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Characterization, sources, and atmospheric
transformation of a few key short-lived climate
pollutants (SLCPs) at a rural super-site in the Indo-
Gangetic Plain (IGP) of India¥
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Mattias Hallquist, © 3 Gazala Habib,® Geetam Tiwari,® Jan B. C. Pettersson, & ¢
Johan Boman,® Hakan Pleijel*® and Ravi Kant Pathak & *2°

The Indo-Gangetic Plain (IGP) region of India faces some of the most severe air pollution problems on Earth
that threaten human health, food security, ecosystems, environmental sustainability, and the climate. The
aim of this study is to identify and characterize the sources of key short-lived climate pollutants (SLCPs)
— black carbon (BC), brown carbon (BrC), and ozone (Os) — as well as other pollutants [carbon
monoxide (CO) and nitrogen oxides NOx = NO and NO,], and interlinked atmospheric processes of their
formation and transformation at our long-term air pollution monitoring station in a remote rural IGP site,
the Indo-Gangetic Plains Centre for Air Research and Education (IGP-CARE). Because of its location,
measurements acquired at IGP-CARE provide otherwise new information on the key SLCPs in the IGP
region at a remote and rural location. The year-long measurement data at this remote site provided new
insights into the variability of SLCP concentration and interlinked atmospheric processes that affect air
quality in the rural IGP region. Thirteen episodic events (E1-E13) of elevated BC and BrC concentrations
were identified, which can largely be attributed to the local biomass burning activities in the neighboring
rural communities. It is suggested that high concentrations of BrC were mostly primary in nature and
thought to be co-emitted with BC from biomass burning. Also, secondary pollutant tropospheric Oz
showed elevated concentration. Oz peaks were mostly attributed to local ozone formation. Nevertheless,
on several occasions, Oz emission was also attributed to regional urban areas. This study's most
important finding is that BrC concentrations were relatively high throughout the year with very
pronounced diurnal variation with distinct morning and evening peaks in general and a minimum at
around noon time; this is hypothesized to be associated with daytime photochemical processes.
Analyses using a conditional bivariate probability function (CBPF) and potential source contribution
function (PSCF) suggest that regional sources likely affected the local concentrations of SLCPs. These
results partly explain the high concentrations and spatial distributions of SLCPs at the local and regional
scales at the IGP-CARE site in winter and autumn. In contrast, in the summer and monsoon seasons,
strong convection likely favored the dilution of pollutants.

Air pollution by short-lived climate pollutants (SLCPs) such as black carbon, brown carbon, and ozone poses a severe threat to human health and food security
and may exacerbate problems caused by global climate change. India’'s Indo-Gangetic Plain (IGP) region has one of the world's highest air pollution burdens, but

data on seasonal trends in SLCP levels in this region and their dependence on meteorological factors, atmospheric chemistry, and local and regional emission

sources is lacking. This work is significant to atmospheric science because it presents a large set of measurements of atmospheric SLCP concentrations and

related factors in the rural IGP region over the course of a year and clarifies their sensitivity to various emission sources and atmospheric processes.
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1. Introduction

Short-lived climate pollutants (SLCPs) have shorter lifetimes in
the atmosphere than greenhouse gases (GHGs) but have
important effects on climate change and human health.">
SLCPs include atmospheric aerosols containing black carbon
(BC), organic carbon (OC), sulfate, and nitrate, and gases
including tropospheric ozone (O;), methane (CH,), carbon
monoxide (CO), nitrogen oxides (NOy), sulfur dioxide (SO,), and
hydrofluorocarbons (HFCs).? BC, O3, and CH, cause warming of
the atmosphere whereas OC enhances atmospheric cooling.
Among the SLCPs, BC (a component of soot) is produced by
incomplete combustion of fossil fuels, solid biomass fuels, and
agricultural residues, which absorb sunlight and warm the
atmosphere. In addition, BC affects the radiative properties of
both clouds and snow/ice cover.** More recently, a fraction of
organic aerosols has been termed “brown carbon (BrC)”, which
also absorbs light more strongly, and is a plausible cause of
radiative effects on the energy balance.®® BrC is co-emitted with
BC from the combustion of biomass and fossil fuels and also, it
is considered as a component of secondary organic aerosols
(SOA). Thus, BrC originates from both primary and secondary
sources; it comprises emissions from biomass burning. BrC has
a wide range of physicochemical and optical properties that are
difficult to be generalized,'>"* and also includes water-soluble
organic compounds (WSOC)."* In the atmospheric aerosol,
some fraction composed of mineral dust can also weakly absorb
light.*

Another potent SLCP, tropospheric O, is a typical secondary
pollutant in the atmosphere and poses a serious threat to
human health" ¢ and vegetation.”*®* BC and co-emitted species
undergo a variety of photochemical transformations that
increase tropospheric O; and SOA."?** However, BC interacts
with O; precursors (e.g. CO, NOy, and non-methane volatile
organic compounds (NMVOCs)), and increases BC absorption
under favorable meteorological conditions.>**

The IGP region of India harbors a population of about 750
million,”*** many of whom burn residential biomass to meet
some of their daily energy needs. Open biomass burning is one
of the major sources of BrC,* and it is also expected in rural
parts of the IGP of India. Approximately 80% of rural house-
holds in the IGP region use unprocessed solid biomass fuel
such as wood, dung cakes, and agricultural residues for
domestic cooking and space heating.”>*’

Consequently, it is a major “global hotspot” of biomass
burning and SLCP production, which results in the formation of
atmospheric brown clouds (ABC).**** In winter, the persistent
ABC over the IGP region has a remarkably high content of key
SLCPs and has significant adverse effects on regional air quality,
climate, human health, and food security.'®**?*° The levels of
these key SLCPs appear to originate from open biomass
burning, on-road transport, domestic burning, industrial sites,
brick kilns, and crop waste burning. These SLCPs can be
transported over long distances, and they can adversely affect
otherwise pristine areas with low levels of SLCP production,
depending on the wind speed and direction. Previous studies
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have shown that during a 5 month period (November to March)
extending from late autumn to early spring, large quantities of
SLCPs accumulate over the IGP region** and Central Hima-
layas.?*” Several studies on SLCPs including BC and O; have
been previously reported for urban regions of the IGP, e.g. Delhi,
Kanpur, Varanasi, etc.***° Few short-term studies in rural IGP or
remote areas showed significant variability in BC and BrC
concentrations.*»*> The BC optical properties and morphology
can be significantly altered through condensation of SOA on
BC.**** These studies outlined that BC light absorption
enhancement can contribute to the higher warming potential of
the BC.****> Due to the diversity of potential SLCP precursors,
rural anthropogenic activities, and the complexity of atmo-
spheric chemistry, there persist knowledge gaps about the long
term atmospheric evolution and transformations of BC, BrC
and O; in rural areas of the IGP. Therefore, long-term
measurements are needed to elucidate the formation, trans-
formation, and variation in concentration of BC and BrC, Og,
and SOA as well as the chemical processes connecting these
species. However, very few long-term measurement/observation
campaigns have been previously conducted in the rural IGP
region. To address this gap, we established IGP-CARE, the first
dedicated long-term atmospheric pollution measurement
station in the rural IGP. Here we present measurements of key
SLCPs including BC, BrC, and ozone precursors, and analyze
their seasonal and intra-annual variations to identify the
atmospheric processes and chemical reactions governing the
evolution of SLCP levels. We also investigate the transformation
of BrC and it provided insights into the impact of meteorolog-
ical factors on SLCPs.

2. Materials and methods
2.1 Site descriptions and real-time instruments

To facilitate long-term measurement of SLCPs in the IGP region,
a new monitoring site was established in 2016 in a rural area.
This site, the Indo-Gangetic Plains Centre for Air Research and
Education (IGP-CARE), is situated in agricultural fields adjacent
to a forest by the River Burma (a tributary of the River Betwa)
surrounded by six villages in the Hamirpur district of Uttar
Pradesh (25° 48’ 55.5” N; 79° 55’ 07.5” E), India (see Fig. 1). The
major sources of BC and other co-pollutants near this rural site
are burning of solid biofuels (e.g. wood and dung cakes) and
agricultural residues for domestic cooking and space heating.
The study site is remote/rural and therefore, there are no major
sources of fossil fuel combustion such as DG sets/vehicles/wick
lamps nearby. The nearest roadside/highway (SH-42) is
approximately 10 km away from the IGP-CARE station. There-
fore, this rural site has insignificant emissions from combus-
tion of fossil fuels such as coal, diesel, and gasoline as
compared to other locations of the IGP region.

Real-time long-term measurements of SLCPs have been
conducted continuously at the IGP-CARE site since January
2017. The dataset examined in this study covers the period from
January 2017 to December 2017. Ecotech analyzers (ACOEM
Group, Melbourne, Australia) were used to measure O;
(Serinus® 10 model), NOx (Serinus® 40 model), and CO
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Fig. 1 The rural Indo-Gangetic Plains Centre for Air Research and Education (IGP-CARE) monitoring station (red circle) in the IGP region,
Hamirpur, India (left panel). A satellite view of haze spread over the IGP region, India, and the IGP-CARE location (middle panel), and a view of the
AOD (right panel) over the IGP region (source: https://earthdata.nasa.gov/).

(Serinus® 30 model). BC and UV-absorbing particulate matter
(UVPM) were determined with a black carbon monitor (BC 1050
series, Met One Instruments, Inc., Washington, USA) on quartz
filter tape at two wavelengths (375 and 880 nm). BC absorbs
light at 880 nm, while UVPM is measured at 375 nm. Since the
IGP-CARE site is remote and very far from mineral dust sources,
e.g. deserts (the nearest desert (Thar desert) is 1000" km away),
the probability for contribution of other light absorption
components such as mineral dust to the UVPM fraction of PM, 5
is minimal for several reasons: (a) the mass absorption effi-
ciency (MAE) of mineral dust (0.095-0.711 m* g~ *)* is signifi-
cantly smaller than that of BrC from biomass burning (0.51-5.0
m?* g 1);** (b) a large fraction of mineral dust is in the coarse
mode in northern India;*® (c) the IGP-CARE site is remote and
rural, surrounded by small villages where biomass burning is
the main activity for cooking and heating around the year and
hence carbonaceous aerosols are thought to be significantly
dominant in fine particles. The difference between the
concentrations of UVPM and BC provides an estimate of the BrC
concentration and is henceforth referred to simply as BrC in
this paper.*>*° Meteorological parameters such as the temper-
ature, pressure, relative humidity, wind speed, and wind
direction at the site were monitored using an Automatic
Weather Station (AWS) (Davis Vantage Pro 2, Davis Instruments
Corporation, USA) during the sampling period. All instrument
inlets were mounted 20 m above the ground surface. ESI Table
S1ft lists the instruments used to measure SLCPs at IGP-CARE
together with their minimum detection limits (MDLs) and the
measurement time intervals. For quality assurance (QA) and
quality control (QC) purposes, instruments were calibrated
every 30 days during the sampling period, as specified by their
manufacturers. The calibration process included flow calibra-
tion and leakage tests. Solar power generation was used exclu-
sively to avoid potential local emission biases at the IGP-CARE
site.

2.2 Data processing

High resolution (~1 minute) data was obtained with each
instrument used at IGP-CARE. Spurious values [not available
(NA), negative, and zero] were removed from the dataset prior to

© 2022 The Author(s). Published by the Royal Society of Chemistry

further analysis. All datapoints relating to SLCPs were averaged
over 1 h windows to ensure consistency of datapoints from
different instruments. The seasons at the IGP-CARE site were
defined in accordance with the practices of the Indian Meteo-
rological Department (IMD): winter (December, January, and
February), summer (March, April, May, and June), monsoon
(July, August, and September), and autumn (October and
November). Fire products were obtained from the Visible
Infrared Imaging Radiometer Suite (VIIRS) and Suomi National
Polar-orbiting Partnership (SNPP) [VIIRS S-NPP] for the region
where IGP-CARE is located (25°N to 28°N and 79°E to 82°E)
during the year 2017. Detailed information on fire products can
be obtained from the Fire Information for Resource Manage-
ment System (FIRMS) website (https://
firms.modaps.eosdis.nasa.gov/). To obtain the planetary
boundary layer height (PBLH), we retrieved hourly PBLH data
for the IGP-CARE region from the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis dataset,
ERA-Interim.**

To compensate for the filter loading effect of BC, we used the
algorithm developed by Virkkula et al. in 2007 (ref. 52) to correct
for light attenuation (ATN, defined as the ratio of incoming to
outgoing light intensities before and after passage through
a filter) in the black carbon analyzer. Different approaches are
used for the correction of loading and multiple-scattering
effects in filter-based instruments.>*” It should be noted that
a multiple scattering correction algorithm has been introduced
by Coen et al. (2010)°® and Kim et al. (2019)*” based on scattering
measurements using instruments such as a nephelometer,
photo-acoustic spectrometer or multi-angle absorption plat-
form. Despite such corrections, inter-comparability of different
instruments for the determination of the aerosol absorption
properties is still an open methodological issue, especially for
ambient aerosol measurements. In this study, the scope of
multiple scattering corrections was limited due to unavailability
of simultaneous measurements of the scattering from the
deposited particle on the filter type of our instrument: BC
monitor - BC1050 (Met One Inc., USA). Therefore, a widely
popular method given by Virkkula et al. (2007)** for correction of
light attenuation was thought to be more suitable for our
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measurements. Also, this correction method has been widely
used by studies for BC measurement and their filter loading
correction in the IGP region and other parts of India.*® The
correction was performed using the following equation.

BCcorrected = (1 + k X ATN) X BCuncorrected (1)

Here, ATN is the attenuation value after a filter change or
filter advancement and k is an empirical term whose value is
obtained using the following equation:

BCcorrected (tiﬂlasl) = BCcorrected (ti+1,last) (2)

Here, BCcorrected (ti1ast) iS the last corrected BC value for the
old filter spot and BCcorrected (ti+1,1ast) 1S the first corrected BC
value for the new filter spot. Using eqn (2), eqn (1) can be
rewritten to estimate k:

ki

BCuncorrected ([i+l,last) - BCuncorrected (li.lusl)

View Article Online
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Statistical analyses were performed using RStudio (R Devel-
opment Core Team, 2015), taking advantage of packages
including ‘openair’, ‘ggplot2’, ‘dplyr’, and ‘tidyverse’. Proba-
bility functions based on a conditional bivariate probability
function (CBPF) and a potential source contribution function
(PSCF) were evaluated for the purpose of locating local and
regional SLCP sources. More details of the CBPF and PSCF
analyses are presented in Text S1 and S2 of the ESI.f These
functions were implemented using the openair R package.***

3. Results and discussion
3.1 Statistical summary

Statistical summaries of the key SLCP levels and meteorological
parameters measured over 365 days (January 2017 to December
2017) during the study period are presented in Table 1. During
this period, the BC concentration ranged from 2.1 to 16.6 pg

If the filter location is changed, the ATN value becomes 0,
and eqn (3) simplifies to:

~ 1 <Bcuncorrecled (ti+lﬁlast) _ 1)
ATN(Zi,lasl) BCuncorrecled (ti.lasl)

k; (4)

The k; term is used to correct data acquired at filter location i
according to eqn (1). However, ATN is rarely exactly 0 even for
the first measurements at a new location. The final measure-
ments for filter location i and the first three for filter spot i + 1
were therefore acquired with a temporal resolution of 1 minute.

N ATN([f.last) X BCuncorrcctcd (ti,]ast) - ATN(ti+I.lust) X BCuncorrcctcd (t[+l,]ast)

(3)

m > with an overall mean of 5.1 + 2.2 pg m~3, while the BrC
concentration ranged from 0.5 to 32.3 pg m > with an overall
mean of 2.6 + 1.3 ug m~>. The overall mean concentrations of
03, CO, and NOx were (31.0 + 23.1) ppbv, (659 & 437) ppbv, and
(8.6 £ 3.5) ppbv, respectively.

The summary statistics of SLCPs and meteorological
parameters measured during the day and night in 2017 over
IGP-CARE are presented in Table S27 of the ESI. For BC, BrC,
and CO, the night-time means and median concentrations
were higher than the corresponding day-time means and
medians. However, the reverse was true for O; and NOyx

Table 1 Summary statistics of SLCPs and meteorological parameters measured over IGP-CARE during the year 2017

Variable Min. Max. Median Mean SD N
Short-lived climate pollutants (SLCPs)

BC (ug m™?) 2.1 16.6 4.7 5.1 2.2 7974
BrC (ug m™) 0.5 32.3 2.5 2.6 1.3 7974
0; (ppbv) 0.2 207.3 26.4 31.0 23.1 7956
CO (ppbv) 17.0 3351 791 659 437 4566
NO (ppbv) 0.0 2.7 0.1 0.4 0.3 5987
NO, (ppbv) 1.2 22.1 5.9 9.0 3.7 5987
NOy (ppbv) 1.1 20.8 5.7 8.6 3.5 5987
BrC/BC ratio 0.0 13.7 0.5 0.5 0.3 7443
CO/NOgy ratio 0.1 500.0 73.0 87.2 72.6 3930
NOx/BC ratio 0.3 73.7 1.74 2.26 1.93 5168
Meteorological parameters

Temperature (°C) 7.4 46.3 27.5 26.5 7.7 8067
Relative humidity (%) 7.5 100.0 65.5 63.3 21.0 8067
Wind speed (m s ) 0.0 12.5 1.3 1.8 1.8 8067
Solar radiation (W m?) 67.4 686.3 29.5 77.2 107.2 8067
Planetary boundary layer height (m) 11.0 4878 209 603 832 8755
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concentrations. The mean concentrations were higher than
the corresponding medians, indicating the occurrence of
periodic high concentration events due to meteorological
parameters in specific seasons, and therefore, correlations
among these key SLCPs and meteorological parameters in
different seasons were investigated by conducting pairwise
Pearson correlation and are depicted in Fig. S1t in the ESI and
discussed further below.

During the study period, the temperature ranged from
7.4 °C to 46.3 °C with a mean of 26.5 °C, the RH ranged from
7.4 to 100.0% with a mean of 63.3%, and the wind speed
ranged from 0 to 12.5 m s~ ' with mean of 1.8 m s~ (see Table
1). The daily variation in the meteorological parameters and
wind roses at IGP-CARE are shown in Fig. S21 of the ESI
Winters in the IGP region are generally cold with temperatures
ranging from 7.8 °C to 34.2 °C (17.2 £ 4.8 °C) and moderate to
high humidity (72 £+ 16%) with low wind speeds (1.0 +
0.8 m s~ ') and low PBLH (422 + 320 m); however, the IGP
region becomes very hot in summer with high temperature
(31.4 + 6.5 °C), low RH (46 + 18%), high PBLH (1196 + 929 m)
and high wind speed (4.7 & 1.8 m s ). In the monsoon season,
the IGP-CARE site was observed to have moderate temperature
(29.7 & 2.8 °C) and high RH (80 =+ 12%) with low PBLH (481 +
375 m). The measured wind direction oscillated between
north-east (NE) and south-west (SW) over the entire study
period (Fig. S2b¥); the wind was predominantly easterly during
winter, while during summer the wind direction was mainly
easterly and southeasterly. In monsoon months, the prevailing
wind direction changed from north-east to south-west (SW);
this is typical for the Indian monsoon season and is due to
a region of high pressure over the Indian ocean that causes
heavy rainfall. At the end of the autumn months, the wind
direction began shifting back to north-east (NE) (Fig. S2ct).
The SLCP concentration is affected by meteorological param-
eters, and co-founding factors such as geographical region,
emission sources, etc. However, variations of temperature, RH,
PBLH, and wind patterns with SLCP levels are discussed in
further sections.

3.2 Correlation analysis between SLCPs and meteorological
parameters

The Pearson correlation among key SLCPs and meteorological
parameters is depicted in Fig. S1f in the ESI during the study
period of IGP-CARE. The hourly concentrations of BC were
positively well correlated in all seasons except monsoon with
the hourly concentrations of BrC (* = 0.61 in autumn; r* = 0.56
in summer; 7* = 0.52 in winter; and 7* = 0.32 in monsoon). Both
BC and BrC had moderate to high association with CO in winter
and autumn seasons, while a relatively poor correlation was
observed in other seasons. This is an indication of similar
sources of emission of BC, BrC, and CO, such as biomass
burning in autumn and winter and local burning (mud-brick
firing, crop residue burning, etc.) in summer. Notably, nega-
tive and weak correlations existed between O; and NO, (¥ =
—0.03 in winter; * = —0.15 in summer; r* = —0.07 in monsoon;
and r* = —0.25 in autumn). Both BC and BrC had moderate and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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positive association with NO, in the autumn season and poor
but consistent correlation in the winter and summer seasons.
Furthermore, moderate and positive correlation was observed
between NO, and CO in autumn, while poor correlations were
noted in other seasons.

In IGP-CARE, the concentrations of BC were moderately
well correlated with temperature (TEMP) in all seasons except
monsoon (¥ = —0.32 in winter; * = —0.51 in summer; 1> =
—0.42 in autumn; 7* = —0.09 in monsoon). Compared to BC,
moderate and negative correlations between BrC and TEMP (r*
= —0.40 in winter; ¥ = —0.46 in summer; ¥* = —0.39 in
monsoon; and r* = —0.64 in autumn) were observed. A weak
and negative correlation of BC and BrC also existed with TEMP,
SR, and WS, which suggests the possibility of a decrease in the
BC and BrC in the presence of solar radiation, temperature,
and wind speed. Furthermore, moderate and positive correla-
tions were observed between BC, BrC, and RH in winter,
summer, and autumn, while weak and negative correlations
were noted in monsoon. A moderate to high association was
observed between O; and TEMP in all seasons in IGP-CARE
(Fig. S2f in the ESI), while moderate correlations were
observed between O; and SR (+* = 0.52 in winter; 7> = 0.48 in
summer), and poor correlations were noted in monsoon (r* =
0.15) and autumn (** = 0.27). Among seasons, negative and
weak correlations between TEMP and other key SLCPs (CO,
NO, and NO,) were observed, while other meteorological
parameters (SW, SR, and RH) did not have any strong corre-
lation with other key SLCPs.

3.3 Temporal trends of BC and BrC

To outline the sources, characteristics, and processes of SLCPs
at the IGP-CARE site, we selected multiple episodic events for
further investigation. It should be noted that we consider
a holistic interpretation from individual episodes to draw
general inferences of SLCP characteristics in IGP-CARE over the
study period. BC and co-emitted species are primary pollutants,
while Oj; is a secondary pollutant. Thus, they naturally exhibited
different pollution episodic characteristics. Therefore, we have
presented the observation of high concentration of these
pollutants during our measurements in different sections,
which are presented in Tables 2 and 3.

Time series plots of the hourly and daily mean variation of
BC (top panel), BrC (middle panel), and fire counts (bottom
panel) are shown in Fig. 2, which also highlights thirteen
episodic events using green shading. Episodic events (E1 to E13)
were defined as events during which the BC and BrC concen-
trations were at least three times the hourly mean (3 x hourly
mean) for the study period (see Table S3t in the ESI). The
episodic hourly mean BC and BrC levels along with the corre-
sponding BrC/BC ratios, atmospheric process data, and their
physical interpretations are summarized in Table 2. The BrC/BC
ratio in the atmosphere signifies the abundance of BrC relative
to BC, types of emission sources, and atmospheric formation
and transformation of organic aerosols. In this study, a higher
(larger than the annual hourly mean) BrC/BC ratio is used as an
indicator of biomass burning, while a lower BrC/BC ratio (less
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Table 2 Concentrations of BC and BrC and their characteristics and interlinked atmospheric processes during episodic events at IGP-CARE

Episodic Conc. (ug m %)

events mean (median) Characteristics of pollutants Atmospheric processes Interpretation

E1 (7 Jan BC 8.5 (9.3) High peaks of BC and BrC, Calm wind, low mixing height High BC and moderate BrC
2017) BrC 4.0 (4.3) moderate BrC/BC ratio, and no (or PBLH), and low ventilation concentrations in the evening

BrC/BC 0.4 (0.5)

E2 (12-19 Jan
2017)

BC 6.7 (6.4)
BrC 5.7 (6.2)

BrC/BC 0.8 (0.8)

E3 (21-23 Jan BC 5.5 (4.9)
2017)
BrC 4.4 (3.6)
BrC/BC 0.7 (0.8)
E4 (2-5 Feb BC 5.4 (5.5)
2017) BrC 2.4 (2.4)

BrC/BC 0.4 (0.4)

E5 (13-17 Feb BC 5.8 (5.5)
2017) BrC 2.6 (2.5)
BrC/BC 0.4 (0.4)
E6 (9-10 Mar BC 4.7 (4.4)
2017) BrC 1.8 (1.6)

BrC/BC 0.4 (0.4)

E7 (15-17 Apr BC 6.2 (5.7)
2017) BrC 1.5 (1.4)
BrC/BC 0.2 (0.2)
ES (20-22 BC 2.0 (1.8)
May 2017) BrC 2.5 (1.2)

BrC/BC 1.0 (0.6)

E9 (18-19 Oct
2017)

BC 6.0 (5.6)
BrC 2.4 (2.4)

fire counts

Very good BC & BrC correlation
(r* = 0.96) at day time, but
poor 7 = 0.16 due to
meteorological complexity

High peaks of BrC and BC,
high BrC/BC ratio, 4-8 daily
fire counts

Generally very good BC & BrC
correlation on all days (0.32 <
1 < 0.96)

High peaks of BC and BrC, and
high BrC/BC ratio, 34 fire
counts

Generally very good BC & BrC
correlation on all days (0.51 <
> < 0.96); CO well correlated
with BC & BrC

High peaks of BC, low BrC,
moderate BrC/BC ratio, and 4-
6 fire counts

Generally very good BC & BrC
correlation on all days (0.75 <
* < 0.91); CO well correlated
with BC & BrC

High peaks of BC, low BrC,
moderate BrC/BC ratio, 6-8
fire counts

Most days good BC & BrC
correlation (0.25 < * < 0.86)

High peaks of BC, low BrC,
moderate BrC/BC ratio, 5-7
fire counts

Most days good BC & BrC
correlation (0.44 < r* < 0.87)
High BC, low BrC and BrC/BC
ratio, and high fire counts (7-
10)

Mostly good BC & BrC
correlation (0.28 < * < 0.85)
Low BC and BrC levels, high
BrC/BC ratio, and 3-4 fire
counts

Mostly good BC vs. BrC
correlation (0.23 < 7* < 0.77);
CO was well correlated with BC
and BrC

High peaks of BC, low BrC,
moderate BrC/BC ratio, and 5-
7 fire counts
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coefficient (VC), RH < 90%, T
=15 °C, and WD = 115 (E)

Calm wind, and low PBLH and
VC which favour partitioning
of organics to the aerosol
phase, RH = 74%, T < 14 °C,
and WD = 133 (SE)

Calm wind, low PBLH, and low
vC

RH = 70%, T = 18 °C, and WD
=160 (S)

Slow dispersion and dilution
of BB plumes

Calm wind, low PBLH, and low
VC, RH = 76%, T < 19 °C, and
WD = 134 (SE)

Moderate wind and low PBLH
and VC, RH = 70%, T < 20 °C,
WD = 145 (S)

High wind, PBLH and VC
(~630 mand 849 m s~ '), RH <
70%, T=21°C,and WD = 110

(E)

Moderate wind, PBLH and VC
(~881mand485ms '), RH <
55%, T< 32 °C, and WD = 139
(SE)

High wind, PBLH and VC
(~977 m and 2429 m s~ '), RH
= 32%, T = 36 °C, and WD =
231 (W)

High wind, moderate PBLH
(~610 m), and high VC

due to local biomass burning
for cooking and heating
purposes, Br/BC ratio
decreased initially due to
dilution linked to dispersion
of local pollutants, then at
higher RH the BrC/BC ratio
increased indicating local
contributions

High BC and BrC levels
dominate during the night and
evening indicating local
biomass burning, high BrC/BC
ratio indicates biomass
burning with smouldering or
high moisture content in the
biomass

Well correlated high BC, BrC
and CO levels indicate local
biomass burning for cooking/
heating and further high BrC/
BC ratio indicates plausible
moist biomass burning with
smoldering

Night and morning peaks of
BC, and moderate BrC/BC ratio
indicate local sources of dry
biomass burning for cooking

Night BC levels indicate
regional biomass burning
from north-IGP with moderate
BrC and BC correlation with
CO and evening and morning
BC peaks indicate local
burning for cooking

Evening and morning BC and
BrC peaks show local burning
for cooking

Morning and evening BC
peaks show local burning for
cooking

High BrC peak in the night and
morning, and odd time high
Br/BC ratio indicates local
brick firing with biomass
burning and smoldering type
burning processes; the source
of BC, BrC and CO is local
biomass burning

Night and morning peaks of
BC and moderate BrC/BC ratio
indicate local biomass burning

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd.)
Episodic Conc. (ug m?)
events mean (median) Characteristics of pollutants Atmospheric processes Interpretation
BrC/BC 0.4 (0.4) Mostly good BC vs. BrC (~3367ms '), RH =< 58%, T < (likely dry biomass) at warmer
correlation (0.81 < 7 < 0.89); 28 °C, and WD = 123 (E) temperatures
CO was also well correlated
with BC and BrC
E10 (10-11 BC 9.5 (9.8) High peaks of BC, low BrC, low High wind, moderate PBLH Afternoon high BC level and
Nov 2017) BrC 2.9 (3.0) BrC/BC ratio, and 4-6 fire (~410 m), and high VC high dispersion indicate
counts (~1277ms ), RH < 81%, T< regional biomass burning
BrC/BC 0.3 (0.3) Poor BC & BrC correlation (0.13 21 °C, and WD = 203 (SW) from north IGP, and plausible
< r* < 0.26), but well correlated contributions from urban
at night time; CO well transport (see the time series
correlated with BC and BrC of SLCP concentrations for the
10-11 Nov. 2017 event in
Fig. S7)
E11 (17-20 BC 5.9 (5.5) High BC, moderate BrC, high High wind, moderate PBLH Moderate levels of BC and BrC,
Nov 2017) BrC 4.6 (4.6) BrC/BC ratio, and 5-7 fire (~430 m), and high VC and high BrC/BC indicate local
counts (~1767 ms™ "), RH < 65%, T'< moist biomass with
BrC/BC 0.8 (0.8) Mostly very good BC & BrC 22 °C, and WD = 243 (W) smoldering type burning
correlation (0.56 < * < 0.89)
E12 (4-5 Dec BC 6.8 (6.9) High BC, moderate BrC, high Moderate wind, low PBLH Morning and evening peaks of
2017) BrC 3.9 (4.3) BrC/BC ratio, and low fire (~300 m), and moderate VC BC indicate local biomass
BrC/BC 0.6 (0.6) counts (2-3); good BC & BrC (~1151ms™ "), RH < 64%, T =< burning for cooking and
correlation (0.37 < r* < 0.75) 18 °C, and WD = 210 (SW) heating
E13 (19-21 BC 9.3 (9.3) High BC, low BrC, low BrC/BC Low wind, low PBLH (~240 m), High BC, low BrC and low BrC/
Dec 2017) BrC 2.9 (2.6) ratio, and 2-3 fire counts and moderate VC BC ratio indicate contributions

BrC/BC 0.3 (0.3) Mostly poor BC & BrC (0.04 <

<0.16); CO well correlated with
BC and BrC

than the annual hourly mean) is hypothesized to be contributed
from non-local sources and atmospheric transformation of
organic aerosols. In addition, some studies have used the BrC/
BC ratio to identify dominant contributions from biomass
burning and other fossil fuel combustion sources.®*** Fig. S3}
shows the diel variations of these quantities and the ventilation
coefficient (VC = PBLH x WS), which is sometimes used as an
indicator of the capacity for dilution of pollutants via atmo-
spheric processes, during the episodic events.*

Episodic event E1 was characterized by high BC and
moderate BrC levels (hourly mean of BC and BrC concentra-
tions: 8.5 ug m > and 4.0 ug m >, respectively), with a moderate
BrC/BC ratio (0.5). During this event, the BC and BrC were
elevated in the evening due to burning of solid fuel (wood, dung
cakes, and agricultural residues) for cooking and space heating
purposes; however, morning BC and BrC datasets of E1 were not
captured due to electric power failures. Interestingly, the BC
concentrations were strongly associated with BrC (correlation
coefficient: 0.86; see Fig. S4t in the ESI), indicating that they
probably originated from the same source. As described previ-
ously, the IGP-CARE site is remote and rural, surrounded by
small villages that burn biomass for their daily needs.

Levels of both BC and BrC during the winter episodes E2 and
E3 were higher than those in the rest of the sampling period. In
addition, the diel pattern shows that BC, BrC, and BrC/BC ratios
were high during the morning and evening time (see Fig S31 in
the ESI). Also, there were good correlations between BC and BrC

© 2022 The Author(s). Published by the Royal Society of Chemistry

(~285 ms™!), RH = 79%, T <
16 °C, and WD = 207 (SW)

from regional urban pollution
mixed with local dry biomass

burning sources

for most days during the events (0.32 < 7* < 0.96 and 0.54 < 7> <
0.96) for episodes E2 and E3, respectively (see Fig S4 and Table
S4t in the ESI). It is also noted that BC and BrC originated from
a similar source.**** The high BrC/BC ratios and good corre-
lation of BC and BrC with CO during night-time (see Table S5
in the ESI) in these episodes also corroborate biomass burning
as a potent source of BrC and BC. The poor association between
BrC and fire radiative power (FRP) for episodes E2 and E3
indicates that BrC was plausibly emitted from the local sources
(see Fig S57 in the ESI). It is also noted that this rural site is 10
km away from the nearest roadside and there is no such impact
of fossil fuel sources such as DG sets and vehicle emissions.®”
The episodes (E4 to E7) were characterized by high BC,
moderate to low BrC, and high fire counts, with low to moderate
BrC/BC ratios (Fig. 2 and Table 2). The moderate correlation
between FRP and BrC was observed for the episodes E4 to E6
(Fig. S5t in the ESI). The wind speed and VC were moderate to
high during these events and the RH was moderate (55-73%),
while high BC levels and low BrC/BC ratios were observed at
night, suggesting that partitioning to aerosol was insignificant
(Fig S3t in the ESI and Table 2). Also, the hourly NOx concen-
trations in episodes E5 and E6 were highly correlated with BC (r*
= 0.70 and 0.67 in E5 and E6; see Fig S6t in the ESI), which
suggests that high wind and PBLH favor the transportation of
BC and NOyx emission sources such as agricultural residues
burning from regional states, which also mix with local sources
such as biomass burning, leading to increased levels of
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Table 3 Concentrations of Oz, CO, and NOx and their characteristics and interlinked atmospheric processes during episodic events at the IGP-

CARE

Episodic events

Conc. (ppbv)
mean (median)

Pollutant characteristics

Atmospheric processes

Interpretation

1(11-15 Jan)

I (28 Jan-1 Feb)

III (6-9 Feb)

IV (26-30 Mar)

V (11 Apr-20 Apr)

VI (13-20 May)

VII (27-30 May)

VIII (17-18 Oct)

IX (7-19 Nov)

X (2-8 Dec)

XI (23-30 Dec)

524 | Environ. Sci.. Atmos., 2022, 2, 517-538

0; - 35.0 (33.0)

CO - 636 (568)
NOy - 9.6 (9.3)
0; - 27.4 (24.5)

CO - 1041 (1098)
NOx - 9.3 (8.5)
0; - 40.1 (38.9)

CO - 526 (333)
NOx - 6.4 (6.6)
0; - 45.6 (47.8)

CO - 382 (292)
NOx - 6.8 (6.5)
0; - 52.2 (51.8)

CO - 526 (464)
NOy - 5.9 (5.1)
0; - 69.9 (56.3)

CO - 547 (413)
NOx - 6.5 (5.8)
0; - 46.8 (49.5)

CO - 509 (413)
NOy - 7.5 (6.8)
0; - 46.9 (53.2)

CO - 417 (425)
NOx - 4.9 (4.4)
0; - 16.5 (11.7)

CO - 1030 (902)
NOy - 9.5 (9.1)
0; - 19.8 (11.3)

CO - 721 (777)
NOy - 10.4 (9.6)
0; - 14.7 (10.2)

CO - 1081 (950)
NOx - 8.6 (7.7)

Low O3 and high peaks of CO
and NOy during the morning
and evening

Low peaks of O3, and high
CO and NOy during the
afternoon and evening

Moderate O; peak in the
afternoon, while moderate
CO and NOy appears during
the morning and evening

Moderate O; in the
afternoon, while moderate
CO appears in the evening
and NOy in the morning

Moderate peaks of O; and
CO in the afternoon, while
NOx peaks appear during the
night

High peaks of O; in the
afternoon, while increasing
levels of CO and NOy appear
in the morning

Moderate peaks of O; and
high NOy in the afternoon,
while CO appears in the
morning

Moderate O; in the
afternoon, CO peaks appear
before noon and inclined
levels of NOy appear in the
early morning

Low ozone and an increasing
trend of CO and NOy is
observed in the night,
morning, and evening

Low ozone and high CO
appear in the evening, while
NOy appears in the morning
to before noon

Low ozone, and high CO
appears in the evening and
late night, while NOy
appears in the morning to
before noon

Low wind, and low PBLH
and VC favour slow
dispersion of pollutants that
originated from local
biomass burning

RH = 67%, T = 13 °C, WD =
154 (S)

Low wind, and low PBLH
and VC favour slow
dispersion of pollutants that
originated from local
biomass burning

RH < 85%, T < 17 °C, WD =
141 (SE)

Moderate wind, low PBLH
(~383 m), and low VC
(~527 ms)

RH = 72%, T = 19 °C, WD =
115 (E)

High wind, moderate PBLH
(~849 m), and high vC
(~2525 ms™ 1)

RH =< 52%, T =< 30 °C, WD =
122 (E)

Moderate wind, PBLH (~930
m), and VC (~1020 m s )
RH = 51%, T =< 32 °C, WD =
146 (SE)

High wind, high PBLH
(~1108 m), and high VC
(~4639 m s~ )

RH < 38%, T < 35 °C, WD =
207 (SW)

High wind, moderate PBLH
(~900 m), and high VC
(~3080 m s~

RH = 54%, T < 32 °C, WD =
121 (E)

High wind, moderate PBLH
(~646 m), and high VC
(~3280 ms™)

RH < 48%, T < 28 °C, WD =
152 (SE)

High wind, low PBLH (~500
m), and moderate VC
(~1832 ms™)

RH = 67%, T = 22 °C, WD =
177 (S)

High wind, low PBLH (~357
m), and moderate VC
(~1280 ms™)

RH < 62%, T < 18 °C, WD =
223 (W)

High wind, low PBLH (~276
m), and moderate VC
(~1078 m s7)

RH = 72%, T = 15 °C, WD =
217 (SW)

VC favours slow dispersion
of CO that originated from
local biomass burning with
NOx

High variation of CO and
NOy in the afternoon due to
local sources such as
biomass burning and brick
firing processes

Low VC and high CO and
NOxy in the evening indicates
local source activities

Regional O; transport, while
CO and NOxy levels at night
indicate local activities

Afternoon CO level shows
local source activities, NOx
dominates at night
indicating regional transport
Regional O; and elevated
peaks of CO at night
indicates local source
activities

Regional transport of O; and
NOy, and CO level indicates
local source activities

O; level during pre-Diwali
due to firecrackers, petty
variation of CO before noon
indicates fire activities

Regional biomass burning
from north IGP

High NOy indicates long-
range transport and CO due
to local sources

High levels of CO and NOx
indicate regional biomass
burning

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Hourly and daily variations in BC (top panel) and BrC (middle panel) concentrations, and daily fire counts (bottom panel) over IGP-CARE
during the sampling period (January 2017 to December 2017). The light-green shaded areas correspond to episodic events, i.e. events during
which the concentrations of BC and BrC were at least three times the hourly mean (3 x hourly mean) over the sampling period.

BC."°*% It is noted that harvesting of rabi and kharif crops in
India begins in April-May and mid-October to mid-November
months, therefore we can also expect that residue burning in
April-May.** The BC and BrC levels in episode E8 and diel
patterns were different from the previous episodes (Fig. 2 and
S3t in the ESI). There was moderate association between BrC
and fire radiative power (FRP) for episode E8 (Fig. S5T in the
ESI). Nevertheless, when we carefully examined the double
peaks of the BrC/BC ratio during the day from 20 May to 21 May
2017, we found that BrC and BC were correlated strongly (0.23 <
? <0.77, see Tables 2 and S47 in the ESI) and BrC and CO were
also correlated well (0.87 < 7* < 0.97, see Table S57 in the ESI).
The appearance of these double peaks at odd times in the diel
pattern of E8, e.g. midnight and early morning, is an indicator
of a special local event of burning with smoldering of moist
biomass. Such events are likely during summers in rural Bun-
delkhand when farmers fire their mud bricks using dung cakes
and wood covered in wet mud to protect the fire/prevent heat
leaks from pits containing mud bricks. Smoldering in such
firing is initially high and can be characterized by high BrC and
BC well correlated with CO as observed during E8 (Table S5t in
the ESI).

Episode E9 coincided with the Diwali festival when large
amounts of fireworks are let off. During the festival, both
anthropogenic regional emissions and local emission sources
generally display unusual patterns.”®”> As shown in Fig. 2, this
episode was characterized by high BC (6.5 ug m*) and low BrC
(2.4 ug m~?) concentrations with low fire counts. It should also
be noted that BC concentrations were strongly associated with
BrC (correlation coefficient: 0.81 < r* < 0.89, see Table S4F in the
ESI), while CO showed moderate to high association with BC
and BrC for this event (see Table S5t in the ESI). Therefore, it is
suggested that BC, BrC, and CO had similar origins. During this

© 2022 The Author(s). Published by the Royal Society of Chemistry

episode, the RH was moderate (58%), the VC was high, and BC
levels peaked in the morning, suggesting a strong contribution
from regional-scale firework displays combined with local
biomass burning (Table 2).

Episode E10 was characterized by high BC (9.5 ug m—>) and
low BrC (2.9 pg m?) levels, low fire counts, and a low BrC/BC
ratio (Fig. 2 and Table 2). The poor association between BC
and BrC (0.13 < 7* < 0.26, Table S4t in the ESI) indicates that BC
and BrC originate from mixed sources or regional-scale biomass
burning events in the northern IGP. Afternoon high BC levels
and high dispersion indicate regional biomass burning in the
northern IGP and plausible contributions from long-distance
urban sources (time series of SLCP concentrations in Fig. S7+
in the ESI). In contrast, during episodes E11 and E12, BC values
were moderate, and the BrC/BC ratio was rather high (Fig. 2 and
Table 2). Moderate levels of BC and BrC and high BrC/BC
indicate local moist biomass with smoldering type burning as
BC and BrC were well correlated (E11: 0.56 < > < 0.89; E12: 0.37
<7*<0.89) during the event days. In episode E13, the BC value
was higher (see Fig. 2 and Table 2) than in the other winter
episodes. In addition, BC and BrC were weakly correlated (see
Fig. S4t in the ESI), indicating that they originated from
different and mixed sources. SLCP levels peaked at night and in
the evening, indicating a major contribution from mixed local
sources such as biomass cookstoves and fires for heating.

Overall, episodic events of elevated BC and BrC concentra-
tions can be attributed to the local biomass burning activities in
the neighboring rural communities. Therefore, it is suggested
that high concentrations of BrC were mostly primary in nature
and thought to be co-emitted with BC from biomass burning
activities. However, the above results showed that the observed
episodic events are complex and influenced by several factors
including sources and meteorological conditions as well as
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interlinked atmospheric processes such as dilution and
dispersion of pollutants, condensation-evaporation of organic
species due to interlinked thermodynamics, heterogeneous
chemical reactions, and photochemical processes. Therefore,
a comprehensive analysis of molecular characterization of BrC
is imperative and it will be investigated in our companion paper
using high-resolution time of flight chemical ionization mass
spectrometry (HR-ToF-CIMS).

3.4 Temporal variation of Oz, CO, and NOx

Eleven episodic events (I-XI) in the hourly concentrations of Oj,
CO, and NOy were identified; these events are highlighted using
yellow shading in Fig. 3 and are briefly summarized in Table 3.
These events (I-XI) were identified using the same criterion (an
hourly mean target pollutant concentration of at least 3 times
the hourly mean over the entire study period) as used to identify
episodic SLCP events (see Table S37 in the ESI). It is noted that
CO and NOy datasets were missing during July to September
2017 due to power interruptions, equipment malfunctions, and
system failures at the site. Therefore, there will be limited
discussion of the missing data.

The episodic event I was characterized by low O (35.0 ppbv)
levels with high levels of CO (636.0 ppbv) and NOx (9.6 ppbv). The
CO concentrations were weakly associated with NOy, indicating
that they probably originated from mixed emission sources.
However, the low VC and the fact that CO and NOy levels peaked
during the morning and evening (see Fig S81 in the ESI) suggest
slow dispersion of pollutants with a dominant contribution from
local biomass burning sources. The combination of low average
0; levels with high CO and NOy can be explained by the low solar

View Article Online

Paper

radiation during the episode. Like episode I, episodic event II was
characterized by low levels of O; (~27.4 pg m™>), high CO (1041.0
pg m~3), and high NOy (9.3). During this episode, O3 and NOy
levels peaked in the afternoon (when the VC was low), while CO
levels were highest in the evening. The afternoon O; peaks can be
attributed to photochemical processes in the presence of high CO
and other co-emitted pollutant precursors (not measured in this
study) and NOy levels (see Fig S8 in the ESI). During events III
and IV, O; levels were higher than during events I and II, while
CO and NOy abundance was low (Fig. 3 and Table 3). Strong
diurnal variations combined with a high VC indicate that
regional transport was an important source of Oz, while the
relatively high CO and NOy levels at night can be attributed to
local biomass burning activities (see Fig. S87). The summer
events (V to VII) had high O; levels (46.8-69.9 ppbv), and lower
CO and NOy concentrations than winter events (Fig. 3). The
moderate to high wind and VC and low RH (38-51%) probably
suppressed secondary formation during these episodes, and the
abundances of CO and NOy were high during the morning and
afternoon (see Fig S81 in the ESI). These findings indicate
a strong contribution from regional O; transport within the IGP
together with contributions from local sources near the IGP-
CARE site. Event VIII coincided with Diwali when emissions
varied due to firework displays and sporadic regional transport of
SLCPs.”* 7 As shown in Fig. 2, this episode was characterized by
high Oj; levels (46.9 ppbv). The diel patterns of high CO and NOy
during the morning (see Fig S8 in the ESI) indicate contribu-
tions from local and regional fire activities. The high O; level
during episode VIII can be explained by a strong contribution
from photochemical processes in the presence of high NOx and
CO levels. The CO and NOy were correlated and suggest that they
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Fig. 3 Hourly and daily variations of O (top panel), NOx (middle panel), and CO (bottom panel) concentrations over the IGP-CARE site during
the sampling period (January 2017 to December 2017). The light-yellow shaded areas correspond to episodic events, i.e. events during which the
concentrations of the measured pollutants were at least three times the hourly mean (3 x hourly mean) Oz, CO and NOx concentrations over the

sampling period.
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probably were co-emitted from the local biomass burning. Other
co-pollutants of BC, BrC, CO, and NOy are the unidentified semi-
volatile and volatile organic compounds (VOCs) from the local
biomass burning. It must be noted that the site is far away from
the fossil fuel combustion influences and only regional transport
is thought to occasionally affect the site, hence the obvious
source for these pollutants is local biomass burning. The
biomass burning, therefore, is a key source of VOCs that are
thought to be participating in the photochemical processes
during the daytime to contribute to the formation of ozone
locally.

Episode IX featured low Oj; levels (16.5 ppbv), high CO (1030.0
ppbv), and NOx (9.5 ppbv) (Fig. 3 and Table 3), with moderate RH
(67%) and high VC. During this event, CO levels peaked at night
while NOy peaked in the morning (see Fig. S4t). The low average
O; levels suggest a minimal contribution from photochemical
reactions of local biomass burning emissions together with an
influx of air masses from the northern IGP region plausibly
containing titrated O; combined with high CO and NOx.
Episodic events X and XI were also characterized by low O; levels
combined with high CO and NOy and were likely to be linked to
the transport of regional air pollution to the IGP-CARE site.

Overall, the observed O; levels were formed locally through
photochemical processes and the chemistry of precursors from
local biomass burning. However, on a few unusual occasions,
O; was also thought to be transported to the site from urban
areas during the summertime through regional transport.
These results show that the observed episodic events are
complex and influenced by several factors including aerosol
sources and meteorological conditions as well as interlinked
atmospheric processes. It is thus clear that meteorological
factors strongly affect the temporal distributions of the SLCPs at
the studied rural site in the IGP, as well as secondary formation,
accumulation from primary sources, and SLCP transportation.

3.5 Seasonal variation of SLCPs

The diurnal profiles of BC, BrC, BrC/BC ratio, and NOx/BC ratio
in different seasons are shown in Fig. 4a-d (left panel). In
winter, BC and BrC concentrations had a bimodal diurnal
distribution with concentrations peaking in the early morning
(6.0 and 4.0 pg m~> for BC and BrC) and night (6.5 and 4.4 pg
m~? for BC and BrC, respectively) and being the lowest during
the daytime (4.2 and 1.8 pg m™>). The t-test indicated that the
BC concentration in the mornings in winter was significantly
higher (p < 0.05) than in other seasons. The low VC and calm
winds during winter suggest that the regularly observed high
peaks of BC and BrC in the mornings and evenings can be
attributed to local biomass burning for cooking and heating.
During morning hours (6:00-8:00 AM), low PBLH and VC,
limited solar radiation, low temperature, and low wind speeds
all favored substantial increases in BC concentrations, as shown
in Fig. 4a. During the evening and late at night, BrC concen-
trations increased gradually due to the low VC and low
temperature, especially in winter and autumn seasons.
However, the morning and early night peaks were less prom-
inent during the monsoon season than in other seasons due to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the wash-out effect (Fig. 4b). The diurnal variation of BC and
BrC from other studies was similar to the present study.*>”*

The BrC/BC ratio is an indicator of biomass burning and other
fossil fuel combustion sources, as well as secondary aerosol
formation.*** A low BrC/BC ratio in combination with higher
NOx to BC ratio indicates fossil fuel combustion,™ e.g. diesel
vehicles (11-47) and gasoline vehicles (1940-4407), while a high
BrC/BC ratio suggests the dominance of biomass burning with
low NOy to BC ratio (0.9-2.5).” This is because high temperature
in the fossil fuel combustion system emits relatively high NOy
and low BrC. In light of all this, an interesting diurnal variation of
the BrC/BC ratio was also observed at IGP-CARE. The humps of
the BrC/BC ratio in the morning and evening in all seasons were
clearly observed (see Fig. 4c). These humps were not associated
with the NOy/BC ratio, while there were similar CO humps in the
mornings in all seasons (see Fig. 4d and 5b). This suggests that
BrC, BC, and CO were co-emitted from local biomass burning
from cooking and/or heating activities. Further, the BrC/BC ratio
decreased sharply during daylight hours and increased at night
(see Fig. 4c). The BrC/BC ratio was higher in winter and autumn
than in summer and the monsoon season. This can partially be
attributed to more BrC partitioning to the gas phase, photo-
bleaching, and interlinked atmospheric chemistry during the
latter two seasons.

Box plots of the seasonal BC, BrC, BrC/BC ratio, and NOx/BC
ratio are shown in Fig. 4e-g. The ‘boxes’ indicate the 25™ and
75™ percentile values, while the solid red and black lines indi-
cate the mean and median (50" percentile) values and the black
dots indicate the 5™ and 95™ percentile outliers of the BC and
BrC concentrations and the BrC/BC ratio. The median concen-
trations of BC and BrC fell between winter and summer,
reached a minimum during the monsoon, and then increased
in autumn (Fig. 4d and e). The highest BC concentration was
observed in winter (5.5 + 2.0 pg m 3, median = 4.6 ug m?),
followed by autumn (4.1 + 1.9 ug m >, median = 3.8 ug m?),
summer (2.8 + 1.8 pg m >, median = 2.4 pg m~*), and monsoon
(1.2 £ 0.7 pg m~*, median = 1.0 pg m ). A similar pattern was
observed for the BrC concentration.

As noted above, a high BrC/BC ratio suggests a dominant
contribution of biomass burning while a low ratio may indicate
a plausible contribution from fossil fuel combustion. Several
publications have also suggested that BrC may be a precursor of
secondary organic aerosols (SOA).>'*7® The BrC/BC ratio in
winter did not differ significantly (p > 0.05) from that in autumn
but was significantly higher than that observed in the summer
and monsoon seasons. Similarly, NOx/BC ratios were not
significantly different in winter (1.8) and autumn seasons (1.8),
while the NOx/BC ratio was higher in summer (2.4) and
monsoon (4.5) (see Fig. 4h). In general, these ratios are signif-
icantly lower than those observed for fossil fuels,” and
comparable with NOx to BC ratios from forest fires.” These
findings substantiate our interpretation that the main sources
for the observed BC and BrC levels were biomass burning near
the site; however, the seasonal similarities and variability can be
attributed to biomass material and burning complexities and
meteorological factors prevailing during various seasons.
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black lines indicate mean and median values.

The diurnal variations of Oz, CO, and NOyx at IGP-CARE
during the winter, summer, monsoon, and autumn seasons
are shown in Fig. 5a-c. In all seasons, the O; concentration
peaked during the day (1100-1600 PM) and typically declined
after 17:00 IST. During summer, the lowest observed O; level
was 22 ppbv (hourly average) and its maximum was 66 ppbv.
The lowest O; concentrations occurred in the monsoon season
when the O; concentration ranged from 25 ppbv to as low as 10
ppbv at night (Fig. 5a). During winter, the day-time peak
concentrations of O; reached 52 ppbv and the night-time
concentration was as low as ~10 ppbv, which is similar to the
monsoon season O; level despite the different meteorology and
concentrations in the two seasons. This may be because the

528 | Environ. Sci.: Atmos., 2022, 2, 517-538

availability of relatively high amounts of NO, during the day-
time* enables O; production by oxidation of hydroxyl (OH)
radicals and trace gases such as CO and CH,, whereas Oj; is
destroyed in the absence of solar radiation at night, leading to
the slow conversion of NO to NO,.

The observed diurnal O; patterns were compared to those for
a typical urban city, namely Delhi (see Fig. S97 in the ESI) in the
year 2014. Two distinct diurnal patterns were observed in
Delhi,**”” both of which differed slightly from those seen at IGP-
CARE, especially in the morning and afternoon. The rate of
change of O; (d(03)/dt) in the morning hours (08:00-11:00 AM)
and evening hours (17:00-19:00 PM) at IGP-CARE and other
sites in India is summarized in Table S61 of the ESI, where it is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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normalized against the reported VC values for each site. The
average rate of change of O; in the morning at the rural IGP-
CARE site was 6.8 ppbv h™" which is close to that seen at the
semi-urban site” at Mohali (7.3 ppbv h™') and 39% higher than
that at the urban site of Delhi. These differences suggest a slow
production of O; from trace gas precursors or a strong influence
from the NO titration effect in Delhi. The average rate of change
of O; during the evening at IGP-CARE (—5.3 ppbv h™") is close to
that seen at the semi-urban Mohali site. The rate of change in
the O; concentration in the morning at IGP-CARE was higher
than at other sites including Gadanki, Anantapur, Ahmedabad,
Thumba, Joharpur, and Tranquebar. This may indicate that
NOy production at rural sites is lower than in urban and sub-
urban regions, and implies that titration effects were minimal
at the IGP-CARE site. Seasonal rates of change in the O;
concentration were also estimated (see Table S67 in the ESI); in
the evening hours, the rate of change in the O; concentration
was highest in the autumn, followed by winter, summer, and
monsoon.

Generally, the CO concentration at IGP-CARE had a bimodal
and unsymmetrical diurnal profile (Fig. 5b). Its concentration
was high in the morning during winter, possibly because of

© 2022 The Author(s). Published by the Royal Society of Chemistry

extensive biomass combustion in cooking stoves. Later in the
day, rising atmospheric temperatures led to increased dilution
(i.e., high VC) and dispersion, causing CO concentrations to fall.
High CO concentrations were observed at night in winter (738 +
33 ppbv), probably because of incomplete combustion of
biomass fuel (wood, straw, and cow dung cakes) for cooking and
heating.* During summer and monsoon, daytime and night-
time CO concentrations did not differ significantly (p > 0.05).
This can be due to high dilutions due to higher VC during the
summer and significant washout of pollutants during the
monsoon season. NOyx concentrations were generally higher
during the day-time (0800-1500 IST; 8.0-10.0 ppbv), especially
in the winter and autumn. The NO, concentration was highest
in winter (8.5 & 3.2 ppbv) and autumn (7.1 £ 3.4 ppbv) due to
anthropogenic activity (Fig. S107 in the ESI). As the sun rises
(07:00-09:00 IST), photochemical reactions begin, and NO is
rapidly oxidized into NO, in the presence of O;. The fact that
NO, concentrations were higher than NO concentrations during
this period demonstrates the strong influence of local sources
near IGP-CARE. The average NO,/NOy ratio over the sampling
period was 0.93 £ 0.05, indicating extensive conversion of NO to
NO, at the site. Previous studies”®® have also reported NO,/NOy
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ratios in the range of 0.81-0.90 at a rural site and attributed
them to high NO to NO, conversion. Conversely, Mazzeo et al.**
measured the urban NO,/NOy ratio in the range of 0.02-0.05,
which they attributed to vehicular emissions. The higher NO,/
NOy ratios observed in the present study indicate that the
influence of vehicle sources at the IGP-CARE site was minimal.
Both the NOx and CO showed reasonably good agreement in
their concentration profiles, and this indicates that they were
plausibly co-emitted from the biomass burning activities in
nearby rural communities. The emissions from forest fires re-
ported by Mieville et al. (2010)”> showed CO/NOy ratio in the
range between 18 and 70. In this study, the CO/NOy ratio was
higher (mean value 83 + 47) than that observed for forest fires.
These values are way higher than those observed from fossil fuel
combustion sources elsewhere (e.g. the CO/NO, ratio ranged
between 5 and 50).*> Therefore, the measured higher CO/NOx
ratio in this study confirms that CO and NOy were co-emitted
from the local biomass burning activities.

Box plots of the seasonal O;, CO, and NOy levels are pre-
sented in Fig. 5d-f. The O; concentration was highest in
summer (46 ppbv), while those of CO (498 and 604 ppbv in
autumn and winter) and NOx (6.6 and 7.9 ppbv) were highest in
winter and autumn, respectively. Overall, secondary pollutant
tropospheric O; showed elevated concentration. O; peaks were
mostly attributed to local ozone formation. Nevertheless, on
several occasions, O; emission was also attributed to regional
urban areas.

3.6 Brown carbon (BrC) and interlinked chemistry

In general, the BrC time series indicates that BrC, BC, CO, and
NOy followed similar patterns in various seasons. This suggests
that BrC was co-emitted with BC from the local biomass
burning for cooking and heating needs. Thus, mostly the
measured BrC in this study was primary in nature, which is
hypothesized to be transformed significantly during the day-
time. The profile of the BrC/BC ratio evolved astonishingly
during the day-time. An extremely sharp decline in the BrC/BC
ratio at the time of dawn each morning indicates the domi-
nance of photochemical processes in the transformation of BrC.
This transformation of BrC was observed to decrease the
attenuation of light absorption at 375 nm in this study. The
decrease in the ability to absorb light by organic aerosols in
reference to BrC was termed bleaching. To investigate the
“bleaching” of brown carbon, we analyzed the variability of BrC,
BC, and O; levels during the daytime and the night-time at IGP-
CARE as functions of temperature and solar radiation. BrC
bleaching reduced the BrC/BC ratio, as shown in Fig. 4c, and
was strong during the daytime. Recent studies have suggested
that strongly light-absorbing primary BrC (BrCp,;) may rapidly
evolve into weakly light-absorbing secondary BrC (BrCs) in the
atmosphere; this process is known as BrC “bleaching”.*® As
shown in Fig. S117 of the ESI, BrC levels correlated strongly with
the O; concentration and the spatially averaged temperature,
whereas BC levels correlated only weakly with the O; concen-
tration. Several factors could potentially explain the day-time
decrease in the BrC/BC ratio, including photochemical

530 | Environ. Sci.: Atmos., 2022, 2, 517-538

View Article Online

Paper

processes (which would be consistent with the sharp decrease
in the BrC/BC ratio during the early morning hours), radical
chemistry (i.e. reactions with OH and/or O;) and the volatiliza-
tion of BrC compounds at elevated temperatures during the
midday hours. Interestingly, temperature correlated better with
BrC/BC during the daytime than at night. Further experiments
are planned to investigate the relative contributions of the
above-mentioned factors, and the roles of photochemistry and
radical chemistry in “brown carbon bleaching” will be investi-
gated in a companion paper using HR-ToF-CIMS.

3.7 Influence of meteorology on SLCPs at IGP-CARE

In addition to atmospheric chemistry and atmospheric
processes, meteorological factors also influenced the concen-
trations and properties of SLCPs. Therefore, local and regional
source locations were investigated using local meteorological
data and air-mass back trajectories. As noted in the preceding
section, levels of SLCFs at IGP-CARE were generally higher in
winter and autumn than in other seasons. Fig. 6 shows CBPF
plots for SLCPs (BC, BrC, CO, NOy, and CO) in winter (top panel)
and autumn (bottom panel). In both seasons, high CBPF values
for BC were observed when the wind speed was <2 m s~ ' and the
local wind was northerly. The highest CBPF values for BrC were
associated with moderate to high wind speeds (2-10 m s~ )
from the northwestern and western directions in winter and
autumn (Fig. 6). It must be noted that the site is surrounded
from all directions by the rural communities located within 2-
10 km, which largely burn biomass for their daily needs of
cooking and heating throughout the year. Therefore, most
distinct morning and evening peaks of BC, BrC, CO, and NOy
observed round the year are thought to be from local biomass
burning for cooking and heating needs (see Fig. S121 in the
ESI).

Similar patterns are visible in the CBPF plots for O; and NOx
in both seasons (Fig. 6, top and bottom panels). This indicates
that moderate to high wind speeds favor regional trans-
portation of BrC, Oz, and NOx.** Conversely, the high CBPF
values for CO associated with low wind speeds (<2 m s~ ') in the
northwestern and western directions can be attributed to local
sources that are active in both seasons. CBPF plots for the
studied SLCPs in the summer and monsoon seasons are pre-
sented in Fig. S13t of the ESI. A similar pattern was observed for
BC and CO in both seasons, with high CBPF values being
associated with moderate wind speeds (2-4 m s~ ') from the
northern and northeastern directions. In contrast to BC, BrC,
and CO, the CBPF plots of O; and NOy somehow exhibited
different patterns in the summer and monsoon seasons. Over-
all, the CBPF plots of BC, BrC, and CO reveal a clear dominance
of local emission sources, whereas regional transport appears to
be important for O; and NOy.

To understand the impact of regional sources on SLCPs at
IGP-CARE, we performed a cluster analysis on a group of air
mass back trajectories with similar origins. Four major
contributing clusters (C1, C2, C3, and C4) were identified based
on total spatial variance (TSV) using a variance threshold of 20%
as recommended by Sateesh et al.** (2018) for different seasons

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 CBPF plots of SLCPs in winter (top panel) and autumn (bottom panel) over IGP-CARE during 2017. The chosen threshold was the 75

percentile of the measured SLCP concentrations.

(see Fig. S147 of the ESI and the discussion in Text S371 of the
ESI). Overall, the cluster analysis explained a significant fraction
of the seasonal variability in local and regional/super-regional
air masses and clarified the relative importance of regional
and interannual sources by quantifying the differences between
the clusters in terms of SLCP concentrations. However, such
analyses cannot be used to determine the contributions of
potential source regions at the receptor site; for this purpose,
a PSCF analysis was used to apportion the relevant back
trajectories with species concentrations at the receptor site.
PSCF plots for the studied SLCPs are presented in Fig. 7. The
color scale used in each of these maps indicates PSCF proba-
bilities measuring the likelihood of different source origins for
each species measured at the receptor site. A threshold criterion
corresponding to the 75" percentile of SLCP concentrations was
used to identify specific sources.

For BC and BrC, the PSCF analysis identified regional sour-
ces in the northwestern “hot spot” region of the IGP, which
encompasses Delhi, Punjab, Haryana, and northern Pakistan.
These sources were especially important in winter and autumn.
Some eastern parts of Uttar Pradesh were also important
regional BC sources in autumn, presumably because of indus-
trial activity near Kanpur (Fig. 7, left top panel). It should be
noted that the highest BC and BrC levels were associated with
low winds and sources local to the receptor region, which
cannot be detected using the PSCF. For O3, the highest PSCF
(>0.8) values occurred during summer days and were linked to
a potential source in the north-western IGP. In other seasons,
a few hotspots (0.4-0.6) were identified in the north-western
and eastern regions of Uttar Pradesh. In the monsoon season

© 2022 The Author(s). Published by the Royal Society of Chemistry

and winter, the PSCF map of O; was dominated by local emis-
sions (Fig. 7, right top panel), while regional sources dominated
during summer and autumn. A probable origin location for CO
emissions was identified in a small region of Uttar Pradesh,
which was a particularly prominent source in autumn (Fig. 7,
left bottom panel). The PSCF map for NOyx highlighted north-
eastern Delhi, Punjab, Haryana, and northern Pakistan (Fig. 7,
right bottom panel). Overall, the PSCF analysis indicates that
the SLCPs detected at IGP-CARE mainly originated from local
sources but that the contributions from regional emission
sources in the northwestern IGP region cannot be ruled out on
some occasions.

3.8 Comparison with previous studies

The annual mean concentrations of pollutants including BC,
03, CO, and NOx measured in the present study are summarized
in Table 4 and compared with average values reported from
other cities of the world. In comparison, the present BC levels
were higher by a factor of 5-12 from USA®**® and UK,* while
being close to values reported in Chen et al. (2017),%® Putero
et al. (2015)," and Cao et al. (2006)°* for Asian cities (Beijing,
Hong Kong, and Kathmandu). Recent studies reported that the
emissions of BC from Asia (China and India) are substantially
high;***> however, predominant sources of BC in these countries
are diverse. BC emission in India is mostly from residential
biomass fuel and open biomass burning,” while in China, the
BC emission is largely from industrial and residential biomass
fuel.®* In urban cities, on-road transport (combustion of diesel,
gasoline, and CNG vehicles) is the major contributor in
India.”>*° It should be noted that the BC level observed in the
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present study was lower compared to the values reported for
Delhi (10.3 + 5.4), Agra (12.4 + 4.3), Kanpur (8.6 + 4.1) and
Banaras, respectively.*>*® The BrC concentration (2.6 + 1.3 pg
m ) in the present work was also lower compared to the value
reported for Banaras (6.0 + 3.7 pg m™>).* It is also noted that

the average BC in the present study was higher by a factor of 2
from rural sites (Anantapur).®®

The annual mean of O; at IGP-CARE was close to those in Los
Angeles,® Kathmandu,"” and Indian cities such as Delhi,*
Agra,”” and Kanpur.®® Interestingly, the present concentration of

O; was found to be 1.5-3.0 times higher compared to values

Table 4 The key SLCPs measured at IGP-CARE and comparison with other cities all over the world®

Location Site type BC? Brc? 0;° NOy® co*

New York U 0.7 & 0.2¢ 10.3 + 3.6¢ — —

Los Angeles U 1.6 £ 0.4° 27.1 + 11.5 46.6 + 31.4" 530 =+ 300
London U 1.3 + 1.0° 11.0" 54.1" 398.5"
Beijing U 9.4 + 6.3 20.0/ 30.0/ 741.6
Hong Kong U 13.6F 18.7F 27.7" —
Kathmandu U 11.6 + 10.7™ 27.0 4 21.3™ — 603 + 204"
New Delhi U 10.3 + 5.4° 25.0 + 10.27 30.5 + 8.57 19707

Agra U 12.4 + 4.3° 32.3 + 22.74 12.3 + 2.5 477 + 3927
Kanpur U 8.6 + 4.1° 27.9 +17.8" 5.7 + 4.5 721 =+ 403"
Banaras U 11.8 & 8.6° 6.0 +3.7°

Anantapur R 2.7 +£0.7° 40.7 + 3.7° 51+ 0.7 436 + 64"
Present study R 5.1+ 2.2 2.6 + 1.3 31.4 +23.1 8.6 + 3.5 659 + 437

“ Abbreviations - U: urban, R: rural. ® Values are reported in ug m~>. ¢ Values are reported in ppbv. 4 value averaged from Venkatachari et al.

(2006).** © Average BC mass concentrations were summarized from the US EPA (2012).”/ Average values of O3, NOy, and CO reported in Delfino
et al. (2011).* ¢ From Reche et al. (2011).* " Average values of Os;, NOy, and CO reported in Reche et al. (2011).* ’ Average values of BC were
compiled in Chen et al. (2017).”° / From Stohl et al. (2015).” ¥ Average BC concentration reported in Cao et al. (2006).*" ‘ From Sun et al.
(2019).7°* ™ From Putero et al. (2015)."* " Average values of CO compiled from Bhardwaj et al. (2017).'°2 ° Average values of BC for Indian cities
were compiled from Rana et al. (2019).°® ¥ From Tiwari et al. (2015).>® ¢ From Verma et al. (2017).”” " From Gaur et al. (2014).°* * From Srivastava
et al. (2019).*° * From Reddy et al. (2012)." * From Ahammed et al. (2006).'
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reported in New York,* London,*® Beijing,” and Hong Kong.”* A
high mean O; was observed at Anantapur (40.7 & 3.7 ppbv, rural
site)®”'®® compared to the present study, possibly due to
photochemical processes involving the precursors in the pres-
ence of solar radiation. The annual average of NOx at IGP-CARE
(8.6 & 3.5 ppbv) is generally lower than the values reported from
New York,* Los Angeles,* London®® and other Asian cities,*>*”
while the average CO emission (659 + 437 ppbv) level was
higher compared to the values reported for Los Angeles,*
London,* and Kathmandu.'** Interestingly, the levels of NOx
and CO in New Delhi*® and China® were considerably higher
than in the present study. The level of NOx and CO at Ananta-
pur,*>'® were lower than the value reported in the present
work.

4. Conclusions

We have presented one-year (January 2017 to December 2017)
long measurements of key SLCPs, i.e. BC, BrC, and Oz, and
other important gases along with meteorological data gathered
at the rural IGP-CARE site. These measurements were used to
investigate the variation in SLCP concentrations at IGP-CARE
as well as the atmospheric transformations of these pollut-
ants and their sources at the studied site. Thirteen episodic
events (E1-E13) of elevated BC and BrC concentrations were
characterized. The elevated concentrations of BC and BrC
observed can be attributed to the local biomass burning (wood,
agricultural residues, and dung cakes) for cooking and heating
by the surrounding rural neighborhoods. The high concentra-
tions of BrC observed are suggested to be primary in nature and
thought to be co-emitted with BC from biomass burning. Also,
episodic events of high O; concentrations were characterized.
These Oz peaks can be attributed to local ozone formation.
Nevertheless, on several occasions, higher O; levels can also be
attributed to regional transport from urban areas. The BrC/BC
ratio decreased sharply during daylight hours (08:00-17:00 IST)
and slowly increased at night (18:00-23:00 IST), especially in
the winter and autumn; this may have been associated with BrC
bleaching, which is thought to be affected by temperature,
solar radiation, and ozone/radical chemistry. CBPF plots sug-
gested that strong BC contributions from the north-west and
the north in winter (Jan., Feb., and Dec. 2017) and autumn
(Sep., Oct., and Nov. 2017) were associated with lower wind
speeds and low VC, while trajectory cluster and PSCF analysis
revealed a seasonal variation in SLCP sources. It is likely that
regional sources affected the local SLCP concentrations at the
IGP-CARE. The high concentrations and temporal distribu-
tions of SLCPs can partly explain local and regional scales at
the IGP-CARE site in winter and autumn using PSCF analysis.
In contrast, in the summer and monsoon seasons, strong
convection (unstable atmospheric conditions) likely favored
the dilution of pollutants. Future studies should focus on long-
term monitoring of SLCPs and modeling the atmospheric
processes and heterogeneous uptakes and their chemistry. The
knowledge generated through such investigations could guide
the development of effective mitigation strategies for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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managing climate change while ensuring food security and
protecting human health.
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