistan (Singh and Kaskaoutis, 
2014). Major pollution sources in Iran include vehicular 

emissions, stationary sources and desert storms (Torkian et 
al., 2012). 
 
Conclusion 

This study attempts to characterize the PM2.5 pollution 
in four major urban centers in Pakistan. The average PM2.5 
mass concentration is significantly higher in Lahore than 
the other three cities. All the four cities have average PM2.5 
concentration higher than the Pakistan NEQS. These high 
concentrations of PM2.5 may be attributed to primary 
sources e.g., coal and fossil fuel combustion coupled with 
the meteorological conditions controlling the formation of 
secondary PM2.5 and their dispersion within the troposphere. 
Analysis of high pollution episodes conducted using the 
NOAA HYSPLIT model indicates that the air trajectories 
influencing Lahore, Islamabad, Peshawar and Quetta 
commonly originate from western India, especially in summer 
as part of the prevailing monsoon circulation and eastern 
Afghanistan. These source areas (states of Gujarat, Rajasthan 
and Punjab) have high concentration of industrial activity 
and are likely sources of enhanced PM2.5 concentration, in 
addition to the local sources. High PM2.5 mass concentration 
in winter may be a result of increased local coal combustion 
activities due to more usage of coal and biomass for heating 
purposes. Furthermore, in low temperatures, nitrates may 
have been exchanged from gas-phase into particles which 
suggests that the ratio of nitrates particulate formation in 
winter to sulfate formation in summer is high. It may also 
indicate that the primary NOx emissions are more than SO2 
emissions in these cities indicating higher contribution 
from vehicular emissions. Surface inversion layers and fog 
contribute to a great extent to hinder the dispersion of PM2.5 
in urban areas of Pakistan especially in Lahore where winter 
fog is extensive and at its maximum. Lower mixing height 
in winter season may be another factor for high PM2.5 in 
winter as it does not allow dispersion of pollutants during 
prolonged low temperature periods. Significant daily variation 
has also been observed in PM2.5 mass concentration with 
peaks in morning till noon and another peak with maximum 
values from evening to midnight. Among meteorological 
factors, temperature and wind speed show a negative 
correlation with PM2.5 indicating the dispersion of pollutants 
by wind and accumulation of pollutants at low temperatures. 
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Fig. 9. Air parcel 48-hour back trajectories analysis for selected PM2.5 and Ozone high pollution episodes during 2007–
2011. 

 

Particulate pollution has become an issue of great concern 
in Pakistan, and its control is a challenge for regulatory 
agencies. There is a need to strictly enforce the vehicular 
and industrial emission standards in order to control the 
elevated pollution levels.  
 
ACKNOWLEDGEMENTS 
 

Financial support provided to one of the co-authors 
(A.R.) by the Higher Education Commission of Pakistan is 
greatly appreciated. Department of Marine, Earth and 
Atmospheric Sciences, North Carolina State University is 
being acknowledged for assistance. We are grateful to Mr. 
Asif S. Khan (pakepa@environment.gov.pk), Director 
General, Pakistan Environmental Protection Agency for 
providing the air quality data. We would like to thank Mr. 
Zia Ul Islam, Government of Pakistan, Mr. Daisaku Kiyota 
and Mr. Toshiharu Ochi, JICA Expert Team, for their 
valuable guidance and suggestions for air quality monitoring 
in Pakistan. Mr. Babar Zaheer, Mr. Hassan Adnan, Mr. 
Jahangeer Asad and Mr. Khurram Shafique, Pak-EPA, are 
acknowledged for their contribution to data collection.  
 
REFERENCES 
 
ADB and CAI-Asia (2006). Country Synthesis Report on 

Urban Air Quality Management-Pakistan. Asian 
Development Bank, Philippines. 

Ali, M., Salman, T., Khalid, M., Asim, D., Adila, B. and 
Zia, H.U. (2014). A Study of Aerosol Properties over 

Lahore (Pakistan) by using Aerosol Data. Asia-Pac. J. 
Atmos. Sci. 50: 153–162. 

Aneja, V.P., Agarwal, A., Roelle, P.A., Phillips, S.B., Tong, 
Q., Watkins, N. and Yablonsky, R. (2001). Measurements 
and Analysis of Criteria Pollutants in New Delhi, India. 
Environ. Int. 27: 35–42. 

Aneja, V.P., Schlesinger, W.H. and Erisman, J.W. (2009). 
Effects of Agriculture upon the Atmospheric Environment 
of the United States: Research, Policy and Regulations. 
Environ. Sci. Technol. 43: 4234–4240. 

Aw, J., and Kleeman, M.J. (2003). Evaluating the First-
Order Effect of Interannual Temperature Variability on 
Urban Air Pollution. J. Geophys. Res. 108: 4365, doi: 
10.1029/2002JD002688. 

Barmpadimos, I., Keller, J., Oderbolz, D., Huelglin, C. and 
Prevot, A.S.H. (2012). One Decade of Parallel Fine (PM2.5) 
and Coarse (PM10-PM2.5) Particulate Matter Measurements 
in Europe: Trends & Variability. Atmos. Chem. Phys. 
12: 3189–3203.  

Biswas, K.F., Ghauri, B.M. and Husain, L. (2008). Gaseous 
and Aerosol Pollutants during Fog and Clear Episodes in 
South Asian Urban Atmosphere. Atmos. Environ. 42: 
7775–7785. 

Bureau of Statistics (2012). Punjab Development Statistics 
2012, Government of Punjab, Lahore. 

Burnett, R.T., Thun, M.J., Calle, E.E., Krewski, D., Ito, K., 
and Thurston, G.D. (2002). Lung Cancer, Cardiopulmonary 
Mortality, and Long-term Exposure to Fine Particulate 
Air Pollution. J. Am. Med. Assoc. 9: 1132–1141. 

Chaudhary, Q.Z. (1992). Analysis and Seasonal Prediction 



 
 
 

Rasheed et al., Aerosol and Air Quality Research, 15: 426–439, 2015 438

of Pakistan Summer Monsoon Rainfall. Ph.D. Dissertation, 
University of Philippines, Quezon City, Philippines. 

Dawson, J.P., Adams, P.J. and Pandis, S.N. (2007). 
Sensitivity of PM2.5 to Climate in the Eastern US: A 
Modeling Case Study. Atmos. Chem. Phys. 7: 4295–4309. 

DeGaetano, A.T. and Doherty, O.M. (2004). Temporal, 
Spatial and Meteorological Variations in Hourly PM2.5 
Concentration Extremes in New York City. Atmos. 
Environ. 38: 1547–1558. 

Dutkiewicz, V.A., Alvi, S., Ghauri, B.M., Choudhary, M.I. 
and Husain, L. (2009). Black Carbon Aerosols in Urban 
Air in South Asia. Atmos. Environ. 43: 1737–1744. 

Faiz, A., Weaver, C.S. and Walsh, M.P. (1996). Air Pollution 
from Motor Vehicles, 1st Ed. World Bank, Washington 
DC, USA. 

GEO Pakistan, (2010). Strong Dust Storm Kills One in 
Islamabad. www.geo.tv/6-23-2010/67221.htm (August 
17, 2013). 

Government of Pakistan (2012). Pakistan Economic Survey 
2011-12, Economic Advisor's Wing, Finance Division, 
Islamabad.  

Guttikanda, S. and Jawahar, P. (2011). Urban Air Quality 
Analysis in India. Urban Emission Info., New Delhi, India. 

Hameed, S., Mirza, M.I., Ghauri, B.M., Siddiqui, Z.R., 
Javed, R., Khan, A.R., Rattigan, O.V., Qureshi, S. and 
Husain, L. (2000). On the Widespread Winter Fog in 
Northeastern Pakistan and India. Geophys. Res. Lett. 13: 
1891–1894. 

Haq, Z.U., Tariq, S., Ali, M., Mahmood, K., Batool, S.A. 
and Rana, A.D. (2014). A Study of Tropospheric NO2 
Variability over Pakistan using OMI Data. Atmos. Pollut. 
Res. 5: 709–720. 

Hidy, G.M. and Pennell, W.T. (2010). Multipollutant Air 
Quality Management. J. Air Waste Manage. Assoc. 60: 
645–674. 

Hien, P.D., Bac, V.T., Tham, H.C., Nhan, D.D. and Vinh, 
L.D. (2002). Influence of Meteorological Conditions on 
PM2.5 and PM2.5-10 Concentrations during the Monsoon 
Season in Hanoi, Vietnam. Atmos. Environ. 36: 3473–
3484. 

Husain, L., Dutkiewicz, V.A., Khan, A.J. and Ghauri, 
B.M. (2007). Characterization of Carbonaceous Aerosols 
in Urban Air. Atmos. Environ. 41: 6872–6883. 

Incesik, S. (1996). Investigation of Atmospheric Conditions 
in Istanbul Leading to Air Pollution Episodes. Atmos. 
Environ. 30: 2739–2749. 

Jacob, D.J. and Winner, D.A. (2009). Effect of Climate 
Change on Air Quality. Atmos. Environ. 43: 51–63. 

Jan, F.A., Khan, S., Ishaq, M., Naeem, M., Ahmed, I. and 
Hussain, S. (2013). Brick Kiln Exhaust as a Source of 
Polycyclic Aromatic Hydrocarbons (PAHs) in the 
Surrounding Soil and Plants: A Case Study from the City 
of Peshawar, Pakistan. Arabian J. Geosci. 7: 13–19, doi: 
10.1007/s12517-013-0901-x. 

Khan, M., Khan, A.R., Aslam, M.T., Anwar, T. and Shah, J. 
(2008). Study of Atmospheric Pollution due to Vehicular 
Exhaust at the Busy Crossroads in the Peshawar City 
(Pakistan) and its Minimizing Measures. J. Chem. Soc. 
Pak. 30: 16–19. 

Kleeman, M.J. (2008). A Preliminary Assessment of the 
Sensitivity of Air Quality in California to Global Change. 
Clim. Chang 87: S273–S292. 

Liu, Y., Paciorek, C.J. and Koutrakis, P. (2009). Estimating 
Regional Spatial and Temporal Variability of PM2.5 
Concentrations Using Satellite Data, Meteorology, and 
Land Use Information. Environ. Health Perspect. 117: 
886–892. 

Lodhi, A., Badar, G., Rafique, M.K., Rahman, S., and 
Shoaib, S. (2009). Particulate Matter (PM2.5) Concentration 
and Source Apportionment in Lahore. J. Braz. Chem. 
Soc. 10: 1811–1820. 

Mansha, M., Ghauri, B., Rahman, S. and Amman, A. 
(2011). Characterization and Source Apportionment of 
Ambient Air Particulate Matter (PM2.5) in Karachi. Sci. 
Total Environ. 425: 176–183, doi: 10.1016/j.scitotenv. 
2011.10.056. 

Moldanová, J., Grennfelt, P. and Jonsson, R. (2011). In 
The European Nitrogen Assessment: Sources, Effects 
and Policy Perspectives, Sutton, M.A., Howard, C.M., 
Erisman, J.W., Billen, G., Bleeker, A., Grennfelt, P., 
Grinsven, H.V. and Grizzetti, B. (Eds.), Cambridge 
University Press. 

Muhammad, S., Amir, W. and Sher, A. (2006). Quantitative 
Estimation of Dust Fall and Smoke Particles in Quetta 
Valley. J. Zhejiang Univ. Sci. B 7: 542–547. 

NARSTO (2004). Particulate Matter Science for Policy 
Makers: A NARSTO Assessment, McMurry, M., Shephard, 
M. and Vickery, J. (Eds.), Cambridge University Press, 
Cambridge, England. ISBN 0 52 184287 5. 

Pak-EPA and JICA, (2001). Three Cities Investigation of 
Air and Water Quality (Lahore, Rawalpindi, and 
Islamabad), Pakistan Environmental Protection Agency 
and Japan International Cooperation Agency, Islamabad. 

Pak-EPA (2010). National Environmental Quality Standards 
for Ambient Air, The Gazette of Pakistan, Islamabad. 

Pitchford, M.L., Poirot, R.L., Schichtel, B.A. and Malm, 
W.C. (2009). Characterization of Winter Midwestern 
Particulate Nitrate Bulge. J. Air Waste Manage. Assoc. 
59: 1061–1069. 

Pope, C., Ezzati, M. and Dockery, D.W. (2009). Fine-
Particulate Air Pollution and Life Expectancy in the 
United States. New Engl. J. Med. 360: 376–386. 

Pope, C.A., Burnett, R.T., Thun, M.J., Calle, E.E., Krewski, 
D., Ito, K. and Thurston, G.D. (2002). Lung Cancer, 
Cardiopulmonary Mortality, and Long-term Exposure to 
Fine Particulate Air Pollution. J. Am. Med. Assoc. 9: 
1132–1141. 

Qadir, M.A., Zaidi, J.H., Ahmed, S.A., Gulzar, A., Yaseen, 
M., Atta, S. and Tufail, A. (2012). Evaluation of Trace 
Elemental Composition of Aerosols in the Atmosphere 
of Rawalpindi and Islamabad using Radioanalytical 
Methods. Appl. Radiat. Isot. 70: 906–911. 

Quetta District Government (2011). Quetta-Integrated 
District Development Vision, IUCN, Pakistan, Quetta, 
Pakistan. 

Raja, S., Biswas, K.S., Husain, L. and Hopke, P.K. (2010). 
Source Apportionment of the Atmospheric Aerosol in 
Lahore, Pakistan. Water Air Soil Pollut. 208: 43–57. 



 
 
 

Rasheed et al., Aerosol and Air Quality Research, 15: 426–439, 2015  439

Sadiq, N. and Qureshi, M.S. (2010). Climatic Variability 
and Linear Trend Models for the Five Major Cities of 
Pakistan. JGG. 2: 83–92. 

Sandradewi, J., Prevot, A.S.H., Szidat, S., Perron, N., Alfarra, 
M.R., Lanz, V.A., Weingartner, E. and Baltensperger, U. 
(2008). Using Aerosol Light Absorption Measurements 
for the Quantitative Determination of Wood Burning and 
Traffic Emission Contributions to Particulate Matter. 
Environ. Sci. Technol. 42: 3316–3323, doi: 10.1021/es7 
02253m. 

Sheehan, P.E. and Bowman, F.M. (2001). Estimated 
Effects of Temperature on Secondary Organic Aerosol 
Concentrations. Environ. Sci. Technol. 35: 2129–2135. 

Shyamsundar, P., Hamilton, K., Segnestam, L., Sarraf, M. 
and Fankhauser, S. (2001). Country Assistance Strategies 
and the Environment, Environmental Economics Series 
Paper No.81, World Bank: Washington D.C. 

Siddique, N., Waheed, S., Daud, M., Markwitz, A. and 
Hopke, P.K. (2012). Air Quality Study of Islamabad: 
Preliminary Results. J. Radioanal. Nucl. Chem. 293: 351–
358. 

Silva, R.A., West, J.J., Zhang, Y., Anenberg, S.C., Lamarque, 
J.F., Shindell, D.T., Collins, W.J., Dalsoren, S., Faluvegi, 
G., Folberth, G., Horowitz, L.W., Nagashima, T., Naik, 
V., Rumbold, S. Skeie, R., Sudo, K., Takemura, T., 
Bergmann, D., Cameron-Smith, P., Cionni, I., Doherty, 
R.M., Eyring, V., Josse, B., MacKenzie, I.A., Plummer, 
D., Righi, M., Stevenson, D.S., Strode, S., Szopa, S. and 
Zeng., G. (2013). Global Premature Mortality Due to 
Anthropogenic Outdoor Air Pollution and the Contribution 
of Past Climate Change. Environ. Res. Lett. 8: 1–11, doi: 
10.1088/1748-9326/8/3/034005. 

Singh, R.P. and Kaskaoutis, D.G. (2014). Crop Residue 
Burning: A Threat to South Asian Air Quality. Eos 95: 
333–334. 

Stone, E., Schauer, J., Qureshi, T.A. and Mahmood, A. 
(2010). Chemical Characterization and Source 
Apportionment of Fine and Coarse Particulate Matter in 
Lahore, Pakistan. Atmos. Environ. 44: 1062–1070. 

SUPARCO (2005). Baseline (Ambient Air Quality) Study 
of Six Major Cities of Pakistan, Pakistan Space & Upper 
Atmosphere Research Commission (SUPARCO), Karachi, 
http://www.suparco.gov.pk/pages/spas-project08.asp. 

SUPARCO (2009). Space Research in Pakistan 2008-2009: 
National Report to 38th COSPAR Scientific Assembly 
Bremen, Germany, Space and Upper Atmosphere Research 
Commission (SUPARCO) Headquarters, Pakistan.  

Tai, A.P.K., Mickley, L.J. and Jacob, D.J. (2010). 
Correlation between Fine Particulate Matter (PM2.5) and 
Meteorological Variables in the United States: Implications 
for the Sensibility of PM2.5 to Climate Change. Atmos. 
Environ. 44: 3976–3984. 

The Express Tribune (2011). The Oft Burning Trees: Where 
there is Smoke, There will be Protection, Published on  
June 16, 2011, http://www.tribune.com.pk/story/1895
47/the-oft-burning-trees-where-there-is-smoke-there-wi
ll-be-protection/ (June 12, 2013). 

Torkian, A., Bayat, R., Najafi, M.A., Arhami, M. and 
Askariyeh, M.H. (2012). Source Apportionment of 
Tehran’s Air Pollution by Emission Inventory. In 2012 
International Emission Inventory Conference “Emission 
Inventories-Meeting the Challenges Posed by Emerging 
Global, National, Regional and Local Air Quality Issues”: 
August 2012. Tampa, Florida: US Environmental 
Protection Agency; 2012: 13–16. 

Tsigaridis, K. and Kanakidou, M. (2007). Secondary 
Organic Aerosol Importance in the Future Atmosphere. 
Atmos. Environ. 41: 4682–4692. 

Viidanoja, J., Sillanpaa, M., Laakia, J., Kerminen, V.M., 
Hillamo, R., Aarnio, P. and Koskentalo, T. (2002). Organic 
and Black Carbon in PM2.5 and PM10: 1 Year Data from 
an Urban Site in Helsinki, Finland. Atmos. Environ. 36: 
3183–3976. 

Wang, T., Cheung, T.F., Li, Y.S., Yu, X.M. and Blake, 
D.R. (2002). Emission Characteristics of CO, NOx, SO2 
and Indications of Biomass Burning Observed at a Rural 
Site in Eastern China. J. Geophys. Res. 107: 1–10. 

WHO (2006). WHO Air Quality Guidelines for Particulate 
Matter, Ozone, Nitrogen Dioxide and Sulfur Dioxide, 
WHO Press, Geneva. 

Wikipedia (2013). Climate of Islamabad, Retrieved from 
http://en.wikipedia.org/wiki/Climate_of_Islamabad on 
August 16, 2013. 

Wikipedia (2013). Climate of Quetta, Retrieved from 
http://en.wikipedia.org/wiki/Climate_of_Quetta on August 
16, 2013. 

Wise, E.K. and Comrie, A.C. (2005). Meteorologically 
Adjusted Urban Air Quality Trends in the Southwestern 
United States. Atmos. Environ. 39: 2969–2980. 

World Bank, (2006). Pakistan Strategic Country 
Environmental Assessment, The World Bank, South Asia 
Environment and Social Development Unit, Washington 
D.C.  

Zhang, Y.X., Qureshi, T. and Schauer, J.J. (2008). Daily 
Variation in Sources of Carbonaceous Aerosol in Lahore, 
Pakistan during a High Pollution Spring Episode. Aerosol 
Air Qual. Res. 8: 130–146. 

 
 

Received for review, October 30, 2014 
Revised, October 30, 2014 

Accepted, January 22, 2015

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


