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ABSTRACT 
 

Particulate matter pollution is one of the major environmental concerns in Pakistan. Over the past 20 years there has 
been a considerable increase in the number of motor vehicles. The present study was conducted to assess journey time and 
roadside exposure to particulate matter and carbon monoxide along major roads of Lahore during November, 2007. 
Measurements of particulate mass and carbon monoxide were carried out continuously inside an air conditioned vehicle, 
while commuting, and outside the vehicle at 36 different locations in the city. Additionally, monitoring was undertaken at 
a background site throughout the period. The overall mean journey-time concentrations of PM10, PM2.5, PM1, PM10–2.5 and 
CO were 103 μg/m3, 50 μg/m3, 38 μg/m3, 53 μg/m3 and 8 ppm, respectively. At the roadside average PM10, PM2.5, PM1, 
PM10–2.5 and CO concentrations were 489 μg/m3, 91 μg/m3, 52 μg/m3, 397 μg/m3 and 4 ppm, respectively. The highest 
levels were found at the sites with traffic congestion reflecting, not only, the large contribution of automobile exhaust but 
also the resuspension of road dust. The majority of public transport vehicles in Lahore are not air-conditioned and it is very 
likely that commuters are exposed to the similar high levels of pollution.  
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INTRODUCTION 
 

In recent years many Asian countries have experienced 
significant economic growth leading to increased 
urbanization, motorization and energy use. As a result poor 
air quality has emerged as a major environmental concern 
due to a lack of effective control measures. Worldwide urban 
air pollution is estimated to be responsible for 865,000 
premature deaths every year and about 60% of these deaths 
occur in Asia (World Health Organisation, 2007). The 
Clean Air Initiative for Asian Cities (CAI-Asia, 2008a) has 
reported that, in 64 cities, ambient Total Suspended 
Particulate (TSP) and PM10 remain above the WHO 
guidelines. Similarly, a study on urban air quality in Asia 
by Hopke et al. (2008) concluded that levels of particulate 
pollution, in many cities, were higher than standards in 
developed countries. Vehicular emissions are the principle 
source of fine particulate matter pollution in urban areas as 
a result of an unprecedented growth in passenger vehicles 
in the region. Two-stroke engine vehicles are ubiquitous in  
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South Asian cities, where they constitute approximately 
half of the total vehicle numbers and contribute 
significantly to urban air pollution (Kojima et al., 2000). It 
is known that two stroke engines have higher emission 
rates for hydrocarbons and particulate matter than four 
stroke engines due to poor fuel utilization. 

Among south Asian countries Pakistan is the world’s 
sixth most populous country with an estimated population 
of 169.9 million (Pakistan Economic Survey, 2009–10). 
Like many other countries in the region Pakistan is facing 
environmental degradation. Among various environmental 
issues, air pollution is of greatest concern. Vehicular 
emissions are the main driver of air pollution in urban 
regions. A dramatic increase in the number of vehicles on 
the road has resulted in severe air pollution problems. In 
2005 the total number of registered vehicles in the country 
were more than 5 million with the highest share 
attributable to two wheelers (CAI-Asia, 2008b). By 2009–
10, the number of two wheelers and rickshaws had 
increased by 146 and 34.4% over the previous 10 years 
(Pakistan Economic Survey, 2009–10). The use of 
unclean/adulterated fuels, ageing vehicles, inefficient 
automotive technology and lack of emission control 
strategies has lead to soaring levels of air pollution in 
urban centers of the country. According to Gujar et al. 
(2008) Karachi was the most polluted city in the world 
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with respect to TSP.  
A great number of studies have reported the association 

of particulate matter (PM) with chronic and acute 
cardiopulmonary problems (Pope and Dockery, 2006; 
Franklin et al. 2007; Zanobetti and Schwartz, 2009). The 
Pakistan Strategic Country Environmental Assessment 
World Bank Report (World Bank, 2006) reported that the 
annual health burden due to particulate matter was 1% of 
gross domestic product and was responsible for 22,000 
premature deaths among adults and 700 deaths among 
children under 5 years. In another study, on health risks 
due to air pollution, Gurjar et al. (2010) reported that, 
among the mega cities of the world, Karachi had highest 
number of excess deaths (approximately 15,000/year). 

This clearly highlights the alarming levels of air pollution 
in Pakistan, where air quality management capabilities are 
still minimal. This state is further compounded by the 
rapid shift of population from rural areas to town centres. 
Approximately 35% of the population resides in towns and 
cities and it has been estimated that this number will grow 
to 60% by 2050 (United Nations Population Division, 
2009). Recently ambient air quality standards have been 
announced and it was not until March 2007 that continuous 
monitoring stations were established in 5 major cities of 
Pakistan: Karachi, Lahore, Quetta, Peshawar and Islamabad. 
Colbeck et al. (2010) reviewed the state of ambient air 
quality in Pakistan and concluded that the available 
information on air quality was sparse and sporadic. Air 
quality is deteriorating with enormous speed and has been 
recognized as a serious problem by the Government and 
various other organizations. However, little work has been 
done in this regard. Those studies which have been carried 
out reveal that the current levels of PM, SO2, NO2, CO, 
and Pb are many times higher than WHO air quality 
guidelines.  

Over the last few decades there have been significant 
improvements in various transport modes which have 
resulted in increased mobility and, today, a large proportion 
of the working population spend a considerable time 
commuting. Knowledge of particulate matter concentrations 
on or near roads is essential to calculate, not only the total 
human exposure but also to identify the potential sources 
and design effective control measures. The information 
regarding the exposure of the commuter to particulate air 
pollution is potentially important but studies of journey 
time exposure to particulate matter are relatively rare. 
Most of these studies have focused on exposure to PM in 
motorized transport or to cyclists and were conducted in 
the developed world: UK (Bevan et al., 1991; Gee and 
Raper, 1999; Adams et al., 2001; Briggs et al., 2006; 
Gulliver and Briggs, 2007; Briggs et al., 2008; Nasir and 
Colbeck, 2009); Germany (Pramal and Schierl, 2000); 
China (Chan et al., 2002a); Hong Kong (Chan et al., 
2002b; Kaminsky et al., 2009), Italy (Geiss et al., 2010). 

Few data are available on journey time and stationary 
roadside exposure to particulate matter on roads in South 
Asian countries. Akbar and Ashmore (1997) reported in-
vehicle levels for Delhi and Mukherjee et al. (2003) for 
Calcutta. Saksena et al. (2007) carried out an investigation 

on daily exposure to Respirable Suspended Particulate 
(RSP – below 5 μm) and CO in vehicle micro-environments 
in Delhi. They reported that mean RSP and CO during 
travelling in different modes of transport ranged from 370 
(car) to 2,860 μg/m3 (two wheeler) and 8 to 19 ppm, 
respectively. 

Hence, the present study was conducted to assess 
journey time and roadside exposure to particulate matter 
(PM10, PM2.5, PM1) and carbon monoxide along major 
roads of Lahore, Pakistan during November 2007. The size 
fractionated data for particulate matter mass helps to 
understand the contribution from automobile exhaust; fine 
particles (PM2.5) are derived primarily from direct 
emissions from combustion processes. 
 
MATERIALS AND METHODS 
 
Site 

Lahore is the provincial capital of Punjab province and 
is the second most populous city of Pakistan. It lies 
between 31°15′ and 31°45′ north and 74°01′ and 74°39′ 
east with a total area of 1772 km2. According to the 
Government of the Punjab the estimated population of 
Lahore, in 2001, was 7 million (Government of Punjab, 
2010). However, since then it is very likely that this 
number has grown. The proposal for a Lahore rapid mass 
transit system project reported that the population in 2006 
was 8.7 millions. (Asian Development Bank, 2008) Within 
Pakistan's administrative structure Lahore is divided into 
nine towns. The weather of Lahore is hot during the 
months of May, June, and July, when the temperatures can 
exceed 45°C. The monsoon starts in August with heavy 
rainfall. The coldest months are December, January and 
February where the temperature can fall below 0°C 
(Government of Punjab, 2010). 
 
Sampling Design 

Two circular routes were designed within all the nine 
towns, covering all the important roads in the city (Fig. 1). 
Route I encompassed the centre of the city, with heavy 
traffic loads all day. The major part of route II was in well 
developed and greener parts of the city, with low traffic 
load, and better road networks. Real time measurements 
were carried out continuously for half an hour inside an air 
conditioned vehicle, while commuting, and between 20–30 
minutes outside the vehicle. A total of 36 roadside 
measurements were made on both the routes with 17 on 
route I and 19 on route II. Additionally, continuous 
monitoring was carried out at a background site throughout 
the measurement period. This background site was in the 
grounds of the Department of Mycology and Plant 
Pathology, University of Punjab Lahore and approximately 
600 meters away from main roads. Sampling was 
conducted between 09.00–20.00 hrs. All the samples were 
taken at respiratory levels and the sampling location was 
carefully selected to be free of any obstructions. In the 
vehicle, the analysers were placed on the front seat next to 
the driver at a desirable height. The roadside measurements 
were made on the pavements at the height of 1 m. The
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Fig. 1. Map of Lahore showing the roadside and background sampling locations for routes I and II. (http://pportal.punjab.g
ov.pk/portal/portal/mediatype/html/group/300/page/default.psml/js_pane/P-11b5304069d-10014?nav=left) 

 

sampling was continuous and at an interval rate of 1 
minute for both in-vehicle and roadside. Three repeated 
measurements were taken on three different days of the 
month on both routes. The weather was dry during the 
days of measurement. 
 
Instrumentation 

The mass concentration of particles was monitored 
using two GRIMM Aerosol Spectrometers (Model 1.101 
and 1.108, Grimm Aerosol Technik GmbH, Ainring, 
Germany). Temperature, relative humidity and carbon 
monoxide was recorded with two Gasprobe IAQ 4 (BW 
Technologies Ltd, Canada) at an interval of one minute. 
One Gasprobe IAQ 4 was used for on road measurements 
(journey time/roadside) while the other was situated at the 
background site. 
 
Intercomparison and Determination of the Calibration 
Factor 

Both monitors were operated side by side for 12 hours 
and intercomparison between them showed a variation of ± 
10%. The model 1.108 was used for the vehicle/roadside 
measurements and the 1.101 was used at the background 
site. Before the sampling campaign, both of these aerosol 
spectrometers were factory calibrated. A gravimetric 
correlation was carried out with Stearin and an optical 
calibration cross reference was performed with spherical 
glass beads with a density of 2.8 g/cm3 and a refractive 
index of 1.36. However a calibration factor was also 
determined. GRIMM Aerosol Spectrometers collect 
particles on an integrated 47 mm PTFE-filter inside the 
spectrometer. The spectrometers also keep a record of the 
air volume sampled and total mass collected. In order to 
calculate the calibration factor (C factor), pre-weighed 

filters were placed inside the monitors and after each 
measurement campaign the filters were re-weighed. The 
calibration factor for the vehicle/roadside measurements 
was 0.80. The data collected by the instruments was 
corrected according to this factor. All the filters were 
equilibrated before initial and final weighing for a 
minimum of 24 hours in a controlled chamber. The filters 
were weighed thrice before and after the sampling by using 
a microbalance.  
 
Data Analysis 

Mean values, along with standard deviations, were 
calculated for each roadside measurement and journey 
time for both routes and at the background site. Due to 
differences in the routes the data were analysed separately.  
 
RESULT AND DISCUSSION 
 

The ambient temperature and relative humidity during 
the sampling period was in the range of 21 to 30°C and 30 
to 65%, respectively. Table 1 summarizes the concentrations 
of particulate matter and CO in vehicles, roadsides and at 
the background site within Lahore. The mean journey-time 
concentrations of PM10, PM2.5, PM1, PM10–2.5 and CO for 
route I were 74 μg/m3, 36 μg/m3, 27 μg/m3, 38 μg/m3 and 9 
ppm, respectively. For comparison the mean concentrations 
at the roadside on the same route were 583 μg/m3, 90 
μg/m3, 41 μg/m3, 493 μg/m3 and 5 ppm, respectively 
(Table 1). The concentrations of particulate matter were 
substantially higher at the roadside than journey-time 
values, whereas the mean levels of CO were higher inside 
the vehicle than at the roadside. 

For route II, the mean journey-time concentrations of 
PM10, PM2.5, PM1, PM10–2.5 and CO were 128 μg/m3, 62

  Route I 

  Route II 

  Background 
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Table 1. Summary statistics for in vehicle journey-time, roadside and background concentrations of PM10, PM2.5, PM1 
(μg/m3) and CO (ppm) for routes I and II in Lahore.  

Journey time route I 
 PM10 PM2.5 PM1 PM10–2.5 CO 
Mean 74 36 27 38 9 
Maximum 111 71 49 76 18 
Minimum 39 17 11 16 2 
St Dev 20 17 14 19 5 
Roadside route I 
Mean 583 90 41 493 5 
Maximum 2756 327 90 2428 11 
Minimum 127 35 18 92 1 
St Dev 619 71 21 550 3 
Journey time route II 
Mean 128 62 48 66 7 
Maximum 307 116 83 191 16 
Minimum 55 27 21 20 4 
St Dev 60 20 15 47 3 
Roadside route II 
Mean 404 92 62 312 4 
Maximum 1031 168 116 897 11 
Minimum 199 45 30 104 1 
St Dev 218 30 20 196 2 
Overall Journey time 
Mean 103 50 38 53 8 
Maximum 307 116 83 191 18 
Minimum 39 17 11 16 2 
St Dev 53 23 18 39 4 
Overall Roadside 
Mean 489 91 52 397 4 
Maximum 2756 327 116 2428 11 
Minimum 127 35 18 92 1 
St Dev 455 53 23 408 3 
Background 
Mean 192 58 41 134  
Maximum 378 102 69 276  
Minimum 86 27 17 59  
St Dev 87 28 20 60  

 

μg/m3, 48 μg/m3, 66 μg/m3 and 7 ppm, respectively. Those 
at the roadside on route II were 404 μg/m3, 92 μg/m3, 62 
μg/m3, 312 μg/m3 and 4 ppm, respectively (Fig. 2). Similar 
to route I the levels of particulate matter were higher at the 
roadside than during the journey-time whilst CO 
concentrations were higher for the journey-time in 
comparison to the roadside locations. The level of coarse 
particles was higher on route I while the fine fraction (PM1) 
was higher on route II. 

Both routes exhibited higher particulate matter levels 
and lower CO concentrations at the roadside than in 
vehicles. Most of the particulate matter was found to be in 
the coarse fraction. For routes I and II PM10, at the 
roadside was more than 6 and 2 times higher than journey 
time levels. 84%, 77% and 81% of the total accumulative 
mass of particulate matter was in the coarse size (PM10–2.5) 
at the roadside for routes I, II and overall, respectively. 
Similarly, the percentage in the coarse size during journey 

time was almost 50% for both routes. It should be 
remembered that journey time levels in this study reflect 
concentrations in an air-conditioned vehicle where the 
ventilation system was able to remove the coarse fraction. 
Overall, for finer particles (PM1) there is little difference 
between journey time and roadside concentrations (38 
μg/m3 journey time average vs 52 μg/m3 roadsides). CO 
showed an accumulating behaviour inside the vehicle, thus 
levels were higher during the journey time than at the 
roadside. The maximum journey-time levels of CO were 
18ppm as compared to 11 ppm at the roadside. This trend 
is most probably due to the vehicle type (air-conditioned). 
In general, there was a large variation in the concentration 
of particulate matter between the different roadside 
locations and this is evident from the high standard 
deviation values, whereas the journey-time concentrations 
of particulate matter were characterized by a lower 
standard deviation (Fig. 2). However, CO levels were more 
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Fig. 2. Overall roadside, journey time and background levels of PM10, PM2.5 PM1 (µg/m3) in Lahore. 

  

variable during journey times than at the roadside. At the 
start of each journey CO levels in the vehicle were lower 
than outside but built up during the journey. 

The mean levels of PM10, PM2.5, PM1 and PM10–PM2.5 
at the background site were 192 μg/m3, 58 μg/m3, 41μg/m3 

and 134 μg/m3, respectively. CO was below the detection 
limit. Background PM10 concentrations were considerably 
lower than at the roadside although PM1 levels were 
similar. This shows that although the coarse size fraction 
dominates near busy urban sites, the fine fraction can be 
transported further away from the sources. PM10 levels at 
the background site (192 μg/m3) were close to the mean 
annual for Lahore (202 μg/m3) reported by the World Bank 
(2006). 

The roadside levels of particulate matter in this study are 
lower than those reported by Jafary and Faridi (2006) from 
23 road crossings in Lahore (760–5,044 μg/m3). This is 
more likely due to the reason that they measured TSP. 
However, concentrations of CO in this study are in good 
agreement with Jafary and Faridi (2006). Their reported 
concentrations of CO were 5 to 11 ppm compared to 1 to 
11 ppm in this study. Furthermore, journey-time levels of 
PM in this study were lower than RSP concentrations (in-
car) reported by Saksena et al. (2007) for Delhi. It was not 
mentioned if the car was air-conditioned and the present 
discrepancy might be due to this or to differences in size 
cut of measured PM, as their reported mean levels of CO 
in the car (10 ppm) were close to those in this study. Shen 
et al. (2010) reported that levels of PM10 at the roadside in 
Xi’an (China) ranged from 337.9 to 718.0 μg/m3, with an 
average of 569.2 μg/m3. In Nepal, a study by Sharma et al. 
(2002) showed that roadside hourly PM10 was in the range 
1,000 to 6,000 µg/m³. 

The levels of PM2.5 and PM1 reflect the contribution 
from automobile exhaust and this would contribute more 
to number concentration than mass. Owing to difference in 
averaging times, it is not possible to make a direct 
comparison of these measurements with WHO guidelines 

values for PM10 and PM2.5. Nevertheless, the ambient 
levels of PM2.5 and PM10 at the roadsides are likely to 
exceed the WHO guideline value of 25 μg/m3 for PM2.5 and 
50 μg/m3 per 24 hours (World Health Organisation, 2006). 
The results suggest that although the biggest portion of 
suspended particulate matter was in the coarse-size 
fraction, the levels of the fine size fraction were also 
elevated. In fact the levels at the background site were well 
above any established standard. 

The coarse fraction particulate matter was very likely 
due to the resuspension of road dust by wind and vehicle 
induced turbulence. This process has been reported in 
previous studies (Kulmala et al., 1986; Hall, 1989; Braaten 
et al., 1990; Abu-Allaban et al., 2003). Dust builds up at 
the kerbside and visible dust particles were clearly seen 
flowing rapidly in the direction of the traffic flow. The 
pavements were devoid of any vegetation. Large number 
of vehicles and poor traffic management often result in 
traffic congestion. Furthermore, most of the vehicles were 
poorly maintained and inefficient fuel usage results in 
excessive exhaust emissions.  
 
CONCLUSIONS 
 

The concentrations in this study were well above any 
established ambient air quality standards in the world. The 
majority of public transport vehicles in Lahore are not air-
conditioned and it is very likely that commuters are 
exposed to very high levels of pollution. A large number of 
people commute by two or three wheelers and thus they 
will have the highest exposure. The present road system in 
cities cannot cater for the need of the growing number of 
automobiles and the problem is being aggravated by an 
aging vehicle fleet, in poor mechanical condition and low 
levels of fuel efficiency. The present study revealed that 
there is a dire need to focus on air quality management in 
urban areas to safeguard the public health. Improved traffic 
planning and the introduction of a better mass transit 
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system in the city could help arrest the soaring levels of 
carbon monoxide and particulate matter. 
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