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Soil samples from the urban road and roadside often exhibit a high concentration of
polycyclic aromatic hydrocarbons (PAHs). This contamination is attributed to vehicular
exhaust emissions. After their release into the atmosphere, the PAH particulate matter
eventually is deposited on the surface of the road and its surrounding areas. In order to
develop a theoretical approach to quantify and predict the transport of PAH particulates
from the atmosphere to the roadside soil, the estimation of particulate buildup in the
atmosphere is a prerequisite. In the present study, empirical and temporal expressions of
particulate buildup in the atmosphere have been developed. The developed site-specific
expressions, coupled with other non–site-specific expressions can be used for indirect
estimation of PAH particulate load in the soil of urban road networks.
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1 INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are considered significant contributors to cancer and
tumors in human beings (IARC, 2010). It has been reported that dermal contact with PAH-
contaminated soil can be potentially hazardous for human health, as it is one of the major exposure
pathways of PAHs to the human body (Tarafdar and Sinha, 2017a). It was observed that soil samples
collected from busy traffic sites contain a significant amount of PAHs (Tarafdar and Sinha, 2017b). It
has also been revealed that vehicular emission is one of the most important sources of PAHs in
roadside soil (Suman et al., 2016). The suspended particulate matter (SPM) containing PAHs gets
released from the tailpipes of the automobiles and eventually gets deposited into the soil. Another
major cause of PAH contamination in the soil is wet deposition of SPM in the atmosphere. Therefore,
proper quantification of SPM buildup in the atmosphere can provide crucial insights into the
transport of PAHs from the atmosphere to the soil.

Several studies have revealed that residing near highways and major urban roadways results in
adverse impacts on human health, including respiratory problems (McCreanor et al., 2007), birth
defects and developmental issues (Wilhelm and Ritz, 2003), untimely death (Krewski et al., 2009),
cardiovascular issues (Peters et al., 2004; Riediker et al., 2004), and cancer (Harrison et al., 1999;
Pearson et al., 2000). These traffic-induced health risks can be the results of both short-term and
long-term exposure to PM (Krewski et al., 2009; McCreanor et al., 2007).

It was reported that the traffic parameters and the traffic facilities have a significant influence on
vehicular emission (Gokhale and Pandian 2007; Pandian et al., 2009). Concentrations of traffic-
related air pollutants show strong spatial patterns (Roorda-Knape et al., 1998; Funasaka et al., 2000;
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Kingham et al., 2000; Zhu et al., 2002). A review by the World
Health Organization (WHO, 2005) concluded that
concentrations of oxides of nitrogen (NOx), black smoke, and
particles less than 10 μm (PM10) within 200–500 m of roadways
far exceeded the urban background; particles less than 2.5 μm(PM2.5)
and PM10 had somewhat higher concentrations than the urban
background. However, vehicular emission is not the sole
determining factor of ambient air quality. Air quality (more
specifically the ambient concentration of pollutants) of any road
network is a function of onsite and non–traffic-related
meteorological parameters which have significant temporal variability.

Generally, the prime focus of the line source dispersion model
is to explore the spatial dispersion of the vehicle-induced
pollutants. The temporal distribution of the pollutants,
especially, in context of dry and wet deposition, is often not
integrated into the line source models. Therefore, the gradual

buildup of pollutant concentrations in the atmosphere after
natural removal of the pollutants is often not recognized by
the models. Temporal patterns can be dramatic since traffic
quantities (and congestion), as well as meteorological factors
affecting the dispersion of pollutants, are substantially related
to the time of the day, day of the week, and/or season (Roosli et al.,
2001; Martuzevicius et al., 2004).

Dispersion models can capture the variability of the pollutant
concentration as the effect of mobile sources in the urban road
networks and roadside environment. Near-surface dispersion
models are widely used for dispersion studies at on road and
roadside areas. Two classic examples of near-road dispersion
models are the general finite line source model (GFLSM) (Luhar
and Patil, 1989) and R-Line model (Snyder et al., 2013). Both the
models are based on a steady-state Gaussian formulation and are
designed to simulate the ambient pollutant concentration using line-
type source emissions. However, the GFLSM does not account for
dynamic change in the pollutant concentration in ambient air and
particulate buildup. In order to eliminate this limitation, site-specific,
time-dependent, and non–traffic-related variables are required to
incorporate into the model. The GFLSM was modified to
incorporate a temporal term to address the particulate buildup in
ambient air of the vehicle-dominated sites.

In the present study, a site-specific and temporal expression of
the particulate buildup in the atmosphere of the urban road
network has been studied which, coupled with wet deposition,
can serve as an indirect measure to quantify the PAH particulate

FIGURE 1 | Road map of the study route and location of the monitoring points (base map source: https://www.openstreetmap.org).

TABLE 1 | Values of a, b, c, d, and f for σy and σz for different stability conditions
(Martin, 1976).

Stability class a b c d f

A 213 0.894 440.8 1.041 9.27
B 156 0.894 106.6 1.149 3.3
C 104 0.894 61 0.911 0
D 68 0.894 33.2 0.725 -1.7
E 50.5 0.894 22.8 0.678 -1.3
F 34 0.894 14.35 0.74 -0.35
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concentration in the soil of the roadside and the area in close
vicinity.

2 MATERIALS AND METHODS

2.1 Study Area
Dhanbad was designated by the Central Pollution Control Board
(CPCB, 2009) as one of the 24 critically polluted areas in India.
Being designated as the “coal capital of India,” Dhanbad
experiences a huge flow of daily traffic and, hence, an
increased level of pollutant load, especially in occupational
areas. Most of these occupational sites are located beside
(mostly at intersections) National Highway 32 or NH-32

(presently National Highway 18), as it is the most important
roadway of Dhanbad. Part of NH-32 located in Dhanbad
experiences a dual mode of traffic activities. A portion of the
road falls into a dense commercial area, and another portion is in
a less dense area and in close vicinity of another national highway,
namely, NH-2 (presently National Highway 19).

NH-32, which traverses through the study area, connects it
with Bokaro Steel City and Chas on one side and with NH-2 on
the northeastern side. This city is connected to other major cities
such as Patna via NH-2, Ranchi via NH-32, and Jamshedpur via
SH-12. Barwadda road is another important road that provides
connectivity to NH-2. Jharia road, also known as SH-12, runs
toward the south connecting the study area with Purulia
and Chas.

NH-32 connects Govindpur in Dhanbad districts with
Jamshedpur in the East Singhbhum district in Jharkhand. The
total length of NH-32 is 179 km. It originates from the
intersection of NH-2 at Govindpur. A 13-km long road
segment up to Bank More covering a large and populated part
of Dhanbad city is selected for the present study (Figure 1). A
total of 10 monitoring points on the study road segment were
selected to record the traffic activities (Figure 1) and
(Supplementary Table S1). The reason for selecting the
monitoring stations is their importance as commercial sites.
Some onsite observations at the monitoring sites and notable
traffic activities have been tabulated in Supplementary Table S3.
Large crowds are often observed at the selected sites. The presence
of PAH particulates in the soil and atmosphere of these locations
may lead to significant exposure of PAH to the public.

2.2 Methodology
2.2.1 Data Collection
To study the near-road dispersion and the role of local source
contribution, particulate matter (PM) was selected as the key
pollutant. Additionally, carbon monoxide (CO) has been used as
a reference gas for comparing the performances of the dispersion
models in order to support the decision of model selection. The
source of CO in near-road ambient air is mainly vehicular
emission. As a result, the outcome of the dispersion study is

FIGURE 2 | Estimated and observed values of CO concentration in ambient air at different sites of Dhanbad road networks.

FIGURE 3 | Comparison between the performance of the GFLSM and
R-Line model.
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more prone to yield accurate results than the pollutants (such as
PM) with additional non–traffic-related sources. The
measurement of CO and PM concentrations was carried out
at the predefined monitoring locations (Supplementary Table
S1) on NH-32. To study the pollutant buildup in the atmosphere,
winter rainfall was considered to be a suitable monitoring time.
Monitoring was carried out during winter before the first winter
rainfall, immediately after the last rainfall, and at specified
intervals afterward (1, 2, 7, 15, and 30 days after rainfall). The
measurement of CO was performed using a CO meter (make:

KIMO, model: AQ 200), and the measurement of PM was carried
out using an aerosol spectrophotometer (make: GRIMM, model:
1.109). The duration of data collection was 1 h for both
pollutants. The data collection was performed at the highest
possible data collection frequency of the instruments (1 data
point per 6 s in case of CO, and 1 data point per second in case of
PM). The ERs of CO were obtained using a flue gas analyzer
(HORIBA, CVS-51S). The emission rate (ER) of PM10, PM2.5,
and PM1 was obtained using the PART5 (1995) emission model.

FIGURE 4 | (Continued)

FIGURE 4 | Concentration buildup of PM10, PM2.5, and PM1 after
rainfall at different sites in Dhanbad road networks [(A) BM, (B) SC, (C) STN,
(D) CC, (E) RVC, (F) HP, (G) ISM, (H) SG, (I) BB, and (J) GP].
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2.2.2 Dispersion Models
The concentration of gaseous matter and PM was estimated for all
the sites considered in the present study with the help of the GFLSM
and R-Line dispersion model. Both the models are based on a
steady-state Gaussian formulation and are designed to simulate the
ambient pollutant concentration using line-type source emissions.
TheGFLSMwas developed by Luhar and Patil (1989). Thismodel is
based on Gaussian diffusion equations and modified to take the
diversity of wind direction into account. Unlike the GM, this model
does not consider an infinite length of the roadway. The GFLSM
was extensively used by many researchers (Banerjee et al., 2011;
Ganguly and Broderick 2008; Wang et al., 2006; Mishra et al., 2016;
Rajput et al., 2019; Madhavan and Geetha, 2021; Sangeetha and
Amudha, 2021). It was reported that the GFLSM performs better
than the GM, CALINE3, and Highway-2 due to the finite length
consideration. Moreover, due to the simplicity and flexibility of this
model, it is appropriate to be integrated with other models, such as
traffic flow simulation models (Drag and Wojciech, 2009). The
Research LINE-source (R-LINE) (v1.2) model was developed by the
U.S. EPA in the 2010s which is a steady-state dispersion model for
line sources (Synder et al., 2013). It was developed for predicting
mobile source air quality impacts near roadways. It is frequently
used in simulating dispersion processes, but only in the simulation
of the physical processes and not chemical processes. Clearly, it
accounts only for primary and chemically inert pollutants. The
R-LINE model takes meteorologic parameters as inputs, such as
wind speed, wind direction, Monin–Obukhov length for
turbulence, and surface friction velocity. However, it does not
consider the impact of wet deposition (e.g., due to precipitation)
or non-linear chemical transformation (Venkatram et al., 2013).
The concentration from a finite line source in the R-LINE model is

estimated by approximating the line as a series of point sources. The
number of points needed for convergence to the proper solution is
determined by the model and, in particular, is a function of the
distance from the source line to the receptor. Each point source is
simulated using a Gaussian plume formulation. The GFLSM was
executed for each of the sites using a site-specific ER of gaseous
pollutants and particulates separately. The meteorological
parameters (wind speed and wind direction) were collected from
the Meteorological and Oceanographic Satellite Data Archival
Center (MOSDAC) meteorological data repository. The
dispersion coefficients (σy and σz) were calculated using
Martin’s equations (Eq. 1 and Eq. 2) (Martin, 1976).

σy � axb, (1)

σy � cxd + f, (2)

where a, b, c, d, and f are stability-dependent constants. The
values of a, b, c, d, and f are tabulated in Table 1.

The R-Line model uses the pre-processed surface
meteorological data files generated by AERMET (a
meteorological pre-processor of AERMOD). The raw
meteorological files (in SCRAM format) were used as the
input of AERMET. The raw meteorological data were obtained
from the MOSDAC meteorological data repository. The
dispersion study for PM was carried out using the site-specific

TABLE 2 |Coefficients of the logarithmic term and the intercept of the site-specific
relationship between particulate concentration in ambient air and time elapsed
after rainfall.

PM10 PM2.5 PM1

a(MGFLSM) c a c a c

BM 175 104.7 56.39 78.87 31.5 74.84
SC 181.61 79.5 82 62.34 60.92 62.56
STN 204.2 154.7 47.57 79.47 24.94 66.56
CC 131.31 119 37.4 83.12 22.48 74.91
RVC 138.8 96.21 68.04 69.54 55.32 63.56
HP 154.5 159.5 50.54 82.56 26.24 68.06
ISM 92.53 101 36.21 75.66 24.36 70.52
SG 193.8 157.6 47.18 78.18 20.81 61.02
BB 95.84 105.2 37.51 77.58 24.43 74.57
GP 163.5 135.4 61.59 80.8 34.09 83.54
Average 153.109 121.281 52.443 76.812 32.509 70.014

FIGURE 5 | Difference between the particulate concentration in ambient
air before rainfall and after 30 days from rainfall.

FIGURE 4 | (Continued)
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ER-derived emission model Part-5. The derived concentration
data for CO and particulates were then compared with the
observed concentration of CO and particulates.

In order to study the particulate buildup in the atmosphere,
the dispersion study was carried out in regular intervals after
rainfall. The ERs of PM10, PM2.5, and PM1 from the traffic
sources were assumed to be constant over time. The dispersion
model GFLSM was used to estimate the pollutant concentration.
The relationship between the particulate concentration and the
time elapsed after rainfall was established.

2.2.3 Modification in the General Finite Line Source
Model
The dispersion model GFLSM was modified to address the
particulate buildup in the atmosphere by incorporating a
temporal term in the governing equation (Eq. 3) (Luhar and
Patil, 1989). The derived relationship between the particulate
concentration in ambient air and the time elapsed after rainfall
was primarily observed to be logarithmic. Again, the ER was
considered uniform over time, and on the other hand, the GFLSM
is a steady-state dispersion model; the concentration value
directly derived from the GFLSM was considered the non-
incremental term of the observed relationship (Eq. 4). The
incremental term was considered to be attributed to the
background level of particulates in ambient air. In order to
quantify the particulate buildup in ambient air of road
networks in Dhanbad, the coefficients of the incremental term
were defined to be site-specific and non–traffic-associated
parameters.

CGFLSM � Q

2
���
2π

√
σzue

[exp{ − 1
2
(z − h0

σz
)

2

} + exp{ − 1
2
(z + h0

σz
)

2

}],

×[erf(sin θ(L/2 − y) − x cos θ�
2

√
σy

) + erf(sin θ(L/2 + y) + x cos θ�
2

√
σy

)]
(3)

CMGFLSM � a log(train) + CGFLSM, (4)

where CGFLSM is the concentration of pollutants in ambient air
(estimated with the GFLSM); Q is the vehicular ER; ue is the wind

speed; z is the receptor height; h0 is the plume rise; θ is the wind
direction; L is the length of the road segment; y is the receptor
distance from the roadway center line along the line source; x is
the downwind distance; CMGFLSM is the concentration of
pollutants in ambient air (after the modification in the
GFLSM); a is the site-specific non–traffic-associated
parameter; and train is the time elapsed after rainfall in days.

3 RESULTS AND DISCUSSION

The results of the dispersion study are displayed and discussed in
this section. First, the inter-comparison between the performance
of the GFLSM and R-Line model is presented. The observed
concentration and temporal variability of PM10, PM2.5, and
PM1 are displayed.

The estimated and observed values of CO concentration in
ambient air at different sites of Dhanbad road networks are
depicted in Figure 2. It can be observed that the highest
concentration of CO was at SC for both observed data and
estimated data (GFLSM and R-Line). The lowest observed
concentration of CO was at ISM and BB, and on the other
hand, the lowest value of CO concentration estimated with the
GFLSM and R-Line was found at BB and GP, respectively. The
R-Line model overestimated the CO concentration at most of the
sites (except CC). The concentration of CO was underestimated
by the GFLSM at BM, SC, STN, CC, and RVC, but the same was
overestimated at HP, ISM, SG, BB, and GP. The observed
concentration of CO was found to be above the national
ambient air quality standards (NAAQS, 2009) at BM, SC, and
CC. The CO concentration estimated with the GFLSM followed
the same trend in this aspect, but in the case of the R-Line model,
BM, SC, STN, and CC were above the NAAQS limit of CO.

The comparison between the performance of the GFLSM and
R-Line model is depicted in Figure 3. It can be observed that the
general tendency of the GFLSM was to underestimate the
ambient concentration of CO, whereas the tendency of the
R-Line model was to overestimate it. It can also be observed
that the GFLSM produces better estimates of CO concentration
than the R-Line model.

3.1 Particulate Buildup in the Atmosphere
Figures 4A–J depicts the concentration of PM10, PM2.5, and
PM1 at different sites in Dhanbad road networks at specified time
intervals after rainfall. It can be observed that in all sites, the
concentration of ambient PM increased significantly. A similar
trend was observed by Yoo et al. (2020). The researchers
investigated the impacts of the meteorological conditions on
the concentration of PM10 and PM2.5. Although the
researchers of the aforementioned study observed the
increment of PM concentration within the days after rainfall,
any well-defined relationship was not established. Another study
by Olszowski (2016) demonstrated the gradual increment of
PM10 concentration with time elapsed after rainfall. However,
the temporal resolution of the present study is different from that
of the aforementioned study. In the present study, a logarithmic
relationship between the PM concentrations and the days after

TABLE 3 | Performance of the GFLSM for estimating particulate concentration
before and after rainfall.

Performance measurers Before rainfall After rainfall

Correlation coefficient (r) −0.15 0.85
Mean bias (MB) −479.81 52.62
Mean absolute gross error (MAGE) 479.81 52.62
Root mean square error (RMSE) 507.24 55.90
Mean Normalized Bias (MNB) −0.74 0.55
Mean Normalized Gross Error (MNGE) 0.74 0.55
Normalized mean bias (NMB) −0.76 0.56
Normalized mean error (NME) 0.76 0.56
Fractional bias (FB) −1.22 0.43
Fractional gross error (FGE) 1.22 0.43
Mean normalized factor bias (MNFB) −7.43 1.55
Mean normalized gross factor error (MNGFE) −7.43 0.55
Normalized mean bias factor (NMBF) 0.76 0.56
Normalized mean error factor (NMEF) 3.16 0.56
Index of agreement (IOA) 0.30 0.33
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rainfall was observed. The coefficients of the logarithmic term
and the intercept of the site-specific relationship between
particulate concentration in ambient air and time elapsed after
rainfall are tabulated in Table 2. The increments were likely to be
attributed to the local non–traffic-related sources and local
meteorological parameters that cause the buildup of PM in
ambient air. The buildup tendency was observed to be the
highest in the case of PM10 at all sites followed by PM2.5 and
PM10. At most of the sites, the difference between the particulate
concentration in ambient air before rainfall and after 30 days
from rainfall was observed to be negligible (Figure 5;
Supplementary Table S2).

It was observed that the GFLSM operates with relatively high
performance immediately after rainfall than before rainfall. The
detailed result of the performance evaluation study is tabulated in
Table 3. It can be noticed that the difference in the fractional bias
(FB) was significantly high. The FB of the after-rainfall particulate
concentration was within the acceptable limit (−0.5 to 0.5). The
index of agreement (IOA) was found to be higher in the case of
after-rainfall particulate concentration.

4 CONCLUSION

The performance of the GFLSM was observed to be better than
that of the R-Line model in the study area. Another notable
observation was that the GFLSM underestimated the
concentration of the pollutants whereas R-Line overestimated
the same. The ambient concentration of PM10, PM2.5, and
PM1was observed to increase logarithmically over time after
the rainfall event. This relationship was used for the
modification of the GFLSM to quantify the pollutant buildup
in the atmosphere over time. It was observed that it took
approximately 30 days for the atmosphere of the Dhanbad
road network to regain the concentration of the particulate
pollutants similar to that before the scavenging of PM due to

rainfall. This information may help in the estimation of PM
scavenging due to the next instances of wet deposition within the
aforementioned temporal range. The subsequent result can be
helpful in estimating the transport of PAH particulates into the
roadside soil. Although the study provides an estimation of
PAH particulate transport into the soil, the derived coefficients
are site-specific. Therefore, initial information of onsite
meteorology is required for the estimation of subsequent
temporal variation in the PAH concentration. This
limitation may be removed if the derived trends of
particulate buildup in the atmosphere are integrated in a
micro- or meso-scale dispersion model for theoretical
estimation of the coefficients. Elaborate information on
dispersion and deposition of PM (especially of PM2.5) into
the roadside soil can offer a huge scope of exposure study and
health risk assessment of PAHs.
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