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Abstract Air pollution and traffic congestion have become a significant concern
for all urban cities. This study aims to find a relationship between the congestion
zone and the Particle Number Concentration (PNC) of Fine Particulates. During the
study, a direct relation was observed between traffic densities, congestion, and the
PNC. Heavy congestion causes an average increase of 3 x 10° to 6 x 10° #/cc in
PNC, while the light congestion zone causes an average growth of 1.3 x 10° to 1.8 x
10° #/cc. A relation between the traffic signal duration and PNC was also observed.
Shorter duration signals resulted in negligible impact, while longer duration signals
have a noticeable impact on PNC.

Keywords Air pollution - Commuter exposure * Fine particles - Particulate
matter + qUFP - Traffic congestion

1 Introduction

Traffic congestion and commuter exposure to Particulate Matter (PM) are becoming
new norms, and while both are related to each other in one way or another, not much
study has been done to understand how the two are related to each other. This study
aims to analyse better how traffic congestion impacts the in-cabin concentration of
fine particulate matter in cars and determine the risk of commuter exposure.

The seriousness of this issue can be understood by the fact that in recent years,
commuter exposure to air pollution has become a topic of concern across the globe
[1-3]. Developing countries like India [4] witness rapid urbanization and industri-
alization. India has a large number of urban cities facing overcrowding and severe
air pollution, resulting in many Indian cities regularly featuring in the list of most
polluted (9 cities in the list of 10 most polluted cities in the world [5]) and congested
cities (4 out of 10 most congested cities [6]) in the world.
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On average, Indians spend 7% of their day commuting to the office [7], while the
situation is much worse in Delhi. As per a report [6] published in Delhi, the average
commuting time is increased by 56% due to traffic congestion, while in terms of air
pollution, bad and severe Air Quality Index (AQI) days have become the new normal
in the city, while good air days have become rare occurrences [3, 5, 8]. As a result,
people living in Delhi are at greater risk of commuter exposure to air pollution.

Amongst the various pollutants, PMs have become a significant concern amongst
people due to serious health risks like respiratory allergies, asthmas, and bronchitis
[9]. As per World Health Organization’s (WHO) latest report [10], 9 out of 10 people
living in urban areas are exposed to PM2.5, while almost 4.5 million premature
deaths are attributed to PM exposure. Also, almost 2.7% of global illnesses can be
linked to respirable PM [11].

Amongst the various PMs, fine particles (dp < 1 wm) have recently become partic-
ularly interesting as they contribute to up to 70-80% of the total particle number in
the ambient air [12, 13]. Fine particles tend to have a varying chemical composition
and very small size, which allows them to remain in the air for a long period and
penetrate deep into the respiratory tract and have profound implications (directly as
well as indirectly) on the health and contributing to issues like arrhythmia, hyperten-
sion, reduced lung function, etc. [14—16]. Exposure to fine particles is a well-known
risk [17-19], and the risk increases further while commuting [8, 20, 21].

Fine particles, quasi-Ultra Fine Particles (QUFP), and Ultra Fine Particles (UFP)
are a sub-fraction of PM 2.5, contributing up to 90% of total Particle Number Concen-
tration (PNC, i.e., the total number of particles present per unit volume of air) of
PM2.5 [13]. While fine particles are defined as particles having a size less than
1000 nm, at the moment, there is a lack of agreement amongst scholars regarding
the definition of the UFP and qUFP; as a result, the boundary conditions are not
well established. Over the years, various researchers have used different meanings
for these particles. For this study, we have considered UFP as particulate matter with
at least one dimension less than 100 nm [13] and qUFP particles as particulates in a
size range of 100-360 nm [22].

In Indian urban areas, people spend a considerably large amount of time
commuting from one place to another place. Most of the Indian metro cities are
highly congested and regularly ranked very high on the list of cities with the most
polluted air, which translates to the fact that people living in Indian metro cities
(especially Delhi) are at a relatively higher risk of facing serious health implications
(directly and indirectly) related to air pollution due to increased risk of commuter
exposure.
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2 Methodology

2.1 Route Selection

The study was conducted on two different routes located in the National Capital
Territory (NCT) of Delhi; both routes were selected to provide a realistic represen-
tation of the traffic scenario NCT of Delhi and contain different traffic densities.
Both routes were similar in length; route-1 was from Delhi Technological University
(DTU) to Indira Gandhi International (IGI) airport Terminal-2 (Fig. 1a), a 37 km long
route connecting North Delhi to South West Delhi. This route had a variable traffic
density and contained more greenery and less unplanned stoppage and congestion
zone as it included the open area near the airport. The route-2 covered a 36 km long
stretch from Mohan Nagar metro station to DTU (Fog 1b), connecting North Delhi
with East Delhi, and Ghaziabad. This route included the Kashmiri Gate Inter-State
Bus Terminus (ISBT) area, one of the busiest terminus in Delhi, the industrial area
of Mohan Nagar/Sahibabad, and covers parts of Grand Trunk (GT) road. The route
has a high traffic density and unplanned stoppage while also including the crossing
of the river Yamuna. The average duration of both the routes was around 2 h 45 min
for a round trip.

2.2 Instrumentation

The sampling was done inside the vehicle (car) using “GRIMM Technik, model
11-A portable aerosol spectrometer”, a portable Optical Particle Counter (OPC)
(refer to Table 1' for technical specs). For this study, 12 particulate-size channel
bins (corresponding to <1 wm particle size) were used, i.e., <0.25 pm, 0.25-0.28p,
0.28-0.30 pm, 0.30-0.35 pm, 0.35-0.40 pm, 0.40-0.45 pm, 0.45-0.50 pm, 0.50—
0.58 pm, 0.58-0.65 pm, 0.65-0.7 pm, 0.7-0.8 wm, and 0.8-1.0 wm, while the
reading interval was set to 6 s (the least frequency). The vehicle used was a 2010
model, white Maruti Suzuki Dzire, with a working AC (non-HEPA air filter); the
vehicle underwent servicing a week before sampling and was in excellent condition.
The instrument and the sampling probe were set up on the front passenger seat next
to the driver (as shown in Fig. 2) at a distance similar to the passenger breathing
zone (although the height of the sampling probe was lower) to measure the driver
exposure.

! https://pdf.directindustry.com/pdf/grimm-aerosol-technik/model-11-a/6907 1-654475 html”.
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b) Route 2- DTU to Mohan Nagar

Fig. 1 Route used for the data collection

2.3 Sampling Protocols

The data was collected twice each day during morning and evening peak hours for
two days on each route (one working day and one non-working day). The peak hours
were selected based on Delhi’s traffic flow data [6], with morning peak hours being
9AMto 11 AM and 11 AM to 1 PM, while evening peak hours were 5 PM to 8 PM
and 4 PM to 7 PM, respectively for weekdays and weekends.

The car was vacuum cleaned before starting each trip, and OPC was calibrated and
allowed to warm up for 15 min before the trip. The sampling was done with closed
windows (as it is the most common setting in winter), while the ventilation setting
used were fan—off, re-circulation (RC)—off, and AC—off as this was found to be
the highest exposure setting with windows closed [23]. The same driver drove the
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Table 1 Technical specification of GRIMM Technik, model 11-A portable aerosol. spectrometer

Technical parameter Range

Supply voltage 18-24 VDC

Maximum current 25A

Temperature range (operating) 0to+40°C

Max relative humidity (operating) | r.H. < 95% (not condensing)
Sample air temperature 0to 40 °C

Laser

Wavelength: . = 600 nm, Power Ppp,x = 40 mW

Size channel (um)

31 channels: 0.25/0.28/0.3/0.35/0.4/0.45/0.5/0.58/0.65/0.7/
0.8/1.0/1.3/1.6/2/2.5/3/3.5/4/5/6.5/7.5/8.5/10/12.5/15/17.5/
20/25/30/32

Particle concentration

1 to 3,000,000 particles/litter

Sample flow rate

1.2 I/min, +5% constantly through control

Dust collection

47 mm PTEE filter (without supporting tissue)

Fig. 2 GRIMM Technik, model 11-A portable aerosol spectrometer

car to minimize the variation due to the driver’s behaviour. Also, efforts were made
to avoid any sudden acceleration or deceleration of the vehicle, while top speed was
limited to S0kmph to maintain a constant wind flow inside the car [24-26]. Also, the
traffic congestion zone was monitored and marked visually and using Google Maps,
while the traffic behaviour was also observed visually. The congestion zones were

divided into three categories:

(a) Planned congestion zone (grey columns in Fig. 4): they include traffic signals or
manually controlled intersections where the local authorities regulate the traffic

stoppage in a planned way.
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b) The orange congestion zone (orange columns in Fig. 4): it includes the zone
where traffic density was high and the vehicles were moving at a speed below
30 kmph.

¢) The red congestion zone (red columns in Fig. 4) includes the zones where the
traffic density was dense and the vehicles were halted completely or were moving
below 10 kmph.

Both the Orange congestion zone and the Red congestion zone were unplanned
zones, and the study only included the unplanned congestion zones having a duration
of more than 60 s. The data was collected in the form of PNC as a number per cm?
from the aerosol spectrometer and stored in an MS Excel spreadsheet. All the data
was filtered, sorted, and analysed using the analysis tools of MS Excel, while data
interpretation was made using a visual interpretation of the graph.

3 Results and Discussions

3.1 Particle Size Distribution

The PNC data was collected for different size bins which were <0.25 pwm, 0.25-
0.28 wm,0.28-0.30 pwm, 0.30-0.35 pm, 0.35-0.40 pm, 0.40-0.45 pm, 0.45-
0.50 pm, 0.50-0.58 pm, 0.58-0.65 pm, 0.65-0.7 wm, 0.7-0.8 pm, and 0.8—1.0 pm.
Inside the cabin, it was found that the particle size distribution for PM 1 was domi-
nated by the quasi-UFP, contributing nearly 74-80% of the PNC, while the particles
having Dp < 0.5 contributed 96-98% of total PNC for PM-1 (as shown in Fig. 3a).
This can be attributed to the fact that the smaller size particles are more capable of
infiltrating the vehicle cabin [27] and are also in accordance with the general fact that
smaller particles make up the bulk of PNC in total PMs [13, 27]. The dominance of
small particles in heavy traffic density can also be attributed to the fact that, in Indian
metropolitan cities like Delhi, people tend to drive bumper to bumper and as per a
study by Xu et al. in 2020, the PNC of smaller particles is higher near the vehicle
exhaust and reduces as we move further away [28]. In the study, it was also noticed
that the particles having a size range of <0.25 pm, 0.25-0.28 pm, 0.28-0.30 pwm,
and 0.30-0.35 pm follow a similar trend (as shown in Fig. 3b) and hence they were
combined to form a single bin range of <0.35 pm.

3.2 Impact of Traffic Congestion

A direct impact of the congestion zone on the PNC can be seen in Fig. 4a and
4b. During the study, the average PNC was found to be relatively high when the
traffic density was high. As per Fig. 4b, Higher PNC was found on weekdays (high
traffic density) compared to weekends (low traffic density). A direct link between
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particle size distribution based on PNC
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Fig. 3 Particle size distribution

the traffic congestion zone and PNC was observed. It was also observed that the
traffic congestion could cause a sudden increase in PNC concentration for quasi-
UFP having a size of <0.35 wm. Higher traffic congestion has resulted in higher
variation in PNC for qUFP with a standard deviation being as high as 6.6 x 10° #/
cc on weekdays while on weekends, the standard deviation was found to be 1.1 x
10° #/cc.

The larger particles (having size > 0.5 pm), on the other hand, show a negligible
relationship with traffic congestion as they show a maximum standard deviation of
3.5 x 10* #/cc. This discrepancy between the finer and coarse particles may be due
to the different penetration abilities of both particles [29] as well as the fact that in
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Fig. 4 Impact of traffic congestion zone on PNC (#/cc) weekday versus weekend

the near exhaust environment, the particles emitted from the vehicular exhaust are
finer [30, 31].

3.3 Impact of Congestion Zones

For this study, we categorize the congestion zones into three categories, i.e., red zone,
orange zone, and planned congestion zone (i.e., traffic signal). During the study, it
was observed that amongst the planned and unplanned (red and orange) congestion
zones, the planned congestion zone showed a slight increase (i.e., 0.5 x 10°-1.5 x
10° #/cc) in the PNC, while the unplanned congestion zone contributed to a significant
increase (4 x 10° to 6 x 10° for red zone and 2 x 103 for orange zone) in the PNC
of qUFP.
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Fig. 5 Probability Distribution of Increase in PNC in different congestion zones

3.3.1 Impact of Red Zones

During the red zone, a quite significant increase was observed in the concentration of
qUFP, with an increase as high as 75%, while in terms of PNC, the peak concentration
of 3.1 x 10° #/cc was observed during a single red zone. The maximum increase of
PNC was noted to be 1 x 10° #/cc, while as Fig. 5a shows, an average increase in
the order of 4 x 10° to 6 x 10° #/cc (25-30%) was observed during the red zone.
This high increase may be due to the slow speed of vehicles (which contributes to
higher PNC formation [32] coupled with the stop-start movement of cars during the
red zone and bumper-to-bumper driving) (Rodriguez et al. 2020).

3.3.2 Impact of Orange Zones

A moderate increase was observed during the orange zone in the qUFP concentration.
As shown in Fig. 5 b, an average rise of 1.5 x 10° to 2 x 10° #/cc was observed in
the orange zone, which was lower than the increase during the red zone. The lower
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intensity of growth can be attributed to the fact that traffic density was still moving at
some pace in the orange zone and there was a relative distance between the vehicles,
which allowed for some degree of dilution of particles [33, 34].

3.3.3 Impact of Planned Congestion Zone (Traffic Signals)

A relationship between traffic signal duration and PNC was observed during the
study. Traffic signals with a short duration (less than 60 s) show a minor or negligible
impact on PNC, as can be seen in Fig. Sc, with a shorter duration signal having a
sharper peak and resulting in an average increase of just 0.5 x 10° #/cc. On the other
hand, in the case of traffic signals with longer duration (>60 secs), the peak is much
damper and, on the right, the average measurable increase in PNC was observed in
the order of 1.5 x 10° to 2 x 103 #/cc (Fig. 5 c). A similar rise in PNC was also
found by Wang et al. [35].

3.4 Impact of Leading Vehicle or Nearby Vehicles

During the study, a strong relationship was noticed between the increase in PNC and
the characteristics of the leading vehicle (i.e., the vehicle in front of the test car) as
well as that of nearby vehicles. It was observed that when a large diesel Heavy Motor
Vehicle (HMV) like a truck or tractor was present in the vicinity of the test vehicle,
it caused a sudden increase in the PNC of quasi-fine particles. An average spike
of 20—40% was observed during the study. This can be attributed to diesel engines
generating more PNC due to the high sulphur content in diesel [30]. The max increase
observed was 75% (9 x 10° #/cc) on the 18" morning. This high peak may be due
to the combined effect of the Red zone and the presence of HMV. A similar trend
was also observed in the study conducted by [36, 37]. While all the vehicles resulted
in some increase in PNC, E-vehicles show the most negligible impact on the PNC,
which can be attributed to the fact that E-Vehicle has zero direct emissions.

4 Conclusion

Various studies have shown that whenever a person commutes and spends only a
small portion of his daytime, it can contribute up to 50% of their daily fine particle
exposure. As per the study conducted by [38], one hour of in-cabin commuting
can contribute to up to 50% of fine particle exposure, while a study by [39] in LA
found a similar result in which 33—45% of daily fine particle exposure can be linked
directly to time spent in commuting (6% of day which is less than Indian average of
7%). This exposure can further increase during congestion, as congestion increases
commuting time. This study established a direct relation between congestion and
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in-cabin concentration of qUFP. During the investigation, it was observed that the
PNC was higher (with peak concentration 3.1 x 10° #/cc) on route 2, which has
higher traffic density and more congestion zone. Impact on PNC was also found
higher (almost 10 times more deviation) on a working day than on a non-working
day. The study revealed that unplanned congestion zones (red congestion zone) cause
a more potent increase (15% more average increase) in PNC as compared to planned
congestion zones. A secondary relationship between the duration of the planned
zone was also discovered, with traffic signal having short duration (<60 s) showing
a negligible or low impact on PNC of qUFP, while long duration signals (>60 s)
showing a visible increase. The impact of the type of nearby vehicle was also visible
in the study as the presence of diesel HMV resulted in a massive and sharp spike in
PNC for qUFP. Based on the study outcomes, it can be concluded that by reducing
the congestion zones and having shorter duration traffic signals, we can reduce the
commuter exposure to qUFP by a great extent. During this study, it has been found
that the traffic congestion mainly affected the smaller size particles (Dp < 0.35 pm)
while having no or negligible impact on larger size particles (Dp > 0.5 wm).

Due to the limitation of the monitoring instrument, this study focuses on particles
up to the range of qUFP, while the Covid conditions limited the sample size to
just 1 season. Furthermore, the study’s scope was limited to studying the impact of
congestion only, and the impact of vehicle condition and driving behaviour were kept
constant. Based on the trend observed in this study, it can be assumed that traffic
congestion could have a significant impact on the concentration of UFP, further
research studying the impact of traffic zone on UFP is needed to be carried out.
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