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Abstract

Reduction in air pollution level was prime observation during COVID-19 lockdown
globally. Here, the study was conducted to assess the impact of lockdown on the
elemental profile of PM;, in ambient aerosol to quantify the elemental variation. To
quantify the variation, phase-wise sampling of air pollutants was carried out using
the gravimetric method for PM,,, while NO, and SO, were estimated through the
chemiluminescence and fluorescent spectrometric method respectively. The elemen-
tal constituents of PM,, were carried out using an Inductively Coupled Plasma Optical
Emission Spectrometer and their source apportionment was carried out using the Pos-
itive Matrix Factorization model. The results showed that PM,,, NO, and SO, reduced
by 86.97%, 83.38%, and 88.60% respectively during the lockdown sampling phase. The
highest mean elemental concentration reduction was found in Mn (97.47%) during
the lockdown. The inter-correlation among the pollutants exhibited a significant asso-
ciation indicating that they originate from the same source. The metals like Mn and
Cu were found at a higher concentration during the lockdown phase corresponding
to vehicular emissions. The comparative analysis of the elemental profile of PM;,
concluded that the lockdown effectuated in reduction of the majority of elements

present in an aerosol enveloping metropolitan like Kolkata.
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and 17%, respectively, in the industrial sites whereas the residential

sites contribute around 42% and 37%, respectively.

Kolkata, which has been one of the fast-growing cities in India, har-
bors more than 14.5 million people including the suburb (Dutta et al.,
2021), which presents various challenges in regards to waste manage-
ment and pollution control. Various sources of heavy metal have been
identified in and around Kolkata like metal industries, tanneries (Karar
et al., 2006), and powerplants (Diong et al., 2016). The study by Gupta
et al. (2007) has estimated that the contribution of coal combustion to

PMyo and total suspended particulate (TSP) matter accounts for 34%

Apart from heavy traffic load and industrial emission, ambient air
quality in Kolkata is heavily influenced by the constant construction
activities within the Kolkata metropolitan area (Barman et al., 2009).
The city also comes under heavy stress during festive seasons like
Diwali where metal concentrations were found to be 70-80 times
higher for Cobalt (Co) and Vanadium (V) compared to normal days
and 25-40 times higher for Copper (Cu), Iron (Fe) and Manganese

(Mn) when compared to normal days, whereas the water-soluble ionic
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components were found to be approximately 1.5-6 times higher (Chat-
terjee et al.,, 2013). A study by Gajghate et al. (2005) shows that the
aerosol metal profile of Kolkata exhibited elements like Lead (Pb), Cad-
mium (Cd), Nickel (Ni), Zinc (Zn), Aluminum (Al) and Iron (Fe), predomi-
nantly present at residential and industrial sites.

These heavy metal concentrations in the aerosol are major factors
responsible for various health complications like cardiovascular dis-
eases (Chen et al,, 2005; Dockery et al., 2005), heavy metal poison-
ing, asthma (Liu et al., 2017), bronchitis (Barnett et al., 2005) and com-
plication during pregnancy and birth defects (Liu et al., 2003). These
complications are extensively studied around the globe emphasizing
the adverse effect on human health. The study by Sangani et al. (2010)
shows that heavy metals even at nanogram (ng) level are potent enough
to diminish blood coagulation time, while Becker and Soukup (2003)
found that air pollutants are responsible for a surge in costimulatory
molecules in the human immune system.

These metals which are also major constituents of particulate mat-
ter have been a major concern for every governing body to improve the
air quality under their jurisdiction. Coincidentally COVID-19 pandemic
was one such moment in recent times where restrictions over most
of the anthropogenic activities paved the much-needed air pollution
assessment in identifying the areas which need the right implemen-
tation of solutions for minimizing the emission of pollutants (Mahato
et al., 2020; Sarkar et al., 2021). The abrupt restriction of anthro-
pogenic activities was implemented in India from March 24, 2020
(Kabiraj & Gavli, 2020; Srivastava et al., 2020), constraining the normal
movement of the population (Gautam & Hens, 2020). Like the whole
country, interstate and intrastate transportation from Kolkata were
suspended till May 3, 2020, which was further extended till June 30,
2020 in areas with large COVID-19 cases categorized as red zones
(Banerji & Mitra, 2021; Nath et al., 2021). During the lockdown, the
Indian railway was operating only freight services to transport neces-
sary goods to various parts of the country. The intracity goods car-
riers in Kolkata were permitted to supply necessary goods to every
corner of the city. The government centers, banks and food process-
ing industries were permitted to operate from June 8, 2020 with a
50% workforce and implementing necessary social distancing norms
(Banerji & Mitra, 2021). The relaxation on interstate transportation,
shopping malls and religious gathering was granted in areas with a
negligible number of cases categorized as a green zone. The weekly
assessment of COVID-19 cases was conducted to designate the red
zones which continued till November 2020. The implementation of cur-
fews and restrictions during lockdown was well studied to assess its
impact on the environment (Sarkar et al., 2021), economy and health
(Banerji & Mitra, 2021). The COVID-19 lockdown improved the quality
of the ambient air around the globe signifying the effect of regulated
restrictions on anthropogenic activities and their impact on human
health (Banerji & Mitra, 2021). Ballygunge, an industrial locality of
Kolkata experienced a reduction in pollutant concentration by approx-
imately six times during lockdown in comparison to the pre-lockdown
phase as quantified by Sarkar et al. (2021) in their study, where they
observed that despite a reduction in pollutant concentration, Bally-

gunge suffered from pollutant load from Garden Reach and small-scale

industries located nearby. These studies on COVID-19 lockdown on
Kolkata and the rest of the world are based on either data acquired
through automatic stations (Dutta et al., 2021; Sarkar et al., 2021) or
from the satellite (Muhammad et al., 2020), which provides the vari-
ation in pollution load but fails to exhibit the proportion of elemen-
tal variation. Therefore, the purpose of this study was to quantify the
impact of lockdown on air pollutants like PMg, NO,, SO, and elemen-
tal profile (Cr, Al, Zn, Fe, Mn, Co, Cu, Pb, Ni and Cd) of the ambient
aerosol in Kolkata during the lockdown.

The intracity goods carriers in
Kolkata were permitted to
supply necessary goods to
every corner of the city

2 | METHODOLOGY

2.1 | Sampling site

The aerosol sampling was carried out in the University of Calcutta’s
Taraknath Palit Siksha Prangan campus (22.526 N 88.363 E) as illus-
trated in Exhibit 1, which is situated in Ballygunge, an urban locality in
the central part of Kolkata. The sampling site is surrounded by clusters
of small-scale industrial units mainly comprised of tanneries and metal
processing units as described by Kabiraj and Gavli (2020) in their study.
They also mentioned the major pollutant contributors as traffic, indus-
trial units and power plants, which was further elaborated in a study
by Sarkar et al. (2021). The sampling site’s close proximation to various
small-scale industries, tanneries and road junctions favored the estab-

lishment of various pollutant sources through aerosol sampling.

2.2 | Sampling schedule

The sampling of ambient air quality was carried out thrice a month with
a gap between two consecutive sampling days in four phases in the fol-
lowing manner:

Normal sampling (NS) phase: October 04-28, 2019 (NS1), Novem-
ber 04-24,2019 (NS2) and December 04-24,2019 (N3).

Pre-lockdown (PL) phase: January 04-24, 2020 (PL1), February 04-
24,2020 (PL2) and March 04-24, 2020 (PL3).

Lockdown (LD) phase: June 04-24, 2020.

Post-lockdown (PT) phase: September 04-24, 2020 (PT1), October
04-24,2020 (PT2) and November 04-24, 2020 (PT3).

The respirable dust sampler (RDS) (Envirotech APM 460NL) and
gaseous pollutant sampler (Envirotech APM 433) were used for the
collection of particulate matter (PMqq), gaseous pollutants (NO,
and SO,) respectively from the ambient aerosol. The duration of
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particulate sampling was carried out for 8 h (daytime: 10:00 a.m.-6:00
p.m.) while gaseous sampling was carried out for 6 h (daytime: 10:00
a.m.-4:00 p.m.) each. The samplers were placed within 3-10 m from
the ground level, 20 m away from nearby trees and at a suitable dis-
tance from the direct pollution source.

2.3 | Lockdown timeline
The LD phase sampling was conducted in June 2020 when limited
intracity traffic was allowed, while from March 24,2020 to May 3,2020
was complete lockdown as mentioned by Gautam and Hens (2020),
which was extended till June 30, 2020 with restriction concentrated in
red zones (Banerji & Mitra, 2021).

2.4 | Monitoring and analysis
The PM4q was collected on a pre-desiccated and pre-weighted glass
microfiber filter (Micro separation) using RDS at an operating flow rate
of approximately 1.2 m3 min~? for 8 h on each sampling day. The con-
centration of the particulate was computed by calculating the net mass
difference over the total volume of air sampled. Gaseous pollutants
(SO, and NO,) from the ambient air were collected by allowing the air
to pass through impingers for 6 h at the flow rate of 1-2 L min'L.

SO, absorbing solution of 0.04 M potassium tetrachloromercurate
(TCM) (10.86 g mercuric chloride, 0.066 g ethylenediaminetetraacetic
acid (EDTA) and 6.0 g potassium chloride in 1000 mL H,0) and NO,

Figure illustrating: (a) Kolkata Municipal Corporation, (b) top view of sampling site and (c) street view of the sampling site [Color

absorbing solution (4.0 g of sodium hydroxide and 1.0 g of sodium
arsenite diluted to 1000 mL with distilled water) were filled into
impinger at the beginning of sampling. The analysis of the SO, absorb-
ing solution was carried out following the fluorescent spectrometric
method using pararosaniline and methylsulphamic acid, whereas NO,
absorbing solution was analyzed by chemiluminescence method using
sulphanilamide, phosphoric acid and N(1-naphthyl) ethylenediamine
dihydrochloride as described in guidelines for quantification of ambi-
ent air pollutants by CPCB (2013). The absorbance of the SO, solution
was measured at 560 nm while NO, was determined at 540 nm (Lodge,
1988). The limit of detection (LOD) and limit of quantification (LOQ)
of gaseous pollutant monitoring was calculated using the following for-
mulas (Equations 1 and 2) from the study by Villanueva et al. (2021):

_3xSD

LOD = b (1)
toq= 22X @

where, SD: standard deviation of blank; and b: the slope of the linear

regression between standard deviation and absorbance.

2.5 | Analysis of metals

The analysis for metals (Cu, Cr, Al, Zn, Fe, Mn, Co, Pb, Ni and Cd)
was carried out using PM filter papers by modifying the prescribed
method by Zalakeviciute et al. (2020), as described in the following
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section. The elemental profile of the aerosol was divided into two cate-
gories:

a. major metals (> 10,000 ngm=3)- Al and Fe.
b. trace metals (< 100 ngm=3)- Cr, Zn, Cu, Ni, Pb, Co, Cd, and Mn.

Approximately 0.05 g of the circular disc was punched out from sam-
ple and blank filter paper, which were then digested using 10 mL of 65%
HNOj in a microwave digester. The digestion program was set as fol-

lows:

Step 1- ramping the temperature to 110°C for 20 min on 1200 W
followed by dwelling time of 5 min.

Step 2- ramping the temperature to 170°C for 15 min on 1200
W followed by dwelling time of 2.5 min, then further ramping
the temperature to 185°C for 3 min on 1200 W followed by

dwelling time of 10 min.

The digested samples were then left for cooling at room tempera-
ture and then the content was diluted to 50 mL using Milli-Q water.
After that the digested samples were filtered using a syringe filter to
eliminate any suspended particles. Each filtrate was then analyzed in
inductively coupled plasma optical emission spectroscopy (ICP-OES)
(Thermo Scientific iCAP-7000) along with the blank filtrate. To attend
the analytical accuracy the experiment was conducted along with stan-
dard reference material of estuarine sediment standard reference
material (SRM) 1646a acquired from the National Institute of Stan-
dards and Technology (NIST) and the percentage recovery was esti-
mated between 92 and 110% and precision less than 5% of relative
standard deviation for all metals and details are incorporated in the
supplementary file (Table ST1).

2.6 | Meteorological data analysis

Meteorological parameters like average temperature (at), relative
humidity (rh), barometric pressure (bp), wind speed (ws) and wind
direction (wd) for the sampling phase were downloaded from Central
Pollution Control Board (CPCB, https://app.cpcbccr.com) which has
an automatic air pollution monitoring station situated in Ballygunge,
approximately one km from the sampling site. Collected data was used
in the assessment of the seasonal variation of pollutants and for the
identification of local pollution sources. The seasonal variation in mete-
orological parameters during the entire sampling phase has been illus-
trated in Figure SF1.

Back-trajectory analysis for long-range air parcels was carried
out using Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT, https://www.ready.noaa.gov/HYSPLIT.php) to find the pos-
sible paths of air mass transportation which may have influenced the
pollution concentration of local source contributors (Guo et al., 2009;
Khobragade & Ahirwar, 2019). The 72 h backward trajectories were
considered for each sampling day computing the arrival of air parcels
at the interval of 6 h (6:00, 12:00, 18:00, and 00:00 (consecutive day)

UTC) at the sampling site following the method described by Bodor
et al. (2020) with slight modifications in arrival heights of 500, 1000,
and 1500 m above ground level (agl) to accommodate the layers due
to thermal inversions created by the Bay of Bengal as mentioned in a
study by Deka et al. (2016).

2.7 | Statistical analysis
The pollutant and elemental concentrations were log4q transformed to
have a homogenous approach. The transformed data were assessed for
normal distribution using a quantile-quantile (Q-Q) plot as represented
in Figure SF2, while two-way analysis of variance (ANOVA) and Dun-
nett’s multiple comparisons test was carried out in IBM SPSS Statistics
(version 25) for their significance among the pollutant means as shown
in Exhibits 2 and 3.

The two-way ANOVA was carried out based on the formula by Pan-
dis (2016):

SSTOTAL = SSA + SSB + SSAB + SSE (3)

where, SStora. : total variance between factors; SS, : variance in factor
A; SSg : variance in factor B; SSpp : variation due to interaction between
factor A and B; and SSg : random variation.

When,

SSy=cn’ Z ()T, —?) (4)

r ¢ — —\ 2
SSAB = n’ Z <)T, - )_(> - <)_(} —)_(> (6)
i=1j=1
Y %)’ 7)
i 1

r
SSe
i=1j=1k=

where ¢ : number of levels of factor B (sampling phase); n’ : number of
replications for each cell; r : number of levels of factor A (pollutants and
elements); Xijk : the value of the kth observation of level | of factor A and
level j of factor B; X: grand mean; X; : mean of ith level of factor A; X;:
mean of the jth level of factor B; and )_(,»j : mean of cell ij. The factors A
and B are assessed for their variance and also any interaction between
them using Equations (3)-(7).

In the present study, data from prior studies were assessed as a
reference in Exhibit 4 to construct the influence of meteorological
parameters is used on aerosol pollutants and elemental species using
a Pearson correlation matrix for the entire sampling phase, while
bivariate polar plots were constructed with the openair package in the
R programming environment to assess the directionality of potential
local pollutant sources concerning wind direction and wind speed
(Bodor et al., 2020). Identification of probable metal sources in aerosol
was assessed using the positive matrix factorization (PMF) method in
PMF 5.0 developed by the United States Environmental Protection
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Agency (USEPA), where the data matrix along with the uncertainty of
each sample was calculated using the process stipulated by Reff et al.
(2007), considering the method detection limit of concentration values
(Yuetal,2013).

The apportionment of different elemental species was carried out
referring to the formulas (Equations 8 and 9) in a study by Jain et al.
(2017), which describes the various components required in the identi-
fication of pollutant sources of a given data matrix. The data matrix was

analysed using the following formula:

p
eXii— ) g fig (8)
k=1
n m ei 2
-3 || 2
i=1j=1 L7

where, Xj: data matrix with a dimension of i (number of samples) by j
(concentration of element species), 3: magnitude of the mass contribu-
tion of each sample by each factor, p: number of factors, f: species frac-
tion, and e;;: residual species in sample i, Q: object function, uj; : uncer-

tainty of j element species of i sample in the matrix.

The above-mentioned formulas were utilized to achieve an optimum
data matrix and their corresponding source profile. To achieve the opti-
mum conditions the model was run 20 times with six factors for each
dataset. A hundred bootstrap-per operation was performed with a min-
imum r2 value at 0.6. Rotation of the base factor for each run was car-
ried out through modulating Fpeak values between —0.5 and 1.5 to find
an optimum source for each metal species. The source apportionment
of each metal species was confirmed by comparing estimated values
with previous references and their strength was estimated using S/N
ratio values as illustrated in the supplementary file (Figure SF3). The
interpretation and graphical representation of the results were done
on actual data using Graphpad Prism version 8.0.2.

3 | RESULT AND DISCUSSION
3.1 | Meteorological study

The distinctive onset of monsoon seasons categorized the sampling

site to have a tropical climate under the Képpen climate classification
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which is also described in a prior study by Gupta et al. (2008). The
seasonal trend of the entire sampling phase can be categorized into
four distinct seasons, winter (NS1-3 and PT2-3), spring (PL1-3),
summer (LD) and monsoon (PT1) (Karar et al., 2006). The mean tem-
perature during the entire sampling phase was 24.81+3.78°C, while
respective sampling phases were observed to be NS (24.05+3.44°C),
PL (21.51+3.63°C), LD (29.46+1.79°C) and PT (27.15+2.53°C),
respectively. The winter months in Kolkata as mentioned in a study by
Diong et al. (2016), is prone to have the highest concentration levels of
pollutants due to the inversion layer convecting closer to the ground
(Gupta et al., 2008). This phenomenon was observed during NS and PT
phases as represented in Exhibit 2, where the concentration levels for
PM4o were observed to be higher in comparison to the LD phase.

The average relative humidity (rh) during the study period was
recorded to be 73.81+11.61%, ranging between 60 and 90%. The mean
rh during the LD phase was found to be 86.11+10.05%, which favor
higher mixing potential and disintegration of PMq into smaller parti-
cles when subjected to relatively higher ambient temperature (Gogikar
etal.,, 2018), thus reducing overall pollution load. The city during the NS
and PT phases predominantly experienced the north-westerly winds
with an average speed of 0.35+0.16 ms~1 initiating the condition of
stagnation and rise in pollution load (Gogikar et al., 2018), while the LD

sampling phase was dominated by south-westerly winds blowing in an

average of 0.49+0.16 ms~! arising from the Bay of Bengal and Arabian
sea (Majumdar et al., 2020), causing a sea-based disturbance and with
ventilation potential resulted in areduction in pollutant concentrations
(Gupta et al., 2006; Karar et al., 2006). As meteorological conditions
play a pivotal role in the dynamics of pollutant dispersion, the aerosol
in the sampling site during LD was found to be dominated by PM4q as
illustrated in Exhibit 2, while the higher PM44/ NO,, ratio in the aerosol
indicates towards emission from the vehicular source (Biswas & Ayan-
tika, 2021), as average wind speed during sampling timeline did not
exceed 1.0 ms~1, thus confirming higher probability of pollution source
to be near the sampling site (Gogikar et al., 2018). The seasonal varia-
tion of pollutants at the sampling site followed the trend of higher con-
centration levels during NS and PT followed by the PL sampling phase,
while a large reduction during the LD phase was observed due to the
combined effect of atmospheric dynamics and anthropogenic activities
(Singh et al., 2020).

3.2 | Particulate matter
The mean concentration levels of PM 45, NO,, and SO, during different
sampling phases are illustrated in Exhibit 2, while the elemental pro-

file of PMyq is illustrated in Exhibit 3. The mean concentration value
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Paragana administrative areas [Color figure can be viewed at wileyonlinelibrary.com]

of PMy, during the study phase was observed to be 141.1+71ugm™3,
while it was observed that in the study area mean PM4 concentra-
tion reduced by 86.97%, 82.12% and 76.19% during the lockdown in
comparison to the NS, PL and PT phase, respectively. The LD phase
was observed to have the PM4q concentration range from 17.51 to
36.53 ugm~3, which corresponds to a reduction of —82.12%. This
reduction is mainly influenced by the combined effect from the higher
mixing layer, low anthropogenic activities (Sarkar et al., 2021) and dis-
integration of PM4q into smaller particles (Gogikar et al., 2018). The NS,
PL and PT sampling phase exhibited the concentration level range of
82.17-546.21 ugm=3, 82.15-272.06 ugm=2 and 60.61-186.77 ugm~3,
respectively, where the concentration levels during NS and PT were
found to be mainly contributed from clusters of small industries (Kabi-
raj & Gavli, 2020), tanneries (Sarkar et al., 2021), thermal power plant
(Biswas & Ayantika, 2021) and vehicular emissions (Banerji & Mitra,
2021).

The Ballygunge as described in a study by Sarkar et al. (2021), expe-
riences poor ambient air quality as pollutant loads from major emis-
sion sources as illustrated in Exhibit 5 tend to accumulate in the lower
mixing layer further complementing the traffic emission extensively
(Bodor et al., 2020). The bivariate polar plots in Exhibits 6 and 7 present
the directionality of major emission sources contributing to frequent
pollutant load in the sampling site. The major contributors of PMq dur-
ing the NS phase were identified as small-scale industrial complexes in
the southwestern part of Kolkata, while the coal-based power plant in
the northwestern direction from the sampling site was found to have a
significant contribution.

In Exhibit 6(b), the major contributors during the PL phase were

quantified to be the vehicular emissions from adjacent road junctions

and metal industries located nearby, while in the LD phase as illus-
trated in Exhibit 7(c), the significant contributor of PM4y was incin-
erator which operational to process local solid wastes. The contribu-
tions during the PT sampling phase were observed to be dynamic as
the relaxation was granted to the population with some exceptional
areas where high COVID-19 cases were observed. The major contrib-
utors in the PT sampling phase were identified as metal processing
units, food industries, and incinerators located in the southern part of
Kolkata.

The bivariate plots for PM4q in Exhibits 6 and 7 indicated that pol-
lutant sources at the sampling site were predominantly emitted from
the vehicular exhaust as a high PMg/ NO, ratio in the aerosol was
observed and the average wind speed throughout the sampling phase
was less than 2 ms~1 (Gogikar et al., 2018), which is a prime factor that
favors the stagnation of the pollutants from a nearby road junction as

in this case.

3.3 | Gaseous pollutants

The mean concentration value of NO, and SO, during the entire study
phase was observed to be 30.70+16.13 ugm~3 and 10.91+4.41 ugm=3,
respectively. The observed values for the reduction in the mean con-
centration of NO, and SO, were (87.61%, 83.38%) and (87.36%,
88.60%) during the lockdown phase in comparison to the NS and
PL sampling phase respectively. The LOD for gaseous pollutants
(SO, and NO,) was estimated to be 1400 ugm=3 and 200 ugm—3
respectively, whereas the LOQ was estimated to be 4000 ugm~2 and

700 ugm~23 respectively, which was found to be in the working range
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(3-2000 ugm~2 to 10000 ugm~3) as prescribed in the study by Vil-
lanueva et al. (2021).

A positive association between PM47/NO, (r =0.21) and PM /SO,
(r = 0.40) in Exhibit 8, during the same phase, implies that PM4q and
NO, are emitted from the vehicular source, mainly due to a signifi-
cant concentration level of NO, in comparison to SO, in the ambient
air (Dimitriou & Kassomenos, 2017). The relative association between
NO, and SO, during the entire sampling phase infers that they are
emitted from two different sources, as discussed in the previous sec-
tion. The bivariate polar plot in Exhibit 6(a) presents the major emis-
sion source in the NS sampling phase for NO, to be vehicular emissions
from traffic junction adjacent to the sampling site (Gogikar et al., 2018),
while for SO, the higher concentration can be observed at the north-
western part of Kolkata which is known to harbor the coal-based power
station as presented in Exhibit 5, thus implying the emission source to
be the thermal power station (Biswas & Ayantika, 2021). The direc-
tionality of NO, and SO, during the PL sampling phase was observed
to be clustered around the center (sampling site) with minor contribu-
tions from metal processing units located in the west of the sampling
site resulting in the accumulation of pollutants under low wind speed
and lower mixing layer as described in a study by Bodor et al. (2020),
regarding the transportation of pollutants in the urban environment.

The back-trajectories analysis of winds during different sampling
phases as illustrated in Exhibit 9 and supplementary file (Figures
SF4-SF6) presented that prominent air parcels during the NS, PL, LD
and PT were in northeasterly; southerly, south-easterly and northerly

direction, respectively. These air parcels were incorporated to iden-

tify emission sources during the LD sampling phase, which in Exhibit 9
can be observed to be predominately from the Bay of Bengal arriv-
ing at heights of 500-1500 meters above ground level (agl) which are
presumed to be low in particulate matter (Gogikar et al., 2018). These
air parcels initiate a higher mixing rate which leads to a reduction in
pollution load as observed during the LD phase. The combined effect
of higher mixing rate with clean air parcel and restriction on anthro-
pogenic activities due to COVID-19 lockdown reduced the NO, and
SO, concentration levels below the permissible limit (80 ugm‘3) as per
National Ambient Air Quality Standards (NAAQS) (CPCB, 2013). The
potential sources as propounded using polar plot were observed to be
identical to these trajectories, where the contributions from vehicular
emission, metal industries (Gajghate et al., 2005) and incinerators as
illustrated in Exhibit 10, dominated concurrently during NS, PL and PT
sampling phase. On the contrary, during the LD phase the major con-
tributors were vehicular emissions and an incinerator (Biswas & Ayan-
tika, 2021).

3.4 | Metal concentrations
The assessment for the abundance of each elemental species observed
during the respective sampling phase is represented in the order of

their mean concentration as followed:

1. NS phase: Fe (3314.4 ngm=3) > Al (2185.37 ngm=3) > Pb
(792.85 ngm=3) > Zn (531.72ngm™3) > Mn (105.25 ngm-3) > Ni
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EXHIBIT 7 Bivariate polar plot of elements in aerosol during (c) lockdown and (d) post-lockdown sampling phase [Color figure can be viewed

at wileyonlinelibrary.com]

(39.58 ngm3) > Cu (18.46ngm=3) > Co (11.41ngm=3) > Cr
(6.7ngm=3) > Cd (3.15ngm3).

2. PL phase: Fe (1407.9 ngm=3) > Al (514.295 ngm=3) > Zn
(447.25 ngm~3) > Pb (270.7 ngm~3) > Cu (23.95 ngm~3) > Ni
(17.84 ngm=3) > Mn (5.32 ngm-3) > Co (4.43 ngm=3) > Cr
(2.5ngm=3) > Cd (0.56 ngm~3).

3. LD phase: Al (522.14 ngm=3) > Fe (322.51 ngm=3) > Pb
(139.5 ngm=3) > Zn (98.51 ngm=3) > Cu (18.51 ngm=3) > Co
(8.21 ngm=3) > Ni (6.14 ngm=3) > Cr (4.39 ngm=3) > Mn (3.65 ngm-
3)>Cd(1.11 ngm=3).

4. PT phase: Fe (18413 ngm=3) > Al (555.78 ngm=3) > Zn
(514.97 ngm=3) > Pb (179.2 ngm=3) > Ni (26.12 ngm=3) > Cu
(11.55 ngm=3) > Co (5.19 ngm=3) > Mn (5.81 ngm-3) > Cr
(4.76 ngm=3) > Cd (0.4 ngm~3).

Complementary to the abundance of elemental species, the mean
concentration of each element during different sampling phases is illus-
trated in Exhibit 3. The reduction in observed mean concentration of
metals during lockdown were in the following order: Mn (97.47%) > Al
(90.33%) > Fe (86.38%) > Ni (82.77%) > Cd (78.57%) > Pb
(78.06%) > Zn (70.38%) > Cu (34.54%) > Co (31.50%) > Cr (24.39%),
when compared with the mean metal concentration for normal sam-
pling phase. Similarly, when comparing with mean concentration of
pre-lockdown phase the reduction for each metal was in the follow-
ing order: Fe (85.31%) > Al (69.08%) > Ni (66.51%) > Zn (65.7%) > Pb
(59.71%) > Cd (41.43%) > Mn (41.02%) > Cu (26.16%). From
Exhibit 8, a significant association between Fe with Pb (r = 0.57) was
observed, indicating that they originate from the same source (Jerice-

vi¢ et al.,, 2019). The intercorrelation between element and pollutants

recommends the homogenous potential pollution sources and are

explained in their respective sections.

3.5 | Source apportionment of elements

In this study, profiling of elemental sources using the PMF-based
method on the dataset was conducted by comparing estimated values
and major elemental markers from previous references as shown in
Exhibit 11. The elemental species were categorized according to their
signal-to-noise (S/N) ratio, where species with values less than 0.5 were
considered as bad whereas, species with values greater than 0.5 but
less than 1 were considered as good and values greater than 1 were
considered as strong species for that sampling phase (Rajput et al.,
2016). The S/N ratio of all elemental species was calculated using PMF
5.0 for each sampling phase and the acquired values suggested that all
elemental species except Cd were strong. The S/N ratio of each ele-
ment is represented in the supplementary data (Figure SF3). The pro-
filing of all elemental sources was carried out using the S/N ratio value
to identify the strong classified elements in comparison with source
profiles from prior studies along with meteorological conditions dur-
ing the sampling phase. The optimization of factors was carried out
by comparing the Qctyal/Qexpected Values for different factors and was
observed that there was a slight decrease in Q-value between six fac-
tors and seven factors solution (7.28 to 6.88). In contrast, there was a
larger decrease in Q-value when five factors solution was compared
with six factors solution (8.49-7.28). This slight decrease suggested
that a solution with six factors was optimum for analysis (Brown et al.,
2015).
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Identified source profiles according to their contribution to total
PM,o mass concentration were soil/resuspended dust (Mousavi et al.,
2018), coal combustion (Gajghate et al., 2005), industrial emission
(Karar et al.,, 2006), vehicular emission (Gu et al., 2011), leather tan-
neries (Rajput et al., 2016) and incinerators (Gajghate et al., 2012). The
identified profiles were further complemented by the HYSPLIT model
by analyzing the air parcels arriving at heights of 500, 1000 and 1500 m
during the lockdown as illustrated in Exhibit 9. The dominating winds
were mainly originating from the Arabian Sea and the Bay of Bengal,
which tend to carry cleaner air and get contaminated as they approach
the urban industrial areas, like Kolkata (Gogikar et al., 2018). This con-
dition favors the assessment of variation in pollutants and their poten-
tial source profile as air columns are trapped into atmospheric inver-
sion (Moreno et al., 2006). The percentage contribution of each metal
species that are estimated for source profiling during different sam-
pling phases is discussed in the following sections and graphically pre-
sented in Exhibit 12 and 13, while detailed information is supplied in
the supplementary file (ST2-ST5).

The first factor of PMF analysis is identified as soil and resuspended
dust particles which is one of the major contributors to total PM4q
load in the aerosol of the Kolkata metropolitan area during the NS
phase (30.64% of total contribution percentage), supplemented pre-
dominantly from heavy traffic loads and construction activities. The
percentage contribution of soil/resuspended dust gradually diminished
to 14.15%, 16.52%, and 16.15% during the PL, LD and PT sampling
phase, respectively, as illustrated in Exhibit 10, which indicates the
impact of sudden lockdown and restriction to anthropogenic activities
resulted in reduced degradation of unpaved roads (Yu et al., 2013). The
major contributing elements during the entire sampling phase were
estimated in the following order Al (60.5%), Cd (52.4%), Cr (44.5%)
and Fe (28.8%), which are mainly emitted from the earth crust and
unpaved roads by ongoing traffic, while the concentration level of Al
was observed to be high during the LD sampling phase due to its abun-
dance in earth crust which tends to get resuspended in form of dust
particles, whereas other metals like Mn, Cu, and Cr were observed

to be present in lower concentration levels mainly generated from
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EXHIBIT 11 Studies on the identification of metal sources from aerosol using various apportionment methods

Reference Year Source Apportionment Method

This study Positive matrix factorization

Guo et al. (2009) 2009 Principal component analysis

Yuetal.(2013) 2013 Positive matrix factorization

Jericevic¢ et al. (2019) 2019 Positive matrix factorization and
conditional Probability Function

Rajput et al. (2016) 2016 Positive matrix factorization

Karanasiou et al. (2009) 2009 Positive matrix factorization

Guetal.(2011) 2011 Positive matrix factorization
Mousavi et al. (2018) 2018 Positive matrix factorization
Wuetal. (2019) 2019 Principal component analysis
Prati et al. (2000) 2000 Principal component analysis
Kumar et al. (2001) 2001 Chemical mass balance model
Larson et al. (2004) 2004 Positive matrix factorization
Han et al. (2006) 2006 Positive matrix factorization

Srivastava et al. (2016) 2016
dispersive X-ray, metal marker
technique

Wau et al. (2020) 2020
factorization

eroding asphalt roads as discussed in a study by JeriCevic¢ et al.
(2019). Likewise, the observed contribution percentage of Pb (19.5%)
in aerosol during lockdown can be directly correlated to soil contami-
nations and its persistence in the soil matrix. The contribution percent-
age of elemental markers for soil/resuspended dust particles like Fe
(0%), Al (22.1%), Cd (9.5%), and Cr (8%) during the LD phase was found
to have decreased relatively in comparison to the NS sampling phases
as presented in Exhibits 12 and 13, which infers that the higher mix-
ing layer and absence of anthropogenic activities was responsible for
the sudden decrease in percentage contributions at the receptor site
(Gogikar et al., 2018).

The second identified source for metals in aerosol is emission from
the coal-based power plant which is located in the western periph-
ery of Kolkata city as shown in Exhibit 5 and observed to have con-
tributed 15.15%, 22%, 14.94% and 23.98% during NS, PL, LD and PT
phase, respectively. Key estimated metal species for source identi-
fication of coal combustion along with their corresponding percent-
age contributions were Ni (2.7%, 30.5%, 15.3%, and 26.9%) and Pb
(2.7%, 21.9%, 15.3%, and 30.4%) during NS, PL, LD, and PT sampling
phase, respectively (Yu et al., 2013). It was observed that during the
LD phase the contribution percentage of the power plant decreased

by ~50%, while in the post-lockdown phase it rose back to the

Scanning electron microscope-energy

Partition computing-based positive matrix 4

Number of

the source

profile Metals

6 Cr, Al, Zn, Fe, Mn, Co, Cu, Pb, Ni, and Cd

5 Al Si, Se, K, Mg, V, Zn, Ti, Pb, Ni, Mn, Na, Ca and Fe

7 Mg, Al, Si, P, S, Cl, K, Ca, Ti, v, Cr, Mn, Fe, Ni, Cu, Zn,
As, Se, Br, Ba, and Pb

5 Ca, Cu,Na, Mn, Mg, V, Cr, Zn and Co

6 Na, K, Ca, Fe, Mg, As, Cd, Cr, Cu, Ni, Pb, Se, V, Zn,
and Mn

6 Cd, Pb, V, Ni, Mn, Cr, Cu, Fe, Al, Ca, Mg, K, and Na

6 Ca, Cd, Ce, Co, Cr, Cu, Fe, K, La, Mg, Mn, Ni, Pb, Sb,
Ti,and Zn

4 Fe, Cr, Cu, and Mn

Sb, As, Cd, Cr, Pb, Mn, Ni, Se, and Ti
Na, Mg, Al, Si, S, CI, Ti, V, K, Ca, Cr, Mn, Fe, Ni, Cu,

Zn Br, Sr and Pb

5 Al, As, Ca, Cr, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, and Pb

8 Al Si, S, Cl, K, Ca,Ti,V, Cr, Mn, Fe, Ni, Cu, Zn, As, Br
and Pb

14 Al, Si, S, Cl, K, Ca, Ti,V, Cr,Mn, Fe, Ni, Cu, Zn, As, Se,
Br, Rb and Pb

4 Ba, Cd, Cr, Fe, K, Mg, Na, Mn, Ni, Pb and Zn

As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn

pre-lockdown level to support electricity-dependent industries located
at different locations in Kolkata city. This variation in elemental contri-
bution percentage mainly corresponds to urban anthropogenic activ-
ities like fossil fuel combustion in power plants which mainly emits
the elements like Pb, Ni, and Mn into the air as previously described
in a study by Kar et al. (2010), which identified the major contribu-
tor of these elements in Kolkata. The variation in source profile can
be observed from Exhibit 7, wherein 7(c) Pb and Ni are observed to be
clustered around the receptor site during the LD sampling phase which
later in 7(d) can be observed to have diverged into different emission
sources like metal processing unit and power station situated in the
southwestern and northwestern side of the receptor site, respectively.
This phenomenon is further enhanced due to the stagnation of aerosol
in the PT sampling phase mainly due to low temperature and low mix-
ing layers closer to the ground which was also described in a study by
Ghermandi et al. (2017).

The third identified source profile is emission from the industrial
complexes which corresponds to markers like Mn, Cr and Ni as an
elemental footprint in the aerosol (Wu et al., 2019). The percentage
contribution of each element was observed to have similar metamor-
phic tendencies when comparing different phases with each other. The

percentage contributions of elemental species were observed to be Mn
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EXHIBIT 12
[Color figure can be viewed at wileyonlinelibrary.com]

(14.8%, 26.9%, and 36.9%), Cr (5.2%, 0.5%, and 7.5%) and Ni (2.1%,
17.7%, and 15.2%) during PL, LD, and PT phases, respectively. The con-
sistency in elevated concentration levels of elements from industrial
sources during lockdown signifies the emission from food processing
units at the south-western direction of the sampling site (Exhibit 5),
along with other micro and small industries that were excluded from
the embargo during the LD sampling phase. Elevated concentrations
levels of Fe and Pb in Exhibit 7(c) suggest that the consistencies in emis-
sions from metal processing units close to the sampling site were prime
contributors during the LD phase, whereas the elements like Mn, Ni
and Cr are metal markers for the metal processing industry (Kar et al.,
2010). The presence of these metals during LD phase indicates that
few of these processing units were functional either in the reduced
workforce or in various shifts to compensate for the loss due to sudden
restrictions.

The fourth source profile is identified as vehicular emission mainly
comprising elements like Fe (Guo et al., 2009), Mn (Yu et al., 2013),
Co, Zn, Pb (Rajput et al., 2016), Al and V (Shi et al., 2011), identi-
fied from Exhibit 11 which comprises of different analytical methods
utilized in the identification of elemental markers for aerosol. It was

observed in this study that there was a significant reduction in metal

A rendbadicn

PMF source profile of metals in aerosol during (a) normal (NS1, NS2, NS3) and (b) pre-lockdown (PL1, PL2, PL3) sampling phase

concentration load during the LD phase which contributed approxi-
mately 9.45% of the total PM g load in the aerosol. An abundance of Fe
(33.1%), Mn (29.8%), Co (19%) and Cu (12.3%) in aerosol even during
the LD phase suggests their origins to be the oil combustion (Guo et al.,
2009), rubber tires (Kar et al., 2010), catalytic converters and dust par-
ticles from goods carrying vehicles assigned for transporting the neces-
sary supplies in and out of the city. The Pb here in the study in Exhibits
6 and 7, corresponds to the secondary emission due to wear and tear
of the tires that disintegrates the contaminated soil surface as Pb has
a long residence time in the environment (Kar et al., 2010). The relax-
ation in restriction during the PT phase further enhanced the concen-
trations of these metals in the aerosol, with an average proliferation of
~3.73+0.6% in the contribution percentage.

The fifth emission source is identified as clusters of tanneries close
to the sampling site which is known for its contribution towards flour-
ishing commerce and metal load present in the aerosol. The major
metal marker for tanneries is Cr along with Fe’s significant contri-
bution percentage (Rajput et al.,, 2016). The estimated percentage
of Cr from these sources were 28%, 29%, 33.3% and 0% for NS,
PL, LD and PT sampling phases, respectively. The contributions from

leather tanneries were found to have a significantly moderate emission
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figure can be viewed at wileyonlinelibrary.com]

percentage in the first three sampling phases: NS (17.46%), PL
(24.79%) and LD (23.78%) as illustrated in Exhibit 10. On contrary, dur-
ing the PT phase, source contribution was found to have reduced to its
minimum (6.46%) which must be due to the decreasing market demand
with surplus hide products. The emission source during the LD phase
can be correlated from Exhibit 7c, that the major pollutants traveled
from tanneries located in the south-eastern direction from the sam-
pling site which comprises homegrown processing units.

The sixth source profile is recognized as incinerators which con-
tributed to total PM g load with a fraction of 11.7%, 23.49%, 16.89%
and 13.55% during NS, PL, LD and PT, respectively. The significant
increase in elemental concentration levels during lockdown at the
receptor site was due to the lack of proper waste collection services,
which resulted in the flaming of garbage at the dumpsites designated at
every residential colony. It was also observed that the mean concentra-
tion levels of Cr (3.976+0.0182 ngm~=3) and Cd (0.175+0.593 ngm~3)
decreased by ~1.45 times during the post-lockdown phase in com-
parison to the lockdown phase. These improvements in concentration
levels are directly related to the ease of restrictions on waste manage-
ment units, which carried out the disposal of waste more efficiently.

The source apportionment analysis in this study is carried out to find
the probable sources following the well-established elemental mark-
ers for the identification of secondary pollutants constituting PM4q
present in the aerosol. The source profiling of PM4q according to its

elemental constituents helped in validating the elemental variance that
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PMF source profile of metals in aerosol during (c) lockdown (LD) and (d) post-lockdown (PT1, PT2, PT3) sampling phase [Color

occurred due to the COVID-19 lockdown which presented the possi-
bility to quantify the changes in the aerosol. The major finding of this
study through PMF modeling is the pollutant trend that is observed
between PMg and the elements which were also observed in a prior
study by Kar et al. (2010), on the elemental profile of Kolkata city.

4 | CONCLUSION

This study presented the quantified variation in the PM45, NO,, SO,
and source apportionment of elemental profiles of the PM4q at the
Taraknath Palit Siksha Prangan, Ballygunge, a locality in Kolkata city
during the nationwide lockdown. The lockdown sampling phase was
conducted in the summer season which exhibited the higher tempera-
ture and south-westerly winds at the average speed of 0.49+0.16 ms—1
arising from the Bay of Bengal and Arabian sea, which favored the
higher ventilation potential, which resulted in a reduction in pollutant
concentrations in the study area. The observations from this study
exhibited that there was an overall reduction in PM4q during the lock-
down phase, which is observed to be 82.12%, while NO, and SO,
reduced to 87.61% and 87.36% in comparison to the normal sam-
pling phase. The major source of metal species in PMq accounted
for soil/resuspended dust emission followed by coal combustions at
19.36% and 19.01%, respectively. The high load of Fe and Al was due

to abundance in soil along with the disintegration of vehicular parts
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and building materials. Elements during lockdown such as Pb, Ni and
Cd were observed to be heavily contributed by the vehicular emis-
sion, industrial complexes and tanneries in and around the Kolkata city
premise.

The concentration of Pb was found to be elevated throughout the
study period implying that it is emitted largely from the soil and auto-
mobiles, whereas the reduction in the concentration level of Cd and
Cr from incinerators during the post-lockdown phase suggest that due
to the inaccessibility of waste management facilities, the population
started to incinerate the household waste in the respective local dump-
sites. The lockdown facilitated us with the opportunity to evaluate the
steps needed for minimizing air pollution through restrictions and its

potential to improve air quality on a large scale.
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