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Abstract

The present study discusses the ambient air quality of an East Indian industrial region. The 8 hourly average concentra-
tions of suspended particulate matter (SPM) and respirable suspended particulate matter (RSPM) for the period January
2009-December 2014 was analyzed at two industrial sites: Rourkela Township and Rajgangpur; and a residential site in the
vicinity of industrial sites, i.e., Sonaparbat situated in Sundergarh District of Orissa State, India. The study area holds one
of the biggest steel plants in India, cement factory and many medium- and small-scale industries in its surrounding area.
To understand the contribution of the fine mode (PM, s—also called RSPM) and inhalable coarse particles (PM,,—also
called SPM) to the particulate matter pollution, the ratio of PM, 5/PM,, is considered over the industrial and residential sites.
Sonaparbat is loaded with more PM,, (particles concentration > 250 ug/m?®) and dominance of PM, s was noticed during
the years 2013 and 2014 compared to Rourkela and Rajgangpur. To detect the presence of specific emission sources that
enhance the pollution over receptor sites, the conditional probability function and conditional bivariate probability function
techniques are employed in the present study. Concentration weighted trajectory analysis using the 2-day back trajectory
(by HYSPLIT-4 model) is also employed in the present study to discover the impact of transboundary pollution. Calm and
weak wind speeds (< 1.5 ms™') are noticed over the study area, thereby indicating the pollution due to local sources present
in and around the city. Rourkela Steel Plant, Orissa Cements Limited (OCL), OCL Iron and Steel along with vehicular
exhaust are some of the major local sources situated within the vicinity of 5 km in the study area. The results show that pol-
lution levels have a significant contribution from adjacent industrial areas apart from local emission sources, especially in
the northwesterly and southeasterly directions. Further, an attempt has been made to investigate the dispersion of pollutants
from the study site to the nearby regions during the study period by employing the 48-h seasonal forward trajectory analysis
using the HYSPLIT-4 model.

Keywords Particulate matter - Source apportionment - Conditional bivariate probability function - Concentration weighted
trajectory analysis - HYSPLIT 4

1 Introduction

Particulate matter (PM) is responsible for environmental
issues like acid rain, impairment of vision, alteration of
atmospheric radiation budget and modification of cloud
properties (U.S. EPA 2004). The rapid growth of urbaniza-
Department of Earth and Atmospheric Sciences, National tion and industrialization is a significant factor for enhanced
igf;ii;me of Technology Rourkela, Rourkela, Odisha 769008, pollution levels of aerosols in developing countries like India

(Karar et al. 2006; Karagulian et al. 2015). PM is a criti-
cal component of air pollution, and it has been found that
elderly living in underdeveloped and developing countries
have been experiencing a loss of healthy life-years (Health
Effects Institute 2018).
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PM is characterized by fine mode and coarse mode par-
ticles depending on their aerodynamic diameter of less
than or equal to 10-2.5 pm (Nel 2005). Natural processes
such as dust storms and re-suspension of soil dust are
some of the major contributors for coarse mode particles,
whereas anthropogenic sources such as vehicular emis-
sions and industrial activities are the major contributors
for fine mode particles (Querol et al. 2004). PM, 5 mainly
includes primary and secondary products resulting from
combustion (Li et al. 2004). PM, 5 is more hazardous com-
pared to PM,,,, because of its small size, longer lifetime
and associated severe health effects (Dominici et al. 2014).

The PM concentrations are enhanced not only because
of local emissions, but also by the transportation of pol-
lutants from different regions (Cheng et al. 2013; Gogikar
and Tyagi 2016). Meteorology in any region affects the
state of pollution as they govern advection and dispersion
(Jayamurugan et al. 2013). Thus to reduce the contamina-
tion of air due to various pollutants, policy makers need to
recognize pollutants concentration, meteorological condi-
tions and source areas, which are responsible for elevating
the concentrations (Begum et al. 2005; Briggs and Long
2016). To investigate the regional transport of PM, source
apportionment emerges as a powerful tool (e.g., Kotch-
enruther 2016; Liu et al. 2016; Cheng et al. 2016; Masiol
et al. 2017). Source apportionment can be useful to know
the impact of local pollution in any industrialized area
or to quantify the effect of transported pollutants in the
case of nearby industrial or mining area to any site (e.g.,
Grigoras et al. 2012; Sarasamma and Narayanan 2014; Li
et al. 2017).

In the present study, the state of pollution by PM, 5 and
PM,, over an industrial area of Eastern India has been inves-
tigated. Eastern Indian region is home to most of the min-
ing areas, power plants, cement factories and metal industry
plants (Garg et al. 2001). Hence, the pollution levels are
crucial to understand and maintain the air quality over the
region. Specifically, the study aims to explore:

1. Temporal variation of PM, 5, PM,, and PM, s/PM,,
and meteorological parameters such as temperature and
humidity using in situ observations at three monitoring
stations in different parts of an industrialized township,
situated in Sundergarh District of Odisha State during
the study period 2009-2014.

2. Seasonal variation of PM, 5, PM,,, PM, s/PM,, and air
quality index (AQI) along with the seasonal pollution
roses to investigate the dependency of pollutants over
wind speed and wind direction during different seasons.

3. The identification of local and regional-scale impacts
using seasonal conditional probability function analy-
sis (CPF), conditional bivariate probability function
analysis (CBPF) and seasonal weighted concentration
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weighted trajectory (WCWT) functions to locate possi-
ble source regions that are responsible for the enhance-
ment of PM, 5 and PM,, concentrations over the study
area.

4. Seasonal forward trajectory analysis to have an insight
over the dispersion of pollutants by air masses originat-
ing over the study site to different sinking areas in the
next 48 h.

2 Study Area

To analyze the impact of the industries present in the east-
ern part of India, three monitoring stations, viz. Sonapar-
bat (22.184864°N, 84.875034°E), Rourkela (22.2604°N,
84.8536°E) and Rajgangpur (22.1902°N, 84.5799°E) are
considered for the present study (shown in Fig. 1). Sona-
parbat is a residential area, whereas Rajgangpur is an
industrialized area associated with various industries such
as cement, iron and steel industries (e.g., Orissa Cement
Limited (OCL), OCL Iron and Steel etc.) at a spatial dis-
tance of 40 km from Rourkela. Major industries situated in
the immediate neighborhood of Rourkela (within a radius
of 10 km) are shown in Fig. 1. Rourkela has a steel plant
and other industries along with residential areas around the
city. The spatial extent of Rourkela is 121.7 sq. km with
a population of 689 298 (Census report 2011). Brahmani
River, which is the second largest river of Odisha, and one
of the 14 major river systems of the country formed by the
merging of perennial Koel and Sankh Rivers, flows near the
major industrial town of Rourkela. Rourkela is popularly
known as steel city of India, and is associated with the larg-
est steel plant known as Rourkela Steel Plant, maintained by
the Steel Authority of India Limited (SAIL) with a produc-
tion of 15.7 million tons of hot metal, 14.3 million tons of
crude steel and 12.4 million tons of saleable steel per annum
(SAIL, Annual Report 2015-2016). The area also has small
hills named Durgapur hills (~ 100-150 m). Rourkela has
a tropical climate most of the year and experiences heavy
rains during the monsoon (Kavuri et al. 2013). The region
has ~300 km spatial distance from the Bay of Bengal in the
south to the southeast direction.

3 Data Description

Observations of PM,, and PM, 5 have been collected at a
temporal resolution of every 8 h in a day, along with obser-
vations of temperature and humidity at a temporal resolu-
tion of 6 h in a day for the period 2009-2014 at Sonaparbat
and Rourkela, and 2013-2014 at Rajgangpur by the State
Pollution Control Board (SPCB), Odisha. Gravimetric,
tapered element oscillating microbalance (TEOM) and beta
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Fig.1 Sitemap of Sundergarh showing the three monitoring stations Rajgangpur, Rourkela, Sonaparbat (shown as red circles in the sitemap)
along with the major industries and residential areas marked as green stars located within the vicinity of monitoring stations

attenuation methods are adopted for PM monitoring by the
Pollution Control Board (CPCB Report 2015). The year has
been divided into four seasons in the present study as pre-
monsoon (March to May), monsoon (June to September),
post-monsoon (October to November) and winter (Decem-
ber to February). The surface wind speed and wind direction
observations were absent at these monitoring stations. To get
an insight into surface wind variations, we have used wind
data (from 2010 to 2014) at a nearby station Kuarmunda
(22.306611°N 84.779539°E), which is located at a spa-
tial distance of 9 km from Rourkela, collected from Indian
Space Research Organization (ISRO)—Meteorological and
Oceanographic Satellite Data Archival Centre (MOSDAC)
(http://mosdac.gov.in/data), which can be considered as one
of the limitations in the present study. Seasonal pollution
roses, seasonal CPF and seasonal CBPF are performed using
the wind direction and wind speed data from MOSDAC.
For performing the back trajectory analysis, NCEP/NCAR
(National Centers for Environmental Prediction/National
Center for Atmospheric Research) GDAS (Global Data
Assimilation System) 1° data and HYSPLIT model (Draxler
1999; Draxler and Hess 1997, 1998; Stein et al. 2015) were
used in the present study. Su et al. (2015) have found that
GDAS 1° is better in the computation of back trajectories in
comparison to GDAS 0.5° data as it is not incorporated with
vertical velocity. Hence in the present study, GDAS 1° data
is used for computation of back trajectories.

4 Methodology

The diurnal and seasonal variations of PM over the study
area were analyzed for the period of study. Meteorological
parameters, e.g., temperature and humidity, were considered
to investigate the meteorological conditions associated with
variation of PM, 5 and PM,jat the industrial and residential
monitoring stations. Further, attention was given to source
apportionment to identify possible local and transboundary
pollution sources using CPF, CBPF and CWT techniques.
The methodology adopted for these source apportionment
techniques are explained in following sections.

4.1 Conditional Probability Function (CPF)
and Conditional Bivariate Probability Function
(CBPF)

The probability that a particular source of emission lies in
the considered wind sector is calculated by the conditional
probability function (CPF) (Uria-Tellaetxe and Carslaw
2014) and is mathematically given in Eq. (1) as follows:
Ap,/C2T
CPF = L 1)
BAW
where Aw indicates the wind sector, A,, indicates the
number of samples in the wind sector ‘w’ associated with
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concentration C exceeding the critical percentile concen-
tration 7 and B,,, indicates the total number of samples in
the wind sector ‘w’. To calculate A,,, the highest 20% of
source contribution concentrations are considered in the
present study.

The CBPF analysis combines CPF to the bivariate polar
plot where wind speed acts as a third variable and is extremely
helpful in source characterization (Uria-Tellaetxe and Carslaw
2014; Rai et al. 2016). The CBPF generally deals with pol-
lutant concentrations (PM, 5 and PM,, concentration in the
present study), wind speed (As) and direction (Aw). Math-
ematically, CBPF is given as follows (Eq. (2)):

AAW,As/C Z T

CBPF = )

BAW,AS

The CBPF method considers the complete dispersion of
the pollutant concentration instead of a value exceeding the
specified critical value (Tiwari et al. 2017). The surface wind
speed and wind direction along with the PM, 5 and PM,,
concentrations are considered to perform CPF and CBPF
analysis using R-openair software package.

4.2 Back Trajectory Analysis

The CPF and CBPF methods explain the direction in which
sources are situated and cannot estimate the location of the
source areas (Pekney et al. 2006). The CWT method is effi-
cient not only in identifying the location of the source areas,
but also gives an insight over transboundary pollution (Dimi-
triou 2015a, b). To perform CWT, 2 days (— 48 h) backward
trajectories at an elevation of 500 m above the ground level at
an interval of 6 h (i.e., 00, 06, 12 and 18 UTC of every day)
were computed using 1°GDAS data with HYSPLIT 4 model
(Draxler and Hess 1998). These back trajectories are further
used to analyze the aerosol transport pathways at Rourkela in
conjunction with the observational data of PM, s and PM,, for
the computations of CWT. Two days forward trajectories were
also included in the study to observe the pollutants’ dispersion
that originated from the study site to different receptor sites.

4.3 Concentration Weighted Trajectory (CWT)

CWT aims at producing an overview of the source regions
that are responsible for the enhancement of PM levels over a
particular area. CWT for PM, 5 and PM,, over a specific grid
cell (i, j) will determine the potential of the source at the study
region and is mathematically given as (Eq. (3) and Eq. (4))
(Dimitriou 2015a, b):

ZZ:l quijx
Py=—<r—— (3)
Zx:l uijx
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P;; in Eq. (3) indicates the concentration of PM in the (i, /)
grid cell, P, indicates the concentration of the X™ trajectory
at the end point, n indicates the number of trajectory end
points in the corresponding (7, j) grid and Uy, indicates the
total number of X, trajectory end points in the correspond-
ing (i, j) grid. Equation (4) indicates the weight function
and determines the average number (V) of pathways of
the corresponding grid cells which are associated with at
least one trajectory point and the number (V) of pathway
points in the grid cell (7, j) relationship. CWT analysis is
used to examine the strengths of the source regions, and
regional and transboundary PM distribution over the study
site. The CWT method is employed in the present study as it
is efficient in differentiating moderate sources from stronger
or principal sources of pollution that are responsible for the
enrichment of pollutants concentration over the study site

(Hsu et al. 2003; Seibert et al. 1994).

5 Results and Discussion

5.1 Temporal Variation of Meteorological
Parameters

The temporal variation of temperature and humidity from
January 2009 to December 2014 for Sonaparbat and Rour-
kela stations and January 2013 to December 2014 for
Rajgangpur station was analyzed. Sonaparbat, which is a
residential area, experiences a maximum and minimum tem-
perature of 45 °C and 9 °C in the pre-monsoon and winter,
respectively. Maximum and minimum relative humidity was
90% in the post-monsoon and 26.5% in the winter season.
At Rourkela, the maximum temperature was 44 °C, and the
minimum temperature was 9 °C during the pre-monsoon
and winter seasons, respectively. The relative humidity was
high in winter, i.e., 92% and low in the pre-monsoon sea-
son, i.e., 11%. At Rajgangpur, the highest temperature was
recorded in the pre-monsoon season with a value of 41.8 °C
and the lowest temperature was recorded as 12 °C in winter.
The relative humidity is high with a value of 95.3% during
the post-monsoon season and low in winter season with a
value of 17% during the study period. The average relative
humidity was always greater than 60% at Sonaparbat and
Rajgangpur stations and greater than 55% at Rourkela sta-
tion during the study period. Sonaparbat shows higher val-
ues of humidity at lower ranges compared to the other two
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stations and the reason for this may be attributed to greater
vegetation in the Sonaparbat area compared to Rourkela
and Rajgangpur, where there are more industrial areas. The
higher temperatures indicate high levels of the mixed layer
over the region, and lower temperatures are responsible for a
shallower mixed layer. The shallow mixed layer will cause a
high concentration of pollutants compared to a higher mixed
layer, and therefore the winter season is expected to have
higher values of PM over the region, governed by local
meteorological conditions.

The region experiences severe thunderstorms during the
pre-monsoon season (Ray et al. 2014). The high relative
humidity (> 80%) during the pre-monsoon season may cor-
respond to the days with thunderstorms and lower humidity
during non-thunderstorm days. During the post-monsoon
season, there is a steep decrease in temperatures, whereas
relative humidity remains high, which may be attributed to
water/moisture, accumulated during monsoon season, and
to western disturbances reaching over the region at times.
Moreover, during 2013 and 2014 the catastrophic effect of
severe cyclones, namely Phailin (08 October 2013 to 14
October 2013) and Hudhud (07 October 2014 to 14 Octo-
ber 2014), might have contributed to a high relative humid-
ity during the post-monsoon season (Lakshmi et al. 2017).
During winter, low temperatures were recorded at all the
three monitoring stations, but relative humidity remained
high (> 60%). Saraf et al. (2010) stated that the presence of

local water bodies might contribute more moisture into the
lower levels of the atmosphere and are responsible for high
relative humidity in winter. As Brahmani River flows across
the city, it might be responsible for more moisture in the
atmosphere during the winter season, as there is more water
accumulated in the river basin after the monsoon rainfall.
The presence of high relative humidity in the atmosphere
promotes the growth and production of secondary particles,
thereby altering the size and optical properties (Wang and
Martin 2007).

5.2 Temporal Variation of PM, ; and PM,,

The daily 8 h concentrations of PM, 5, PM,, and ratio of
PM, s/PM,, are shown in Fig. 2 for the period January
2009-December 2014 for the Sonaparbat and Rourkela sites
and from January 2013 to December 2014 for the Rajgang-
pur site. From Fig. 2a, b, it can be noticed that the concentra-
tions of PM, s and PM,, were always high during the study
period for both industrial sites Rourkela and Rajgangpur as
well as the residential site Sonaparbat. The thresholds of
PM specified by CPCB, India, for daily values are 60 ug/m?
(PM, 5) and 100 pg/m’ (PM,), and 40 pg/m’ (PM, 5) and
60 pg/m3 (PM,,) for annual values (CPCB report 2015).
The dashed horizontal lines in Fig. 2a, b show the threshold
values of daily PM, 5 and PM,,. The annual mean concen-
trations of PM, 5 and PM,, presented in Table 1 for all the

360
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Fig.2 Daily average variation of a PM, 5, b PM,, and ¢ PM, s/PM,,
for the three monitoring stations Rourkela, Sonaparbat and Rajgang-
pur stations. The dashed horizontal lines indicate the threshold val-

ues specified by CPCB and vertical dashed lines indicate years in the

period of study. The year on the x-axis marks the end of particular
year (i.e. 2008 means 31 December 2008)

Table 1 Annual mean mass

. Year
concentrations of PM, 5 and

Sonaparbat

Rourkela Rajgangpur

PM,, at Sonaparbat, Rourkela

PM, 5 (ng/m’)

PM,, (ug/m’)

PM, 5 (ug/m?)

PM,, (ug/m’)

PM, 5 (ng/m’)

PM, (ug/m’)

and Rajgangpur monitoring

sites for the period of study 2009

2010
2011
2012
2013
2014

102.15+£25.98
99.98+18.70
99.10+£19.12
98.38+21.30
95.25+32.77
71.56+11.13

207.46+44.70
211.30+£32.08
211.44+34.32
212.35+37.08
181.27+40.30
141.99+21.35

114.69+21.17
109.49+19.63
108.63+15.49
97.55+16.46
92.82+14.14
88.66+21.01

205.49+£27.36
210.65+£28.73
209.50£32.64
200.21+£33.08
196.93 +27.64
203.45+49.7

99.84+13.49
108.43+49.93

221.09 £14.66
221.11+£94.15
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three monitoring stations indicate that concentrations always
crossed the threshold limit throughout the study period.
The high concentrations of PM, s and PM,, at the moni-
toring stations Rajgangpur and Rourkela may be due to local
industrial emissions in the area. Higher values of PM, 5 are
also noticed at Sonaparbat, which is a residential area. These
higher concentrations may be because of the geographic loca-
tion of Sonaparbat in the proximity to an industrial region, i.e.,
Rourkela, from where transport of pollutants is very likely.
The average daily variation of the PM, s/PM,, ratio analy-
sis indicates that the annual average values of the ratios are
0.5063+0.7748, 0.5038 +£0.1167 and 0.4760+0.0821 at Son-
aparbat, Rourkela and Rajgangpur stations, respectively. High
values of ratio are attributed to particulate pollution caused by
anthropogenic activities and lower values indicate pollution
caused by natural sources (Sugimoto et al. 2016). From the
PM, s/PM,, ratios, it is clear that Sonaparbat, which is a resi-
dential site, is loaded with more PM, 5 when compared to that
of highly industrialized areas, Rourkela and Rajgangpur, and
is experiencing a severe threat to the people residing there.
To have an understanding of the concentrations of PM, 5
and PM,, that cross the threshold levels, percentage contri-
butions of concentrations have been addressed in this study
(shown as pie-charts). From the percentage contribution
plot (Fig. 3), it is clear that for Rourkela (Fig. 3a), about
50.29% of PM, s is in the concentration range of 50-100 pg/
m? and 47.37% of PM, s is in the concentration range of
100-150 pg/m>. When PM,, is considered (Fig. 3d), parti-
cle concentration ranges between 200 and 250 ug/m?>, con-
tributing to about 47.26%. For residential site Sonaparbat
(Fig. 3b), 59.35% of the contribution is noticed for PM, 5
ranging between 50 and 100 pg/m?, which is found to be
greater than the contribution made by similar particles at
industrial sites Rourkela and Rajgangpur, and 37.94% of
PM,, is observed to be in the range of 100-150 ug/m>.
Similarly, 35.22% of PM,,, (Fig. 3e) is found to be observed

Fig.3 Percentage contribution
of PM, 5 at a Rourkela, b Sona- (@)
parbat, ¢ Rajgangpur, and for
PM,, at d Rourkela, e Sonapar-
bat, f Rajgangpur

0.
1.32% 01%
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in the range of 200-250 pg/m>. For Rajgangpur station
(Fig. 3c), 48.15% of PM, 5 is categorized in the range of
100150 pg/m? and 35.69% is contributed by the particles
associated with the concentration of 50-100 pg/m>, and
61.62% of PM,, (Fig. 3f) is contributed by the particles in
the concentration range of 200-250 ug/m>. When the PM,,
particles with a concentration greater than 250 ug/m® are
considered, Rourkela, Sonaparbat and Rajgangpur were
found to be loaded by 7.92, 10.9 and 19.19%, respectively,
during the study period. From the percentage contributions,
it is very clear that Sonaparbat, which is a residential site, is
loaded with more PM when concentrations of 50100 ug/m?
and > 250 ug/m? are considered when compared to the indus-
trial site, Rourkela, which indicates an alarming pollution
load and severe threat to the people residing over the site.

5.3 Seasonal Variation of PM, ;, PM,, and PM, ./
PM,, Ratio

Wind speed and direction are primarily responsible for trans-
porting and dispersion of contaminants from one region to
the other (Guttikunda and Gurjar 2012). Seasonal variations
of surface wind speed and direction along with PM, 5 and
PM,, were analyzed over the region (from 2010 to b2014)
using pollution roses plots shown in Figs. 4 and 5. From
the seasonal pollution rose plot for PM, 5, during the pre-
monsoon season (Fig. 4a), it is clear that the dominant wind
direction is southeasterly and is associated with a concen-
tration range of 80—100 pg/m* and fewer components were
found in the easterly and northwesterly direction with a con-
centration range of 100—100.67 ug/m® and 80-100 ug/m?,
respectively. In the monsoon season (Fig. 4b), the dominant
wind direction was southeasterly and it is majorly associ-
ated with the pollutants’ concentration ranging from 80 to
100 pg/m® and fewer components were found in the north-
easterly and easterly directions.

30




Particulate Matter Assessment Using In Situ Observations from 2009 to 2014 over an Industrial...

311

Fig.4 Seasonal pollution roses
for PM, sa pre-monsoon, b
monsoon, ¢ post-monsoon, d
winter

Fig.5 Seasonal pollution roses

for PM,ja pre-monsoon, b mon-

soon, ¢ post-monsoon, d winter
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During the post-monsoon season (Fig. 4c), the dominant
wind direction was found to be northwesterly with a con-
centration ranging from 80 to 120 ug/m®, and minor com-
ponents of wind were found in the northerly direction. In the
winter season (Fig. 4d), the direction with more pollution
was found to be northwesterly with a concentration range of
80—120 pg/m>. A second prevailing direction of polluted air
mass was southeasterly, associated with similar concentra-
tion ranges as that of the northwesterly. Apart from these,
fewer components of polluted winds were observed in the
northeasterly, westerly and easterly directions with a con-
centration always greater than 100 ug/m?.

By performing similar analysis for PM,,, results indi-
cate that during the pre-monsoon season (Fig. 5a), winds
associated with high concentrations of PM,, ranging from

200 to 250 ug/m> were found to be reaching the study site
in southeasterly direction and a second dominant direction
was found to be northwesterly with PM,, load ranging from
200-250 pg/m? to 100-150 pg/m?.

In the monsoon season (Fig. 5b), the dominant wind
direction was found to be southeasterly, majorly associated
with a concentration> 100 ug/m>, and a second prevailing
direction was found to be northwesterly with a load majorly
greater than 200 pg/m>. Minor components of winds with a
concentration load of > 100 pug/m? in the northeasterly and
northerly direction were also noticed. In the post-monsoon
season (Fig. 5¢), the dominant wind direction was found to
be northwesterly with a concentration of > 200 pg/m?>. Dur-
ing the winter season (Fig. 5d), the dominant wind direction
was found to be northwesterly with a high pollution load
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of > 150 pg/m>. The other prevailing direction with a load
of 150-200 pg/m? is the southeasterly. Minor components
of winds were observed in the westerly, easterly and north-
easterly direction with a pollution load of >200 pg/m? at
the study site. Winds blowing from the marine side, i.e., the
southeasterly direction, were assumed to be cleaner, but as
the winds passed through the densely populated and pol-
luted urban and industrial areas, such as Bhubaneshwar and
Angul, they were contaminated by PM before reaching the
study area. Components of air masses arriving at the study
site from the northwest and northeast directions blow from
land masses and are polluted as they carry aerosols from the
highly industrialized regions of Chhattisgarh and Jharkhand.
During the post-monsoon and winter, the dominant wind
direction is the northwest which is responsible for regional
transport of transboundary pollutants to the study site from
parts of Madhya Pradesh and Chhattisgarh, associated with

limestone, cement and other industries. These results are
justified by CPF and CPBF techniques in the later sections.

During the study period, the seasonal variation of PM, s,
PM,yand PM, s/PM,, showed noticeable differences for
different seasons. The seasonal mean mass concentrations
of PM, 5, PM,, and PM, 5/PM,, for three monitoring sta-
tions are shown in Tables 2, 3 and 4 respectively. PM, s
seasonal variations (Table 2) depict that the concentrations
are high in the pre-monsoon season, followed by winter,
post-monsoon and monsoon seasons at Sonaparbat, and the
pollution levels are lower in comparison to the industrial
stations, but the levels always crossed the specified threshold
levels. The values at Rourkela and Rajgangpur are also very
high and crossed the specified threshold levels. Seasonal
variations for PM, also follow a similar variation for three
sites (Table 3). The high amount of PM, 5 and PM,, concen-
trations during different seasons can be elucidated as local

Table 2 Seasonal averages of

PM, 5 Year Pre-monsoon Monsoon Post-monsoon Winter
PM, 5 at Sonaparbat, Rourkela
and Rajgangpur stations Sonaparbat 2009 112.81+25.20 86.39+19.62 93.62+17.22 118.46 +24.65
2010 100.83 +22.37 96.21+15.55 103.37+19.92 103.45+18.26
2011 102.51+18.43 89.66+13.96 102.17 +20.99 106.39+19.85
2012 103.60+19.58 89.72+24.80 98.85+14.37 104.48 +18.07
2013 123.96 +40.13 77.52+16.14 72.66+11.29 97.31+23.09
2014 76.12+12.46 67.24+7.34 70.18+9.39 73.75+12.77
Rourkela 2009 121.02+£20.63 108 +18.29 109.11+18.08 121+23.7
2010 103.87+20.22 106 +18.95 100.59+11.82 116.47+19.52
2011 114.12+15.81 107.87+14.93 102.43+12.14 108.21+16.28
2012 99.98+12.73 87.82+10.92 113.74+£19.33 97.02+14.33
2013 104.32+100.96 88.69+13.80 96.35+13.16 95.94+15.60
2014 88.55+11.85 80.65+27.22 98.92+23.82 92.87+£9.95
Rajgangpur 2013 109.46 +14.56 95.50+11.03 94.7+10.14 99.74+12.15
2014 131.23+25.23 73.14+45.74 117.78 £48.59 127.03 +35.61
Table 3 Seasonal averages of PM,, Year Pre-monsoon Monsoon Post-monsoon Winter
PM,, at Sonaparbat, Rourkela
and Rajgangpur stations Sonaparbat 2009 223.12+42.40 177.98 +33.48 193.74+28.49 240.98 +£39.16
2010 214.07+31.89 206.43 +28.38 209.64 +36.67 220.03+33.39
2011 216.57+31.84 192.36 +£22.91 220.39+40.74 226.14+£34.10
2012 224.38+35.11 198.55+46.87 206.25+23.20 220.43 +£33.01
2013 210.29+34.30 163.43 +£32.01 129.41+12.38 192.21+33.75
2014 162.06 +150.67 136.03+11.68 136.80+12.63 150.29+32.13
Rourkela 2009 208.24 +30.59 198.52+20.17 199.9+243 215.87+30.81
2010 199.91 £25.82 208.35+24.73 199.44 +15.09 211.12+£28.79
2011 230.34+£34.93 203.39+28.26 195.21+£29.95 206.24 +28.03
2012 205.69+30.83 179.39+17.63 239.88 +26.38 195.3+29.4
2013 198.76 +24.38 182.52+18.59 204.54+31.17 231.03+191.03
2014 222.55+38.59 170.83 +65.37 216.92+20.10 219.46+15.98
Rajgangpur 2013 222.90+13.86 216+16.23 225.41+11.92 224.51+12.00
2014 292.01+67.99 149.38 +£95.29 234.66+85.89 237.91+40.15
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Table4 Seasonal averages of RSPM/SPM Year Pre-monsoon Monsoon Post-monsoon Winter
PM, s/PM,, at Sonaparbat,
Rourkela and Rajgangpur Sonaparbat 2009 0.50+£0.07 0.48+0.04 0.48+£0.03 0.49+£0.04
stations 2010 0.46+0.05 0.46+0.03 0.49+0.04 0.46+0.03
2011 0.47+0.04 0.46+0.03 0.46+0.03 0.46+0.04
2012 0.46+0.05 0.76 +3.19 0.47+0.04 0.47+0.04
2013 0.59+0.18 0.48+0.11 0.56+0.05 0.51+0.10
2014 0.51+0.09 0.49+0.05 0.51+0.05 0.50+0.08
Rourkela 2009 0.58+0.05 0.54+0.06 0.54+0.07 0.56+0.09
2010 0.51+0.06 0.50+0.04 0.53+0.04 0.53+0.05
2011 0.5+0.04 0.53+0.03 0.52+0.05 0.52+0.03
2012 0.5+0.04 0.5+0.04 0.47+0.07 0.5+0.04
2013 0.46 +0.06 0.48+0.04 0.47+0.04 0.45+0.07
2014 0.40+0.06 0.49+0.10 0.45+0.07 0.42+0.05
Rajgangpur 2013 0.49+0.07 0.44+0.04 0.41+0.03 0.44+0.05
2014 0.45+0.04 0.50+0.10 0.49+0.06 0.53+0.11

emissions mixed with regional and transported pollutants,
along with the combined effect of weather conditions.

The maximum values of pollutants, however, differ for the
three sites seasonally. For the monitoring sites, Sonaparbat
and Rajgangpur, the concentrations of PM, s and PM,, were
higher in the pre-monsoon season followed by winter, post-
monsoon and monsoon during the study period. At Rour-
kela, high loads of PM, 5 and PM,, were found in winter,
followed by pre-monsoon, post-monsoon, and monsoon.
However, the difference between pre-monsoon and winter
seasons is small at all the three sites.

The higher concentrations during the pre-monsoon season
over Sonaparbat and Rajgangpur may be attributed to min-
eral dust transported from the southeast and northwestern
regions, along with locally emitted industrial pollution. The
pre-monsoon season has a unique meteorological feature of
passing Nor’westers over the area, which is also believed to
transport pollution along with fluxes of mass, momentum
and heat over the regions (Das et al. 2015). Surface winds
during Nor’westers are found to be either southeasterly or
northwesterly at the stations experiencing these Nor’westers
during the pre-monsoon season (Das et al. 2014), which is
evident by our surface wind observations as well (not shown
here). Mineral dust is one of the significant contributors to
aerosol load over the region in all the seasons (Kavuri et al.
2013).

Less variation of PM, 5 and PM,, during monsoon in
comparison to the other seasons may be attributed to wash-
out of the emitted pollutants by the monsoonal rainfall dur-
ing the active spell, but the values are found to be always
high and crossing the threshold because winds are affected
by polluted urban areas as mentioned earlier in seasonal
pollution roses. High concentrations of PM, s and PM,,
during post-monsoon and winter seasons are due to locally

generated pollution along with transported pollution and
varying meteorological conditions like temperature. The
stable atmospheric conditions associated with low wind
speed and pollutant accumulation over a place during the
winter season increase PM concentration (Tiwari et al.
2012). As mentioned previously, the study site is continu-
ously exposed to the polluted northwesterly wind during
the winter season, which maintains a high concentrations
throughout the study period. When the seasonality of
PM, s/PM,, is considered (Table 4), at both the industrial
and residential sites, the ratio is found to be high in all the
seasons with a value ranging from 0.4 to 0.7 indicating the
dominance of fine mode particles over the inhalable coarse
mode particles in all the seasons. The ratio was high in
the monsoon season for Rourkela station, indicating the
dominance of PM, 5 over PM,, when compared to all other
seasons in spite of rainout and washout of PM, which may
be due to the industrial emissions during the break spells
of monsoon.

Previous studies, which carried out similar work at other
parts of the world (Akinlade et al. 2015), have also reported
high concentrations of PM, 5 in the monsoon, attributed to
the various anthropogenic sources present within the vicin-
ity of the study area. As the monitoring site is associated
with India’s biggest steel plant and other industries including
cement factories, it is understandable that fine mode parti-
cles will dominate the study site. Moreover, at Sonaparbat,
in the years 2013 and 2014, the ratio of PM, 5 to PM,, was
found to be high when compared to the industrial sites Rour-
kela and Rajgangpur, indicating the exposure of residents
to PM, s higher when compared to PM,,, thereby increas-
ing the threat of respiratory and cardiovascular diseases. In
addition to this to assess the air pollution levels, seasonal air
quality index (AQI) was computed in the present study for
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both residential and industrial areas. AQI calculation was
performed using the following Eq. (5) (Rao and Rao, 1989):

1
AQI= =
A=3

SPM | RSPM
[ + o)

] x 100
CSPM

CRSPM

where Cgqpy indicates the critical value for SPM and Crgpy
indicates the critical value for RSPM specified by CPCB
(CPCB 2009). From the AQI values (Table 5), it is clear
that Rourkela and Sonaparbat are moderately polluted in
all the seasons, whereas Rajgangpur air quality was found
to be poor in the pre-monsoon, post-monsoon and winter
seasons and moderately polluted in the monsoon season. The

Table5 Average seasonal AQI values for three stations Rourkela
(2009-2014), Sonaparbat (2009-2014), Rajgangpur (2013-2014) in
pre-monsoon, monsoon, post-monsoon and winter seasons (Yellow
color-moderately polluted, Red Color-Poor) (http://pib.nic.in/newsite/
PrintRelease.aspx?relid=110654)

Station Pre-monsoon | Monsoon Post-monsoon | Winter
Rourkela 193.2542 175.6775 193.6084 195.7219
Sonaparbat 190.2204 159.9582 170.6264 187.5544
Rajgangpur

presence of cement factory and iron and steel industries in
Rajgangpur might be responsible for poor air quality.

5.4 Seasonal CPF and CBPF Analysis

For identifying maximum probable wind sectors that are
associated with enhanced PM, 5 and PM,, values CPF analy-
sis was performed. CPF analysis for PM, 5 and PM,, in the
pre-monsoon, monsoon, post-monsoon and winter seasons
is shown in Figs. 6 and 7 at a percentile of 20. In the pre-
monsoon season (Figs. 6a,7a), it can be noticed that the east,
southeast, west and northwest wind sectors were found to be
contributing particulate pollution with a probability of 1 to
the study area. In the monsoon season (Fig. 6b,7b), north,
northwest, south, southeast and southwest wind sectors were
dominant for PM, 5, whereas northwest, northeast and south-
east wind sectors contributed to the PM,, load. Sources of
PM located in the wind sectors such as north, northeast,
northwest, southeast, south and southwest were responsible
for the high pollution in the post-monsoon season (Figs. 6c¢,
7¢). In the winter season (Figs. 6d, 7d), northwest, northeast
and southeast wind sectors were found to be responsible
in the enhancement of particulate pollution over Rourkela.

Fig.6 Seasonal CPF plot

for PM, 5 in pg/m? at 20th
percentile in a pre-monsoon, b
monsoon, ¢ post-monsoon, d
winter seasons respectively
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Fig.7 Seasonal CPF plot for
PM,, at 20th percentile in a
pre-monsoon, b monsoon, ¢
post-monsoon, d winter seasons
respectively
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These results justify the conclusions drawn from pollution
rose plot, thereby depicting the prominent role played by
wind direction in modulating the PM, s and PM,, concentra-
tions over the study site.

As an extension to the CPF analysis, CBPF analysis
was performed using bivariate polar plots incorporating
wind velocity as the third variable (Uria-Tellaetxe and
Carslaw 2014; Rai et al. 2016). In the present study, we
used two percentile quartiles (10-50% and 50-100%). The
probability values for CBPF are shown as colored scales
in Figs. 8 and 9. Figure 8 shows the CBPF analysis for
PM, 5 in the pre-monsoon, monsoon, post-monsoon and
winter seasons (Fig. 8a, c, e, g with a percentile range
of 10-50%, and Fig. 8b, d, f, h with a percentile range
of 50-100%), respectively. In the pre-monsoon season,
a dominant source with a percentile range of 10-50%
(Fig. 8a) and 50-100% (Fig. 8b) located in the southeast
direction resulted in high probability where wind speeds
were found to be 0.5 ms~!, thus indicating the highest
probability of pollution due to sources near Rourkela. In
the monsoon season (Fig. 8c, d), 10-50% quartile sources
present in the southeast direction were found to be dom-
inating where wind speeds did not exceed 1 ms™!, and
50-100% quartile sources in the northwest and northeast
directions were found to be dominating where wind speed

CPF at the 20th percentile(=201.9)

varied from 0.5 ms~! to 2 ms~!. In the post-monsoon sea-
son, high probability of PM, 5 was noticed in the southeast
direction where wind speed was 2 ms™! in the 10-50%
quartile (Fig. 8e), and in the 50-100% quartile northwest
direction was found to be a dominating source associated
with wind speed 1.5 ms~'. In the winter season also, for
10-50% and 50-100% quartiles (Fig. 8g, h), wind speeds
were less than 1 ms™! and northeast and southeast direc-
tions were the dominant sources. From CBPF analysis
for PM, s, it can be concluded that sources present in the
northwest and southeast directions dominate in all the sea-
sons. Wind speeds did not exceed 2 ms™! in all the seasons
for PM, 5 thereby indicating the presence of sources near
the study area. A similar analysis was carried out for PM,,
to characterize sources in different seasons using the CBPF
technique shown in Fig. 9 and is interpreted as in Fig. 8.
The locations of sources for PM,, were similar to those of
PM, 5 with dominant sources existing in the northwest and
southeast directions. The maximum PM, 5 and PM,, con-
centrations were found to be occurring when wind speeds
were very low (< 1.5 ms™'), thereby enabling accumula-
tion of pollutants over the study area. Urban areas located
within the vicinity of the city and automobile exhaust may
be responsible for the high pollution in Rourkela (Kavuri
et al. 2013). As there is a scarcity of enough literature over
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Rourkela, evidences of particulate pollution due to cook-  southeast wind sector to the study area. Talcher coal area

ing and heating were not found. Sources such as National  is recognized as Asia’s largest coal field (https://angul.nic.
Aluminium Company (NALCO), Mahanadi Coal Fields  in/economy). In the northwest direction, industries such
(MCL), National Thermal Power Corporation (NTPC) and as Jindal Steel and Power Limited (JSPL), ACC Rio and
Talcher Thermal Power Station (TTPS) are located in the  Tinto PVT Limited, which are mineral-based industries,
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Fig.9 Seasonal CBPF plot
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are situated (http://www.samataindia.org.in/mici/attac
hments/article/42/Jashpur,%20Chattisgarh.pdf).

5.5 Seasonal CWT Analysis

As mentioned earlier, CWT which helps in identifying the
location and strength of the sources is used in the present

study (Hsu et al. 2003; Seibert et al. 1994). In the present
study, CWT is used to determine the significance of both
principal and moderate sources of the measured PM, 5 and
PM,, concentrations at the monitoring site, Rourkela. The
pollution criterion for PM, 5 and PM,, was taken as 60 ug/
m? and 100 pg/m’to perform the CWT analysis. A 2 day
backward (— 48 h) CWT analysis for the four seasons,
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Fig. 10 Seasonal CWT analysis for — 48 h at Rourkela site for PM, 5 in a pre-monsoon, b monsoon, ¢ post-monsoon and d winter seasons,

respectively, during the study period 2009-2014

pre-monsoon, monsoon, post-monsoon and winter, was
performed to identify the source regions, and the CWT
analysis for PM, 5 and PM,, for the four seasons is shown
in Figs. 10 and 11. The seasonal CWT analysis of PM, 5 for
the pre-monsoon season (Fig. 10a) identified Sundergarh,
Sambalpur and Jharsuguda districts of Odisha, Jashpur Dis-
trict of Chhattisgarh and Simdega District of Jharkhand as
the potential source areas. During the monsoon (Fig. 10b),
Sundergarh, Jharsuguda, Sambalpur and Deogarh of Odisha
are the principal source areas. Jashpur of Chhattisgarh, Sam-
balpur, Sundergarh and Jharsuguda of Odisha, and Simdega,
Gumla and Ranchi of Jharkhand are the principal source
areas in the post-monsoon season (Fig. 10c). In winter sea-
son (Fig. 10d), Sundergarh and Deogarh of Odisha, Jashpur
of Chhattisgarh, and Simdega, Gumla and Lohardaga of
Jharkhand are the principal source locations. Lohardaga is
rich in bauxite resources (MSME Report, Lohardaga 2012).

Seasonal CWT analysis for PM,, in the pre-monsoon
season (Fig. 11a) identified Sundergarh and Sambalpur of
Odisha and Jashpur of Chhattisgarh as the principal source
areas. During monsoon (Fig. 11b), Singrauli, Balaghat and
Sidhi of Madhya Pradesh, Gondia, Bhandara, Nagpur and
Chandrapur of Maharashtra, North Chhattisgarh, Simdega,
West Singhbum, Khunti, Ranchi, Gumla and Lohardaga
of Jharkhand, Sundergarh, Sambalpur, Jharsuguda, Deog-
arh, Kendujhargarh, Barjpada, Bargarh, Sonapur, Balangir,
Angul, Mohpara and Bhawanipatna of Odisha are the princi-
pal source areas. Singrauli has a large-scale cement industry
which lies in the northwest direction to the receptor site.
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Balaghat is in the southwest direction to the receptor site
and has various minerals such as copper ore, manganese
ore and stone and its associated industries. Sidhi lies in the
northwest direction and is associated with limestone and
bauxite mineral resources and a large-scale cement industry
(MSME Report, Singrauli 2016, MSME Report, Balaghat
2012 and MSME Report, Sidhi 2012). Gondia, Bhandara,
Nagpur and Chandrapur lie in the southwest direction to
Rourkela. Gondia has minerals such as iron ore and quartz.
Bhandara has manganese ore, quartz and kyanite (MSME
Report, Gondia 2012). Nagpur has coal mines, manganese
ore, dolomite, limestone, iron ore, clay, copper ore and chro-
mites (MSME Report, Nagpur 2012). Chandrapur has coal
mines, iron and limestone mineral resources (MSME Report,
Chandrapur 2012). Chandrapur is associated with India’s
biggest thermal power station based on coal. Apart from the
coal-based thermal power plant, it also has cement indus-
tries, which are responsible for transporting pollutants from
source locations to the receptor site, Rourkela. During the
post-monsoon season (Fig. 11c), Sundergarh, Sambalpur and
Jharsuguda of Odisha and Simdega, Khunti and Gumla of
Jharkhand are the principal source regions. Sources identi-
fied in the CBPF analysis have also been identified in CWT
analysis along with the other moderate sources situated in
different states such as Madhya Pradesh and Maharashtra,
which explains that the state of pollution over Rourkela is not
only because of the strong emission sources present within
the vicinity of the study area but also due to transbound-
ary particulate pollution. Various mineral-based industries
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Fig. 11 Seasonal CWT analysis for — 48 h at Rourkela site for PM, in a pre-monsoon, b monsoon, ¢ post-monsoon and d Winter seasons,

respectively, during the study period 2009-2014

present within a spatial extent of 200 km to the study area
were found to contribute to high pollution during the study
period in all the seasons. Steel and mineral-based industries
(e.g., Bokaro Steel Plant, sponge iron plant, chemical and
fertilizer industries, graphite, quartzite industries, calcium
carbide and lime related industries) are situated in the state
of Jharkhand and located in the northeast direction to the
study area (https://jharkhandindustry.gov.in/mineral-based
-industry). In the southwesterly direction, industries in Jhar-
suguda, Sambalpur and Raigarh are situated within a spatial
extent of 100—200 km from the study area. The world’s sec-
ond largest and India’s biggest sponge iron plant is situated
in Raigarh, which is at a spatial distance of 162 km from the
study area in the southwesterly direction. In the northeasterly
direction, steel and many other mineral-based industries are
situated in the Chhattisgarh districts of Jashpuranagar. In the
west of Rourkela, Korba District which is referred to as the
power capital of India, where a super thermal power plant
is situated at a spatial distance of ~200 km from the study
area. These industries were found to be modulating the PM
concentrations in all the seasons and are identified as the
principal sources by CBPF and CWT analysis.

5.6 Forward Trajectory Analysis

As forward trajectories help in understanding the dispersion
of pollutants from source areas to the receptor sites, 2 days
(i.e., 48 h) forward trajectory analysis was employed in the
present study for the period 2012-2014 (run every 6 h using

30N-

20N

10N;

70E 80E 90E 100E 110E

Fig. 12 Two days forward trajectories for pre-monsoon (red), mon-
soon (black), post-monsoon (blue) and winter (green) for the period
of 2012-2014. A yellow star marks the location of the study area

GDAS 1° data by HYSPLIT4 model), as shown in Fig. 12
for different seasons. From the figure, it can be observed that
the polluted air masses are more likely to contribute to the
pollution of the Indo-Gangetic plain, parts of central India
and eastern states of India in different seasons. Zooming into
local scales, during the pre-monsoon season, the trajecto-
ries pass through the densely populated regions of Odisha
(Angul and Bhubaneshwar) toward the Bay of Bengal in the
southeasterly direction and Madhya Pradesh in the northwest
direction and Jharkhand in the northeast direction.

In the monsoon season, the air masses were found to
be traversing through Madhya Pradesh in the northwest,
Jharkhand in the northeast, and Angul and Bhubaneshwar
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in the southeast direction toward the Bay of Bengal. In the
post-monsoon season, Chhattisgarh and the eastern part
of Maharashtra in the southwest and southeastern part
of Odisha were found to experience the air masses that
originated at the study site. During the winter season, air
masses were found to sink at the southeastern part of Odi-
sha, eastern coastal Andhra Pradesh and western parts of
West Bengal. The analysis indicates that pollutants are dis-
persed mostly in the southeastern parts of Odisha, which
are densely populated regions, in all the seasons. Thus, the
pollution generated and accumulated over the region adds
to the high loads of anthropogenic pollution over a region
of a densely populated area in the State of Odisha, as well
as other nearby states.

6 Conclusion

Identification of potential source regions (local and non-
local) of PM, s and PM,, over the industrial area of Rour-
kela was investigated in the present study using CPF,
CBPF and CWT. Observations indicate that the study
region is humid (relative humidity > 60%) throughout
the year except for a few days of the pre-monsoon season
when high temperatures exist and thunderstorms occur.
The findings can be summarized as follows:

¢ From the annual average ratio of PM, s/PM,,, it is clear
that the residential site, Sonaparbat, is more loaded
with fine mode particles when compared to the indus-
trial sites. When seasonality of ratio PM, 5/PM,, is con-
sidered, the ratio was found to be high at Sonaparbat in
2013 and 2014 and comparable to the ratios of Rour-
kela and Rajgangpur in the rest of the years indicating
the severity of PM, 5 load over the residential site.

e From seasonal pollution roses, CPF and CBPF plots,
winds in the southeasterly (marine in nature) direction
and the northwesterly and northeasterly (continental
in nature) directions were found to be polluted as they
are profoundly influenced by the highly populated, pol-
luted urban and industrial areas by the time they arrive
at the study site. Iron and steel industries, coal-based
thermal power plants and mineral-based industries pre-
sent within the vicinity 200 km from the study area are
identified as the sources.

e CWT analysis identified regions of Odisha, Jharkhand
and Chhattisgarh states, which are rich in mineral
resources, as well as various large-, medium- and
small-scale industries as primary sources for trans-
ported PM, 5 and PM,, over the study region at regional
scales. Along with the industrial air pollution vehicular

@ Springer

exhaust is also responsible for high particulate pollu-
tion over the study area.

e The forward trajectory analysis shows that Indo-
Gangetic plain, central India and eastern India (Odisha,
Jharkhand) are the regions that receive a load of highly
polluted air in the study area. The results show that the
polluted air masses not only impact nearby cities, but
also the cities of neighboring states in a seasonal pat-
tern.

The results are noteworthy for policy makers for assessing
the state of pollutants and improving implementations for a
cleaner environment over the region of study. The results are
also useful for researchers from other regions of the world
for a better understanding of change in pollution concentra-
tion of industrialized areas by keeping the maximum limit
of production with improved fuel inputs, and plant sampling
to prevent pollution beyond the threshold limits over any
region.
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