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Abstract: Black carbon (BC) exposure and inhalation dose of a commuter using four traffic modes
(car, bus, auto-rickshaw, and motorbike) were monitored in Karachi, Pakistan. The real-time exposure
concentrations in office-peak and off-peak hours were recorded during the winter season using
microAeth® AE51 BC monitors. Exposure concentrations were higher in peak hours and were
reduced to half in the off-peak time. The inclination levels of the inhaled dose were similar, and
this trend was observed with all four modes of commute. The motorbike was found to be the most
exposed mode of transportation, followed by auto-rickshaws, cars, and buses, respectively. However,
the order was reversed when accounting for inhaled doses, e.g., the inhalation dose for auto rickshaws
was highest, followed by the bus, motorbike, and car, respectively. Spatiotemporal analysis reveals
that driving roads with lower traffic intensity and fewer intersections resulted in lower exposures.
Therefore, traffic intensity, road topology, the timing of the trip, and the degree of urbanization were
found to be the major influences for in-vehicle BC exposure.

Keywords: air pollution; black carbon; personal exposure; inhaled dose; traffic modes; transport
microenvironment

1. Introduction

Urban air pollution is a global public health issue [1]. With increasing numbers of
motor vehicles, e.g., >23 million in 2018 [2], traffic-related air pollution has become a major
environmental concern in Pakistan. People living in densely populated megacities such as
Karachi are closed to traffic and are more exposed to vehicular exhaust and non-exhaust
emissions [3]. Black carbon (BC) is one of the major groups of pollutants present in urban
ambient air, which contributes to air pollution through direct emissions from primary
sources, e.g., combustion engines (especially diesel) and industrial processes, or by indirect
or secondary processes such as residential and field burning of coal, wood and agricultural
waste, and forest and vegetation fires as well as power stations that use coal and heavy
oil [4,5]. BC, being a constituent of particulate matter (PM), can accumulate deep into the
lungs when inhaled, consequently causing respiratory disorders. Moreover, it is also found
to trigger cardiovascular diseases after short or long-term exposures [6,7].

Among various other daily activities, commuting is regarded as the activity with
the highest exposure period, especially in urban cities (e.g., Karachi) with high vehicular
intensity [8]. Studies suggest that up to 30% of a person’s daily inhalation dose of BC is re-
ceived from their routine trips [9]. Since pollutant concentrations are higher in the transport
microenvironment, commuters may obtain a considerable contribution to their daily BC
exposure while traveling in such an environment for even 1.5–2 h per day [8,10,11]. Hence,
exposure-based studies prefer real-time monitoring for personal exposure to a pollutant.
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For this purpose, commuters are equipped with portable real-time monitors to evaluate
personal exposure in a particular environment [9,12]. Most of these studies have been
conducted in urbanized areas of developed countries [12], whereas investigations based on
personal exposure to BC are limited in Pakistan. The studies investigating the emission of
BC in Karachi are mostly based upon fixed site monitoring, e.g., research by Malashock et al.
(2018) [6], who found associations between BC exposure and cardiovascular diseases (CVD)
among residents of Karachi. Other researchers, e.g., Bibi et al. (2017) [13] and Dutkiewicz
et al. (2009) [14], reported BC concentrations to be associated with vehicular traffic and
meteorological variables, along with seasonal and diurnal variations. In view of the limited
information about this important air quality issue, we commenced an in-vehicle monitoring
study of personal exposure to BC concentrations along the roadways in Karachi-Pakistan.
A comprehensive evaluation of BC emissions in Karachi is especially significant as it is
one of the largest pollution hotspots in the country. Pakistan’s largest and most densely
populated city, with a population growth rate of 2.27% [15]. Karachi has been subjected to
substantial growth of heavy industries and immense utilization of coal. This has resulted in
the levels of fine particulate matter averaging 5–7 fold higher than the WHO guidelines [16].
Moreover, Karachi is an overcrowded city of more than 20 million people [3,17] and as of
2013, had an annual traffic circulation of about 6.3 billion commuters in the city’s public
transport system [3].

Travel modes in Karachi are largely comprised of private cars, taxis, buses, auto
rickshaws, and motorbikes [18]. According to a report by the World Bank [19], an average
of 450 new vehicles are added daily to the total 3.6 million vehicles that existed in Karachi
as of 2015. Therefore, air quality within the urban traffic environment of the city may have
a significant effect on many commuters. The growing vehicular and commuter populations
prompted us to evaluate the pollution exposure attributes of commuters in the centralized
part of the city. To our knowledge, this study is the first of its kind to monitor the real-time
personal exposure and inhalation dose of BC along with spatial and temporal variations
in the transport microenvironment of Karachi using different commuting modes (car, bus,
auto rickshaws, and motorbike). Moreover, the study investigates the factors responsible
for the in-vehicle exposure of BC so that measurements can be taken to reduce pollutant
exposure and promote a harmless computing environment. The outcomes of this study
will provide a reference to estimate the health risk of the urban population and to set traffic
control policies in the mega city of Karachi.

2. Materials and Methods
2.1. Site Description

Karachi (24◦51′36” N and 67◦00′36” E) is situated on the coast of the Arabian Sea
(Figure 1); the mega city is divided into 18 towns and is the largest city in Pakistan. Karachi
is also a premier hub for industrial and trade activities of the country.

Gulshan Town and Jamshed Town, two towns in the eastern district of the city with
the highest socioeconomic levels, were chosen as our study areas. Most of Jamshed Town
is residential, covering around 70% of the urbanized area. However, about 30% of the
area is comprised of informal settlements and commercial and mixed land use. Gulshan
Town has a large working-class residential area (covering 40% of the urbanized area) and a
commercial area. It is featured as the university town of the city since eight universities are
located within the town [20]. The area is connected to neighboring towns by major roads,
channels, and highways, including University Road, Sehba Akhtar Road, Rashid Minhas
Road, Karachi-Hyderabad Highway, Lyari Expressway, and Shahrah-e-Pakistan, which
makes Gulshan district a significant transport corridor connecting the downtown areas of
Karachi with other districts and towns, e.g., Gadap Town to the north, the Faisal and Malir
Cantonments to the east, Jamshed Town to the southwest, and Gulberg and Liaquatabad to
the west (Town municipal administration, Gulshan-e-Iqbal) [21].
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Figure 1. Locator map of the study area (Karachi city).

The routes selected for this study (Figure 2) included a common road connecting the
two towns (Shaheed-e-Millat road) along with one of the major arterial and signal-free roads
of Karachi (main University Road). Together, these roads are part of an important transport
corridor and link many prestigious schools, colleges, educational centers, hospitals, and
universities, as well as a chain of restaurants and food streets. These areas (especially
Gulshan) also serve as a hub for many sports complexes, parks, playgrounds, gyms,
markets, and shopping centers, as well as small-scale industries. These sites are prominent
traffic attracters, making these routes one of the most frequently traveled in Karachi and
warranting their significance as mass transit routes. Traffic emission was the major source
of BC in the study areas during the daytime, as there were no other apparent combustion
sources apart from some hotels and eateries along the roads, which usually operate late in
the evening. Demographic specifications of the selected routes are summarized in Table 1.
Figure 3 represents the average traffic flow rates along the two routes.
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Road (P11–P28).

Table 1. Characteristics of the selected routes.

Route Length
(km) Lanes Lane

Width (m) Intersections U-Turns Buildings Average Vehicles
Per Hour

Shaheed-e-Millat Road 6.5 2–3 7–11 5 2 flyovers
Small to high rise

residential buildings on
both sides of road.

2430.5 1

University Road 10.8 3–4 9–13 4 4

2–5 story residential +
commercial buildings

along with food streets,
schools, colleges,

universities, and parks.

3710.5

1 Vehicular data obtained from (Kabir et al., 2012) [22].



Atmosphere 2022, 13, 1930 5 of 17Atmosphere 2022, 13, 1930 5 of 17 
 

 

 
Figure 3. Average traffic flow per hour along Shaheed−e−Millat and University Road. 

2.2. Instrumentation 
BC is detected on the basis of light absorption in the visible region of the spectrum 

[4]. MicroAeth® AE51 BC monitors (AE51; AethLabs, San Francisco, CA, USA) were used 
to record the real-time BC concentrations. The instrument monitors light absorption in the 
visible region by both BC collected on the filter strip and a clean segment of the filter not 
subjected to exposure. The light attenuation corresponds to the change in mass of BC that 
accumulates on the filter [23]. Instrument calibration and zero-point setting were per-
formed prior to the study. Battery power was regularly monitored before starting and 
during each measurement. The instrument was used in the breathing zone of the com-
muter. We used a cyclone separator with a 2.5 µm of uppercut point to protect the unit 
against optical interference due to coarse particles [24]. A flow rate of 100 mL/min and a 
60 s logging interval were selected. At the selected flow rate, the instrument can run for 
about 24 h on a single battery charge and can store up to 4 MB of data in its internal flash 
memory for a period of 1 week. Internal data files were retrieved using microAeth PC 
software and stored on local disks in MS Excel files. A GPS module (QStarz model BT-
1000XT, Taipei, Taiwan) was also used to record the location and speed of the commuter 
at 60 s-time intervals. 

2.3. Sampling 
Our study ran from November 2018 to February 2019, the winter season in Karachi. 

Morning peak hours ranged between 7 to 10 a.m., whereas afternoon or off-peak hours 
were between 12 p.m. till 3 p.m. Sampling trips ranged between 30 to 60 min, depending 
upon the speed of the commute used and traffic intensity of the roads. Measurements 
were conducted during weekdays. 

The spatial and temporal distribution of BC concentrations during peak and off-peak 
hours along the selected routes was monitored using a BC monitor and a GPS logger. The 
monitoring was conducted using four different modes of commuting, i.e., car, bus, auto-
rickshaw, and motorbike. Exposure measurements were conducted consecutively and in 
quick succession on the same day for each of the commute modes. Each day, the com-
muter started the trip at the same place and time with the same mode of commute. Four 
measurements for each mode of transit (car, bus, auto-rickshaw, and motorbike) were 
taken in the morning (in-peak time), and the four similar measurements taken in the 

1695

1099

486
427

5

1053

798

209

360

11

-100

100

300

500

700

900

1100

1300

1500

1700

Motor Bike Cars/Pick ups Auto Rickshaws Buses Trucks

Tr
af

fic
 d

en
sit

y 
pe

r h
ou

r

Transit Modes

University Road

Shaheed e Millat Road

Figure 3. Average traffic flow per hour along Shaheed−e−Millat and University Road.

2.2. Instrumentation

BC is detected on the basis of light absorption in the visible region of the spectrum [4].
MicroAeth® AE51 BC monitors (AE51; AethLabs, San Francisco, CA, USA) were used to
record the real-time BC concentrations. The instrument monitors light absorption in the
visible region by both BC collected on the filter strip and a clean segment of the filter not
subjected to exposure. The light attenuation corresponds to the change in mass of BC that
accumulates on the filter [23]. Instrument calibration and zero-point setting were performed
prior to the study. Battery power was regularly monitored before starting and during each
measurement. The instrument was used in the breathing zone of the commuter. We used
a cyclone separator with a 2.5 µm of uppercut point to protect the unit against optical
interference due to coarse particles [24]. A flow rate of 100 mL/min and a 60 s logging
interval were selected. At the selected flow rate, the instrument can run for about 24 h on a
single battery charge and can store up to 4 MB of data in its internal flash memory for a
period of 1 week. Internal data files were retrieved using microAeth PC software and stored
on local disks in MS Excel files. A GPS module (QStarz model BT-1000XT, Taipei, Taiwan)
was also used to record the location and speed of the commuter at 60 s-time intervals.

2.3. Sampling

Our study ran from November 2018 to February 2019, the winter season in Karachi.
Morning peak hours ranged between 7 to 10 a.m., whereas afternoon or off-peak hours
were between 12 p.m. till 3 p.m. Sampling trips ranged between 30 to 60 min, depending
upon the speed of the commute used and traffic intensity of the roads. Measurements were
conducted during weekdays.

The spatial and temporal distribution of BC concentrations during peak and off-peak
hours along the selected routes was monitored using a BC monitor and a GPS logger.
The monitoring was conducted using four different modes of commuting, i.e., car, bus,
auto-rickshaw, and motorbike. Exposure measurements were conducted consecutively
and in quick succession on the same day for each of the commute modes. Each day, the
commuter started the trip at the same place and time with the same mode of commute.
Four measurements for each mode of transit (car, bus, auto-rickshaw, and motorbike)
were taken in the morning (in-peak time), and the four similar measurements taken in the
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afternoon (off-peak time) along the same route constituted a round of measurement. The
measurements were repeated for four weeks.

During the commute by car and motorbike, the researcher was the driver and was
wearing the BC monitor near the breathing zone. With other commuting modes (e.g., bus
and auto rickshaw), the researcher was the passenger, sitting beside or behind the driver.
All the vehicles (car, bus, and auto rickshaw) were CNG (compressed natural gas) driven,
excluding the motorbike, which used petroleum as fuel. The vehicles were usually driven
with open windows and fanned ventilation while the air conditioning was kept off.

2.4. Data Analysis

Recorded measurements were immediately downloaded, reviewed and stored af-
ter each sampling session. Aethalometer measurements often require some basic post-
processing. This usually happens when sampling is performed at higher time resolution or
at lower concentrations which incorporates negative values in the data sets obtained [25].
However, we used the manufacturer’s recommended guidelines for personal exposure
monitoring (100 mL/min flow rate with 60 s-logging time interval). Therefore, the data
did not contain any negative values, which subsequently eliminated the requirement of
post-processing the data. Sometimes the instrument also suffers from a loading effect that
decreases the sensitivity of the instrument to ambient BC levels; as the aerosol accumulation
on the filter strip is increased, the actual ambient BC levels are underestimated [26]. Hence,
filter strips were changed every day prior to sampling to prevent this “loading effect.”

The primary meteorological parameters (i.e., temperature, relative humidity, wind
speed, wind direction, barometric pressure, and precipitation) for the established sampling
site were obtained from a fully automated climatological station of the city located at the
Jinnah International Airport, using Weather Underground (www.wunderground.com/
global/stations accessed on 30 November 2018).

Bivariate correlation analysis was used to determine the relationships between the
concentrations of BC and primary meteorological parameters. The associations were tested
using Pearson correlations with 95% confidence intervals around the point estimates. The
strength of correlation was classified based on the following ranges, <0.1 no or very weak
correlation, 0.5–0.7 strong correlation, and >0.7 very strong correlation.

Analysis of the variance (ANOVA) was performed on the experimental data, and
means were compared using Minitab 18 software. ANOVA is a statistical test that evaluates
the means of two or more groups of variables in terms of their significance with each other.
In this study, a significance level of 5% was adopted (p < 0.05) to test the significance of
each parameter for different modes of commute.

2.5. Inhalation Dose

In order to explain the input of each activity in terms of dose, exposure was converted
to inhaled dose by means of the average concentration of pollutant inhaled during a trip
and minute ventilation per activity for each mode of commute, considering the age and
gender of commuters. The inhalation dose was calculated using the following equation:

Dose (µg/km) =
Ci × VE × t

km
(1)

where:
Ci = average concentration of BC measured in a trip (µg/m3).
VE = minute ventilation (m3/min).
t = time spent on a trip (min); and
km = distance of the route (km).

“VE” values used in the estimation of inhaled dose were 0.0139 m3/min as recom-
mended by EPA [27,28].

www.wunderground.com/global/stations
www.wunderground.com/global/stations


Atmosphere 2022, 13, 1930 7 of 17

3. Results and Discussion
3.1. BC Exposure Concentrations

Table 2 represents the summary statistics and BC exposure concentrations along with
the timing of the trips for each mode of commute in peak and off-peak hours. The time
fractions of vehicular trips varied as per the condition of the roads and traffic volume. The
average in-peak travel time ranged between 0.5–1.16 h, while average off-peak sampling
trips ranged between 0.42–0.83 h. The sampling routes together were approximately 18 km
long. The motorbike was the fastest mode of transit at such a distance in both peak and off-
peak hours, while public buses were the slowest mode of commute for the same distance.

Table 2. Descriptive Statistics of personal exposure of black carbon (BC) and inhaled dose along the
routes for different transportation modes during In-peak and off-peak hours.

Travel Mode Trips Per
Week (N)

Time
(min)

BC Exposure
Mean ± SD

(µg/m3)
Median Range Q1 Q3 IQR

Inhaled Dose
Mean ± SD

(µg/km)

In-Peak
Car 4 33 22.2 ± 4.31 17.15 79.27 8.69 22.38 13.70 0.57 ± 0.27
Bus 4 70 21.0 ± 2.17 16.118 34.659 11.257 19.215 7.958 1.13 ± 0.22

Auto rickshaw 4 60 26.0 ± 1.89 21.74 59.91 17.90 27.97 10.07 1.20 ± 0.19
Motorbike 4 30 26.9 ± 3.02 21.49 38.96 15.78 31.52 15.74 0.62 ± 0.12

Off-Peak
Car 4 30 11.4 ± 2.58 12.87 30.92 7.77 16.85 9.09 0.27 ± 0.11
Bus 4 60 10.8 ± 5.46 9.139 37.815 7.714 12.666 4.952 0.50 ± 0.08

Auto rickshaw 4 50 14.2 ± 1.57 10.917 30.770 7.912 16.768 8.856 0.54 ± 0.16
Motorbike 4 25 15.0 ± 2.66 9.49 58.00 6.38 14.87 8.49 0.29 ± 0.24

The highest in-vehicle exposure concentrations for all modes of commute were ob-
served during morning rush hours (Figures 4 and 5). Moreover, in-peak sampling (Figure 4a)
showed a greater number of higher concentration peaks than the off-peak sampling
(Figure 4b). Likewise, BC morning peak hour exposure levels were almost double the
levels measured during the afternoon hours. This may be due to high vehicular density,
traffic congestion, and less pollutant dispersion in the peak hours, Li et al. (2015) [29] also
reported similar trends in their study conducted in Shanghai.
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Figure 4. BC exposure concentrations in (a) Peak and (b) Off-Peak hours for different modes of
commute along the selected routes.
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Figure 5. Comparison of peak and off-peak BC exposure for each mode of commute. e.g., (a) car,
(b) bus, (c) auto rickshaw, and (d) motorbike. More peak exposure concentrations for all modes of
commute were observed during morning rush hours.

3.2. Spatial and Temporal Distributions of BC Concentrations

To understand the spatial distribution and levels of BC concentrations along the two
roads, we subdivided the roads into three prominent categories based on their land use,
e.g., residential (P1–P9, Figure 2), commercial-cum residential (P10–P18, Figure 2) and
commercial (P18–P28, Figure 2), designated as Route-1 (6.5 km), Route-2 (5.6 Km) and
Route-3 (5.2 km) respectively.

Figure 6 depicts the spatial and temporal distributions of BC concentrations along the
routes during office peak (Figure 6A) and off-peak hours (Figure 6B). Spatial variance maps
were constructed for locations with considerable changes in exposure values, i.e., repeating
or resembling exposure values were not shown in the final maps. The geographical point
locations (designated as P1–P28, Figure 2) were 3–5 min apart, depending upon the mode of
commute used. Each circular point with different color gradients corresponds to a specific
average BC concentration at that location, representing the spatial variation of BC levels
at different geographical locations of the routes. Figure 6A reveals the in-peak spatial
distribution level of BC, which is higher than the off-peak spatial distribution (Figure 6B);
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this variation is mainly due to the increased vehicular intensity levels, road congestion, and
more frequent traffic jams during peak hours.
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Figure 6. (A). Spatial and temporal distribution of BC concentrations during traffic peak hours for 
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for different modes of commute, e.g., (a) car, (b) bus, (c) auto rickshaw, and (d) motorbike. (B).
Spatial and temporal distribution of BC concentrations during off-peak hours for different modes of
commute, e.g., (a) car, (b) bus, (c) auto rickshaw, and (d) motorbike.
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Mahmoudabad, the initial part of route-1 (P1-P4), experienced lower- to moderate
levels of BC concentrations (Figure 6A,B) as it is purely a residential area but has poor road
conditions, causing traffic congestion and increasing the pollutant exposure from lower to
moderate levels. BC concentrations were drastically increased after leaving Mahmoudabad
at the very first interchange, Baloch flyover (P5). The bridge leads to one of the largest
industrial areas of the city (Korangi Industrial. Area—Figure 2) and is a passageway for
many heavy-duty vehicles going to and from industries. Route-1 passes through Tariq
Road (P7–P9), which is a residential cum- commercial area as well as a well-known cloth
market of the city. This area accrues high BC emissions from vehicles coming from different
areas of the city. Route-1 ends at the Jail Road interchange (P10). which is the second
large interchange linking Route-1(Shaheed-e-Millat road) to Rout-2 (University Road). BC
concentrations were again markedly elevated at this point (Figure 6).

BC peak points increased from Route-1 to Route-2 because of the higher vehicular
densities and street canyon effect along Route-2. This route (P10–P18) is fenced with schools,
shopping centers, food streets, universities, hospitals, parks, and small-scale industries.
Therefore, it experiences heavy vehicular emissions and is the most exposed route of the
two roads. The route is also surrounded by high rise buildings on both sides of the roads.
The highest BC exposure levels were also observed along this route at the Nipa interchange
(P18, Figure 2), which is the busiest interchange throughout the day. This interchange also
connects Route-2 with Route-3.

Most of the higher BC peak concentrations in both peak and off-peak hours were
observed on University Road along Route-2, as it has the highest number of trips and
a greater number of vehicles passing by compared to Shaheed-e-Millat road (Table 1).
Shaheed-e-Millat Road (Route-1) received lesser BC peak concentrations despite the fact
that it passes through an industrial area with a higher flow rate of diesel-fueled trucks
than University Road. The reason for this is the restriction on heavy-duty diesel vehicles′

operation during the daytime (6 am–11 pm), as they are only allowed to move freely after
11 p.m. at night. Therefore, the concentrations were lower than the University Road.

Despite being linked to highly exposed and polluted roads, University Road along
Route-3 showed a gradual decrease in BC levels when heading towards the end (P18–P28)
since the entire route is comprised of universities, hospitals, and parks. The roads are
wide open with comparatively few tall buildings, lower traffic volume, and less congestion,
so the pollutant dispersion is wide-ranging. As a result, BC concentrations were diluted
and decreased with distance compared to concentrations in the initial sections of the road
(Figure 6A,B). Due to this, University Road along Route-3 did not show any (or very
few) higher BC peak concentrations. The trend was the same in peak and off-peak hours;
however, in-peak concentrations were always higher for this route than the corresponding
off-peak exposure concentrations. Street topology also accounted for spatial variations of
BC levels as the exposure levels were higher at the intersections and on narrow, congested,
and damaged roads, which caused vehicles to lower speed, creating traffic congestion. This
resulted in increased emission of BC from incomplete fuel combustion.

3.3. BC Exposure in Different Modes of Commute

The BC variations among different transport modes were large because of differences in
ventilation status, trip timing, vehicular fuel types, traffic volumes, and pollutant dispersion
or congestion by the surrounding environment.

Results in Table 2 suggest that the lowest exposure levels were observed while com-
muting with public buses, e.g., 21.0± 2.17 µg/m3, while commuters traveling by motorbike
(26.9 ± 3.02 µg/m3) and auto rickshaw (26.0 ± 1.89 µg/m3) were exposed to similar but
comparatively higher BC levels than public transport. Similar observations were made by
Quang et al. (2021) [30] for motorbikes. Private cars, on the other hand, were found to be
moderately exposed, with an average exposure of 22.2 ± 4.31 µg/m3, which was interme-
diate to the levels of all other commuting modes. The concentrations were close to each
other since they were measured along the same roads and at the same time. Nevertheless,
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there was a clear difference in the concentrations, which was mainly due to the mode of
commute used and traffic intensities.

Maximum exposed BC concentrations during in-peak (and off-peak) for cars, buses,
auto-rickshaw, and motorbikes were 83.9 (35.7) µg/m3, 42.1 (43.1) µg/m3, 63.3 (35.6) µg/m3

and 49.5 (61.2) µg/m3, respectively, whereas minimum exposed BC levels were 4.59 (4.78)
µg/m3, 7.48 (5.26) µg/m3, 3.39 (4.81) µg/m3 and 10.6 (3.15) µg/m3 respectively. The
highest in-peak concentrations for the car (83.9 µg/m3) and auto rickshaw (63.3 µg/m3)
were observed at the interchanges Nipa (P18) and Baloch (P5), respectively. Exposure
by car was higher because the windows were kept open during the study; this agrees
with the results of Li et al. (2015) [29] observed while commuting in a taxi with open
windows. Similarly, maximum off-peak exposure levels for a motorbike (61.2 µg/m3) and
bus (43.1 µg/m3) were also observed at the Nipa Interchange (P18). Public buses stay at
this interchange for 10–15 min to wait for passengers, which increases the exposure of
passengers sitting inside the bus. It also creates traffic congestion for other commuters.

For all modes, more peak concentrations were observed during morning rush hours
(Figure 6A), while in off-peak hours (Figure 6B), peak concentrations were seen at the
interchanges only. Exposure patterns for all modes of commute showed consistency in
off-peak hours (Figure 6B) compared to the peak hours. Li et al. (2015) [29] reported good
consistency between cars (taxis) and buses, while in our study, exposure patterns for buses
resembled that of a motorbike. Concentrations were higher for motorbikes than buses in
similar observations discussed by Quang et al. (2021) [30].

Figure 3 shows the average density of different modes of commute along the two
roads. As can be seen from the figure, the average traffic flow for all modes was always
higher along University Road than on Shaheed-e-Millat Road, except for the heavy- diesel
vehicles (e.g., trucks, etc.), which were higher on the Shaheed-e-Millat road. Still, the
average BC concentrations were higher along University Road than Shaheed-e-Millat Road.
Other researchers, such as Song et al. (2013) [31] and Wang et al. (2011) [32], reported
heavy-duty diesel vehicles to be the major contributor to BC exposure on roads. However,
the relatively lower numbers of these vehicles on the two roads observed in our study
reduced the possible impact on BC concentrations they might otherwise have had.

Figure 7 shows a comparison of BC concentrations observed along the roads of Karachi
with those reported for various megacities of Asia and Europe. The average BC exposure
concentrations in Karachi were comparable to other Asian cities except for Shanghai.
However, the concentrations were higher than most of the European cities apart from
London, which showed higher levels of elemental carbon during the winter season, possibly
due to less efficient vehicle engines and more stable meteorological conditions during the
winter season, as reported by another researcher [33].

Table 3 shows the correlation between BC levels and primary meteorological parame-
ters (temperature, humidity, wind speed, and barometric pressure). Results suggest that
sources of BC may not be natural but anthropogenic because no significant correlation was
found/revealed between BC levels and natural meteorological parameters in this study.

The means of the different commute pairs (bus-car, bike-car, auto-car, bike-bus, auto-
bus, auto-bike) were compared using Post Hoc statistical tests (also known as multiple
comparisons). Figure 8 shows the ANOVA test result at α = 0.05, with Tukey simultaneous
confidence intervals. A null hypothesis (Ho) and an alternative hypothesis (Ha) were
determined before the analysis, with Ho stating that all mean of the variables are equal
and Ha declaring that the mean of the variables is not equal and there exists at least one
inequality. The overall adjusted p-value of < 0.001 indicates that the null hypothesis can be
rejected and concludes that the group means are not all equal.
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for various cities of the world during commuting. “*” represents studies conducted in the winter
season [8,9,29,30,33–38].

Table 3. Correlation matrix between BC levels and meteorological parameters (temperature, humidity,
wind speed, and barometric pressure).

BC (µg/m3) Temperature
(◦F)

Humidity
(%)

Wind Speed
(km/h)

Pressure
(hPa)

Temperature (0F) 0.108
0.023

Humidity (%) −0.245 0.561
0.000 0.000

Wind Speed (Km/h) 0.079 −0.840 −0.897
0.098 0.000 0.000

Pressure (hPa) 0.359 −0.093 −0.812 0.521
0.000 0.052 0.000 0.000

The p-value for the commute pair (bike-bus, p < 0.001) and (auto-bus, p = 0.002) were
lesser than the significance alpha level of p = 0.05, which indicates that the two pairs have
less than a 5% chance of being significant to each other and the means of two pairs of the
commute are statistically significantly different. This may be due to the different ventilation
environments of buses compared to bikes and auto, which have resembling exposure
environments also supported by their statistically significant means (auto-bike p = 0.625)
similar is the case with (bus-car p = 0.788). The means for the pair (auto-car, p = 0.103) and
(bike-car, p = 0.186) were also found to be significantly different.
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3.4. Inhalation Dose

Inhalation doses for different modes were calculated using Equation (1). Such as BC
exposure concentrations, an inhaled dose of BC was also higher in the morning peak hours
as compared to the afternoon off-peak time. The inhalation dose levels were reduced to
almost half in the off-peak hours, which indicates that the traffic intensity level increased the
level of inhalable pollutants to which a person is exposed during peak hours. The highest
in-peak inhalation dose was calculated for auto rickshaw (1.20 ± 0.19 µg) followed by bus
(1.13 ± 0.22 µg), motorbike (0.62 ± 0.12 µg), and car (0.57 ± 0.27 µg). A similar trend (auto
rickshaw > bus > motorbike > car) was observed in off-peak hours with inhalation doses of
0.54 ± 0.16 µg, 0.50 ± 0.08 µg, 0.29 ± 0.24 µg and 0.27 ± 0.11 µg for an auto-rickshaw, bus,
motorbike, and car, respectively.

Public buses, although having the lowest BC exposure levels, had the second highest
level of inhalation dose, just under that of auto rickshaws, which exhibited the highest
levels of inhalation dose. This is because the time required to commute by bus was greater
than the other modes. The bus was the slowest method of transit due to stopping and
waiting for the passengers at many stations, which increased exposure time and led to
elevated levels of inhaled dose. The private car was found to be the safest mode of
commute in terms of inhaled dose, with the lowest observed value being 0.27 ± 0.11 µg.
The inhalation dose for car commuters was lower than that of bus and auto rickshaws,
mainly because of the shorter travel time and comparatively better ventilation and sanitary
conditions. The lower inhalation dose for motorbikes was due to their shortest travel time.
BC exposure levels for motorbikes and auto-rickshaws were the highest, as they have
the same inhalation environment. However, auto-rickshaw was much slower than the
motorbike, which increased its comparative inhalation dose levels due to longer exposure
times. These results suggest the significance of multiple factors, including exposure levels,
traveling time, and breathing environment for inhalation dose of any trip.

4. Conclusions

BC exposure concentrations and inhalation dose for four common travel modes (car,
bus, auto-rickshaw, and motorbike) were measured in Karachi during office peak and
off-peak hours. Among many other factors that influence the commuter’s exposure to air
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pollutants, travel mode, traffic intensity, street topology, and time of the day were the major
influences that were observed in this study.

Commuters were more exposed to air pollutants in the morning rush hours (high
traffic density) than in the off-peak hours when the traffic intensity was low. Also, the time
of travel, road congestion, and traffic jams at the road interchanges increased the number
of pollutants inhaled. Results showed that delays in commuting time increase the daily
dose of pollutants, which in turn increases the risk of skin, eyes, and lungs related issues
and diseases.

Average BC personal exposures in order of larger to smaller levels were motorbike,
auto-rickshaw, car, and bus, while inhalation dose levels from larger to smaller were
auto rickshaw, bus, motorbike, and car. These results were based on different sampling
durations, inhalation rates, and different exposure concentrations. Cars and public buses
were found to be the safest mode of transportation, while motorbikes and auto-rickshaws
were the most exposed modes. However, in terms of inhalation dose, public buses were the
least safe, and the motorbike was the safest mode of all transit. BC exposure concentrations
in the transport microenvironments of Karachi were found to be similar to other Asian
cities but much higher than in most European cities.
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