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Abstract

Air quality in an urban atmosphere is regulated by both local and distant emission sources. For air quality management in
urban areas, identification of sources and their relationships with local meteorology and air pollutants are essential. The criti-
cal condition of air quality in Indo-Gangetic plain is well known, but lack of data on both local and distant emission sources
limits the scope of improving air quality in this region. Concentrations of particulate matter of size lower than 10 pm (PM,,)
were assessed in the highly urbanized Varanasi city situated in middle Indo-Gangetic plain of India from 2014 to 2017, to
identify the distant air pollution sources based on trajectory statistical models and local sources by conditional bivariate
probability function. Modifying effects of meteorology and air pollutants on PM,, were also explored. Mean PM,, concen-
tration for the study period was 244.8 + 135.8 pg m~>, which was 12 times higher than the WHO annual guideline. Several
distinct sources of traffic as the major source of PM,, were identified in the city. Trajectory statistical models like cluster
analysis, potential source contribution function and concentration-weighted trajectory showed significant contributions from
north-west and eastern directions in the transport of polluted air masses to the city. Dew point, wind speed, temperature and

ventilation coefficient are the major factors in PM,, formation and dispersion.
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Introduction

Particulate matter (PM) is one of the leading health risk fac-
tors apart from its negative effects on plants, ecosystems and
climate (Mukherjee and Agrawal 2017; Von Schneidemesser
et al. 2015). Most of the urban areas are facing severe air
quality problems due to PM (WHO 2016). PM in an urban
environment depends upon local and long-distance sources,
prevailing meteorology, land use type, the presence of other
air pollutants and industrial emissions (Mukherjee and
Agrawal 2017). Air quality guidelines, strict emission con-
trol and sustainable development measures have reduced PM
levels, but lack of source identification and unavailability
of long-term measurement data have narrowed the scope of
air quality improvements in the developing countries. Indo-
Gangetic plain of India is one of the heavily polluted regions

P< Madhoolika Agrawal
madhoo.agrawal @ gmail.com

Laboratory of Air Pollution and Global Climate Change,
Department of Botany, Banaras Hindu University,
Varanasi 221005, India

of the world (Mukherjee and Agrawal 2017; Sharma et al.
2016). Research publications have pointed out the problem
of PM pollution due to anthropogenic emissions and climatic
factors, but studies related to long-term measurement data
considering both local and distant sources and their relation-
ships with prevailing meteorology and other air pollutants
are still limited.

PM is emitted along with other gaseous pollutants, and
therefore knowledge of other emission sources along with
local sources is important in identifying pollution pattern in
an urban environment. Source-receptor modelling is one of
the most convenient ways to assess local air quality in rela-
tion to both short and distant sources based on local wind
sector and back trajectory analysis. Based on the above facts,
a 4-year continuous monitoring data was assessed to identify
PM,, (particulate matter < 10 pm) status, exceedances, local
and distant sources, role of meteorology and other air pol-
lutants in modifying PM levels in urban areas of Varanasi
city located in middle Indo-Gangetic plain in India, utiliz-
ing source-receptor modelling approaches (bivariate condi-
tional probability function for local sources and trajectory
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statistical models, i.e. potential source contribution function
and concentration-weighted trajectories for distant sources).

Materials and methods
Study site

For analysis of PM,, status and sources, a highly urban-
ized city of Varanasi was selected. The city is located at
25.3176°N latitude, 82.9739°E longitude and 80.71 m above
mean sea level in middle Indo-Gangetic plain in the north
Indian state of Uttar Pradesh in India. Varanasi is ranked
29th in urban agglomeration ranking in India with an urbani-
zation rate of 31.16% in 2011 (Census of India 2011). PM
monitoring station in Varanasi is located at 25.3505°N lati-
tude and 82.9783°E longitude in the northern sector of the
city which is surrounded by heavy commercial and resi-
dential areas. The monitoring station is also surrounded by
many small roads and two major national highways, 28 and
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Fig. 1 a Map of study area showing Varanasi city and location of air
quality monitoring station in the city. b Windrose diagram for the
study period indicating south-west as major wind direction at high
wind speed. ¢ Box-and-whisker plot showing monthly variations in
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31 in both south-west and eastern directions from the moni-
toring site (Fig. 1).

Data collection and analysis

Air quality (PM,,, PM, s [particulate matter < 2.5 pm], SO,,
NO,, CO and O;) and meteorological data (wind speed, wind
direction, temperature and relative humidity) for the period
from July 2014 to May 2017 were downloaded from Central
Pollution Control Board public database (cpcb.nic.in). For
assessment of the relationship between air quality and other
meteorological variables (dew point, rainfall and sunshine
hours), data were collected from woundweather.com Web
site for Varanasi city and from Banaras Hindu University.
Planetary boundary layer height and ventilation coefficient
were calculated from global data assimilation system mete-
orological data. Before the data analysis, data were scruti-
nized for outliers, normality and inconsistency by frequency
analysis.
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Source apportionment
Conditional bivariate probability function

Source apportionment of PM,, for local and short-range
sources was performed using conditional bivariate probabil-
ity function, which assesses the probability of a wind direction
and speed with specific pollutant levels. Pollutant concentra-
tion data are divided into cells defined by different ranges of
wind direction and speed and calculated by following formula:

CBPF g oy = (mpg ap/c 2 X)/npg v

where CBPF represents conditional bivariate probability
function, myg 5y represents the number of samples in the
wind sector A with wind speed interval AU having concen-
tration (c) greater than a threshold value x, np4 4 is the total
number of samples in that wind direction—speed interval.
More details about the method are described in Uria-Tella-
etxe and Carslaw (2014). Conditional bivariate probability
function was performed through openair R package (Carslaw
and Ropkins 2012) in r statistical software.

Trajectory statistical models

Backward trajectories were run for 96-h duration for the
measurement period from July 2014 to May 2017 each
day at intervals of 6 h employing the Hybrid Single Parti-
cle Lagrangian Integrated Trajectory (HYSPLIT) model 4
(Draxler and Hess 2004) with the global data assimilation
system meteorological data as input having a one-degree
horizontal resolution at an elevation of 500 m above ground
level. Cluster analysis was performed using PC version of
HYSPLIT based on spatial variance computation between
each endpoint of trajectory.

Potential source contribution function

Potential source contribution function is a receptor model
which associates meteorological data with air pollution
monitoring data to create probability values for determin-
ing areas of potential source contribution. If a source region
located at (i, j coordinates) and an air parcel is passing
through that location, it is probably above a percentile value
of 75 or 90 that pollutant from the source location can be
collected and transported via the trajectory to the receptor
site and calculated as

My
PSCF; = —

1
where PSCF represents potential source contribution func-
tion, n;; is the total count of trajectory endpoints in the ijth
cell and m; is the count of trajectory endpoints in the ijth cell
associated with concentrations above the defined threshold.

Concentration-weighted trajectory

This is similar to potential source contribution function
except it accounts for a residence time of trajectories instead
of presence and absence of trajectories and calculated as

n
- 1
Tijk k=1

where C represents concentration-weighted trajectory, C, is
the concentration associated with trajectory endpoints in the
ijth cell and 7 is the resident time of trajectory endpoints
in the ijth cell. Source trajectory analysis was performed
through ZeFir v.3.40 (Petit et al. 2017) in Igor pro (wave
metrics) v6.3 software. Trend in PM,, for 2014-2017 was
analysed by Mann—Kendall test, and slope of the trend was
estimated by Sen’s slope (a nonparametric linear regression
model). Hierarchical multiple regression was performed by
SPSS software (SPSS Inc. version 23.0, IBM Corp, Armonk,
NY).

Results and discussion
PM status and exceedances

Out of the total monitoring period of 1066 days (July
2014-May 2017), data of 823 days (77.20%) were assessed
for PM,, status and exceedances. The mean PM,, concentra-
tion for said period was 244.8 (+ 135.8) pg m~> with values
ranging between 19.28 and 816.1 pg m™. Mean concentra-
tion was, respectively, 4.081 and 12.24 times higher than the
annual standard of Central Pollution Control Board, India
(CPCB 2009), and World Health Organization (WHO 2005).

PM,, concentration varied significantly with the season
(p < .05), but variations were non-significant for years.
Mean PM,, concentration was maximum in the winter sea-
son (354.4 + 92.85 pg m‘3), which were 4.539, 2.095 and
1.725 times higher than monsoon, post-monsoon and sum-
mer seasons. Most of this seasonal variation is attributed to
planetary boundary layer height and other meteorological
variables discussed in the later section of this paper. For the
entire analysis period, PM,, level exceeded the Central Pol-
lution Control Board annual and 24-h standard for ~ 93 and
82% days, whereas WHO 24-h standard was exceeded by
~96% of days. Exceedance of annual Central Pollution Con-
trol Board standard was maximum during winter (100%),
followed by summer (99.50%), post-monsoon (94.04%) and
was least in monsoon season (78.81%). Higher PM,, con-
centrations and exceedances are not unusual for this region,
as previous reports by Mukherjee and Agrawal (2017)
and Sharma et al. (2016) have also observed higher PM,,
concentrations and exceedances in Indo-Gangetic plain.
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Fig.2 Conditional bivariate probability function plots for different plays probable source areas with high probability in different direc-
concentration intervals of PM,, at the air quality monitoring site of tions from centre monitoring site with corresponding values in scale
Varanasi city for the period 2014-2017. Red to light green colour dis- bar. CPF—conditional probability function
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Varanasi is ranked 30th among Indian cities based on PM,
levels of global cities (WHO 2016).

After monsoon, PM,, concentration started to increase
and showed peak concentration around January and then
gradually declined from February to March and again
showed elevation in April then followed a steep decline from
May to July and remained constant up to August. In post-
monsoon season, a sudden elevation was also recorded dur-
ing months of September to November (Fig. 1¢). Among the
days of weeks, not much variations were recorded, but maxi-
mum value was recorded on Saturday and least on Sunday.

Time series analysis of PM,, based on Mann—Kendall
test and Sen’s slope showed a non-significant increase of
31.58 pug m~ during the studied period. When time series
trend was considered for different wind directions, a non-
significant increasing trend was observed for most of the
wind directions with a maximum increase from south-west
direction (highly commercial region of the city). A signifi-
cant positive increment of 64.66 pg m~> was also recorded
from south-east direction that may be due to increase in con-
struction activity in this part of the city in last few years.

Local PM,, source apportionment

The polar plot for entire data set showed two major source
areas contributing maximally to the receptor site. The first
sources are located in south-west direction under stable
atmospheric condition (low wind speed) representing emis-
sion from local traffic, and the second sources under high
wind speed are also located towards south-west direction
representing emissions from the city centre (Fig. 2). When
conditional bivariate probability function was run for differ-
ent concentration intervals, several sources were detected. At
lower interval (0-20% of data), diffused sources (lower prob-
ability values) are found from easterly direction at higher
wind speed suggesting emission from nearby national high-
ways, 28 and 31, whereas sources at moderate wind speed
were located at south-east directions which intersect another
busy road in the city with heavy commercial activity.

At the interval of 20-40%, two distinct sources were
identified, one north-east, 4 km from the receptor site rep-
resenting emission from traffic due to national highway 28
and another source from south-west direction where the
industrial area of the city is located. At higher intervals
(50-60%), sources were located towards north-west direc-
tion from receptor site; at the maximum interval (70-100%),
all the PM sources were diffused and probably represent
traffic areas at low wind speed mostly towards south-west
direction from receptor site (Fig. 2). It is clear from the study
that local sources were mostly due to traffic and road dust
from major roads in the city and also from local combustion
activities, whereas contribution from industries is minor as
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Fig.3 Cluster analysis of backward air trajectories representing 96-h
back trajectory clusters arriving at Varanasi city at 500 m above sea
level during the period 2014-2017. The coloured lines represent the
mean trajectory of each cluster, and values in parenthesis denote the
percentage occurrence of backward air trajectories of each cluster.
Cluster 1 located north-west of Varanasi city is the major trajectory
pathway

the industrial area is mostly related to storage activity with
minor air pollutant emissions.

Distant source assessment of PM, , by trajectory
statistical models

Cluster analysis of 96-h back trajectory data revealed 4
major air mass transport pattern reaching to Varanasi city.
Four major clusters were further checked for their statistical
significance based on Kruskal-Wallis test and were found
significant at p < .05. Cluster 1 was the major cluster repre-
senting 53% of the total frequency which typically followed
a longer flow pattern from north-west direction, suggest-
ing its fast-moving nature. Cluster 2 (8%) showed pathway
from the central region of India, originating from south-
west direction with long transport pattern. Cluster 3 (26%)
showed short transport patterns, indicating slow-moving air
masses from eastern direction. Cluster 4 (13%) originated
from the Bay of Bengal and followed a long curve pattern
from south-east direction before reaching to the receptor site
(Fig. 3).

Potential source contribution function and concentration-
weighted trajectory found that at high probability, polluted
air masses to Varanasi city originated from north-west, east
and south-east directions (Fig. 4). In the summer season,
higher concentrations were contributed from north-west,
north-east and eastern directions. Long-range air masses
were also detected from adjoining regions of Pakistan and
Afghanistan, with major dense sources located within urban
areas in upper Indo-Gangetic plain. In monsoon season,
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Potential Source Contribution Function

— ~

Fig.4 Potential source contribution function and concentration-
weighted trajectory maps for PM,, arriving at 500-m altitude at Vara-
nasi city in different seasons. The Varanasi city is marked in circle,

major air masses bringing polluted air to receptor site were
from north-west, south-east and north-east directions. Major
areas in these regions are Delhi (capital of India), states of
Haryana and Punjab, areas adjoining Varanasi district in
north-west directions. The major source areas in east and
south-east directions are from the states of Chhattisgarh,
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Concentration-Weighted Trajectory
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and values are displayed in colour scale with dark reddish brown col-
our indicating greater source potential and contribution of PM,, to
monitoring site. (Color figure online)

Bihar and Orissa and the Bay of Bengal. Post-monsoon
season showed the unidirectional movement of polluted
air masses predominantly from north-west direction. Dur-
ing winter season, higher PM was mainly originated from
upper Indo-Gangetic plain and eastern region of Pakistan in
north-west direction. PM,, was also contributed by Bihar
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and Chhattisgarh states due to the cycling of air masses in
these areas at low planetary boundary layer height.

Most of the regions from where air masses travelled are
identified amongst the most polluted regions of the world
(WHO 2016). Several cities located on the air mass path-
ways are highly urbanized and industrial. In post-monsoon
and winter seasons, entire north-west region is a huge source
of biomass burning emissions from states of Punjab, Hary-
ana and Uttar Pradesh, which bring higher PM mass to Vara-
nasi. In summer season, a significant portion of PM is also
added due to Thar Desert bringing a huge amount of desert
dust to middle Indo-Gangetic plain (Mukherjee and Agrawal
2017). We also found sources from eastern direction which
were mostly emitted through intensive burning activity and
from mining operations in these areas.

Based on the data of cluster analysis, we calculated the
ratio of local and distant sources contributions to PM,,. The
ratio varied from 0.09 to 0.59 during the entire study period,
suggesting a significant contribution of distant sources to
local PM,,. The contribution was maximum during winter
(39%) and was least during monsoon (9.4%). During the
study period, we found mean PM, s/PM,, ratio of 0.47 indi-
cating a significant proportion of PM, 5 in PM,,. The ratio
varies with different emission sources, and a lower ratio is a
marker of natural sources (windblown or road dust), while
higher value of the ratio indicates towards anthropogenic
sources (vehicular emissions, biomass burning and industrial
emissions) because PM, 5 emissions are normally higher
from anthropogenic sources.

Role of meteorology and gaseous air pollutants

Hierarchical multiple regression was performed on normal-
ized data of both air pollutants and meteorological variables
by the stepwise approach to assess explained variability in
PM,, (dependent variable) by independent variables (mete-
orological factors and air pollutants). Adjusted R? for model
1 which includes average dew point, wind speed, ventila-
tion coefficient, minimum humidity, maximum and mini-
mum daily temperature and planetary boundary layer height
explained 68.5% variability in PM,, data due to meteorol-
ogy, whereas model 2 representing air pollutants (CO, NO,
and SO,) explained 7.3% variability. This result suggests that
PM,, dispersion or formation is regulated mostly through
meteorological variables. Among the meteorological factors,
PM,, showed maximum association with dew point followed
by wind speed, temperature and ventilation coefficient. Dew
point and temperature affect PM formation and removal,
whereas wind speed and ventilation coefficient regulate PM
dispersion.

Conclusion

PM,, concentrations in the urban area of Varanasi city were
found to be critical with respect to national and international
standards. Time series study showed a positive non-signif-
icant trend in PM,, level. Traffic and road dust were identi-
fied as the major factors for the local increases in PM,,.
Trajectory statistical models like cluster analysis, potential
source contribution function and concentration-weighted tra-
Jectory identified the significant contributions of PM,, from
north-west and eastern directions through the transport of
polluted air masses to Varanasi city. It is clear from our study
that PM,, concentrations and variations are mostly regulated
by local and distant emission sources and meteorological
factors. Reduction in traffic emission and identification of
other minor sources in local level and strict legislation at
national level to reduce crop burning and industrial emis-
sions in Indo-Gangetic plain are required to prevent exces-
sive PM pollution in the region.
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