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Chemical characterization of aerosols in the South
Asian outflow over the northern Indian Ocean:
latitudinal gradients and ultrafine particle eventsy
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V. Jayachandran, ©° T. C. Ajith® and Mukunda M. Gogoi®

Chemical properties of the continental outflow to the northern Indian Ocean are investigated using
shipborne measurements carried out as a part of the Integrated Campaign for Aerosols, gases and
Radiation Budget (ICARB-2018) experiment during winter 2018. The organic carbon (OC) and elemental
carbon (EC) showed high values (OC = 4.8 + 2.1 pg m~—> and EC = 2.0 + 0.6 ng m~>) over the northern
Indian Ocean and relatively lower values (OC = 1.20 + 0.50 pg m~> and EC = 0.82 + 0.53 pg m~) over
the equatorial Indian Ocean. The relative contribution of organic matter (OM) to the sub-micron mass
loading also decreased from southeastern Arabian Sea (40%) to the equatorial Indian Ocean (23%). The
short-term increase in OC, the OC/EC ratio, OM and the OM/sulfate ratio during ultrafine particle bursts
over the remote equatorial Indian Ocean indicate the possibility of prominent sources of marine organic
compounds. In the southeastern Arabian Sea, the mass concentration of all aerosol species showed
a decreasing trend towards the open ocean, where the magnitude of this latitudinal decrease was
relatively higher for OC and OM compared to EC and sulfate. The latitudinal variation in the OM/sulfate
ratio showed a reduction from 1.20 + 0.11 to 0.47 + 0.15, which is further supported by the similar
latitudinal decrease in the OC/EC ratio. These observations indicate the possible loss of organic aerosols,
which might be due to ageing during long-range transport. The synthesis of earlier measurements over
South Asia and surrounding oceanic regions also shows a relative decrease in the organic mass
concentration, which changes the organics-rich nature of the South Asian aerosol system during transport.

The outflow of anthropogenic particles from South Asia to the northern Indian Ocean is a major scientific concern during winter. In this study, shipborne

measurements are used to investigate the change in aerosol composition, especially organics, during short-term ultrafine particle events. The origin of these

ultrafine organic aerosols over the equatorial Indian Ocean remains an open question. Furthermore, organics decrease at a faster rate towards the open ocean

than all other aerosol species, which indicates the loss of organics due to the ageing process during long-range transport, transforming the organics-dominated

outflow into a sulfate-dominated aerosol system over the far oceanic regions.

1 Introduction

(northern Indian Ocean), which raises serious concerns because
of the direct and indirect radiative forcing due to aerosols, and

South Asia is considered one of the major hotspots of aerosols
and trace gases, especially during winter.”® Extensive
measurements from various locations across South Asia indi-
cated a significant dominance of carbonaceous aerosols (>50%)
in the mass loading of fine mode (<1 pm) particles during
winter.>*® The regional circulation favours the transport of
these continental aerosols to the Bay of Bengal and Arabian Sea
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also due to its role in nutrient transport and ocean
biogeochemistry.>” High concentrations of carbonaceous
aerosols (especially black carbon or elemental carbon) were
observed over the northern Indian Ocean, which is mostly
transported from South Asia and Southeast Asia, as reported by
earlier campaigns such as the Indian Ocean Experiment
(INDOEX-1999) and Integrated Campaign for Aerosols, gases
and Radiation Budget (ICARB 2006 and 2009) over this
region.>'>" Though several studies investigated the chemical
characteristics of aerosols during different air masses over the
northern Indian Ocean, short-term variations and chemical
evolution of the South Asian outflow were not investigated in
detail.”” This knowledge gap is mostly attributed to the poor
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spatial and temporal resolution of aerosol chemical composi-
tion measurements over the region,”***™** which hinders the
understanding of the chemical processing of aerosols at shorter
time scales.

Organic aerosols dominate the total aerosol loading over the
South Asian region. The secondary organic aerosols (SOA)
mostly formed from low or semi-volatile organic compounds
account for the major portion of the fine particulate mass
loading.'® Nucleation and condensation of organic vapours on
existing particles significantly contribute to the mass loading
and higher growth rate of ultrafine particles,"”** which remains
largely unexplored in the South Asian region. Addressing the
formation, evaporation, gas-phase photo-oxidation, condensa-
tional growth and phase state of organics is far more complex
than those of the chemically inert black carbon or elemental
carbon.” Several laboratory-based (chamber) and modeling
studies have investigated the evolution of organic aerosols in
the atmosphere; still, uncertainties persist due to a large
number of compounds that need to be considered.”** In
contrast to the secondary formation pathway of sulfate, organic
compounds have a wide range of volatility and heterogeneous
pathways, making it difficult to predict the concentration of
secondary organics accurately.

Over marine (receptor) environments, aerosol composition
and size distribution are highly influenced by transport effi-
ciency of aerosols, and the mixing state and photochemical
ageing during transport. The mixing of continental and marine
air masses results in significant changes in the physiochemical
properties and atmospheric lifetime of aerosols.>® Hence, the
formation and removal of aerosols over the outflow regions
assume importance for the estimation of the aerosol mass
budget and thus climate impact assessments. In this back-
ground, extensive measurements of aerosols in the South Asian
outflow over the northern Indian Ocean were carried out during
ICARB-2018 (January-February 2018) to study the change in the
aerosol composition over the source (land) and receptor (ocean)
regions. The objectives of this study include the characteriza-
tion of chemical properties of aerosols over the Indian Ocean
during the South Asian outflow, and its latitudinal variations
and chemical evolution during long-range transport. In this
paper, we describe the high-resolution measurements of the
radiatively important fine mode aerosol composition (non-
refractory and carbonaceous) and the change in chemical
composition during ultrafine particle events and because of
long-range transport.

2 Experimental details and
methodology

The ICARB-2018 experiment was carried out onboard the
Oceanographic Research Vessel Sagar Kanya from 16 January to
13 February 2018 (winter season), covering the northern and
equatorial Indian Ocean (15° N to 2° S and longitudes 65° E to
76° E). The cruise track of the ICARB-2018 is shown in Fig. 1.
The latitudinal transect across the South Asian outflow is called

© 2023 The Author(s). Published by the Royal Society of Chemistry
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phase 1, and the longitudinal transect over the equatorial
Indian Ocean (~2° S) is called phase 2.

Calm and hazy sky conditions prevailed over the northern
Indian Ocean during ICARB-2018. The in situ measurements of
meteorological variables indicate that winds were mostly
northeasterly during phase 1 and northerly or northwesterly
during phase 2. The average wind speed increased from
2.9 m s ' to 47 m s ' over the phases 1 and 2 regions,
respectively. The average temperature and relative humidity
during phase 1 (27.7 £+ 0.6 °C and 73.1 £ 5.0%) and phase 2
(28.2 + 0.5 °C and 72.8 + 3.5%) of the campaign were compa-
rable and both periods were devoid of major weather systems.
During the return leg of the experiment, large-scale rainfall was
observed on 4, 6 and 7 February over the northern Arabian Sea
and Indian subcontinent. This widespread rainfall associated
with the western disturbances modified the large-scale meteo-
rology and aerosol properties over the region. Hence, the data
collected after 4 February, 2018 were not considered for further
analysis. More details of measurements, sampling protocol,
meteorology and air mass back trajectory analysis during
ICARB-2018 are available elsewhere.'***

Five-day air mass back trajectories reaching the cruise track
on each day are estimated (Fig. 1d—f) using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
and the schematic of the mean air mass pathways is shown in
Fig. 1b. The phase 1 region was directly under the influence of
continental outflow as the air mass back-trajectories originated
from peninsular India or the Bay of Bengal (Fig. 1d), whereas
the air mass back trajectories were mostly confined within the
northeastern Arabian Sea, without the direct influence of
continental sources, during the second phase over the equato-
rial Indian Ocean (Fig. 1e).

A customized aerosol laboratory was set up at the top deck
(~15 m above the mean sea level) of the ship, and ambient air
was aspirated into the laboratory using iso-kinetic community
inlets at a flow rate of 16.6 litres per minute (LPM). The
measurements of aerosol chemical composition using the
aerosol chemical speciation monitor (ACSM), mass concentra-
tions of organic carbon (OC) and elemental carbon (EC) using
a semi-continuous aerosol carbon analyzer and aerosol size
distribution using a scanning mobility particle sizer (SMPS)
form the major dataset for this study.

2.1 ACSM

The mass concentration of sub-micron non-refractory aerosols
(NR-PM1.0) measured using the ACSM instrument (Make:
Aerodyne, USA) includes organic matter (OM), sulfate, nitrate,
ammonium, and chloride. Measurements were carried out at 30
minute (near real-time) intervals. A sample flow of 0.1 LPM,
through a critical aperture with a fixed diameter (100 um), was
drawn from the main aerosol inlet system having a flow rate of 3
LPM for near isokinetic sampling conditions. Before the
experiment, the instrument was calibrated for its ionization
efficiency (IE) and relative IE (RIE) by using monodisperse (300
nm) particles of NH,NO; and (NH,),SO, following the standard
calibration procedure suggested in the literature.”®> The
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Fig. 1 (a) Mass concentrations of organic carbon (OC, pg m~3), (b) ratio of OC to elemental carbon (EC, ng m~3), (d) mass loading of organic
matter (OM, pg m~>), (e) ratio of OM/sulfate and (f) ratio of sulfate to EC along the cruise track over the northern Indian Ocean during 16 January
2018 to 13 February 2018. (c) Scatter diagram showing the OC and EC mass concentrations during the first and second phases of ICARB-2018.
The cruise track is represented by dashed lines. Rainy days are marked as 04Feb, 06Feb, and 07Feb indicating 4, 6, and 7 February 2018. We have
not considered the measurements made during the return segment of the cruise because of the rain events and changes in the weather system.
Thick solid arrows on panel (b) schematically represent the air mass pattern over the measurement region and continuous grey lines in (d)—-(f) are

air mass trajectories estimated using the HYSPLIT model.

response factors were determined by comparing the response
factors of the ACSM to the mass calculated with a known
particle size (300 nm; selected using an electrostatic classifier —
TSI 3080 with a long differential mobility analyser) and the
varying number concentrations (~50-2000 cm ) as measured
by using a condensation particle counter (CPC, TSI 3786). We
have used a default RIE value of 1.4 for OM.**?® The corrections
required for the instrument performance for the varying inlet
pressures and N, signal (i.e., air-beam correction required for
normalizing the measurements with respect to drifts in
measurement sensitivity and the sampling flow rate) were
carried out during this study.?®*** Furthermore, we have used the
signals from an internal diffuse naphthalene source (m/z 128)
for correcting the mass-dependent ion transmission efficiency
of the residual gas analyser. Both N, and naphthalene signals
were also used for the determination of the relative ion trans-
mission (RIT) efficiency. The measured fractions of unit mass
resolution spectrum signals were apportioned to individual
aerosol species by using the default fragmentation table. Since
the present ACSM consists of a capture vaporizer that results in
a higher collection efficiency (about unity),* we have not

376 | Environ. Sci.: Atmos., 2023, 3, 374-386

applied the composition-dependent collection efficiency
correction while processing the data. Reproducibility uncer-
tainty of NR-PM1.0, nitrate, organic matter, sulfate and
ammonium was 9%, 15%, 19%, 28%, 36% respectively.”® A good
association between the ACSM and HR-ToF-AMS for NO; (slope
=1.14, R*> = 0.99), SO, (slope = 0.954, R* = 0.93) and NH, (slope
= 13.2, R* = 0.88) was also reported during the ACSM inter-
comparison experiment.>®

2.2 Semi-continuous aerosol carbon analyser

The simultaneous measurements of mass concentrations of the
EC and OC were carried out using a semi-continuous aerosol
carbon analyser (Make: Sunset Laboratories, USA).>* Ambient
aerosols collected on a quartz fibre filter were exposed to an
increasing temperature ramp following the NIOSH 5040
(National Institute for Occupational Safety and Health) protocol
inside an oven purged with inert helium gas. Continuous
monitoring of absorbance using a diode laser is used to correct
the uncertainties in OC and EC measurements.*” The relative
standard uncertainty for OC and EC was 12% and 18%

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00130f

Open Access Article. Published on 22 December 2022. Downloaded on 7/14/2025 5:31:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

respectively.®® During ICARB-2018, ambient air was sampled
through a dedicated inlet system having an inertial impactor
with a particle size cut off at 2.5 pm at a flow rate of 8.0 LPM
onto a quartz fiber filter with a 1.6 cm diameter. Nafion
membrane tubes are used to maintain the relative humidity of
the sample at 50% and annular denuders were used to remove
the volatile organic gases from the air sample. We have used
a known amount of aqueous sucrose solution (99.5% from
Sigma Aldrich) to ensure the calibration consistency of the
instrument. The measurement bias was estimated from the
measured and injected amount of carbon, which was less than
6% during the experiment. The limit of detection for OC and EC
using the semi-continuous OCEC analyzer was 0.1 ug m > and
0.01 ug m ™ respectively.®?

2.3 SMPS

The aerosol number size distributions (NSD) for the size range
from ~9 to 420 nm were measured using a scanning mobility
particle sizer (SMPS, Make: TSI) at every 3 minuts interval. The
SMPS consists of a differential mobility analyser (DMA, TSI
3081), which segregates the aerosols according to their electrical
mobility. These mono-dispersed aerosols are fed to a water-
based condensation particle counter (CPC, TSI 3786), where
they are allowed to grow to the optically detectable size range.
These particles are counted by using an optical particle
counter.*® Uncertainties in SMPS due to flow and charging
efficiency are 2% and +10% respectively. The instrument-
specific corrections were applied to all the measurements and

View Article Online
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then averaged and geolocated hourly using global positioning
system (GPS) data.

We have compiled the earlier measurements of aerosol
chemical composition over distinct environments in the Indian
landmass and the shipborne measurements carried out during
the INDOEX-1999, ICARB 2006, WICARB 2009 (Winter Phase of
ICARB) and ARMEX (Arabian Sea Monsoon Experiment) as ESL.{
The majority of studies reported OC values (using the thermal-
optic technique) over the Indian region and the direct
measurements of OM are limited.***®” To compare these
earlier measurements over the Indian region with ICARB-2018,
we have converted the OC values from the literature to OM by
using a conversion factor of 1.7. Though the contribution of OC
to OM varies depending upon the ageing and extent of the
oxidation, we have used an OM/OC ratio of 1.7 to convert the OC
measurements to OM.'****° This conversion factor is applied
only to the OC measurements adopted from the literature. It
should be noted that the measured OC values over the Indian
subcontinent are much higher than the sulfate loading (OC/
sulfate ratio ~ 2), and hence the assumption of an OM/OC
ratio of 1.7 does not influence the findings of this study.

3 Results and discussion
3.1 Spatial variation of EC, OC, OM and sulfate

The spatial variation of the OC mass concentration measured
during ICARB-2018 is shown in Fig. 1a. The time series of
aerosol properties measured during ICARB-2018 are shown in
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Fig. 2 Time series of (a) latitude and longitude of the cruise track,
concentration of organic carbon (OC) and elemental carbon (EC), and
event days are identified by the shaded regions.
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(b) mass concentration of organic matter (OM) and sulfate, (c) mass
(d) the OC/EC ratio and the OM/sulfate ratio. The ultrafine particle (UFP)
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Fig. 2. The near-real-time (hourly) and spatially resolved
measurements indicate high values of OC (4.8 + 2.1 ug m™?)
and EC (2.0 + 0.6 pg m %) during the first phase and relatively
lower values (OC = 1.20 £ 0.50 ug m ™ ® and EC = 0.82 + 0.53 ug
m~?) during the second phase of the campaign. Over the
equatorial Indian Ocean, far away (1000 km) from the Indian
subcontinent, EC values were as high as ~1 ug m > and only
less than 10% of the total EC values were below 0.5 pg m—>
during the campaign. These values are higher than most of the
open ocean values reported in the literature. Considering EC as
a proxy for combustion-derived aerosols, high EC values near
the equatorial Indian Ocean indicate a large-scale influence of
the South Asian outflow over the northern Indian Ocean.

The OC/EC ratio gradually decreased towards the equatorial
Indian Ocean (Fig. 1b) and the mean values of the OC/EC ratio
during phase 1 and phase 2 are 2.38 £ 0.05 and 1.30 £ 0.04
respectively (Fig. 1c). Low values of the OC/EC ratio are mostly
seen over the southwestern part of the cruise (Fig. 1f), which is
far away from the source regions, and five-day air mass back
trajectories were mostly marine. The OM mass concentrations
during ICARB-2018 are shown in Fig. 1d. The aerosol mass
concentrations decreased gradually as we move away from the
continent towards the equatorial Indian Ocean. The contribu-
tion of organic matter to the total NR-PM1.0 decreased from
40% over the southeastern Arabian Sea to 23% over the equa-
torial Indian Ocean, whereas the sulfate contribution increased
from 37% to 49%. The total aerosol mass concentration (NR-
PM1.0) was highest over the southeastern Arabian Sea (23.44
+ 5.07 ug m?) due to its proximity to the emission sources on
land. Near the coastal regions, concentrations of sulfate and
OM are comparable and range between 8 and 15 pg m™>,
whereas sulfate aerosols (ranged between 4 and 8 pg m ™)
completely dominated the NR-PM1.0 mass over the equatorial
Indian Ocean, followed by OM (2-6 pg m™~*) and ammonium (2-
4 ug m™>). There is a reduction in the OM/sulfate ratio between
near (OM/sulfate ~ 1.0) and far (OM/sulfate ~ 0.4) oceanic
regions in the downwind of the South Asian outflow (Fig. 1 and
2). The sulfate/EC ratio (Fig. 1f) showed an almost constant
value (ranging between 2 and 4) except for the southwestern
part of the cruise track (sulfate/EC > 5), where chlorophyll
concentrations were also high.** Since most of the anthropo-
genic species did not show an increase over the western Arabian
Sea, the increase in the sulfate/EC ratio could be attributed to
the secondary formation of sulfate from the oceanic emission of
precursor gases or the subsidence of sulfate aerosols formed in
the free troposphere to the marine boundary layer.*

Several studies have reported high values (2 to 25 ug m™>) of
carbonaceous aerosols (EC or black carbon, OC) over South Asia
during the winter season.>® The OC values reported onboard
aircraft (3.0 pg m>) and ships (0.81 pg m*) during INDOEX"
for the marine atmospheric boundary layer are lower than the
those in ICARB-2018 measurements. The EC values observed
near the Maldives islands during ICARB-2018 are in the range of
0.5-1.5 ug m >, which is consistent with the earlier observations
from Hanimaadhoo (EC ~ 0.59 + 0.28 and OC ~ 1.22 + 0.71 pg
m ) during November 2014 to April 2015.” The high values of
EC over the equatorial Indian Ocean further support the higher

378 | Environ. Sci.: Atmos., 2023, 3, 374-386
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transport efficiency of EC during winter.** The OC/EC ratio over
the equatorial Indian Ocean was lower compared to that of the
southeastern Arabian Sea, which indicates the limited spatial
coverage of OC compared to EC due to the depletion of OC
during transport. The OC/EC ratio (0.5 to 1.5) measured during
INDOEX" was comparable to the phase 2 value (1.3 & 0.04) but
lower than the phase 1 value (2.38 £ 0.05) during ICARB-2018.
Based on measurements over the Bay of Bengal during ICARB-
2009, a mean OC/EC ratio of 3.4 + 1.1 for the wintertime
outflow from the Indo Gangetic Plain was reported.’ Though the
equatorial Indian Ocean experiences air masses from the Bay of
Bengal region, the OC/EC ratio is significantly lower than the
values reported by the earlier studies.” The OC/EC ratios re-
ported from the Maldives Climate Observatory - Hanimaadhoo
(MCOH) in the equatorial Indian Ocean are very close to those
in the ICARB-2018 measurements.”*?

Organic aerosols have primary and secondary sources. The
volatile organic compounds (VOCs) from both marine and
transported-anthropogenic sources get oxidized to less-volatile
compounds which can directly partition into the aerosol
phase via aqueous phase and heterogeneous processes. Over
remote oceans, primary emission of water insoluble organics
(marine hydrocarbon-like organic aerosols) is also reported.*
The fractional contribution of water-soluble organic carbon
(WSOC) to the total OC was 0.81 and 0.61 over the southeastern
Arabian Sea and equatorial Indian Ocean during ICARB-2018.*
The high contribution of WSOC to OC indicates the role of
ageing during long-range transport. Interestingly, sporadic
events with high values of OM/sulfate and OC/EC ratios were
also observed over the equatorial Indian Ocean during phase 2
(Fig. 1b and e). Though the aerosol mass loading and mean
values of OM/sulfate and OC/EC ratios are lower over the
equatorial Indian Ocean, the short-term events having a relative
increase in OM (and OC) compared to sulfate and EC mass
loading were not reported earlier over this region. This aspect is
discussed in Section 3.2.

3.2 Influence of particle burst on aerosol composition

It is interesting to note that, short-term events with high values
of OC/EC ratios were observed over the equatorial Indian Ocean
(Fig. 1b and e), though aerosol loading and the mean OC/EC
ratio were lower over this region. To investigate this aspect in
detail, all 19 days (phases 1 and 2) of ICARB-2018 data were
examined and diurnal variations of OC and EC during four days
(17, 24, 29, and 30 January 2018), when OC/EC ratio showed
short-term events, are shown in Fig. 3. During these event days,
the OC mass concentration showed high values for 2 to 3 hours
in the early morning (07:00-10:00) and evening (15:00-17:00)
hours, whereas simultaneous measurements of EC did not
show variations similar to that of OC during these events. Since
EC is widely used as a proxy for anthropogenic and biomass
burning sources and is co-emitted with OC during combustion,
we have ruled out the possibilities of local anthropogenic
sources including ship exhaust, or a change in the air mass
pattern directly influencing the observed increase in OC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Further analysis revealed that these events are coinciding
with ultrafine particle bursts observed in the aerosol number
size distribution measurements. The diurnal variation of the
OC/EC ratio and geometric mean diameter (GMD) estimated
from the aerosol number size distribution for the event days are
shown in Fig. 4. The low GMD values over the southeastern
Arabian Sea and the equatorial Indian Ocean indicate ultrafine
particle events. Most of these events occurred during the early
morning and evening hours: the former being more prominent
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than the latter. The OC mass loading increased when the GMD
decreased significantly. The latitudinal gradient of the OC/EC
ratio and its association with GMD is shown in Fig. 5. A
systematic decrease in the OC/EC ratio from 3 to 1.75 was
observed over the oceanic regions south of Indian peninsula. It
is interesting to note that ultrafine particle events were not
observed over this region and GMD values were mostly greater
than 100 nm. However, the OC/EC ratio varies significantly over
the near-coastal and the equatorial Indian Ocean due to the
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Fig.4 Diurnalvariation of the OC/EC ratio and geometric mean diameter (GMD) during the ultrafine particle (UFP) event days: (a) 17 January, (b)
24 January, (c) 29 January and (d) 30 January 2018. The location of the ship on these event days is marked in Fig. 1b.
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proximity of sources and in situ formation of organics as shown
in Fig. 3 and 4.

Fig. 6 shows the variation of OM and sulfate measured using
an ACSM during the days in which ultrafine particle events were
observed. An increase in the OM mass concentration (similar to
that of OC in Fig. 2) was observed during the ultrafine particle
events, even though these events generally do not result in
a notable change in mass loading. The ultrafine particle events
(UFP), which are identified by the low GMD values, were
observed from 6:00 to 10:00 hours (Fig. 4 and 6). The OM mass
loading showed an increasing trend from 6:00 hours and peaks
at 9:00 or 10:00 hours. The estimated delay between the start of
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UFP and the OM peak is almost 3-4 hours, which is attributed to
the time required for the ultrafine particles to grow significant
enough to influence the mass concentration. In contrast, sulfate
mass loading did not show an increase during ultrafine particle
events. The high values of the OM/sulfate ratio (Fig. 1e) over the
equatorial Indian Ocean (open ocean) are closely related to
ultrafine particle events. It should be noted that these short-
term events could be averaged out in the conventional filter-
based sampling.

It is seen that the EC concentration did not change during
the ultrafine particle events, which discards the role of primary
anthropogenic aerosols and local contamination in the
observed increase in OC. The source of these ultrafine organics
in the equatorial Indian Ocean is an open question, which
needs dedicated field experiments to ascertain the possibility of
secondary formation or the primary emission of ultrafine
organics from the ocean surface layer.

Even though a higher number of ultrafine particle events and
the associated increase in OC were observed over the equatorial
Indian Ocean, the OC/EC ratio was lower in the equatorial
Indian Ocean compared to the northern Indian Ocean. The
increase in OC mass loading during the particle events in phase
2 was rather smaller compared to that of phase 1 and nucleation
events were more intense during phase 1. However, the pres-
ence of a large condensation sink limits the frequency of
occurrence of ultrafine particle events in phase 1. The higher
values of the OC/EC ratio over the northern Indian Ocean
support the higher mass of secondary aerosols formed due to
condensational growth. The OC mass loading increased by
almost 3 to 4 pg m > during phase 1, whereas OC increased by 1
pg m~> over the equatorial Indian Ocean. Since the background
aerosol loading was lower over the phase 2 region, the
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condensation sink was weak and ultrafine particle events were
more frequent over the phase 2 region.

The observation of an increase in OC associated with an
ultrafine particle burst was in line with the earlier studies on the
role of organic aerosols in favouring new particle formation and
growth of nucleation mode aerosols. The highly oxidized
organics stabilize the molecular clusters and increase the
supersaturation required for new particle formation.*** The
growth rate of the ultrafine particles observed over the northern
Indian Ocean during ICARB-2018 is relatively high and particles
grow instantaneously to a higher size range.* So, we have
observed an inverse relationship between hourly mean values of
GMD and organic mass loading without much time delay. As
the background aerosol number concentrations are high over
the coastal Arabian Sea and continental India, organics vapours
condense on the existing particles (condensation sink) instead
of aerosol nucleation. However, the source identification of
these precursor vapours is challenging and these vapours could
be advected from the mainland or biogenic in origin.

Most of the open-ocean nucleation events (secondary
formation) are associated with sulfate aerosols and there are
very limited observations of organics formation, which are
associated with the air-sea exchange of VOCs and their photo-
oxidation. In this study, we present the increase of OM and OC
aerosols during ultrafine particle events over coastal as well as
remote oceanic regions using the simultaneous measurements
of an SMPS, ACSM and OC-EC analyzer. As inferred from the
observations, there is no evidence for anthropogenic influence
on the OC enhancement over the equatorial Indian Ocean.
Hence, this increase in OC during ultrafine particle events is
attributed to the secondary formation of aerosols. However, the
possibility of primary emission of organics from the ocean
cannot be excluded.”” The laboratory studies on various abiotic
VOCs exchanged between the water-air surface reported the
significant implications of these emissions on the aerosol
nucleation and chemistry and aerosol-cloud interaction.*®
Since the air masses over the equatorial Indian Ocean have
more marine influence than continental influence and the
observed events lasted only 3 to 4 hours, we consider marine
emissions (primary or secondary) to be more important than
continental emissions over the phase 2 region.

3.3 Evolution of aerosols in the South Asian outflow

To further understand the chemical evolution of aerosols over
the northern Indian Ocean, the latitudinal gradient of OM,
sulfate, the OM/sulfate ratio, OC, EC and the OC/EC ratio during
the first phase of the ICARB-2018 (from 15° N to 2° S, mostly
between 73.5° E and 75° E) is shown in Fig. 7. The mass
concentration of all the species decreases with latitude as we
move away from the mainland. During phase 1, the magnitude
of OC decreased almost 5-fold (15° N to 1° S) in contrast to the 3-
fold decrease observed in the EC mass concentration. This
difference in latitudinal gradients of OC and EC results in
a small and systematic decrease in the OC/EC ratio towards the
south. OM decreases at a faster rate than sulfate and EC. The
OM/sulfate and OC/EC ratios also decreased with Ilatitude,
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ICARB-2018.

indicating the faster decrease in organics mass concentration
(OC and OM) as the ship traversed towards the equatorial
Indian Ocean. A gradual decrease in the OM/sulfate ratio and
similar variation of sulfate and EC with latitude (sulfate/EC
ratio varied between 2 and 4) implies the absence of addi-
tional sulfate formation over the open ocean during phase 1 of
the campaign. Briefly, organic aerosols (OM and OC) showed
a systematic and relatively higher decrease towards the open
ocean as compared to EC and sulfate.

Hence, it is clear from Fig. 7 that the organics-rich (OM/
sulfate > 1) outflow from South Asia is transformed into
a sulfate-dominated outflow over the northern Indian Ocean. To
further confirm the observation of gradual changes in the OM/
sulfate ratio towards the open ocean, we have compiled the
earlier measurements over India and the surrounding oceanic
regions as shown in Fig. 8. The OM/sulfate ratio over land and
ocean depicts contrasting patterns over the South Asian region.
The mean OM/sulfate ratio over the Indian landmass is signif-
icantly higher (~4) than that of the northern Indian Ocean (0.6).
Broadly, the OM/sulfate ratio is higher than 2 over land and less
than 1 over the ocean. The OM/sulfate ratios are extremely high
for urban centres like New Delhi (6.3), Kanpur (5.0), and Alla-
habad (5.3).%*-** The mass concentration of OM is higher than
that of sulfate over Bhubaneswar, Mahabaleswar (Western
Ghats) and Manora Peak, where the OM/sulfate ratio is 1.82 (ref.
52), 4.0 (ref. 53) and 4.8 (ref. 54) respectively. Hence, the earlier
studies over South Asia unambiguously highlight the organics-
rich nature of the aerosol system, especially near the source
regions. In contrast, the aerosol system over the northern
Indian Ocean is found to be mostly sulfate-dominated (OM/
sulfate ratio < 1). During the INDOEX, the OM/sulfate ratios
measured onboard aircraft and the ship were 0.94 and 0.41,

respectively.” Similarly, during ICARB-2006 (premonsoon),
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values were close to 0.55 over the Bay of Bengal and 0.12 over the
Arabian Sea.*® Relatively higher values (0.84) were reported
during ICARB-2009 (winter 2009) over the northern Bay of
Bengal, which was under the influence of the IGP outflow." The
present study shows the systematic gradients in the OM/sulfate
ratio, which indicate the importance of measurement location
and its proximity to source regions.

This palpable flip-over from organic to sulfate dominance as
the air mass traversed to the northern Indian Ocean could be
attributed to the various atmospheric processes, such as the
formation of sulfate from marine sources, transformation/
evaporation of organics and the relative difference in the
transport efficiency of aerosol species. However, we did not find
an increase in sulfate mass loading during the ICARB-2018
associated with nucleation/ultrafine particle events (Fig. 6). In
contrast, these ultrafine particle events contributed to the
enhancement in OM and OC mass loading even over the far
equatorial Indian Ocean (Fig. 3 and 4). The measurements of
sulfate over the southeastern Arabian Sea are comparable to the
measurements made at several land stations like Thumba and
Ahmedabad.®> Moreover, sulfate mass loading measured during
ICARB-2018 is comparable to the earlier shipborne observations
over this region. The mass fraction of sulfate during ICARB-
2018 is consistent with the values (0.39-0.52) reported during
the INDOEX.* During ICARB-2018, 97% of the total sulfate was
non-sea salt. Earlier studies also reported 98% of total sulfate as
non-sea salt and attributed diesel combustion and coal-
powered thermal power plants in India and Bangladesh as the
major sources.'” The low values of MSA/nss-sulfate (0.003) and
the high correlation of ammonium with sulfate indicate the
anthropogenic origin of sulfate in the study region.”* The MSA/
nss-sulfate ratio remained invariant over the southeastern
Arabian Sea and the equatorial Indian Ocean." The latitudinal
gradient of EC and sulfate normalized with their initial mass
concentration values (at 16° N) shows an almost similar trend
for EC and sulfate (0.031 and 0.038 Lat '), and hence, sulfate/
EC ratio varied between 2 and 4 (Fig. 1f). These observations

382 | Environ. Sci.: Atmos., 2023, 3, 374-386

exclude the possibility of a substantial contribution from
marine and transported sources to the in situ formation of
sulfate aerosols. Hence, the present study highlights that, even
in the absence of sulfate sources over the ocean, the OM/sulfate
ratio is mostly less than one for the South Asian outflow due to
the rapid decrease of organics. It should be noted that very low
values of the OM/sulfate ratio are obvious in the presence of
marine sulfate sources.

The drastic difference in the OM/sulfate ratio over conti-
nental and marine environments is further evaluated using the
OC/EC ratio during ICARB-2018 (Fig. 7), where EC is mostly of
continental origin and chemically inert compared to sulfate
aerosols. Since EC does not have prominent sources over the
ocean, the systematic decrease observed in the OC/EC ratio is
attributed to the depletion of OC during long-range transport.
This again supports the low OM/sulfate ratio over the northern
and equatorial Indian Ocean. As shown in Fig. 9, the earlier
measurements over the Indian landmass showed a high OC/EC
ratio (6 + 2), which indicates the dominance of biomass/biofuel
burning over South Asia.**3%%7:364-% However, the OC/EC ratio
measurements over the northern Indian Ocean (2.8 £ 1.2)
depicted relatively lower OC/EC ratios compared to the land
region.”'*'*'>* Even though organics have emission sources
over the equatorial Indian Ocean as seen during ultrafine
particle events (Fig. 3, 4 and 6), the decrease in OM and OC
mass loading is far higher than that of marine production,
which resulted in a larger latitudinal gradient in OM and OC
compared to sulfate and EC (Fig. 7) over the open ocean. The
latitudinal dependence of OC/Sulfate, OC/EC and sulfate/EC
over the Bay of Bengal, which is under the influence of the
outflow from the Indo-Gangetic Plain, was investigated using
measurements by Srinivas et al.'> As shown in supplementary
Fig. S1,7 measurements over the Bay of Bengal during ICARB-
2009 also depict a systematic decrease in the OC/EC ratio and
OC/nss-sulfate with latitude. Moreover, there is no latitudinal
trend in the nss-sulfate/EC ratio. As the air mass pattern was
continental over the northern and southern Bay of Bengal, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Compilation of the OC/EC ratio reported over South Asia and
the surrounding oceanic regions. Measurement over land sites
[Delhi,*”*° Kanpur,*4° Patiala,® Ahmedabad,**¢%¢” Agra,®®¢® Manora
Peak,>*%¢ Hisar,*%¢¢ Allahabad,** Coimbatore,* Kharagpur,® Mumbai,>®
Mt. Abu,”® Jaduguda,® and Trivandrum*¢] and during ocean experi-
ments [INDOEX,**** [CARB-2006,% W-ICARB,*** and MCOH?] is shown
in a different colour.

low values of the OC/EC ratio and OC/nss-sulfate over the
southern Bay of Bengal are attributed to the ageing of the air
mass during long-range transport from the mainland. Hence,
the earlier measurements over the Bay of Bengal during winter
2009 also support the loss of organics due to ageing during
long-range transport.

Generally, the concentration of the continental aerosols
decrease as we move towards the open ocean (equatorial Indian
Ocean) due to removal processes.>'*** Apart from wet and dry
deposition, organics has significant loss processes initiated by
oxidization (heterogeneous and aqueous phases) and photolysis
followed by fragmentation and evaporation.” Several studies
have reported a decrease in the mass loading of secondary
organics due to oxidation and photolysis, which fragment
organics into smaller fragments with higher volatility. This is
mostly valid for an aged oxygenated organic aerosol system in
the outflow regions.”* The SOA mass loss due to UV photolysis
and oxidation is considered as a potential removal mechanism
for the organics as shown by the modelling studies, where the
SOA mass decreased 40-60% for an atmospheric ageing of 10
days.”* Photodegradation and fragmentation reduce the lifetime
of organic aerosols to shorter scales and thus decrease the
efficiency of their transport to longer distances. Hence, (i) the
low OC/EC ratio observed over the equatorial Indian Ocean, (ii)
a systematic gradient in the OC/EC ratio and (iii) gradients in
the OM/sulfate ratio towards the open ocean could be attributed
to the loss of organic aerosols due to photodegradation and
fragmentation during long-range transport. In contrast to the
loss of SOA mass due to fragmentation and increased volatility,
the functionalization of organic aerosols due to ageing results
in the increase of SOA mass loading, which is less prominent for
highly oxygenated organics. Using an explicit gas-phase chem-
istry model, studies have reported dilution-induced evaporation
of organics for the outflow from a Mexican city, which partly
compensates for the increase in the secondary organic aerosol
mass due to photochemical oxidation processes.”* During

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ICARB-2018, loss of organics due to photochemical ageing
overwhelms the increase in organics mass loading during the
ultrafine particle events over the equatorial Indian Ocean. This
loss will result in the change in volatility of organic aerosols and
thus affect the hygroscopicity and cloud condensation nuclei
properties in the far oceanic regions.

Several studies have identified the loss of volatile vapours
from thermodynamically active primary organic compounds due
to oxidation as a potential pathway for the formation of
secondary organic aerosols.””"”*> Possible oxidation of primary
organics due to the heterogeneous reactions involving the other
species (such as OH, O3, NO;, etc.) during long-range transport
can easily result in their volatilization. Primary organic aerosols
(POAs) evaporate due to the dilution under ambient conditions
and the subsequent photooxidation of the gas phase precursors
could repartition as secondary organics.”> The presence of
a small amount of hydrophobic organics (like polycyclic aromatic
hydrocarbon) in the SOA reduces the evaporation rate signifi-
cantly.” Based on the measurements made from the island
location (MCOH) in the equatorial Indian Ocean, studies attrib-
uted the photochemical ageing during long-range transport to
the large difference in the absorption properties of brown carbon
(or light absorbing OC) observed over the source (IGP) to receptor
(MCOH) regions."* Hence, the photochemical ageing of organics
has implications not only for the mass budget but also for
radiation absorption and cloud condensation nuclei (CCN).

Despite several studies reporting a significant contribution
of secondary organics to the total organic aerosols,*® direct
observations of an increase in OC and OM during the ultrafine
particle events are rather nonexistent over the South Asian
region, which is probably due to the coarse temporal resolution
(12 to 24 hours) of earlier filter-based offline OC measurements.
Condensation of organic vapours onto newly formed particles
contributes significantly to ultrafine particle growth and thus
the number concentration of CCN. The high growth rate (~15-
50 nm h™") of ultrafine particles during ICARB-2018 was
attributed to the presence of organics,* where inorganics (like
sulfate) alone do not account for the high growth rate of ultra-
fine particles. The present study shows an enhancement in the
OC concentration and hence the OC/EC ratio during the ultra-
fine particle events; however, the source of these organic
vapours is still uncertain (anthropogenic or ocean biogenic).
Recent laboratory data and modelling studies suggest that
highly oxidized organic vapours with very low volatility
condense on the newly formed particles and contribute to the
rapid growth of these particles to CCN-relevant size
ranges.***>’* As a result, the high growth rate of fine particles
and the associated increase in organic mass loading have
implications on CCN activation efficiency over the region.* In
addition, the loss of organics in the continental outflow and the
associated change in chemical composition have significant
implications on CCN activation and the aerosol-climate inter-
action over South Asia. Furthermore, the organics speciation
and evaporation of different components need to be investi-
gated in the light of the increase in organics mass loading
observed during ultrafine particle events, which forms the scope
of a future study.
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4 Conclusions

The characterization of the South Asian outflow over the
northern Indian Ocean was carried out using the measurements
of aerosol chemical composition as a part of shipborne experi-
ments under the ICARB experiment during winter 2018. The
major highlights of these high-resolution measurements are

e The mass concentration of OC, EC, OM and sulfate showed
higher values over the northern Indian Ocean (OC = 4.8 £+ 2.1
pug m? and EC = 2.0 + 0.6 uyg m °, OM = 7.3 + 3.0 ug m°)
compared to the equatorial Indian Ocean (OC = 1.20 + 0.50 pg
m ®and EC = 0.82 4+ 0.53 ugm >, OM = 2.4 + 3.0 pg m™*). The
OC/EC ratio and OM/sulfate ratio also showed a systematic
decrease towards the equatorial Indian Ocean, which indicates
the species-specific evolution of the South Asian outflow over
oceans far away from the source regions.

e An episodic increase in OC and OM mass concentrations
was observed during the ultrafine particle events in the early
morning and evening hours over the southeastern Arabian Sea
and equatorial Indian Ocean. Since the air mass back trajecto-
ries and EC values did not support the influence from anthro-
pogenic sources, the observed association between OC and
ultrafine particle events is attributed to the marine sources of
organic aerosols.

e The latitudinal gradient of EC and sulfate normalized with
their initial mass concentration values (at 16° N) shows an
almost similar trend for EC and sulfate (0.031 and 0.038 Lat ).
The rapid decrease of OM with latitude (0.05 Lat ') towards the
open ocean, which is higher than that for sulfate and EC,
indicates the possible loss of organics during long-range
transport, which might be due to ageing and photo-
degradation processes. The relative dominance of sulfate (OM/
sulfate < 1) over the northern Indian Ocean also supports the
observation of loss of organics (via ageing, photochemical
oxidation and dilution) rather than the presence of marine
sources for sulfate.

e Regional synthesis of earlier observations of OC (or OM)
over South Asia and surrounding oceanic regions showed the
dominance of organics over the Indian mainland (OM/sulfate
ratio ~ 4), whereas sulfate dominated over the Indian Ocean
(OM/sulfate ratio ~ 0.6) during the winter. Changes in the
OC/EC ratio over South Asia (OC/EC ~ 6) and the Indian
Ocean (OC/EC ratio ~ 2.8) also support the variation of the
OM/sulfate ratio.

Based on the observations made during ICARB-2018, more
studies on the formation of organics in the marine environment
and its evolution during long-range transport need to be carried
out in the future using high-resolution mass spectrometer
measurements.
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