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ARTICLE INFO ABSTRACT

Keywords: The three-year Black Carbon (BC) aerosol measurements made during 2020, 2021, and 2022 over
BC aerosols a rural location, namely, Panchgaon, surrounded by Aravali hillocks (elevation of about 400-600
Aethalometer

m) have been analyzed with an aim to determine their optical and radiative characteristics,
seasonal and long-term variations in mass concentration. The affinity between these parameters
and associated pollutants and planetary boundary layer height (PBLH), affected by the orography,
to delineate their role in mass concentration changes with time have been investigated. The
coincident OPAC (Optical Properties of Aerosols and Clouds) Model-derived aerosol optical depth
(AOD), and single scattering albedo (SSA) have been compared with the observed BC mass
concentration, and also with synchronous satellite measurements. The year-to-year variability
analysis of the data reveals that the rate of increase of BC concentration is high. The variability
was low due to the reasons explained. It implies that the year-to-year variability in BC concen-
tration at the study site depends on the source strength modulated by the valley-driven meteo-
rology. Added, the percentage departures of BC concentration show positive values (higher
concentration) during morning and evening hours, which could be due to more anthropogenic
activities while it shows negative values during afternoon hours and lower boundary layer
heights. The force exerted by the radiation due to BC aerosols at the bottom of the atmosphere
(BOA), and in the atmosphere (ATM) are almost equal in magnitude and negative, while that at
the top-of-the-atmosphere (TOA) is smaller and positive, indicating that BC aerosols in the study
region cools the atmosphere at the BOA and warms the ATM and TOA, which indirectly reveals
the dominant role of long-range transport phenomenon at higher levels as compared to the
surface level.

Light absorption

Rural environment
Characteristic pollutants
Boundary layer

1. Introduction

BC aerosol is the dominant light absorbing particulate matter in the atmosphere, emitted by incomplete combustion of both
anthropogenic (e.g., diesel engines) and natural (e.g., wildfire) origins. India is currently the second-largest emitter of BC in the world.
Several review articles on the current status and future scope of BC aerosol have been published in the literature [1,2]. Among aerosol
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chemical constituents, BC is the most potent climate forcing agent with a radiative forcing (RF) around ~65 % of that of CO5 [3], while
BC is a source of warming on a global/hemispheric/continental/regional scale, it has adverse effects on air quality and human health.
Assessing the sources of BC, their emissions and spatial distribution are very important both for policy making and climate studies. In
the Asian regions, the residential, industrial, power and transportation emission rates of BC aerosols during different seasons play in a
variety of ways in the formation and development of clouds, precipitation, and hence climate [4,5]. Moreover, these short-lived
climate drivers cause upward motion anomalies in the atmosphere [6] that result in changes in dynamic and hydrologic fields [7,
8]. The potential sources and processes involved in carbonaceous aerosols and their effects on climate sustainability and health hazards
have been reviewed by many researchers in the literature [9-11]. Due to the absence of long-term regionally representative atmo-
spheric BC data, climate models use emission estimates derived from fuel consumption inventories as inputs for simulation of BC mass
density and radiative forcing. Hence, there are many uncertainties and errors in the BC aerosol estimations [10,12]. In view of these
projections and uncertainties, model outputs of BC mass densities using these emission estimates need to be urgently constrained by
high space-time resolution multi-platform atmospheric measurements in India. The crop-residue burning in India during April-May
and October-November, especially in Punjab, Haryana and Uttar Pradesh, and its impact on air quality and human health (respiratory
and cardiovascular) has been studied by numerous researchers [3,11,13]. Recent studies at local, urban, and regional scales have
shown that high levels of BC and PM; 5 emissions from crop residue burning affect air quality not only in India but also across South
Asia, due to long-range transport of transboundary pollution [14,15]. Exposure to BC aerosols has also been linked to adverse car-
diovascular and respiratory effects in humans [16]. In the light of these strong evidence, a National Carbonaceous Aerosol Programme
(NCAP) of the Indian Network for Climate Change Assessment (INCCA) was launched way back in March 2011 by the Government of
India to monitor and mitigate the BC emissions. Subsequently, a number of new standalone and multi-lateral collaborative research
programs have been developed [17].

In the present work, we report the results of a three-year-long measurements of BC aerosols made with a next-generation Magee
Scientific Aethalometer model AE33 during 2020-2022 over a typical rural site, namely, Panchgaon, a valley-like station enveloped by
Aravalli hillocks. Some preliminary results observed over this station have been published elsewhere [18]. The present paper deals
with the seasonal variation, emphasizing scavenging phenomenon during monsoon and impact of local boundary layer height during
winter seasons, besides the radiative forcing exerted by the BC aerosols and covariations between the mass concentrations of BC and
coincident characteristic pollutants present and meteorology over the study site.

2. Materials and methods

The study site, Panchgaon (28.31°N, 76.90°E, 285 m a.m.s.l.), Haryana State, is a rural location, situated around 50 km from Delhi.
The station is surrounded, in northeast direction, by two cities, namely, Gurugram (~24 km) and Manesar (~9.5 km) which possess
several small- and large-scale industries, the study site receives pollution whenever the wind blows in the northeast sector. It is about 7
km away from the Delhi-Jaipur National Highway (NH8) in the northeast direction, and is enveloped by Aravalli hillocks of average
elevation of about 200 m. Thus, the experimental site has complex topography with valley-like terrain. The site receives pollution due
to traffic, particularly during night-time when heavy vehicles play on the NH road. Added, the complex wind pattern induced by the
surrounding orography often affects the pollution flow at the study region. It is also observed that the site is influenced by the Thar
Desert, located in the northeast direction, and receives dust pollution through long-range transport process. Thus, although the site is
primarily a rural station with sparse residential buildings, population, and vegetation fields, it poses sporadic pollution due to the
above-mentioned natural and anthropogenic activities. The aethalometer used in this study has been equipped with a dehumidifier.
Plus, the necessary maintenance and periodic calibration checks have been carried out since its installation. This instrument is fully
automatic and uses a continuous filtration of ambient aerosols. It measures BC mass concentration round-the-clock in the wavelength
range of 370-950 nm. The BC mass concentration is calculated from the rate of change of attenuation of light from an LED source used
in the instrument. More details of the experimental station, description of the Aethalometer and accuracies involved in the estimation
of BC data are available elsewhere [19-22]. The density of BC datasets that have gone into the different parameter evaluation and
model calculations are presented in Table 1. It may be noted that data have been recorded almost every day during the study period,
except for a few days due to either power failure or maintenance work. Table 1 presents the number of days on which measurements of
BC were conducted in each month during the study period.

Table 1
Number of data points (daily means) available in each month.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2020 11 29 31 25 30 30 27 29 22 22 30 27
2021 25 25 31 22 29 10 0 19 30 30 29 28
2022 31 22 31 29 14 30 31 31 28 31 25 16

The daily mean values of BC aerosol data are used for the analyses of seasonal variation and trends, radiative forcing models and satellite data
analyses. The synchronous columnar aerosol optical depth (AOD), and single scattering albedo (SSA) from MODIS (Moderate Resolution Imaging
Spectroradiometer); Ozone (O3) from OMI (Ozone Monitoring Instrument) Aura satellite; columnar water vapor (CWV) from AIRS (Atmospheric
Infrared Sounder) satellite and Planetary Boundary Layer Height (PBLH) data from MERRA-2 (Modern Era Retrospective analysis for Research and
Applications, Version 2) model re-analysis data, and PM 5 from CPCB (Central Pollution Control Board) have also been analyzed to determine their
affinity with observed BC mass concentration variations.
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3. Results and discussion
3.1. Time series analysis of BC and associated parameters

Fig. 1 depicts the monthly mean variations in BC, PM5 5, AOD, SSA, CWV, Os, temperature (T), relative humidity (RH), wind speed
(WS) and PBLH over Panchgaon, a rural station in Manesar (285 m a.m.s.l.), from January 2020 to December 2022. Some gaps
observed in the BC and SSA plots are due to the non-availability of data due to some technical problems and unfavorable sky con-
ditions. BC concentration was observed to be in the range of 0.29-10.02 pg/m® with an annual mean of 4.21 + 1.93 pg/m®, 4.02 +
2.30 pg/m>, and 3.94 + 2.21 pg/m® during 2020, 2021, and 2022, respectively. It may be noted here that the lower values of BC during
2022 are majorly due to data gaps due to instrument maintenance issues. Though Panchgaon is basically a pristine region, higher
values of BC are normally observed during winter months, which could be due to several factors. High demand of solid fuels for
heating, such as coal, wood, and solid waste contribute to the release of BC particles into the atmosphere. Also, stable atmospheric
conditions during winter season, such as low wind speeds and lower-level temperature inversions trap the carbonaceous aerosol
particles below the boundary layer leads to high BC concentrations. Such conditions favor the accumulation of BC aerosols near the
surface [23]. As the winter transitions into summer, BC levels may remain relatively high. This could be attributed to the dust particles
suspended in the air due to dry and windy conditions, and also due to long-range transport of crop-residue burning activity in the
adjoining regions of the study site. The relatively lower BC concentration observed during winter months (December 2021) (2.50 +
0.39 pg/m®) could be attributed to increased wind speed and atmospheric mixing, making it easier to disperse the pollutants. The
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Fig. 1. Covariations between concurrent BC [A], PM, 5 [B], AOD [C], SSA [D], CWV [E], Ozone [F], T [G], RH [H], WS [I] and PBLH [J] during the
study period of 2020-2022. The solid curve indicates monthly mean variation of each parameter during the study period.



P.C.S. Devara et al. Heliyon 10 (2024) e25128

minimum values of BC concentration during the monsoon months (June-September) are due to the well-known cloud- and
rain-scavenging processes. Enhancement in BC concentration immediately from the beginning of post-monsoon months (October and
November) is due to biomass/crop-waste [24,25]/Parali [26] burning activity in and around the experimental site. Wind direction,
precipitation and air mass movements can also affect the transport and dispersion of pollutants, potentially leading to lower BC
concentrations. Interestingly, the BC concentrations were observed to be highly fluctuating during post-monsoon (October 2022: 0.64
+ 0.16 pg/m®, November 2022: 1.31 + 0.16 pg/m®) and winter (December 2022: 0.49 + 0.44 pg/m®). The variations observed in BC
concentration during these months depend on multiple factors such as, the post-monsoon period often experience improved meteo-
rological conditions; increased speed and better dispersion, which help mitigating the accumulation of BC pollutants in the atmo-
sphere. It may be noted here that although the observational station is located in proximity to a state highway, due to the majority of
the experimental region is covered under thick vegetation resulting in a relatively less polluted or pristine environment.

The results of the analysis revealed that BC exhibits almost a negative correlation initially and subsequently a positive correlation
with Os, PMs 5, PBLH, and AOD. Initially, the BC concentration and planetary boundary layer heights (PBLH) are negatively related, as
per the normal expectation. Subsequently, this correlation has become weak. This could be due to strong local sources of BC emissions
and winds within or near the PBLH. Moreover, there are industrial emissions/crop residue burning occurring at the same time. Thus,
the BC concentrations may rise with the PBL due to local emissions. But, as suggested by Tianning et al. [27], the influence of hori-
zontal transport due to strong winds weakens this relationship (turning into positive) between the PBLH and BC. In another case by
Petaja et al. [28], enhancement in BC concentration stabilizes the boundary layer height and hence affects the PBLH-BC correlation.
Same is the case with Ozone which is positively correlated with PBLH due to heterogeneous reactions and photolysis rates.

There is usually a negative correlation between BC and O3. The positive relationship observed in the present study has been
examined and explained on the basis of the work reported by Chang et al. [29]. This suggests that higher BC concentrations are
positively correlated with increased values of these variables. BC showed strong correlation (0.56) with PM; 5, as BC being a major
contributor to PMj 5 concentrations through emissions from combustion processes and its ability to absorb and accumulate other
particles in the atmosphere. BC exhibits weak correlation with O3 (0.25), and AOD (0.10), potentially due to the complex interplay of
various atmospheric factors, heterogeneous spatial distribution of BC sources at the station. However, BC showed a negative corre-
lation with CWV (—0.57), and SSA (—0.43), indicating that higher BC levels are associated with lower CWV and SSA values. This is due
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Fig. 2. Seasonal marching of mean diurnal variation of BC mass concentration during summer [A], monsoon [B], post-monsoon [C], and winter

seasons during 2020-2022. Vertical bars on each curve represent 1¢ deviation from mean.
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to suppression of water vapor condensation and increased atmospheric heating, thereby reducing water vapor content, and altering the
scattering properties of aerosols. The CWV is high during the monsoon months, implying increased moisture availability. The negative
correlation between surface ozone and water vapor indicates that increase in water vapor slows down the ozone production rates,
hence its concentration. Moreover, the potential ozone loss due to increase in water vapor occurs due to combination of low tem-
peratures together with elevated water vapor mixing ratios, resulting in activation of liquid sulphate aerosols, leading to ozone
depletion [30].

Comparison between AOD and BC leaves an issue of accuracy because they involve different sensing wavelengths. However, the BC
measurement involves mainly the absorption component while the AOD and SSA depend on both scattering and absorption [31]. More
details of such error analysis have been recently published by Guan et al. [32]. As BC is a significant contributor to PM; 5 concen-
trations, similar variations have been observed in both parameters [33]. Moreover, both showed similar trends. The observed negative
correlation between BC and SSA could be explained due to increase in absorption of aerosols faster than the scattering of aerosols [34].

3.2. Time variations of BC mass concentration during different seasons

Fig. 2 shows the season-wise diurnal variation of BC concentration. The solid line indicates the average BC value, and the vertical
lines represent the deviation from the mean. The three years’ mean of BC concentration exhibits high concentrations during winter
(December-February) (6.11 + 1.44 ug/m3), followed by summer (March-May) (4.59 + 1.84 pg/mg), post-monsoon (October-No-
vember) (3.49 + 1.21 pg/m3), and monsoon (June-September) (2.26 £+ 0.70 pg/m3) seasons. The BC concentration exhibits a bimodal
distribution characterized by two distinct peaks during all the seasons i.e., summer, monsoon, post-monsoon, and winter. The first
peak is observed in the morning (summer: 0800-0900 h monsoon: 0700-0800 h, post-monsoon: 0800-1000 h and winter: 0900-1000
h), indicating increased BC levels during this time and the second is observed during late night (summer, monsoon, post-monsoon, and
winter: 2300-2400 h), signifies another period of elevated BC concentration. The bimodal pattern of BC distribution suggests a
complex interplay of emission sources and atmospheric conditions throughout the day. The three-year seasonal mean of BC contri-
butions was found to be approximately 37 % during winter, followed by 28 % in summer, 21 % in post-monsoon, and 14 % in monsoon.
The high standard deviation of BC during winter season (2020-2022) was found to be high, maybe due to the complex topography of
the observational site and the resultant microscale meteorological conditions. On the other hand, the arrival of monsoonal rains and
enhanced wet deposition of BC particles during monsoon reducing their concentrations resulting in low standard deviation and low BC
concentrations. Peaks were observed in the monsoon period due to changes in the planetary boundary layer, vehicular emissions, and
local household burning activities [35].

3.3. Percentage departure of hourly mean BC

Studying the departures or deviations in the data series facilitates both qualitative and quantitative information on the time
variation of BC mass concentration. The calculation of hourly percentage variation of BC is as explained below:

BC (Percentage Departure) = (((BC instant) - (BC Average)) / (BC Average)) *100

Throughout the study period in Panchgaon, the hourly percentage variation of BC for all the seasons exhibits almost similar pattern
as shown in Fig. 3, but within a day, it is found that the BC pollution during daytime significantly higher as compared to nighttime. This
is quite interesting to note slow-moving trucks with heavy loads ply on the nearby.

National Highway. It is also clear from the figure that the departures in BC concentrations were positive (indicates more pollution)
during daytime. These departures turned into negative from 1000 h and continued up to 2100 h in the night (indicates less pollution)
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Fig. 3. Time variation of percentage departure of BC concentration during different seasons.
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whereas, from 2200 h in the late night to 1000 h in the morning, BC concentration was observed to be consistently higher than that of
the annual mean, indicating poor air quality during these hours.

The observed BC variations at the station could be attributed to the combination of anthropogenic activities, meteorological
conditions/geographical factors, potential sources, and transport mechanism contributing to BC emissions. The percentage departure
of BC was found to be maximum during summer, due to elevated BC level at the station, followed by post-monsoon, monsoon, and
winter seasons. The post-monsoon increase could be due to crop residue burning activity. A lower dispersion and more accumulation of
BC during winter leads to low BC departure (larger mean) signals compared to other seasons.

3.4. Inter-comparison between AOD and SSA from OPAC model and satellite retrievals

Surface BC concentrations were used in the OPAC model to derive BC optical properties such as AOD, SSA as explained in the paper
by Raju et al. [36]. Gogoi et al. [37] have used satellite radiances to retrieve BC mass loading and compared it with the ground-based
observations.

Fig. 4 depicts the inter-comparison between AOD and SSA obtained from the OPAC model with satellite derived products. OPAC is a
widely used aerosol optical property database that models AOD and SSA values based on different aerosol types. A brief description of
the OPAC model, including data retrieval and analysis procedures has been published in the literature [38,39]. The red and black lines
represent AOD, blue and purple line indicates SSA derived from OPAC model and Satellite, respectively. The comparison between
OPAC-derived AOD and SSA values at 550 nm and satellite products i.e., MODIS and OMI revealed a reasonable agreement. The mean
difference between the satellite and modeled values for AOD and SSA was found to be 0.01 and 0.001, respectively, falling within the
range of.

Retrieval uncertainty. The average AOD derived from MODIS observations was 0.47, with a peak of 0.72 observed in August 2021
and a low of 0.17 in April 2020. These variations indicate temporal variability in aerosol loading, potentially influenced by seasonal
factors or changes in seasonal factors or changes in aerosol sources. On the other hand, SSA derived from OMI satellite observations
shows an average value of 0.92 with its maximum of 0.96 observed during August 2020 and minimum of 0.88 in January 2022, these

changes in SSA may be due to changes in the scattering properties of aerosols, which could be influenced by different aerosol types
during these study periods.

3.5. Monthly mean aerosol direct radiative forcing (ADRF) at Panchgaon during 2020-22

The Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model described elsewhere with the RT code published in
the literature [40-44] has been used to estimate the aerosol direct radiative forcing (ADRF) values in the present study. While running
OPAC using water-soluble, -insoluble, and BC, the mineral transport term is also used for computing the optical properties of aerosols.
Thereafter, the SBDART was run for computing the ARF. In Fig. 5, the monthly mean Aerosol Radiative Forcing (ARF) over Panchgaon
during 2020, 2021 and 2022 is presented. TOA and ATM forcing exhibit positive ARF, indicating a warming effect. However, the BOA
forcing showed negative ARF, suggesting a cooling effect. The three-year mean ARF at TOA, ATM and BOA were determined to be.

13.0 W/m?, 52.5 W/m? and -39.5 W/m?, respectively. The range of TOA, ATM, and BOA forcing varied from 6.4 to 24.4 W/m?,
25.1-85.6 W/m?, and -17.3 to —62.7 W/m>, respectively. ARF at all the three scenarios (TOA, BOA, ATM) were found to be more
during post-monsoon (ON) winter (DJF) months compared to summer (MAM) and monsoon (JJAS). Post-monsoon and winter months
at Panchgaon are often associated with crop residue burning; relatively calm atmospheric conditions with reduced vertical mixing,
resulting in higher aerosol concentrations and stronger interactions with solar radiation, and leading to increased ARF.
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3.6. Airmass back-trajectory cluster analysis

In order to ascertain the pollution source and quantify (per cent) its contribution to the levels observed at the study site during
different the study period of three years, namely, 2020, 2021, and 2022, the cluster analysis method of HYSPLIT model analysis has
been performed by following the work reported by Draxler et al. [45]. The results are displayed in Fig. 6 (A, B, C). Different colored.

Trajectories indicate the contribution of airmass from different levels of the atmosphere. The number (cluster) and associated
percentage (pollution level) given with parenthesis at each trajectory indicates the contribution of the cluster of trajectories to the
concentration observed at the experimental site. It is clear from the figure that both land (mostly fine particles) as well as marine
(mostly sub-micron particles) air mass travelled in all the three years and contributes to the BC levels at the study site. The airmass
trajectory close to the surface contributed maximum, 66 %, 58 %, and 28 % during 2020, 2021, and 2022, respectively. Moreover, the
marine air mass contributed maximum around 15 % during 2020 as compared to 2021 (16 %) and 2022 (20 %) during the study
period. During the summer months, long-range air masses travel from elevated altitudes, carrying in a mixture of marine and con-
tinental/polluted aerosols. The atmospheric loading of BC over the site results from a combination of long-range transport and
anthropogenic activity in and around the observation station, such as emissions from transport, industries, and power generators, as
explained in our earlier communications [19,28].

Thus, the results obtained over a rural site, enveloped by Aravalli hillocks, employing a multi-spectral aethalometer (AE33 of
Magee Scientific) for the period 2020-2022 during COVID-19 and post-COVID-19, have been reported. The departures from mean BC
mass concentration yielded both quantitative and qualitative estimates. The BC mass concentration showed an interesting association
with surface-level temperature, wind speed, PM3 5, Ozone, planetary boundary layer height, and columnar aerosol optical depth, water
vapor, and single scattering albedo during the study period. The long-range transport of back trajectory cluster analysis showed
contribution of BC aerosols from different sources via characteristic altitudes to the study location.

4. Summary and conclusions

The research work reported in this paper focused on the properties of atmospheric black carbon in a pristine environment at
Panchgaon from January 2020-December 2022. In addition to analyzing the temporal variation of BC during different seasons, this
study also focused on the ADRF derived from OPAC and SBDART models. The key results of the study are outlined below.

1. During the years 2020, 2021, and 2022, BC concentrations were observed within the range of 0.26-10.02 pg/m3. The annual mean
BC concentrations were found to be 4.21 + 1.93 pg/m?®, 4.02 + 2.30 pg/m>, and 3.94 + 2.21 pg/m? for the respective years.

2. The mean BC concentration over a period of three years shows elevated levels during winter with a value of 6.11 + 1.44 pg/m°,
followed by summer with 4.59 + 1.84 ug/m®, post-monsoon with 3.49 + 1.21 pg/m®, and monsoon with 2.26 + 0.70 pg/m3
seasons.

3. From 1000 h in the morning till 2100 h at night, BC concentrations were observed to be lower than the annual mean. Conversely,
from 2200 h in the late night to 1000 h in the morning, concentrations were higher than the annual mean.

4. T};e average ADRF over a period of three years was calculated to be 13.0 W/m? at TOA, 52.5 W/m? within the ATM, and —39.5W/
m~ at BOA.
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Fig. 6. Cluster-mode analysis of HYSPLIT air mass back-trajectories observed on 2020 [A], 2021 [B] and 2022 [C].

5. BC concentration exhibited, in most cases, initially negative and subsequently positive correlation with PBLH, T, WS, O3, CWV,
SSA, and PMy 5 during the study period.

6. BC mass concentration exhibits a positive correlation with O3 (0.25), PMy 5 (0.56), and AOD (0.10), while it shows inverse rela-
tionship with PBLH (—0.22), CWV (—0.57), and SSA (—0.43).
7. Ozone was found to correlate positively with PBLH. Negative correlation was found between BC and SSA, and O3 and water vapor.
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