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Abstract

The isotopic compositions of stable carbon (& 3 C) and nitrogen (5 > N) in marine aerosols
influenced by the continental outflows are useful proxies for understanding the aging and secondary
formation processes. Every winter, the haze pollutants transported from South Asia significantly
affect the chemical composition of marine atmospheric boundary layer of the Arabian Sea. Here, we
assessed the 8*3C of total carbon (TC) and 8°N of total nitrogen (TN) in marine aerosols collected
over the Arabian Sea during a winter cruise (6-24 December 2018). TC (2.1-13.4 ug m 3) is strongly
correlated with TN (0.9-5.0 ug m ), likely because of their common source-emissions, biomass
burning and fossil-fuel combustion in the Indo-Gangetic Plain and South Asia (corroborated by
backward-air mass trajectories and satellite fire counts). Besides, the linear relationship between the
mass ratios of water-soluble organic carbon (WSOC) to TC (0.04-0.65) and '3 C 1c (-25.1%o to -
22.9%o) underscores the importance of aging process. This means oxidation of organic aerosols
during transport not only influences the WSOC levels but also affects their ' Crc. Likewise, the
prevalent inverse linear relationship between the equivalent mass ratio of (NH4" /non-sea-salt- or nss-
S04%) and & *°Ntn(+15.3%0 to +25.1%0) emphasizes the overall significance of neutralization
reactions between major acidic ([nss-SO+*]>>[NOs]) and alkaline species (NH4*) in
aerosols. Higher 3Ny values in winter than the spring inter-monsoon clearly emphasizes the
significance of the anthropogenic combustion sources (i.e., biomass burning) in the South Asian
outflow. A comparison of & * Crcand § ** Nty with the source emissions revealed that crop-residue
burning emissions followed by the coal fired power plants mostly dictate the atmospheric abundance
of organic aerosols in the wider South Asian outflow.

Keywords: Organic aerosols, stable carbon and nitrogen isotopic composition, Arabian Sea,
continental outflow, aging effect.
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1. Introduction

Organic aerosols (OA), a major component of atmospheric particulate matter, influence
regional and global climate via the direct (i.e., scattering/absorption) and/or indirect effects (e.g.
hygroscopicity, cloud condensation nuclei) (Jacobson et al., 2000; Kanakidou et al., 2005; Fuzzi et

al., 2006). The major sources of OA over the continents include biomass burning/biogenic emissions
and fossil-fuel combustion(Gustafsson et al., 2009; Bosch et al., 2014; Bikkina et al., 2017a). Apart

from the direct emissions, secondary formation processes involving the condensation of semivolatile

organic compounds (SVOC) also contribute to OA abundances(Kroll and Seinfeld, 2008; Jimenez et

al., 2009). It is, therefore, important to understand the evolving characteristics of OA during long-
range transport to accurately predict their overall effect on atmospheric radiative forcing (Fuzzi et al.,

2006; Jimenez et al., 2009). Towards this, modeling studies seek to incorporate the major factors

affecting the abundances of OA during transport (Huebert and Charlson, 2000). Therefore, a better

parameterization and inclusion of any such factor in the climate model would improve our existing

understanding of the radiative effects of cloud/aerosol interactions(Li et al., 2016).

Probing the influential factors of atmospheric OA over continental sites is more complicated
because of the inadvertent contribution, mixing from direct emissions and secondary formation
processes. Alternatively, the coastal oceans that are downwind of continental pollution sources serve
as an ideal choice for assessing the controlling factors of atmospheric abundance of OA during their
transit to remote locations (Chesselet et al., 1981; Cachier et al., 1986; Kawamura et al., 2004;
Kirillova et al., 2013; Xiao et al., 2018; Zheng et al., 2018; Bikkina et al., 2019a; Elliott et al., 2019).

However, it is important to note that organic matter associated with nascent sea-spray emissions also

contributes to marine aerosols. To circumvent this problem, one needs to use a tracer that is
influenced by the ageng processes (i.e., either oxidation or secondary formation processes) and also
at the same time can help us in distinguishing the relative influence of continental versus marine

emissions.

Stable carbon and nitrogen isotopic compositions (5*Crc and 8*°Ntn, respectively) of total
carbon (TC) and nitrogen (TN) in atmospheric aerosols have proven useful to understand the sources
and processes affecting the chemical composition (Kundu et al., 2010a; Pavuluri and Kawamura,
2012; Kirillova et al., 2013; Aguilera and Whigham, 2018; Bikkina et al., 2019b; Bikkina et al.,
2020b; Morera-Gomez et al., 2021). Studies have shown that airborne particulate organic matter

emitted along with sea-spray has a characteristic higher 53Crc values (—21+2%o)(Chesselet et al.,

1981; Cachier et al., 1986; Miyazaki et al., 2011) and differ from that of continental origins (burning




of Cz plants: —25%o to —32%o; burning of C4 plants: —13.5%o to —11.5%., coal combustion: —25%. to
—21%o, vehicular emissions: —28%o to —26%o)(Cachier et al., 1986; Turekian et al., 1998; Martinelli
et al., 2002; Widory, 2006; Cao et al., 2011). Considering the disparity between source-emissions,

the 83Crc and 8Ny in marine aerosols influenced by the continental outflows would provide

insights on transformations of OA during atmospheric transport (Cachier et al., 1986; Bikkina et al.,
2016b).

During atmospheric transport, several factors such as oxidation and secondary organic
aerosol formation influence the abundance/composition of aerosols over the marine region. Towards
this, the interrelationships between stable isotopic composition of C and N isotopic composition of
marine aerosols are useful for better constraining the relative significance of these factors (Pavuluri
et al., 2010; Bikkina et al., 2016b; Rastogi et al., 2020; Singh et al., 2021b). In winter season, the

surface waters of the eastern Arabian Sea is highly productive because of the convective mixing

(Madhupratap et al., 1996; Kumar et al., 2001) and is also influenced by the long-range atmospheric

transport of pollutants in the Indo-Gangetic Plain (IGP) and southern India (Kumar et al., 2008a;

Bikkina et al., 2012; Aswini et al., 2020). The present study focusses on the influence of various

source emissions (oceanic vs. continental) and processing effects of OAs in the South Asian outflow
to the coastal and offshore waters of the eastern Arabian Sea during a winter cruise (SS379: 6-24
December 2018). Here, we measured the concentrations of total carbon (TC) and total nitrogen (TN)
along with their stable carbon and nitrogen isotopic compositions (8*3Crc and §'*Nn, respectively).
We used other chemical composition data including water-soluble inorganic ions, methanesulfonic
acid, and carbonaceous components to substantiate the arguments related to sources and formation

pathways of OA.
2. Materials and methods
2.1. Analysis of stable carbon and nitrogen isotopic composition

Seventeen TSP samples were collected using a high-volume air sampler (Envirotech Pvt.
Ltd.; flow rate: 1.0 m®min’), which was set up onboard FORV Sagar Sampada (SS379), conducted
in the offshore waters of the Arabian Sea, started at Kochi on 6 December 2018 and ended at Okha

port in Gujarat on 25 December 2018 (Bikkina et al., 2021). The TSP sampler was set at the edge in

front of Ship’s navigation room at a height of ~10 m above sea level. We operated the air sampler
only when the ship is cruising at a speed of 10 knots/ hour and winds blow from the bow side to
avoid any contamination from the ship’s exhaust. All samples were collected on Tissuquartz filters
(PALLFLEX®™ 8"x 10"), which were wrapped in aluminium foils and precombusted at 450 °C for



6 h. These filters were placed in airtight Ziploc bags and subsequently stored at -20 °C until analysis.
For more details regarding aerosol collection, prevailing meteorology and other chemical

composition data, reference is made to Bikkina et al. (2020a).

We measured the mass concentrations of TC and TN along with §'3Crc and §°*N+n using an
elemental analyzer coupled to an isotope ratio mass spectrometer (EA/irMS, model: Carlo Erba NA
1500 EA + Finnigan MAT Delta plus). All the tin cups were precleaned with acetone prior to their
use, and dried overnight in our laboratory. Approximately 20 mm diameter filter punches were
wrapped in tin cups and introduced into the first quartz combustion column filled with chromium
oxide (Cr.03) and Co:0.+Ag (i.e.,for scrubbing sulphur and halogenated gases) and heated to
1020 °C. In this first column, TC and TN from a sample were converted to CO2 and NOx,
respectively. These gases were then introduced into the second reduction column of the EA
containing Cu fillings and, the NOx is reduced to molecular N2 by passing through a reduction
column containing Cu filings. Both CO> and N. gases were separated on a gas chromatograph and
then introduced to the irMS through an interface (ConFlo 1) for the measurement of 8*3Crc and
S®Ntn. The stable isotopic composition is often expressed as the relative deviation of heavier to
lighter isotope ratio in a sample to that of standard, Pee Dee Belemnite (PDB) for TC and

atmospheric N2 for TN using the method detailed in Kawamura et al. (2004).

13 (13C/12C)sample
§13C = | mele — 1| x 1000 1)
( /12C)Std
15N/14
SISN = M— 1| x 1000 )
( N/MN)std

2.2. Quality assurance

Before measuring the samples for §*Crc and 5'°Ntn, we have calibrated the EA-irMS with
a five-point calibration using a known isotopic composition of acetanilide standard for assessing the

TC and TN content in marine aerosols from the Arabian Sea (Kawamura et al., 2004: Bikkina et al.,

2016b). The analytical uncertainties associated with the 8**Ctc and §*°*Ntn from this study are within
0.2 and 0.5%o, respectively. We also analyzed tin cups for blanks and procedural lab and field blanks

prior to the TSP samples on the EA-irMS. The carbon and nitrogen content in field blanks were only



~0.5% of the average analytical signal obtained for the aerosol samples. The 53Crc and 5°Nmn were

then corrected for blanks based on the mass balance approach as detailed in Kawamura et al. (2004).

A portion of aqueous extract of the TSP sample was passed through a 0.22 pm syringe filter
(PVDF, Milex-GV) and measured for anions (e.g., MSA, CI;, NOs, and SO4*) and cations (Na*,
NH.*, K*, Ca?* and Mg?") using the ion chromatography (Bikkina et al., 2021). Likewise, another

portion of filtered aqueous extract was analyzed for water-soluble organic carbon (WSOC) on the
Shimadzu total carbon analyzer (TOC). More explicit details about the analytical protocols and
quality assurance details for the SS259 cruise were detailed elsewhere (Bikkina et al., 2020a; Bikkina

et al., 2021). These pararmeters were only used to support the inferences related to the sources and

processing effects of OA during transport from South Asia.
3. Results and discussion
3.1. Backward air mass trajectories and MODIS fire counts

Backward air mass trajectories (BTs) are proven as a powerful tool to trace the likely

continental source regions affecting the composition of ambient TSP (Draxler, 2002) and, hence, the

TC and TN aerosols during the SSDO79 cruise. Therefore, we computed seven-day isentropic BTs
using the archived meteorological datasets of National Center for Environmental Prediction and
National Center for Atmospheric Research (NCAR) reanalysis in the hybrid single particle
Lagrangian integrated trajectory model (HYSPLIT, version-4;(Stein et al., 2015)). Numerous studies

have shown that biomass burning over South Asia is a prominent source of organic aerosols over the

tropical Indian Ocean during winter season (Lelieveld et al., 2001; Guazzotti et al., 2003; Gustafsson

et al., 2009). Consequently, we examined the fire count data from the satellite retrievals of Moderate

Resolution Imaging Spectroradiometer (MODIS) over South Asia during the study period
(December 2018) to understand the impact of postharvest crop-residue burning emissions on the
atmospheric abundances and the stable carbon and nitrogen isotopic composition of TC and TN

aerosols, respectively over the Arabian Sea (Table 1).
3.2. Spatial variability of TC and TN concentrations

When we combined the BT paths corresponding to the sampling dates of TSP from this study
with the MODIS fire count data over South Asia, it is evident that open burning practices of crop
residues in the northwestern IGP and southern India significantly influenced the atmospheric TC and
TN aerosols during the SS379 cruise (Figure 1). Accordingly, we observed significant temporal
variability in the mass concentration of TC (2.1-13.4 pg m=; av. 7.2+3.4 ug m) and TN (0.9-5.0 pg

m2;av.2.8+1.2 pg m3), respectively. The TC measured on EA (this study) was in good agreement
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with the sum of mass concentrations of organic carbon (OC) and elemental carbon (EC)

independently measured on a Sunset Lab carbon analyzer ((Bikkina et al., 2020a); Figure 2a). This

consistency further validates the reliability of 3'3Crc values from this study. Besides, TN loadings
strongly correlated with TC over the Arabian Sea, suggesting their similar source emissions and/or
their common atmospheric long-range transport history (Figure 2b). This argument is further
supported by the observed similar spatial variability of TC, TN and TC/TN ratios over the Arabian
Sea with somewhat high concentrations reported over the northern latitudes (Figure 3a-c). The
TC/TN ratios in marine aerosols decreased from north to south (Figure 3c), possibly due to a
prominent influence of pollution sources in the IGP. This inference was further supported by the
backward air mass trajectories and MODIS-satellite based fire counts originated from the biomass
burning source regions in the northwestern IGP (Figure 2). TC and TN loadings over the Arabian
Sea are comparable to those reported from other continentally influenced marine regions (the Bay of
Bengal, Arabian Sea, East China Sea, South China Sea), but higher than those from the remote
oceans (Table 2; the western North Pacific, Arctic Ocean, Antarctic Ocean)(Chesselet et al., 1981;
Cachier et al., 1986; Kawamura et al., 2004; Miyazaki et al., 2011). However, TC and TN

concentrations from our winter cruise in the Arabian Sea are lower than those reported from the

several continental urban/rural sites in India (Table 2).
3.3. Spatial variability of 6'°C+tc

The §3Crc of TSP samples collected over the Arabian Sea varied from -25.1%o to -22.9%o (-
24.0+0.7%o; Figure 4a). These values are significantly lower than those documented for the airborne

particulate organic matter from the remote oceans (—21+2%o)(Chesselet et al., 1981; Cachier et al.,

1986; Miyazaki et al., 2011). This results suggests that the the source-emissions from South Asia

significantly influence the measured §*3Crc signatures over the Arabian Sea during the winter cruise.
Atmospheric mineral dust is a significant contributor to ambient TSP samples in the continental
outflows to the tropical Indian Ocean (Rastogi and Sarin, 2006; Bikkina et al., 2014). In particular,

the dust particles in the winter season are typically comprised of the fine alluvium of the IGP,
whereas those from the spring-intermonsoon season (March-May) are mostly enriched in coarse

particles, originating from Thar and other deserts in the Middle East (Bikkina and Sarin, 2012).

Given the impact of IGP-outflow on the Arabian Sea during SS379 cruise, which is corroborated by
the backward airmass trajectories, we presumed that the mineral dust is mostly sourced from the
IGP.



The soils of the IGP are significantly affected by the carbonate weathering of the major rivers

such as the Ganga,Yamuna, Brahmaputra, Gaghra and the Gandak (Sarin et al., 1989; Krishnaswami

and Singh, 1998). This process is in turn often held responsible for the abundance of Ca, Mg, HCOz"

and COg in these major river systems (Sarin et al., 1992). As a consequence, the fine alluvial bed

sediment in the IGP, an important source of mineral dust during winter season, is depleted in

carbonates (Bikkina et al., 2014). Besides, the carbonates of mineral dust are, in general,

characterized by the 8'3C values close to zero permil (-1.2%o to 1.3%o; -3%o to -6%o; (Achyuthan et
al., 2007; Cao et al., 2008; Chen et al., 2015)). As such the abundance of carbonate fraction in the

TSP samples often causes a slight enrichment of *C of TC compared to those from the mixture of

anthropogenic/biogenic sources (—30%o to —23%o) (Bikkina et al., 2016b; Rastoqi et al., 2020). In our
samples, the mass balance approach has revealed that mineral dust accounts for ~55£10% of TSP

mass concentration over the Arabian Sea (Bikkina et al., 2020a). This is based on the remaining

unaccounted fraction of TSP load after subtracting the contribution of anthropogenic water-soluble
inorganic species (nss-SO4>+NOs+NHs*+nss-K*: 20.9+8.8%), sea salt (14.6+5.8%), particulate
organic matter (21.4+10.1%) and elemental carbon (2.3+1.1%)(Bikkina et al., 2020a).

Despite such high abundance of dust over the Arabian Sea (~50%), we could not observe any
significant difference in the §**Crc before and after exposing the SS379 aerosol filters to HCI fumes.
Previous studies have documented that the fine alluvium of IGP is characterized by a much lower
813C values (Agnihotri et al., 2011a; Sharma et al., 2015; Singh et al., 2018; Singh et al., 2021a) than

the carbonate rich coarser mineral dust from the Thar Desert (Agnihotri et al., 2020). Therefore, if

carbonates remained as a major fraction of the atmospheric dust sampled over the Arabian Sea, then
we could expect a remarkable difference in 8*Crc before and after acid treatment. Since the
differences in 5'3Crc between before and after acid treatment are rather small in our cruise samples,
it is therefore implicit that carbonate fraction is not a major component of wintertime dust over the
Arabian Sea. Agnihotri et al. (2015) exposed the ambient aerosols collected over Goa, a coastal city

in the southern India and also close to our cruise track, from winter and summer seasons to HCI
fumes and measured the 8!3C before and after acid-treatment. In their study, the summertime TSP
showed some discrepancy in 8'3C before (-24.9+£1.3%o) and after HCI fumigation (-26.420.4%o)

because of the influence of carbonate rich dust from Thar Desert in Rajasthan (Agnihotri et al.,

2015). In contrast, Agnihotri et al. (2015) could not detect such difference in §*3C between before

and after HCl-treated aerosols from winter season (8*3Crc: -24.9+0.8%o; and 8*Croc: -24.8+0.4%o).

This result from Agnihotri et al. (2015) is somewhat consistent with our findings from the winter

cruise data in the Arabian Sea, which is mainly due to the impact of long-range transport of fine
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alluvium and anthropogenic emissions in the IGP. Overall, it is evident from Figure 4a that the
heavier isotopes of TC (northern latitudes) are probably due to the influence of atmospheric aging of
ambient organic aerosols from the South Asian outflow in addition to the contribution from
anthropogenic/biogenic sources.

3.4. Spatial variability of 8'°Ntn

The 8NN in marine aerosols collected over the Arabian Sea during the winter cruise varied
from +15.3%o to 25.1%0 with an average of +19.5+2.1%o (Figure 4b). Here, the range of 8N\
values is comparable to those previously observed over the Bay of Bengal for the wintertime
aerosols during the impact of continental outflow from the IGP (+20.4+5.4%o) and southeast Asia

(+19.4%6.1%o) (Bikkina et al., 2016b). On the other hand, our 8N values from this study are much

higher than those documented for the spring-intermonsoon cruises in the Arabian Sea (-2.3%o to
+12.7%o;) and the Bay of Bengal (+5.6%o to +15.2%o)(Agnihotri et al., 2011a)). Besides, the §®°Nn

values over the Arabian Sea showed remarkable consistency with the biomass burning emissions
(range: +15.8 to +25.1%o; av. +19.4+2.1%0) sampled over Southeast Asia (Boreddy et al., 2018) but

somewhat lower compared to those observed for Amazonian forest fires (+23.5%o to +25.7%o; av.

+23.5%0) (Kundu et al., 2010a). Furthermore, the Arabian Sea samples are more enriched with *°N

compared to those typically observed for the emissions from diesel/gasoline-based vehicles

(+4.6£0.6%0;(Widory, 2007)) and coal fired power plants (+6 to +18%o(Heaton, 1990)).

Vehicular emissions primarily based on diesel and gasoline combustion contribute to lower
values of 3°Ntn (<0%o) compared to those originating from coal-fired power plants (9%o)(Heaton,

1990; Widory, 2007). The high temperatures (>2000 °C) caused by the spark ignition in the internal

combustion engines of diesel/gasoline-fueled vehicles facilitate the reaction of atmospheric N2 (§*°N
= +0%0) with Oz (i.e., N2 + O2— 2NO). However, this process introduces a kinetic isotope effect
(KIE) in which lighter N-containing isotopologues react preferentially with O, to yield NO
containing less 8°N (—2%o(Heaton, 1990); —1.8%.). Coal contains a substantial amount of organic
nitrogen. Also, coal combustion in the thermal-fired power plants is relatively a low temperature
process (1300-1400 °C) than that occur in the internal combustion engines of automobiles. It is
important to reiterate that NOx emissions from the coal power plants result from thermal breakdown
of organic matter of the fuels, which is unlike those emissions from vehicular exhaust (i.e., generated

from the compressed air)(Widory, 2007). As a result, NOx from the coal fired power plants are

relatively enriched in N (8®°N:+1%o to +5%0) (Feng et al., 2020) compared to that of atmospheric

N2 (§°N: +1.0%o to +1.2%o)(Heaton, 1990). Heaton (1990) ascribed this enrichment to the substantial
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decrease in the NOx concentrations by the reaction with nitrogen radicals to yield molecular nitrogen,

which introduces KIE and, hence, leftover NO is enriched in °N.

Although Arabian Sea is witnessing the impact South Asian outflow in winter, which is
similar to that of influence of pollution sources in East Asia over the East China Sea and Western
North Pacific (WNP), there exist some striking differences with regard to relative abundances of
inorganic versus organic aerosol-N fractions. Over South Asia, the radiocarbon based source
apportionment of organic aerosols revealed that 80% contribution from biomass burning/biogenic
emissions(Gustafsson et al., 2009; Sheesley et al., 2012; Bosch et al., 2014; Kirillova et al., 2014b;

Bikkina et al., 2016a). As a consequence, relatively high emissions of NHz and organic nitrogen (for
e.g., urea, a fertilizer) from the crop-fields during harvesting period as well as emissions from
animal livestock husbandry mostly contribute to concordant rise in the atmospheric levels of NH4*
and organic nitrogen in the South Asian outflow. This is in accordance with the prevailing high
concentrations of particulate NH4* and organic nitrogen over the Arabian Sea and the Bay of Bengal
in winter season (Agnihotri et al., 2011a; Bikkina et al., 2011; Rastogi et al., 2020; Bikkina et al.,

2021). Unlike South Asia, the *C-based source apportionment of atmospheric particulate organic
matter and other chemical components over East Asia revealed major footprints from fossil-fuel
combustion, i.e., coal fired thermal power plants and vehicular exhaust emissions (Kirillova et al.,
2014a; Zhang et al., 2014; Andersson et al., 2015; Zhang et al., 2015; Fang et al., 2018). Recent top
down estimates of NOx emissions over East Asia indicated that the fossil-fuel combustion sources

mostly contribute to NOs™ along with a minor contribution of NH4™ and organic N (Pani et al., 2017;

Qu et al., 2022). These inferences were further corroborated by other studies based on 8°N of bulk

and individual nitrogen components (Kundu et al., 2010b; Park et al., 2018). Apart from the

differences in the source-emissions of aerosol-N between both the continental outflows, however,
there is also a regional variability of ambient temperature and relative humidity (RH) levels between
South Asia and East Asia that could affect the relative abundances of major aerosol-N species and

hence, reflected in the 8*°*Nt.
3.5. Quantitative estimation of continental TC

The 8'3Crc of particulate organic matter in the remote marine aerosols is distinctly different

from those of the continentally derived ones (Chesselet et al., 1981). Therefore, we can constrain the

relative proportions of continentally derived TC using a two endmember mixing model between

marine biogenic and continental organic aerosols. Based on the approach suggested by the Chesselet
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et al. (1981), the 5'3Crc can be represented by the relative contributions of TC from marine and

continental sources times their stable carbon isotopic composition (see the equationl).
813CTC = fTC-marinex613CTC-marine + fTC-continentXSlSCTC-continent (3)

frc-marine + frc-continent = 1 4

Before assessing the relative contribution of continental versus marine TC, we need to understand
the likely variability associated with the end-member stable carbon isotopic composition and the

factors affecting it.

Radiocarbon based source apportionment of TC over the IGP (Kanpur: 77%; Hisar: 81%;
Manora Peak: 82%), other receptor sites in South Asia (Ahmedabad: 68%; Sinhagad: 64%) and the
South Asian outflow sampled over a remote island in the tropical Indian Ocean (Maldives:68%)
altogether revealed that biomass burning/biogenic sources mostly dominate the source-emissions
(Sheesley et al., 2012; Bosch et al., 2014; Bikkina et al., 2017a). This means that the TC isotopic
composition is largely governed by the biomass component over South Asia and its outflow to the

Arabian Sea. Globally, significant differences were observed between the two major plant biomasses
in which the globally dominant Cs vegetation (i.e., mostly trees) are characterized by lower &3C
values (-24%o to -30%o) than the less abundant C4 vegetation (e.g., shrubs, grasses, wheat, corn, and

maize; -12 to -18%o)(Cachier et al., 1986)). Because of this persistent difference in the stable carbon

isotopic composition of C3 and Cs land vegetation, it is important to understand their relative
dominance over South Asia. Therefore, we have overlapped the C4 vegetation (%) from Still et al.
(2009) over South Asia in Figure 5a. From this figure, it is implicit that mostly Cz plant burning is
the controlling factor that dictates the 3*3Crc values in the South Asian outflow sampled over the

Arabian Sea during our winter cruise. Basu et al. (2015) have documented that Cs plants over the

IGP, India are characterized by a distinctly lower §*3C values (-29.6+1.9%o) than the C4 vegetation
over this domain (-12.7+1.4%o.). Besides, the 8*Crc in ambient aerosols collected near biomass

burning emissions (i.e., mostly rice straw) in the IGP in South Asia (-26.9 to -25.4%.; median: -

26.6%o; (Singh et al., 2021a)) showed consistency with those from the forest fires in Thailand,

Southeast Asia (-26.0+1.2%o;(Boreddy et al., 2018)). Similarly, the wood burning emissions also

contribute to similar 3*3Crc values in the South Asian outflow (-27.6%o to -24.9%.; (Ancelet et al.
2013); (Garbaras et al., 2015)).

As mineral dust also significantly contributes to the soil organic carbon in TSP samples

collected over the Arabian Sea, we, therefore, examined the impact of mineral dust over the Arabian
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Sea during the SS379 cruise based on the deduced mineral dust fraction (MDF) from the Modern-Era
Retrospective analysis for Research and Applications, Version 2 (MERRA-2) simulations (Figure
5b). From the spatial variability of MDF (Figure 5b), which is a ratio of aerosol optical depth of dust
to that of columnar loading of total aerosols, over the Arabian Sea it is implicit that northeasterly
surface winds are rather week with some influence of mineral dust from the IGP and Thar regions.

Recently, Agnihotri et al. (2020) have documented that Thar soils are enriched in carbonates and

their $*3C values correspond to ~-10.5+4.0%o. Therefore, it is likely that presence of dust particles in
TSP over the Arabian Sea also affect the over §*Crc in South Asian outflow. In contrast, the 5*3Crc
in ambient aerosols collected in road tunnels measured in China (-25.0+0.3%o; (Dai et al., 2015)),
New Zealand (-25.9+0.8%o; (Ancelet et al., 2011)), and Mexico (-25.5+0.1%o; (LOpez-Veneroni,

2009)) are much higher than that of biomass burning emissions. Likewise, the coal combustion

source contributed to similar §*Crc values in China, Australia, and Russia ((Felix et al., 2012; Feng

et al., 2020); Table 2). Recently, Andersson et al. (2015) have constrained the likely variability in the

endmember choice of &3C from biomass burning, liquid fossil (e.g., gasoline, diesel) and coal
combustion derived TC based on the existing literature as -26.7+1.8%o, -25.5+1.3%0, and -
23.411.3%0. Given the predominance of biomass burning/biogenic source emission to ambient TC
over South Asia and its outflow to the tropical Indian Ocean (~80%) based on radiocarbon isotope

constrained source apportionment (Bikkina et al., 2017a), we assumed that the remaining 20% share

of ambient TC is because of the near equal source strength of two major fossil fuel combustion
sources (e.g., coal and gasoline/diesel) the continental outflow from South Asia. Combining these

fractions with the endmember 5'3C values of respective source emissions from the Andersson et al.

(2015), we coherently arrived a §*Crc for the continental signature (~ —26.3%o).

Cachier et al. (1986) and their predecessors (Descolas-Gros and Fontungne, 1990) observed

that the 8*3C of carbon particles associated with seasalt particles over a marine basin is closely
related to that of phytoplankton biomass in the underlying surface waters. Besides, Fontugne and
Duplessy (1981) pointed out that $C of plankton community is somewhat dependent on the

temperature of the waters. As a consequence, the 5'C values of planktons from the temperate and
tropical oceans lie between -22%o, and -18%., whereas those belong to high latitudes (for e.g.,
Antarctic Ocean) and upwelling domains are characterized by lower §3C (-30%o to -25%o) and
higher 83C (-20%o to -14%o), respectively. Recently, it has been observed that there is significant
discrepancy in the §'3C values of seaspray aerosols enriched with the organic matter produced under

low (-20%o to -23%o0) and high biologically active oceanic waters (-20%o to -18%o; (Crocker et al.,
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2020)). Buat-Manard (1989) have elaborated the &'3C variability of particulate organic carbon in

marine aerosols from the peru upwelling coast and remote oceanic regions (83Crc: -22 to -18%o).
One interesting aspect of their study to reconsider here is that similar size distributions of particulate
organic carbon (i.e., mostly WSOC, associated with seasalt aerosols) and Na* (i.e., a major ion of
seasalt) concentration in marine aerosols along with their anomalous high abundance ratio of carbon

to sodium (OC/Na: 0.135) for the upwelling prone marine basins such as Peru (Buat-Manard, 1989).

As the surface waters of the Arabian Sea in winter also characterized by high productivity
because of the convective vertical mixing, one would expect similar enrichment of OC/Na over this
marine region like Peru. Instead, we found much more high values of C/Na in marine aerosols
collected over the coastal and offshore waters of the Arabian Sea during SS379 cruise (OC/Na:
2.9+2.4). More specifically, our OC/Na ratios over the Arabian Sea are much higher than those
reported over the Peru upwelling coast. This is mainly because of the impact of South Asian outflow

on the former marine basin during winter season (Kumar et al., 2008b; Bikkina et al., 2020a).

Therefore, the continental OC aerosols largely dictate the §**Crc over the Arabian Sea. Overall, we
used 83Crc-marine s —21+2%o and 8*3Crc-continent as -26+2%o for estimating the relative contribution of

TC from continental and marine sources over the Arabian Sea during our winter cruise.

This calculation has revealed that 69+16% of TC originates from continents. We emphasize
that there is an inherent assumption related to no change in endmember isotopic composition of
marine and continental TC aerosols. Although independent assessment of 8!3Crc in remote marine
aerosols from various places shows only narrow spread (-21+2%o), ambient TC (i.e., mass analog of
OAs) evolve continuously via the oxidation and/or secondary formation processes. Of these
contrasting processes, that is degradation of OC causing loss of small carbon moieties to gas phase
and secondary formation adds up to the OC mass, oxidation of TC dominates the latter phenomenon.
If the 8*3Crc-continent is affected by the source-emissions and subsequently modified by oxidation
during transport, we would underestimate the fraction of TC from the continental outflow. This
means that continental (anthropogenic/biogenic) sources contribute more than 70% of TC over the

Arabian Sea.

There also exists a remarkable inverse temporal trend between &%Crtc and WIOC
concentrations over the Arabian Sea. TC in atmospheric aerosols is comprises of both water-soluble
organic carbon (WSOC), water-insoluble organic carbon (WIOC: OC-WSOC) and EC. The fraction
of WSOC, in general, increases during transport because of the oxidative degradation of TC, in

which WIOC becomes more WSOC. Nevertheless, this process causes enrichment of *3Crc, resulting
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in a somewhat higher §3Crc during transport than those observed over the source-emissions. In such
a scenario, we could expect that oxidation of OAs during transport simultaneously modify WIOC
pool, affecting the overall 33Crc. Coincidently, we observed lower WIOC to be associated with
higher 8*3Crc (~—23%o) and vice versa (i.e., higher WIOC is associated with lower 8*3Ctc from the

source-emissions, per se centering on—26%o).
3.6. Source apportionment

We have compared the §**Crc and 8°*Nv in the air over the Arabian Sea with those relevant
for the source emissions to underpin the possible sources of organic aerosols (Turekian et al., 1998;
Aagnihotri et al., 2011a; Gorka et al., 2014; Garbaras et al., 2015; Morera-Gomez et al., 2018) and
their mixing with the inorganic aerosol components during continental outflow (Figure 6a). The

S13C-81°N isospace plot in Figure 6a has revealed that major contributing sources of TC and TN over
the Arabian Sea are biomass burning (i.e., mostly Cs vegetation) and coal fired power plants in South
Asia. Furthermore, we employed a Bayesian approach based stable isotope-mixing model ((Simmr,

2020), (Parnell A., 2020)) to assess the proportional contribution of TC and TN from various source-

emissions (Cs/C4 biomass, phytoplankton, coal, and vehicles) in marine aerosols collected over the
Arabian Sea during the winter cruise (SS-379). For this study, we used the endmember §'*C and
SN values of various source-emissions from the literature as an input to the Simmr model. These
sources include particles originated from the phytoplankton (53Cpnyto:-21.0£1.9%0(Miyazaki et al.,
2011); 8% Nphyto: 4.9+2.8%0(Miyazaki et al., 2011)), coal combustion (8**Ccoar: -23.4+1.3%0(Heaton
1990; Feng et al., 2020); 8®Ncoa: 8.7+0.5%o(Felix et al., 2012; Feng et al., 2020)), vehicular
emissions (83Cuenicle: -25.5+1.3%o ((Heaton, 1990; Dai et al., 2015); 8" Nuenicie: 5.7+2.8%o ((Heaton
1990)), Cs plants (8°Ccapiomass: -26.7£1.8%0 ((Andersson et al., 2015); 8°Ncabiomass:
+19.4+2.1%0((Boreddy et al., 2018)), and soil dust (8'*C: -10.5%4.0%o, S8™N: +11.3%£1.6%o;

(Agnihotri et al., 2020)). Our choice of endmembers are very much comparable with literature

reports for source emissions in terms of their 5!3C (Table 3) and 5!°N (Table 4). In the Simmr model,
the data for 83Crc and 8°N of the TSP from the Arabian Sea has been taken as an input and the
model iteratively solves the mixing equations related to source contributions from the specified
endmember 5'3C and 8°N values alongside taking into the effect of fractionation using the markov-
chian Monte carlo methods. Here, the 53C-8°N isospace plot clearly revealed the predominance of
TC from the C3 biomass burning emissions. Besides, the Simmr algorithm clearly deconvoluted the
dominance of TC and TN from the Cz biomass burning (69+5%), vehicle exhaust (8+5%), coal fired

power plants (10+6%). All other continental (e.g., dust: 5+2%) and marine sources (i.e.,
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phytoplankton exudates or related organic matter from seas: 8+5%) are only minor components
(Figure 6b).

3.7. Processes affecting 6'°Cc

In the atmosphere, organic aerosols undergo oxidation (aka aging) during long-range
transport and become more water-soluble. This is because of the prolonged oxidation of airborne
particulate organic matter in which the constituent carbon atoms are attacked by more oxidants (e.g.,
OH groups), converted to WSOC (Aggarwal and Kawamura, 2008; Kirillova et al., 2013; Pavuluri
and Kawamura, 2016; Bikkina et al., 2017a; Bikkina et al., 2019b). Another process that could

influence the abundances of WSOC during atmospheric transport is the formation of secondary
organic aerosols (SOA). Generally, wintertime meteorological conditions (shallow atmospheric
boundary layer, more polluted precursor compounds and aqueous-phase medium) make favor for the
formation of secondary organic aerosols. Therefore, it is very likely that variations in 5!3C are linked

to changes in secondary aerosol formation rate too, in addition to aging process (Fu et al., 2012;

Rastoqi et al., 2020). Many studies have observed a significant positive linear relationship between

SOA tracers (e.g., oxalic acid) and WSOC and, hence, argued that organic aerosols formed by the

condensation of semivolatile organic precursors become more water-soluble in nature (Bikkina et al.

2017b). As a result, the WSOC/TC ratio observed in source-emission increases during long-range

transport (Ram et al., 2010). However, aging of organic aerosols (i.e., formed either by the oxidation

or secondary process) significantly affects their stable carbon isotopic composition (i.e., can be
represented by the 8*3Crc). If the aging process influences the atmospheric abundances of organic
aerosols collected over the Arabian Sea during our winter cruise, then we would expect some sort of
relationship between WSOC/TC ratios and §*3Crc. Depending on the prevalent positive or negative
linear relationship, we can ascertain the relative significance of the secondary formation process in

the atmosphere during the continental outflow to the Arabian Sea (Bikkina et al., 2019b).

In general, the oxidation process involves a loss of lighter carbon-containing isotopologues of
small carbon moieties (e.g.,}2CO.) to gas phase and causes a 13C enrichment in the remaining organic
aerosols (Kirillova et al., 2013). This means that oxidation process of organic aerosols often results

in higher 5'3Crc. On the other hand, volatile organic compounds (VOCs) emitted from biogenic and
anthropogenic sources are oxidized in the atmosphere by the ambient oxidants (e.g., O3, ‘OH and

NO>" radicals) to form semi/low volatile organic compounds (SVOCs) (lrei et al., 2006; Irei et al.,

2011). During this process, the *2C-containing VOCs preferentially react with the oxidants to form
SVOCs because of the KIE (lrei et al., 2006; Irei et al., 2011), which eventually condenses to yield
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SOA (lannone et al., 2003; Anderson et al., 2004a; Anderson et al., 2004b). Consequently, SOA

component is characterized by lower &'3C values (Kirillova et al., 2013; Bikkina et al., 2019b) than

anthropogenic/biogenic precursor VOCs (Anderson et al., 2004a; Anderson et al., 2004b; Irei et al.,
2006; Kirillova et al., 2013; Bikkina et al., 2019b). If we presume that both oxidation and secondary

formation processes occurring simultaneously over the Arabian Sea, then their relative importance

dictates the 8*3Crc in marine aerosols.

We have observed a positive linear relationship between WSOC/TC and §'3Crc over the
Arabian Sea (Figure 7a). Irrespective of TC content, the proportions of WSOC in TC here exhibited
a positive linear relationship with the 83Crc. Similar relationship between WSOC/TC and &*3Crc
has been observed for the wintertime aerosols in Mumbai, a coastal megacity along the western India
during the impact of polluted air masses from the IGP (Aggarwal et al., 2013b). As the aging process

or oxidation of organic aerosols during transport make them more water-soluble, then there is an
increase in WSOC mass. This means that TC contains less WSOC in the source emission than it does
during transport (i.e., having higher WSOC/TC ratios). We assume that organic aerosols from the
wintertime haze pollution in South Asia are advected to the Arabian Sea by the prevailing
northwesterly winds to initiate the aging process. The oxidation processes result in an enrichment of

13C in gas phase, leading to higher §*3C of OA than the precursor organics (Bikkina et al., 2019b). In

contrast, SOAs formed by the condensation of SVOCs (i.e., depleted in 3C because of the KIE) on

to a preexisting airborne particulate matter can contribute to lower 8*3C (lrei et al., 2006; Kirillova et

al., 2013; Bikkina et al., 2019b). By considering these processes associated with the oxidation of OA,

we argue that the prevalent positive linear relationship between WSOC/TC and 8**Crc over the
Arabian Sea is mainly caused by atmospheric oxidation of organic aerosols during long-range

transport from South Asia.
3.8. Processes affecting 6'°NTn

The 8N in marine aerosols over the Arabian Sea during the winter cruise is somewhat
governed by the constituent nitrogenous components. Because of the predominance of NH4* over
NOz™ and organic nitrogen (ON) in TN, atmospheric processes affecting its abundance govern the
8"®Nn. The chemical reactions of NHsz with acidic species (e.g., H2SOs and HNO3) formed by the
oxidation of SO> and NOx gases produce ammonium sulfate/bisulfate and/or ammonium nitrate

aerosols.

2NHs3 (g) + H2SO04(l) — (NH4)2S04(p) (5)
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NH3(g) + H2S04(1) — NHsHSO4(p) (6)
NHs(g) + HNO3(I) = NH2NOs(p) )
CaCOz (p) + 2HNOs3 (I) — Ca(NO3)2(p) + CO2 + H20 (8)

The chemical form in which NHs exists in the atmosphere can be traced by the relationship of
NH4* with non-sea-salt or nss-SO4>" and NOgs in aerosols. Based on the linear regression analysis
between NH4" and nss-SO4% in the TSP samples from SS379 cruise, we ascertained the prevalence
of NH4HSO4 or (NH4)2SO4 in aerosols (Bikkina et al., 2020a). We found that the average equivalent

mass ratio of NHa*/nss-SO4% over the Arabian Sea during the cruise is far less than unity
(0.55%0.25), indicating ammonia-deficit conditions. This observation implies that marine aerosols
over the Arabian Sea likely contain both the forms, NHsHSO4 or (NH4)2SOa. In this study, we found
a negative linear relationship between 5°Nty and the equivalent mass ratios of NH4* to nss-SO4*
over the Arabian Sea (Figure 7b). Similar relationships were observed over the Bay of Bengal and
other geographical locations in India (Mumbai: +22.8+1.4%o; (Aggarwal et al., 2013a); Chennai:
day: +25.5£2.4%o; night: +23.0+2.3%0; (Pavuluri et al., 2010)) and Europe (Vodicka et al., 2019).
Notably, the aerosols sampled in all these studies are influenced by the BB emissions in the South

Asian outflow. A remarkable distinction was observed in terms of higher §*®Nn values in the South
Asian outflow to the Arabian Sea (av. 19.5+£2.1%o0) and the Bay of Bengal (+20.4+5.4%0) in winter
season as compared to the East Asian outflow to the East China Sea (+0.7+3.3%o; (Xiao et al.
2018)), Okinawa island, Japan (13.6+1.72%o;(Kunwar et al., 2016)) and to the Western North Pacific
(Seoul, S. Korea: 13.3+2.7%o; (Park et al., 2018); Jeju island, S. Korea: +15.1£3.4%o; (Kundu et al.

2010b)). This is probably caused by the predominance of NH4" over other nitrogen components

(NOs  and Norg) in the wider South Asian outflow and the extent of its reaction with major acidic
species (H2SO4) of ambient aerosols. Heaton (1990) observed that aerosol filters when loaded with
liquid NH3 are exposed to sulfuric acid (H.SO4) fumes have caused significant enrichment of §°Ny
(up to +33%o) in the resulted ammonium sulphate aerosols. This means the extent of reaction of NH3
with H2SO4 (Eqn 3) in the continental outflows to the Arabian Sea governs the overall 3®°Nn.
Furthermore, the aging effect on aerosols is more pronounced in the South Asian outflow mainly
because of the downwind transport (20°N to O°N/E) compared to the lateral advection of air
pollutants from East Asia to the Western North Pacific. As such, the differences in atmospheric
abundances of aerosol-N as well as the 8Nty of marine aerosols from the South and East Asian
outflow are, in part, could be attributed to variable weather conditions between South Asia and East
Asia (e.g., Temp & RH).
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Ammonium nitrate (NH4NOz) in ambient aerosols is always in equilibrium with its

precursors (NHsz and HNO3) (Jickells, 2006). However, NH4NOs reverts to its precursors during

transport due to a rapid loss of NHs to the surface. This is mainly because of the highly volatile
nature of NH4sNO3z and high deposition velocity of gasesous NHs in the ambient atmosphere (Jickells

2006). As a result, no such significant linear relationship was observed between NH4* and NOs™ over
the Arabian Sea. In contrast, NO3™ is usually associated with coarse mode mineral dust and/or sea salt
particles in the atmosphere (Mamane and Gottlieb, 1992; Wu and Okada, 1994; Jickells, 2006). We
have observed a moderate significant linear relationship between NOs™ and nss-Ca®*, which is a

potential proxy of mineral dust (Rastogi and Sarin, 2006; Chen et al., 2007; Kumar et al., 2008a;

Bikkina and Sarin, 2012) in our TSP samples collected over the Arabian Sea. This observation

suggests the reactive uptake of HNO3z on mineral dust particles during the continental outflow to the
Arabian Sea (Eqgn 5). Similar to §**Crc, we also measured the 8°Nn of the acid-exposed filters for
the concentration and isotopic composition of remaining nitrogen (TNremained and 3*°NTn-remained,
respectively). By comparing the TNremainea With TN and using the isotope mass balance equation, we
have estimated the removed nitrogen component (TNremoved) and the associated stable nitrogen

isotopic composition (S NTn-removed).
TNremoved = TN — TNremained 9)
615NTNremoved = (TN X 615TN— TNremainedx515NTN-remained)/TNremoved (10)

We observed a strong positive linear relationship of TNremained With NH4*-N over the Arabian

Sea (Figure 8a). Kawamura et al. (2004) argued that the aerosol filters when exposed to HCI fumes

would expel NOs™ without altering the abundance of NH4* present in the atmospheric particulate
matter. Their inference was primarily based on the strong positive linear relationships (R? = 0.86)

observed between NH4*-N and TNremained (Kawamura et al., 2004). It is important to note the

prevailing differences in the dominant chemical components of aerosol-N from this study and the
Asian dust outbreaks sampled over Gosan in Jeju Island of South Korea, where TN largely consists
of NHs* and NOgs". In contrast, our observations are from the Arabian Sea during a winter cruise
where the pollution-derived NH4*, NOs™ and ON contribute disproportionately to TN in marine
aerosols. Indeed, ON is the second most abundant nitrogenous component after NH4* in the TSP
samples collected over the Arabian Sea during the present cruise. Therefore, the linear regression
slope of TNremainea With NHs™ was 0.90 (Figure 8a). We also observed a significant positive

correlation between TNremoved and nss-sea-salt Ca?* (Figure 8b) as well as that was found between
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NOs and nss-Ca?* (Bikkina et al., 2021), suggesting that the expelled component is likely the NO3z"

component of aerosols.

Another important feature worth discussing here that the low TC/TN ratios and
corresponding high 8°Ntn over the Arabian Sea in winter season (this study) were in sharp contrast
to that of high TC/TN ratios and associated with rather low &8Nty values observed in spring

intermonsoon cruise (Agnihotri et al., 2011b). Earlier investigations have revealed a pronounced

impact of continental outflow from South Asia, mainly from biomass burning and fossil-fuel
combustion, on the chemical composition of marine aerosols over the Indian Ocean in winter season
(Kumar et al., 2008a; Kumar et al., 2008b; Bikkina and Sarin, 2012; Aswini et al., 2020). On the

other hand, spring-intermonsoon is a transition period with relatively weak influence of pollution

sources in the continental outflow but with an increased contribution of mineral dust from the deserts
in the Middle East and South Asia (Pease et al., 1998; Tindale and Pease, 1999; Prospero et al.,

2002; Badarinath et al., 2010). Besides, the Arabian Sea is also a major hotspot region of water-

column denitrification process, a microbial respiration involving the degradation of sinking
phytoplankton-derived particulate organic matter by means of reducing NOs™ to N2O or N2 under

oxygen deficit conditions (Nagvi, 1987; Nagvi, 1991; Ward et al., 2009). These studies provide

important insights regarding a major nitrogen loss across the air-sea-interface. Furthermore, Jickells
et al. (2003) observed that NH." associated with sea-spray are more depleted and, hence, their

contribution to marine aerosols could lead to a rather low &Ny in spring-intermonsoon season

(Agnihotri et al., 2011b). In contrast, the prolonged aging of NH4+ and organic nitrogen aerosols
from the BB and animal live-stock hushandry emissions are largely responsible for higher §"°Nrn.
Furthermore, we also compared the available data of equivalent mass ratio of NH4*/SO4% and 5'°Nn
over South Asia with those documented over East Asia (Figure S1). This comparison revealed that
lower ratios of NH4*/SO4> (less than unity) over South Asia were accompanied with an apparent
increase in 8Nty values through the heterogeneous reactions of gaseous NHs with sulfuric acid
droplets and, hence, contributes to high 5°Ntn values. Besides, relatively low contribution of
particulate NH4* and/or organic nitrogen over NOs™ in East Asia could explain relatively low °Nty

values over this geographical domain.
4. Conclusions

In this study, we present the first and foremost field based measurments on the stable carbon
and nitrogen isotopic composition of bulk carbon and nitrogen in wintertime ambient marine

aerosols collected over the Arabian Sea during the impact of South Asian outflow. Our results
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combining with the backward air mass trajectories and MODIS fire count data have elucidated the
predominance of crop-residue burning emissions in the NW. IGP and southern India. The §*Crc
over the Arabian Sea showed significant linear relationship with WSOC/TC, emphasizing the impact
of aging (oxidation) of anthropogenic organic aerosols during long-range transport. The elevated
abundance of N and, hence, the associated high 8*°*Ntn over the Arabian Sea clearly suggest the
impact of biomass/biofuel burning emissions over South Asia as a result of seasonally developing
“Atmospheric Brown Haze” and its influence on the tropical Indian Ocean due to the meteorology.
Besides, we also noticed a significant inverse linear relationship between §™°Ntn and equaivalent
mass ratios of NH4" to (nss-SO4%), suggesting that heterogeneous particle formation of gaseous NHs
with sulfuric acid droplets. Furthermore, we employed stable isotope mixing model in R under the
Bayesian frame work to the §'C and §'°N data to ascertain the relative contribution of organic
aerosols from various sources including those continental and marine ones. This analysis revealed
that Cs biomass burning is the major contributor (~69+5%) followed by coal fired power plants
(10+6%), vehicular exhaust (8+5%), phytoplankton derived marine organic matter (8+5%), and
mineral dust (5+2%). All these results based on the §*Crc and 8°*Nr~ over the Arabain Sea have
strongly advocated the impact of processes affecting the atmospheric abundances of organic aerosols

in the South Asian outflow.
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Table 1. Stable carbon and nitrogen isotopic composition of TC and TN, respectively, in TSP
samples collected over the Arabian Sea during winter cruise (6-24 December 2018).

id TC (ug m"") TN (pg m'3) S13Crc (%o) S83Crc.remained (%o)* SISNTN(%O)
SS379#1 3.1 0.9 -24.5 -26.1 16.9
SS379#2 51 2.2 -24.6 -25.1 18.5
SS379#3 8.5 4.8 -25.1 -25.4 15.3
SS379#4 55 2.2 -24.1 -24.5 22.4
SS379#5 5.7 2.0 -24.4 -24.8 25.1
SS379#6 4.2 1.9 -24.0 -24.7 22.8
SS3794#7 4.9 2.6 -24.7 -25.3 16.6
SS379#8 5.8 1.8 -23.7 -23.9 22.8
SS379#9 8.4 3.5 -23.9 -24.0 20.2
SS379#10 13.4 5.0 -23.0 -23.2 16.5
SS379#11 9.0 2.6 -22.9 -23.0 21.1
SS379#12 8.0 2.0 -23.9 -24.1 19.4
SS379#13 6.0 1.9 -23.0 -23.5 15.8
SS379#14 7.0 2.9 -23.6 -23.9 17.0
SS379#15 2.1 3.6 -24.2 -24.4 19.6
SS379#16 13.3 3.5 -25.1 -24.8 19.5
SS379#17 124 5.0 -24.1 -25.1 22.7

Note: “Aerosol filter punches are exposed to HCI fumes in a desiccator for 6 h.
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Table 2. Comparison of mass concentrations (ug m=) of TC and TN along with their stable carbon isotopic composition (3**C+c), and nitrogen iosotopic
composition (3*°*Nn) over the world’s oceans around the globe.

Region Type Duration TC (ug m3) TN (ug m3) TC/TN 613Crc (%o) SN (%o0) Reference

Arabian Sea TSP 6-28 Dec'18 2.1-13.4(7.2) 0.9-5.0(2.8) 0.6-4.0(2.7) -25.1t0-22.9(-23.4) +15.3to +25.1 (+19.5) This study

Arabian Sea TSP 19 Mar- 12 April' 06 24-71 (35) 0.5-1.2(0.7) 34 - 65 (50) -27.5t0-24.3(-26.5) -2.3to +12.7 (+1.1) Agnihotri et al., 2012

Bay of Bengal

(IGP-outflow) PM,s 27 Dec’08-26Jan’09 3.6-15.4 (8.1) 0.6-8.8 (3.7) 13-9.4(3.0) -25.0t0-22.8(-23.8) +11.8t0+30.6(+20.4) Bikkina et al., 2016

Bay of Bengal

(SEA-outflow) PM,s 27 Dec’08-26Jan’09 1.1-6.5 (3.8) 0.2-3.0 (1.4) 1.9-5.4 (2.9) -26.9t0-24.2(-25.3) +10.4to+31.7 (+19.4) Bikkina et al., 2016

Bay of Bengal TSP 18 April- 8 May’06 1.0-45.1(8.4) 0.6-3.3(1.8) 0.7-37.6(6.9) -26.6t0-24.1(-25.6) +6.4t0+15.2 (+10.6)  Agnihotri et al., 2012

East China Sea TSP Oct-Nov'15 5.04 £ 3.08 0.93 £0.59 -229+1.7 +0.7+3.3 Xiao et al., 2017

Baltic Sea 9-17 Nov'12 -26.4 -0.21t00.8 Garbariené et al. 2015

Western

North Pacific TSP 24 Aug - 13 Sept’08 -22.1t0-20.8 (-21.0) -2.2to +8.9 (+4.9) Miyazaki et al., 2011

Nainital, India TSP Sept’06 — Jun’07 5.3-11(7.9) 0.35-1.3 (0.77) -25to -23 (-24) +22t0 +26 (+24) Hegde et al., 2016

Delhi, India PM,s  Oct’-Nov'16 9.5-486 (197) 0.7-90.7 (27.8)  5.3-130(28.8) -25.4t0-27.0(-26.4) +12.5t0+30.9 (+16.9) Salvani et al., 2019

Delhi, India PMy  Jan-Dec'1l 13.1-125.9(53.0) 1.5-42.6(14.9) 4.8-20.2(9.8)  -26.4t0-24.8(-25.5) +3.3t0+14.3(+9.6)  Sharmaetal., 2015

Varanasi, India PMso Jan-Dec’11 9.3-51.9(27.1) 2.3-36.6(9.8) 2.1-16.3 (9.2) -26.4t0-23.3(-25.4) +2.8to +11.0 (+6.8) Sharma et al., 2015

Kolkata, India PMso Jan-Dec’11 9.1-98.2(32.6) 1.4-259(9.3) 4.4-25.9(11) -26.6t0-24.9 (-26.0) +2.8to +11.5 (+7.4) Sharma et al., 2015

Chennai, India TSP Winter 2007 10-66 2.1-72 -25.710-24.0 (-24.5) +18.1to+24.5(21.2)  Pavulurietal, 2012

Mumbai, India PM10  13-18 Feb’2007 22+4.7 2.4+1.3 -25.9+0.3 +21.3+1.8 Aggarwal et al., 2015

Goa, India Dec’09 —Jan’11 26.319.4 5.612.8 6.0+1.5 -24.8+0.9 10.8+2.2 Agnihotri et al., 2015

Guangzhou,

China TSP Oct-Nov'15 19.27 £10.11 6.44 +4.34 -25.8+0.4 +13.2+£0.9 Xiao et al., 2017
Mar-June’07,

Gosan, S.Korea TSP 16-24 April’18 12-19 (16) 4.8-11(7.7) 1.2-3.9(2.5) -23.3t0-20.4 (-21.8) Jung & Kawamura, 2011

Thailand

forest fires PM2.5 Mar-April’l5 1.4 -80 (34) 0.7-8.6 (3.0) -23.8t0-29.8(-26.0) +15.8to +25.1(19.4) Boreddy et al., 2018

Okinawa, Japan 2.0+£0.6 1.2+0.6 1.9+0.7 -22.5£0.6 +13.6%£1.7 Kunwar et al., 2012

South China Sea Cool season 5.0+3.1 0.93+0.59 -22.9+1.7 +0.7+3.3 Xiao et al., 2018

Here, IGP= Indo-Gangetic Plain and SEA: Southeast Asia
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Table 3. Stable carbon isotopic composition of particles from the source-emissions.

Source Parameter  3"3Crc(%o) Reference

Biomass burning emissions

Thailand (mostly C3) TC -26.0+1.2 (Boreddy et al., 2018)
Santarem, Brazil (mostly C3) TC -25.8+0.52 (Martinelli et al., 2002)
Rondonia, Brazil (mostly C3) TC -25.5 (Kundu et al., 2010a)
Punjab, India (mostly C3) TC -26.6 (Singh et al., 2021a)

Sao Paulo, Brazil (C4) TC -20.91+0.75 (Martinelli et al., 2002)
Straw Pellets TC -28.410.2 (Garbaras et al., 2015)
Wood burning emissions

New Zealand TC -24.9t0-27.6 (Ancelet et al., 2013)

India TC -28.410.9 ((Agnihotri et al., 2011a))
Laboratory combustions TC -26.0+0.1 (Garbaras et al., 2015)
vehicular emissions

Zhujian tunnel, China TC -25.0+0.3 (Dai et al., 2015)

Mount Victoria tunnel, New Zealand TC -25.9+0.8 (Ancelet et al., 2011)

tunnel of Avenida Chapultepec, Mexico TC -25.5+0.1 (Lopez-Veneroni, 2009)
Road traffic emissions, Delhi, India TC -25.3 (Agnihotri et al., 2011a)

Car tailpipe (Diesel) TC -26.3 (Morera-Gémez et al., 2018)
Car tailpipe (Gasoline) TC -25.2 (Morera-Gémez et al., 2018)
Coal combustion

Paris TC -23.91+0.5 (Widory, 2006)

Australia TC -25.5+0.8 (Feng et al., 2020)

Russia TC -23.22+1.2 (Feng et al., 2020)

India TC -22.440.1 (Agnihotri et al., 2020)
Dust N

India, surface soil TC -10.5+4.0 (Agnihotri et al., 2020)

Steet dust, Mexico TC -21+0.2 (Lépez-Veneroni, 2009)
Asian dust TC -1.6,-9.8 (Lépez-Veneroni, 2009)
Road dust TC -13.1+2.0 (Morera-Gémez et al., 2018)
Top soil TC -20.5+4.8 (Morera-Gémez et al., 2018)
Marine Organic matter

North Pacific TC -21+1.9 (Miyazaki et al., 2011)
Amsterdam island TC -21.610.6 (Cachier et al., 1986)
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Table 4. Stable carbon isotopic composition of particles from the source-emissions.

Biomass burning Parameter §**Nn(%o) Reference

Thailand (mostly C3) TN 19.4+2.1 (Boreddy et al., 2018)
23.3+1. 7 (day)

Rondonia, Brazil TN 23.7+1.4(night) (Kundu et al., 2010a)

India (mostly C3) TN 10.4 = 5.7 (Agnihotri et al., 2011a)

Sao Paulo, Brazil 7-18.7

(C4 & pasture site) TN (10.642.8) (Martinelli et al., 2002)

Wood burning emissions

India TN 15.442.9 (Agnihotri et al., 2011a)

vehicular emissions

Paris TN 4.610.6 (Widory, 2007)

Car tailpipe (Diesel) TN 1.6 (Morera-Gémez et al., 2018)

Car tailpipe (Gasoline) TN 1.2 (Morera-Gémez et al., 2018)

Coal combustion

India TN 87,71 (Agnihotri et al., 2011a)

Dust

Thar, Rajastha, India TN -10.5+4.0 (Agnihotri et al., 2020)

Asian dust TN 2.5,2.7 (Kawamura et al., 2004)
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SS379: 6-24 December 2018
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Figure 1. Cruise track and backward air mass trajectories of TSP collected over the Arabian
Sea during SS379 cruise (6-28 December 2018). The dashed black lines represent the 100 m
asl backward air mass trajectories computed using NOAA Hybrid Single Particle Lagrangian
Integrated Trajectory Model (HYSPLIT) for the sampling days. The red dots on the continent

is the fire counts retrieved from the moderate resolution imaging spectroradiometer (MODIS)
satellite.
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Figure 2. Linear regression analysis between the concentrations of total carbon (TC) versus
(@) sum of elemental carbon (EC) and organic carbon (OC) and (b) total nitrogen (TN) in the
TSP samples collected over the Arabian Sea during SS379 cruise (6-24 December 2018). The
whiskers (5 and 95 percentile), edges (25 and 75 percentile), the solid (50 percentile) and
dashed lines (mean) in the box plots represent the overall distribution of concentrations of TC

and TN.
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Figure 3. Spatial variability of concentrations of (a) total carbon (TC), (b) total nitrogen
(TN), (c) TC/TN ratios in TSP samples collected over Arabian Sea during SS379 cruise (6-28
December 2018). The spatial contours were generated through the interpolation techniques in
the Ocean Data View software (Schlitzer, 2002).
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Figure 4. Spatial variability of (a) stable carbon isotopic composition of TC (5'3Crc), and (b)
nitrogen isotopic composition of TN (8°Nn) in marine aerosols collected over the Arabian
Sea.
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Figure 5. (a) Geograpahically spanned projection of C4 vegetation over South Asia adopted
from Still et al. (2009) along with the cruise track of SS379 and (b) MERRA-simulations
based mineral dust fraction (MDF), which is the ratio of aerosol optical depth caused by the
dust (AODuqust) to total columnar particles (AODxotar).
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Figure 6. Dual isotope isospace plot of 8*3C versus 5'°N of TC and TN in marine aerosols
from the Arabian Sea along with source-emission endmembers, (b) overall individual source
emission contributions over the Arabian Sea using Bayesian isotope mixing model.
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Figure 7. Linear regression analyses between (a) 5*Ctc (%o) and mass ratio of WSOC/TC
with the information of TC concentrations (i.e., symbol size) and carbonaceous component
fractions (piechart), and (b) 8'*Ntn (%0) and equivalent ratio of NH4*/nss-SO4* with the
information of TN concentrations (symbol size) and constituent nitrogen fractions (piechart)
in marine aerosols collected from the Arabian Sea cruise (6-24 December 2018). Here,
Pearson’s critical-r value with 15 degrees of freedom is 0.48 at the 0.05 is the level of

significance.
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Figure 8. Linear regression analyses for mass concentrations between (a) NHs"™-N and
TNremained, (0) TNremoved and nss-Ca?* in marine aerosols collected during the Arabian Sea

cruise. For the definition of terms, please see the text.
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Figure S1. Scatter plot between South Asia and East Asia for 8'°Ntn vs.

NH4*/SO4%
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