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Abstract. Each year during the winter period, a persistent haze forms over the Indian subcontinent and the northern Indian
Ocean. This has been shown to influence regional warming, rainfall patterns and air quality. Previous studies have
demonstrated that this haze is largely anthropogenic in origin, with its composition dominated by sulfate, organic compounds
and black carbon. Nevertheless, to date, information about its composition has largely been limited to bulk chemical
composition and low time-resolution data. Here, we aim to characterise aerosol composition over the Indian Ocean on the
molecular level, in order to identify the impact of different sources and processing in this region. High-time-resolution
measurements were conducted at the Maldives Climate Observatory, Hanimaadhoo (MCOH) using a Time-of-Flight Aerosol
Mass Spectrometer (AMS) and Chemical lonisation Mass Spectrometer with a Filter Inlet for Gases and Aerosols (FIGAERO-
CIMS). Results showed a remarkably uniform composition, despite variability in source regions and total concentration,
indicating strong regional mixing of air masses. Sulfate accounted for approximately 52% of non-refractory sub-micron
particulate mass. Eighteen sulfur-containing organic compounds were identified, some for the first time in this location. Tracers
of some sources, particularly biomass burning, were identified in the organic mass spectrum. However, the majority of organic
mass was dominated by highly-processed compounds such as dicarboxylic acids. Our results underscore the impact of long-
range transport and heterogeneous sulfate-driven chemistry on aerosol composition over the Indian Ocean, with important

implications for understanding radiative forcing, aerosol-cloud interactions, and regional climate feedbacks in South Asia.
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1 Introduction

The South Asian wintertime meteorological conditions and high levels of emissions create a large anthropogenic haze each
year, which stretches across the northern Indian Ocean, India and Pakistan (Bharali et al., 2019; Budhavant et al., 2024; Dasari
et al., 2025). This has large implications for air quality, the radiation budget and climate (Nair et al., 2023). It reduces air
quality and visibility across this large region, in addition to dimming the surface and warming the atmosphere (Krishnan and
Ramanathan, 2002). During the dry season (typically January—March), this aerosol is blown across the Indian Ocean to the
Maldives from the South Asian subcontinent (Budhavant et al., 2018; Ramachandran and Rupakheti, 2020). The transported
aerosol mass contains a large fraction of sulfate, but is also characterised by high concentrations of organic aerosol and
absorbing aerosol such as black and brown carbon (Budhavant et al., 2018, 2024; Ramachandran and Rupakheti, 2020). This
air contains more aerosol mass in the fine mode than in the coarse mode (Budhavant et al., 2023). Fine mode aerosols, in
particular, contribute substantially to aerosol optical depth over the Indian Ocean (Budhavant et al., 2023; Ramachandran and
Rupakheti, 2020).

Previous studies indicate that this aerosol is predominantly anthropogenic in origin (Aswini et al., 2020; Budhavant et al.,
2018; Ramana and Ramanathan, 2006), as evidenced during the COVID-19 pandemic in 2020 (Nair et al., 2023). Lockdowns
and restrictions were imposed to minimise crowds and travel worldwide. Following this, there was a rapid and substantial
decrease in transport and emissions activity. In the Indo-Gangetic Plain (IGP), the restrictions led to an 18% decrease in aerosol
loading relative to the two earlier years, thereby increasing the solar radiation reaching the Earth’s surface by 7% (Nair et al.,
2023).
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Sulfate and organic compounds dominate the fine-mode non-refractory aerosol fraction over the Indian Ocean during winter
(Budhavant et al., 2024; Dasari et al., 2019). Sulfate aerosol, being highly scattering, imposes a direct climate cooling effect
in the region. In addition, the ability of sulfate aerosol particles to act as efficient cloud condensation nuclei (CCN) results in
increased cloud albedo, which causes an even greater climate cooling effect. The negative radiative forcing from sulfate aerosol
has been estimated to be substantial since pre-industrial times (Szopa et al., 2023).

The relative contribution of different sulfate sources over the Indian Ocean is at present poorly constrained. It is important to
clarify this, as the ratio of anthropogenic to biogenic sulfate determines the extent to which changes in emission patterns will
alter aerosol properties, with implications for the magnitude of future aerosol radiative forcing in the region. Previous studies
have indicated that the majority of sulfate found over the Indian Ocean during the dry season is anthropogenic in origin
(Budhavant et al., 2024; Clarke et al., 2025). However, contributions from non-anthropogenic sources have so far received
little attention, perhaps due to the currently overwhelming dominance of anthropogenic sulfate. Dimethyl sulfide (DMS)
produced by phytoplankton oxidises to form methane sulfonic acid (MSA) and sulfate in the atmosphere (Charlson et al., 1987;
von Glasow and Crutzen, 2004; Granat et al., 2010; Leck et al., 1990). In addition, sulfur-containing organic aerosol (SCO)
has been found to account for 1% of particulate matter mass concentration smaller than 2.5 um in diameter (PM2s) over the
Maldives, located in the northern Indian Ocean (Stone et al., 2012). Although SCOs have been found to contribute to aerosol
mass in this region, only one study has examined their chemical composition in detail (Stone et al., 2012). Attaining a greater
understanding of SCOs and the importance of DMS-derived sulfur over the Indian Ocean is critical for reducing the
uncertainties in aerosol forcing estimates when anthropogenic sulfur contribution declines over the region due to air pollution
mitigation.

Organic aerosol (OA) over the Indian Ocean represents a complex mixture of primary and secondary carbonaceous compounds
originating from both continental and marine sources (Novakov et al., 2000; Papazian et al., 2022). This aerosol has a
considerable impact on atmospheric optical properties (Nair et al., 2023; Satheesh et al., 1999; Srinivas and Sarin, 2013).
Extensive field campaigns, including INDOEX and SAPOEX, along with recent shipborne measurements and ongoing
observations at the site, have demonstrated that OA concentrations over the Indian Ocean are among the highest recorded in
remote marine regions. However, these measurements have been restricted to bulk OA, or to specific groups of species such
as alkanes or PAHSs (eg Sheesley et al., 2011). Organic aerosol is particularly challenging to characterise because it is composed
of thousands of different compounds, which encompass a large range of chemical properties and volatilities. These undergo
different processes in the atmosphere and can have different environmental and health impacts. The majority of aerosol
observed over the Indian Ocean during the winter season originates from the Indian continent and, in particular, the highly-
polluted Indo-Gangetic Plain, which contains several large cities, including the Indian capital, Delhi (Dasari et al., 2025;
Ramana and Ramanathan, 2006). These aerosols will undergo processing during transport, but the impact of this processing
on aerosol composition over the remote Indian Ocean remains poorly understood. A comprehensive chemical characterisation

remains lacking in this region.
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In this study, we assess the contributions of various sources and chemical species to sulfate and organic aerosols at the MCOH
site. Utilising simultaneous measurements from a High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-
AMS, hereafter AMS) and an lodide High-Resolution Time-of-Flight Chemical lonisation Mass Spectrometer coupled with a
Filter Inlet for Gases and Aerosols (I-HR-ToF-FIGAERO-CIMS, hereafter CIMS), we present a detailed source apportionment
and determine aerosol mass concentrations with high temporal resolution. The CIMS uses soft ionisation to identify specific
chemical species, including SCOs and OA, thereby providing an in-depth understanding of the different compounds that make
up both SCO and OA populations. Our primary objective is to identify the main compounds that contribute towards sulfate
and organic aerosol at MCOH, and to use these results to explain more about the most important sources and influences on
aerosol chemistry and composition in this region. To our knowledge, this work marks the first application of high-time-
resolution, high-mass-resolution, soft-ionisation in situ mass spectrometry at this field site, providing fresh insights into the

dynamic processes that govern sulfate and organic aerosol formation and transformation in the Indian Ocean region.

2 Methods
2.1 Description of the field campaign and sampling site

The field campaign took place during the dry winter monsoon season, which is characterised by northeasterly winds originating
from the Indian subcontinent (Budhavant et al., 2018, 2024; Ramachandran and Rupakheti, 2020). This air mass is typically
influenced by South Asian winter time air pollution and passes over the Indian Ocean before reaching the Maldives (Budhavant
etal., 2018, 2024). The Maldives is located near the equator and maintains a relatively stable temperature throughout the year.

The dry season typically experiences limited rainfall.

2.2 Back trajectory and fire count analysis

Air-mass backward trajectories (AMBTS) were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (version 4), developed by the National Oceanic and Atmospheric Administration (NOAA) (Draxler and
Hess, 1998; Stein et al., 2015). The model used CDC1 meteorological data to investigate possible transport pathways to the
receptor site, as illustrated in Figures 1c and S2. Ten-day backward trajectories were computed for the sampling location at
00:00, 06:00, 12:00, and 18:00 UTC, allowing for an assessment of both regional and long-range air-mass origins. Cluster
analysis was used to group trajectories with comparable transport pathways and to identify the dominant airflow patterns
influencing the sampling station. As shown in Figure 1c, most trajectories originate in South Asia before reaching the receptor
site.

To evaluate the impact of biomass burning, satellite-derived fire-count data were integrated into the analysis (Figure 1c). Fire
hotspots detected by the Moderate Resolution Imaging Spectroradiometer (MODIS) were spatially overlaid with the backward
trajectories for each identified transport phase (Giglio et al., 2016). This integrated approach enhances the identification of

major source regions and transport processes affecting the receptor site.

4
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2.3 Instrumentation

A High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, hereafter AMS; Aerodyne Research Inc.,
Billerica, MA, USA; Canagaratna et al., 2007; DeCarlo et al., 2006; Onasch et al., 2012) and an lodide-Reagent, High-
Resolution Time-of-Flight Chemical lonisation Mass Spectrometer equipped with a Filter Inlet for Gases and Aerosols (I-ToF-
FIGAERO-CIMS, hereafter CIMS; Aerodyne Research Inc., Billerica, MA, USA; Lopez-Hilfiker et al., 2014), were used to
measure aerosol composition.

The AMS analyses the chemical composition of incoming aerosol particles up to 1 um in diameter in real-time. The non-
refractory particles are flash vaporised at 600 °C on the impact of a tungsten surface and the resulting vapour is fragmented
and ionised by electron impact ionisation (70 eV) before reaching the entrance of the time-of-flight region, after which the
fragmented ions are detected using a multi-channel plate (MCP) detector. The AMS is able to provide a quantitative time series
of organic aerosol, nitrate, sulfate, ammonium and chloride, in addition to high-resolution information about the elemental
composition of ion fragments. The ionisation efficiency (IE) for nitrate was determined from a series of calibrations carried
out before and after this campaign. The relative ionisation efficiency (RIE) for sulfate was determined from calibration carried
out post-campaign. The RIE for organic aerosols and MSA were taken from standard literature values: 1.4 for organic aerosol
(Canagaratna et al., 2007; Nault et al., 2023) and 1.3 for MSA (Zorn et al., 2008).

The CIMS uses iodide-adduct ionisation, a soft ionisation method that limits analyte fragmentation, thereby facilitating the
identification of individual compounds. The iodide reagent is generated by passing N2 over a permeation tube containing
methyl iodide, then ionised using an X-ray source. During this campaign, the CIMS was used with a FIGAERO inlet, designed
for online sampling of ambient air, with the gas and particle phases sampled separately via two dedicated ports. For the analysis
of the particle phase, particles were first collected on a 25 mm PTFE filter for fifty minutes. When the collection was complete,
an actuator moved the filter into position in front of the inlet. Heated nitrogen was passed through the filter, vaporising the
sample. The temperature of the nitrogen was increased from room temperature to 200 °C over 20 minutes, allowing the
separation of species based on volatility. Filter samples were collected and analysed in situ with a time resolution of two hours
(one hour of sampling followed by one hour of heating and cooling cycle). Air was sampled via the laboratory’s main inlet,
which has an aerodynamic diameter cutoff of 10 pum.

Data analysis for the AMS was carried out using the standard AMS analysis software (SQUIRREL v1.66G and PIKA v1.26G).
Analysis of the CIMS data was carried out using TofWare version 4.0.2. The signal of each fitted peak was normalised to 10°
counts per second (cps) of the reagent ion iodide. For each peak, the time series over the heating cycle — known as a thermogram
— was integrated, providing a single value for the signal for each fitted peak per filter collection.

Data was collected using the AMS between 13 January and 18 February 2023. Online measurements of the gas- and particle-
phase composition were carried out using the CIMS between 7 and 18 February 2023. During the campaign, aerosol sampling
was carried out via the observatory’s 15 m inlet (20 cm inner diameter (ID)), which draws 300 L min of air from the top of

the MCOH tower (Corrigan et al., 2006). Individual instruments sampled directly from this main inlet. For the AMS, air was
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drawn through stainless steel tubing (1/4-inch outer diameter (OD)) via a dryer before entering the instrument. After 25
January, the instrument switched between three different sampling modes (V mode (lower mass resolution; greater mass range;
greater sensitivity), W mode (higher mass resolution; smaller mass range; lower sensitivity) and soot particle (SP) mode (in
which an intracavity laser vaporiser is switched on to enhance detection of refractory particles (Onasch et al., 2012)) over 15
minutes. However, only data from V mode with the SP laser off are presented here. Once per day, zero data to be used as a
blank was collected for 10 minutes by pulling lab air into the AMS through a HEPA filter. The collection efficiency (CE) used
for this dataset was 0.45, as suggested by Middlebrook et al. (2012) for particles that are not acidic and do not contain large
amounts of nitrate. To justify these assumptions, an ion balance was carried out to establish the ratio of measured NH4 to the
NH, that would be required to neutralise the observed anions. This ratio was found to be 1.01; the close proximity to unity
suggests that the observed aerosol was neutral (see Text S1). Nitrate made up only 1.4% of the aerosol mass detected by the
AMS, indicating that the assumption of low nitrate concentrations is also justified in this case.

Humidity, temperature and rainfall were monitored using a Vaisala Weather Transmitter (WXT520), which recorded with a
time resolution of three minutes. The inlet for ambient air collection at MCOH was positioned at the top of a 15 m-tall tower
that reached above the treeline. Information on wind speed and direction during the campaign was provided with 10-minute
time resolution from Hanimaadhoo Airport, 3 km southwest of the measurement site. These data were provided by the

Maldives Meteorological Service (MMS).

2.4 CIMS calibration of MSA and ammonium sulfate

Sensitivity calibrations of MSA and ammonium sulfate (AS) were performed using the X-Ray ionising source to obtain
calibration curves for the CIMS. The resulting calibration curves are shown in Figure S1.

To achieve these, the calibration compound was dissolved in MilliQ water and nebulised. The particle stream was then directed
through a dryer with silica gel before reaching a Differential Mobility Analyser (DMA) for size selection. The monodisperse
aerosol was simultaneously directed to a Condensation Particle Counter (CPC) and the FIGAERO inlet, where it was collected
on a pre-baked filter. The same heating sequence was used for the calibration filters as for the sample filters (20 min heating
to 200 °C, 20 min soaking and 20 min cooling). As zero points for the calibration curves, pure MilliQ water was collected for
10 minutes. For the MSA, signal strength was determined from the CH4SO3-l peak at m/z 223. Ammonium sulfate is not
detected by the CIMS as NH4SO. adducted with iodide, but rather, contributes towards a series of peaks representing inorganic
clusters including HSO4, SOs-1" and H,SO:-I, as well as several others. During calibration, the SOs-1 peak at m/z 207 was
found to be the most stable, and was therefore used in the calibration of AS.

A line was fitted to the calibration points for both MSA and AS and the equation of the straight line was calculated, with the
line forced through zero (Fig. S1). The slope of the line was used to convert the signal strength unit to mass, based on the
sample peaks of CH4SOs-1 and SOs-1. That mass was then converted to a mass concentration by accounting for the flow rate

and the sampling collection time. During the field campaign, it is plausible that other parent molecules, in addition to AS, may
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have contributed towards the fragment at SOs-1. The calculated concentrations of AS presented from CIMS measurements

here are therefore to be considered an upper bound.

3 Results
3.1 Meteorological conditions

The observed wind originated almost exclusively from between 330° and 90° (NNW to E) (Fig. 1b). This was generally
consistent throughout the campaign, with the largest fluctuations in the days immediately following a rainfall event that
occurred on the evening of 23 January, and again between 4 and 7 February. The average observed wind speed was 2.84 m s
! with a standard error (hereafter shown after +) of 0.02 m s, and a standard deviation (std) of 1.14 m s™1. The strongest winds
occurred during the night of 23 January, peaking at 7.87 m s™1. Temperature and relative humidity (RH) remained relatively
consistent throughout the campaign. The average temperature was 27.33 + 0.01 (std 0.89) °C and RH was 72.44 + 0.05 (std
6.18) %. This is consistent with the typical conditions at this site at this time of year (Budhavant et al., 2018, 2024;
Ramachandran and Rupakheti, 2020).

For analysis, three time periods were selected to represent different air mass back trajectories. These are marked out in Fig.
la. Each time period is four days long, with period 1 covering 15-19 January (08:00-08:00 local time (MVT)), period 2
covering 30 January—-3 February (09:00-09:00 MVT) and period 3 covering 14-18 February (06:00-06:00 MVT). During
periods 1 and 3, the wind direction originated primarily from the east, while northerly winds characterised period 2. The cluster
mean of hourly generated ten-day back trajectories for each period, along with fire counts for the period from 12 January to
18 February 2023, are shown in Fig. 1c. Here, it can be seen that the air mass sampled during period 1 originates from the Bay
of Bengal and southern and north-east India, while during period 2 the air mass originated from western India and Pakistan,
with a large amount of time spent over the Arabian Sea. Period 3 represents a mixture of trajectories from both origins;
however, it has a cluster mean very similar to period 1. The fire counts show that fires influence air masses originating from
all three back trajectories. All generated back trajectories for each period are shown in Figure S2. These periods are used to

analyse the influence of the source region on aerosol composition.
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Figure 1: (a) Time series of wind speed and direction observed during the campaign, with the three time periods marked out in blue
(period 1), green (period 2) and orange (period 3). (b) Wind rose summarising wind speed and direction at Hanimaadhoo Airport
from 12 January 2023 to 18 February (c) Cluster mean of 10-day back trajectories during the outlined periods. Fire count data from
12 January to 18 February 2023 is marked as red dots.

3.2 Aerosol chemical composition

Sulfate provided the largest contribution to non-refractory PM; mass across all three time periods. The contribution of sulfate,
nitrate, chloride, ammonium and organic mass observed by the AMS during each time period and averaged over the field
campaign as a whole is shown in the bar graph in Fig. 2a. Sulfate represented 51.8% of the total non-refractory PM; mass

loading, followed by organic aerosol (26.2%) and ammonium (20.2%), with a small contribution from nitrate and chloride.



220

225

230

235

240

245

https://doi.org/10.5194/egusphere-2026-914
Preprint. Discussion started: 11 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

The average mass concentration of sulfate species during the campaign period was 6.49 + 0.02 (std 3.07) ugm=. The organic
and ammonium species average mass concentrations were 3.29 + 0.01 (std 1.39) and 2.54 + 0.01 (std 1.12) pugm- respectively,
while the nitrate average was 0.18 (std 0.08) pgm- and the chloride 0.04 (std 0.03) pgm=.

The time series of each species’ mass concentration over the campaign period is shown in Fig. 2c, with the three time periods
highlighted. There were variations in the total aerosol mass loading throughout the campaign, most notably after a rainfall
event on 23 January, when aerosol mass reduced substantially. The concentration of sulfate increased across the three time
periods, with the highest relative and absolute concentration observed during period 3. The largest difference in sulfate
contribution was seen between periods 1 and 3, which originated largely from similar source regions. These variations in mass
loading did not, therefore, appear to be strongly linked to air mass origin.

The chemical composition of organic aerosol, observed by the AMS, is indicative of low-volatility, oxygenated organic aerosol
(LV-OOA). The average contribution of m/z 44 to the full organic mass spectrum (fas), which typically represents the fragment
CO" in ambient data and is used as a proxy measurement for more oxidised aerosol, was 0.24 (std 0.02), leading to the
estimated average oxygen-to-carbon (O:C) ratio of 1.11 (std 0.12). This suggests an aerosol mass that has been exposed to
substantial oxidation and ageing (Ng et al., 2011). The elemental composition of the organic aerosol was remarkably similar
across the three highlighted time periods as seen in Fig. 2b, indicating that this is basically independent of air mass origin. This
is also indicated by the mass spectra for all three time periods, shown in Figure S3, which show little to no variation between
the different time periods for all species.

Nitrate contributed only 1.45% to the total PM; mass observed by the AMS. However, high concentrations of nitric acid
(HNOsl") were detected in the PMyo by the CIMS, which is often considered to be an indication of the presence of inorganic
nitrate (Ye et al., 2021). This suggests that inorganic nitrate was likely present, but only in the coarse mode. Previous research
has found that it is common for nitrate to be lost from fine mode aerosol during transport as a result of dilution, with ammonium
nitrate salts (NH4NO3) dissociating and HNO3 being emitted in its gaseous form. This HNOs is then taken up by coarse mode
sea salt aerosol, for example by displacing the chlorine in sodium chloride (NaCl) to produce sodium nitrate (NaNO3). In
effect, this leads to the gradual transfer of nitrate from the fine mode into the coarse mode (Yeatman et al., 2001). A similar
phenomenon, with nitrate absent in the AMS spectrum while HNOs-I" is detected in the particle phase by the CIMS, has been
observed using a similar instrumental configuration over the Central Arctic Ocean (Siegel et al., 2023). This observation is
therefore consistent with the air mass having been transported over the ocean for an extended period.

It has previously been demonstrated in the AMS that the ratio between the observed fragments of NO* at m/z 30 and NO,* at
m/z 46 can be used to estimate whether the nitrate signal is predominantly the result of inorganic NH4NO; or of organonitrates,
with the ratio being much higher when the signal originates from organonitrates (Farmer et al., 2010). Here, we observed an
NO*:NO;* ratio of 5.16. This is substantially higher than would be expected from NH4NQ3, which typically produces ratios of
around 2 for our instrument. This suggests that the small amount of nitrate observed in the fine mode aerosol after transport is
organic in nature.
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The high sulfate contribution is consistent with previous measurements at the site and has been primarily attributed to
secondary sulfate aerosol formed from anthropogenic SO, during long-range transport from the continent (eg Clarke et al.,
2025). Ship emissions from ocean traffic over the northern Indian Ocean may contribute to the sulfate observed at MCOH
(Budhavant et al., 2024), although this influence is likely to have reduced as a result of the introduction in 2020 of IMO2020
regulations requiring ships to reduce sulfur emissions (Saez Alvarez, 2021). In addition, there are natural sources for the sulfate,
for example the small contribution from MSA formed by DMS oxidation. Emissions of hydrogen sulfide (H2S) released from
the large mangrove forest area in Bangladesh (Ganguly et al., 2018), which becomes oxidised to SO- in the gas phase and then
contributes to the formation of sulfate aerosol, are also a possible source for sulfate that ends up at the MCOH site.

These observations — both the relative stability of the aerosol chemical composition across source regions and the composition
itself — indicate that the aerosol observed during this campaign was well-mixed and highly processed, likely as a result of long-
range transport. The similarity in composition across source regions, as evidenced by the similar aerosol composition across
the three highlighted time periods, suggests that the properties of this aerosol mass are well-mixed and homogeneous across
the northern Indian Ocean. These findings are in strong agreement with previous observations at this site during the winter dry
season (Budhavant et al., 2018, 2024; Spencer et al., 2008), suggesting that the observations presented here are broadly

representative of this site and season.
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Figure 2: (a) Percentage of the total mass concentration that each species, observed with the AMS, makes up over the whole
campaign period as well as over the three chosen time periods. (b) Percentage of the total organic signal measured with the AMS
that different elemental compositions make up over the three time periods. (c) Time series of the mass concentration of each species
observed with the AMS during the campaign, with the three time periods marked out in blue (period 1), green (period 2) and
orange (period 3).

265
3.3 Sulfate aerosol characterisation

As stated in the previous section, sulfate was the most abundant species detected by the AMS at MCOH, with an average mass
concentration of 6.49 + 0.02 pgm over the whole campaign period. Previously reported sulfate average mass concentration

at the site by Nair et al. (2024), using high-volume samplers and ion chromatography to analyse water-soluble inorganic
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components, during December to February was 11 (std 6) pg m, of which 98% was estimated to be non-sea-salt sulfate.
While this is slightly higher than the concentration reported here, the two values are comparable. The AMS samples PM;
aerosol while Nair et al. (2024) sampled PM. (aerosol with a diameter smaller than 2.5 um), which may explain the lower
magnitude in our observations. Previous studies have found that the majority of non-sea-salt sulfate at MCOH is inorganic and
originates from an anthropogenic source (Budhavant et al., 2024; Clarke et al., 2025; Spencer et al., 2008).

The analysed sulfate data from the AMS and CIMS both agree with previous research that sulfate is mostly inorganic. The
timeseries for the AMS and CIMS sulfate mass concentration are shown in Figure S4. The relative strength of the signal
fragments at H>SO." (fhzsos) and HSOs* (fusos) in the AMS mass spectrum has previously been shown to indicate the relative
contribution of ammonium sulfate (AS), methanesulfonic acid (MSA), organosulfurs (OS) and sodium sulfate (SS) towards
the total AMS sulfate signal (Chen et al., 2019). In this dataset, the high contribution of fu2so4 to the sulfate signal (Figure S5)
indicates the clear dominance of AS. This is also suggested by a rough ion balance estimate, where the measured ammonium
fully neutralises the measured sulfate, nitrate and chloride (Zhang et al., 2007, Text S1). The dominance of inorganic sulfate
is supported by the average mass spectrum from the CIMS particle phase measurements, which was dominated by inorganic
sulfate clusters and compounds (Fig. 3).

The concentration of MSA can be estimated from the AMS data using the CH3SO,* fragment observed at m/z 79 (Hodshire et
al., 2019). These results indicate that MSA was present throughout the campaign but accounted for only a tiny fraction of the
overall SCO. The CIMS data can validate these results using the iodide-MSA adduct (ICH1SO3) observed at m/z 223, which
is also present, but only in small amounts. A time series of the MSA mass concentration from both AMS and CIMS data is
shown in Figure S6. Using the derived MSA mass concentration from AMS measurements, we can estimate that the average
concentration of MSA during the campaign was 10.1 + 0.1 (std 3.9) ng m=3. The mass ratio of MSA to sulfate during the

campaign was therefore 0.15%.
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Figure 3: The average background-subtracted CIMS mass spectrum from integrated thermograms. Different classes of
compound are shown in different colours. The majority of large peaks in the mass spectrum are from inorganic sulfate
peaks.

3.4 Sulfur-containing organic aerosol

During the campaign, 18 SCO species were identified with a clear signal in the online CIMS mass spectrum. Example peak
fits for six of these compounds are shown in Fig. 4, and the remaining peak fits are displayed in the supplementary materials
in Figure S7. The molecular formulae for all 18 SCOs are listed in Table 1, alongside potential sources based on results from
previous studies. Almost all of these compounds were observed as ions assumed to have formed from deprotonation, not as
adducts with iodide. lonisation of SCOs by hydrogen removal is likely to occur with the soft ionisation technique employed
by the CIMS when using lodide as the reagent. In all cases, the observed anion is presented, not the neutral compound. Of the
identified SCOs, six have been previously identified at the site (Stone et al., 2012), and nine have been previously associated
with isoprene as a precursor (Stone et al., 2012; Wang et al., 2021). Two have previously been associated with aromatic or
polycyclic aromatic (PAH) oxidation (Le Breton et al., 2019; Riva et al., 2015). There was no evidence of SCOs associated
with monoterpene or sesquiterpene precursors.

The largest SCO signal by a large margin was C4H904S", observed at m/z 153, which was also observed clustered with the
iodide reagent ion as 1C4H1004S™ at m/z 281. This compound has not been reported in previous studies, including those focused

on SCOs at this field site (Stone et al., 2012). The source of this large signal is therefore unclear. It is plausible that this
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compound could be the result of a reaction between ethanol —a common pollutant in urban air (eg Li et al., 2022) — and sulfuric

acid (Japar et al., 1990). However, this product has not been reported in the atmosphere before.

Our observations are consistent with previous suggestions that the majority of these SCOs are formed when biogenic VOCs —

particularly isoprene — interact with inorganic sulfate aerosol during transport (Stone et al., 2012). Isoprene is emitted in

considerable amounts by the biosphere. While most of it is emitted by terrestrial vegetation, there is also a minor marine

biogenic source (Conte et al., 2020). It should be noted that while C4H;0sS  and C4H;0S™ have been reported in previous

studies to be associated with the oxidation of isoprene in the presence of sulfate (Wang et al., 2021), the same molecular

formulae have also been identified in FIGAERO-CIMS measurements in Beijing, where they were connected to the

heterogeneous chemistry between anthropogenic VOCs and sulfate (Le Breton et al., 2018). It remains challenging to pinpoint
the precursors of the SCOs observed at MCOH.
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Figure 4: Peak fits for six of the larger sulfate signals observed by the CIMS.
320 Table 1: Observed SCOs, listed in order of signal size.
Molecular formula m/z Potential compound Potential source Citations

C4H0,4S (also 153 Diethyl sulfate

detected as (281)

CaH10045-1)

CoH305S 139 Sulfoacetic acid / acetoxysulfonic acid  Isoprene Stone et al., 2012;
Hansen et al., 2014

C4H10NO7S 216

C3Hs06S 169 Sulfolactic acid Isoprene, lactic acid Stone et al., 2012;
Le Breton et al., 2018

C3H7/06S 171 Glycerol sulfate Isoprene

C3H/04S 139 Hydroxypropanesulfonic acid

CsH107S 215 Pentaerythritol sulfate Isoprene, IEPOX Stone et al., 2012;
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Le Breton et al., 2018

C4H30S 211
CoH306S 155 GAS Isoprene, glycolic acid ~ Stone et al., 2012;
Le Breton et al., 2018
C4HoOsS 169
CsH1106S 199 Wang et al., 2021
C4H/05S 167 Aromatics, isoprene Hansen et al., 2014;
Wang et al., 2021;
Le Breton et al., 2018
CsH707;S 211 Stone et al., 2012
CaH7/06S 183 Benzene, isoprene Stone et al., 2012;
Wang et al., 2021
C4H;07S 199 Isoprene Le Breton et al., 2018;
Wang et al., 2021
C4HO7S 201
CsHyOsS 181 Wang et al., 2021
C4H/04S 151 Wang et al., 2021

3.5 Organic aerosol chemical composition

The organic aerosol was primarily made up of organic acids and dicarboxylic acids. A list of 25 identified organic molecular
formulae, which make up 61% of the total CHO signal, is provided in Table 2, together with their potential compound name
and source. Of the identified CHO compounds, 27% of the signal by mass was made up by dicarboxylic acids, which are
common components of organic aerosol.

The highest measured signal was identified as oxalic acid. Oxalic acid has many identified sources, such as fossil fuel
combustion, biomass burning and biogenic emissions. However, several studies have shown that primary emissions of oxalic
acid are insufficient in explaining the high concentrations of oxalic acid measured in the atmosphere. Indeed, a large fraction
of particulate oxalic acid (or oxalate, the anion of oxalic acid) is actually secondary, formed through chemical cloud processing
of aerosols (Ervens et al., 2011; Sorooshian et al., 2006). The high concentrations of oxalic acid therefore, indicate that cloud
processing likely shapes the physicochemical properties of aerosol particles transported to MCOH. This is also visible in
previously published aerosol number size distribution data from the site, which shows a bimodal size distribution (Budhavant
et al., 2018) characteristic of aerosol populations that have undergone chemical cloud processing (Feingold and Kreidenweis,
2000; Hoppel et al., 1994).
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Table 2: Observed particle-phase CHOs, listed in order of signal size. Each of these compounds was detected as an adduct to the
iodide regent anion (I-).

Molecular Potential compound Likely compound family  Potential source Citations
formula
CoH204 I oxalic acid dicarboxylic acid photochemistry; in-cloud Hsieh et al.,
processing; biomass ;8(1)1;'\/'6”9 etal.,
burning; vehicular exhaust Xu et al., 2020:
Yu et al., 2005
C4H4O4 I fumaric acid / maleic dicarboxylic acid anthropogenic sources; Kawamura and
acid vehicular exhaust; oxidation ~ Kaplan, 1987;
of aromatic compounds Réhrl and Lammel,
2002;
Sato et al., 2021
CoH4O3 I glycolic acid organic acid biogenic sources; oxidation Le Breton et al., 2019;
of vehicular exhaust Souza et al., 1999
CeHeOs I biomass burning; oxidation Nakao et al., 2011;
of aromatic compounds Yeeetal., 2013
CsH4Os I organic acid oxidation of aromatic Lietal., 2021
compounds
C4HeOs I malic acid dicarboxylic acid isoprene oxidation; biogenic ~ Massoli et al., 2018;
sources Nguyen et al., 2010;
Réhrl and Lammel,
2002
C3HeOs I lactic acid / organic acid isoprene oxidation; cooking  Le Breton et al., 2019;
hydroxypropionic acid / emissions; oxidation of Nguyen et al., 2011;
peroxypropionic acid vehicular exhaust Reyes-Villegas et al.,
2018
CaH204 I acetylenedicarboxylic dicarboxylic acid oxidation of aromatic Chen et al., 2022
acid compounds (furan)
CsHeOs I ketone aqueous processing of Massoli et al., 2018;

biomass burning emissions;

oxidation of vehicle

Mehra et al., 2020;
Zhao et al., 2014
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emissions; oxidation of

biogenic compounds

C3H4Os I isoprene oxidation; Chen et al., 2020;
oxidation of aromatic Cheng et al., 2024
compounds

CsHgO4 I dicarboxylic acid oxidation of aromatic Nguyen et al., 2011;
compounds; biomass Oghama et al., 2025;
burning; isoprene oxidation Praplan et al., 2014

CsHiO2 I furfural aldehyde biomass burning; Romanias et al., 2024
anthropogenic sources

CesHsOs I oxidation of aromatic Mehra et al., 2020
compounds

C3H4O4 I malonic acid / dicarboxylic acid photochemistry; oxidation of  Hsieh et al., 2007;

hydroxypyruvic acid aromatic compounds; Yao et al., 2004
vehicular emissions

C7/HgOs I pentahydroxy toluene biomass burning; oxidation Schwantes et al., 2017;
of aromatic compounds Yeeetal., 2013

C7/HeOs I phenolic biomass burning; oxidation Yeeetal., 2013
of aromatic compounds

CeHgO4 I isoprene oxidation Nguyen et al., 2011;

Yeeetal., 2013
CsHgO4 I glutaric acid / dicarboxylic acid isoprene oxidation; vehicle D’Ambro et al., 2017;
methylsuccinic acid exhaust Kawamura and
Kaplan, 1987

CsHgOs I hydroxyglutaric acid organic acid isoprene oxidation; Chen et al., 2020;
monoterpene oxidation Kleindienst et al., 2007

CeHeO4 I muconic acid dicarboxylic acid biomass burning; oxidation Yeeetal., 2013
of aromatic compounds

C3H204 I organic acid photochemistry Boris et al., 2014;

Gallimore et al., 2011

CeHgOs I oxidation of aromatic Nakao et al., 2011

compounds (phenol)
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C7HsgOs I oxidation of aromatic Mackenzie-Rae et al.,
compounds 2018;
Mehra et al., 2020
CoH4Os I oxidation of polycyclic Oh et al., 2022
aromatic hydrocarbons
(PAHs)
CeHeO2 I catechol biomass burning Adounkpe et al., 2013;

Veres et al., 2010

340 3.6 Transport of continental emissions and comparison with CIMS measurements from Delhi

The HYSPLIT back trajectories indicate that the Indian sub-continent was an important source region for aerosol observed at
MCOH during this campaign. This is supported by previous research carried out at the site (e.g., Dasari et al., 2025). Here, we
compare the characteristics of organic aerosol observed at MCOH with that of organic aerosol observed using the CIMS during
a campaign in Delhi in 2019 (Haslett et al., 2023; Mishra et al., 2023), which is used as an illustrative example of the chemical
345 composition in the source region. This provides some insight into the impact of processing and transport on aerosol chemical
characteristics.
Biomass burning provides the largest contribution towards the organic spectrum observed in Delhi. This is evidenced by
levoglucosan, a marker of fresh biomass burning, being the dominant CHO compound observed in Delhi. Its contribution to
the total signal from CHO and CHON species in Delhi is evident in the O:C plot displayed in Fig. 5b, where the large bar
350 corresponds to compounds with 6 carbon and 5 oxygen atoms. This is made up almost entirely by the signal at C¢H100s, which
comes from levoglucosan and other anhydrous sugars released from biomass burning. Levoglucosan is degraded during
atmospheric transport (Li et al., 2021a) and does not therefore dominate the spectrum at MCOH in the same way, although it
was present in small quantities in the CIMS mass spectrum. Nevertheless, as is detailed in Table 2, several observed organic
species indicate either the unambiguous influence of biomass burning aerosol (eg catechol) or the oxidation of aromatic
355 compounds, which could have been emitted from a number of sources including biomass burning. Although levoglucosan is
typically considered the most unambiguous marker of biomass burning’s influence on an air mass, its short lifetime during
transport makes it less suitable for identifying sources of aerosol transported over large distances. Results presented here
indicate that exploring the stability and degradation of other compounds associated with biomass burning may prove more
beneficial in identifying its influence on more highly-processed aerosol.
360 The substantial contribution of CHON compounds to the total CIMS signal in Delhi — representing just under 30% of the total
CHO and CHON signal — suggests oxidation chemistry taking place in a high-NOy environment, as a result of emissions from
traffic and biomass burning. In contrast, by the time the polluted air mass arrives at the receptor site at MCOH, CHON

compounds contribute only 9% towards the total CHO + CHON signal. Chamber experiments have previously demonstrated
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that CHON compounds are likely to be removed from the particle phase during transport under ambient conditions as a result
of hydrolysis, with atmospheric lifetimes of hours to days (Bean and Hildebrandt Ruiz, 2016; Liu et al., 2012). The reduction
in the contribution of CHON at MCOH after transport strongly supports this hypothesis.

In the source region in Delhi (Fig. 5b and d), a high number of different organic compounds were identified, including many
with longer chain lengths of 12—20 carbon atoms. This suggests the influence of a complex mix of sources that has undergone
limited processing. When the air mass reached MCOH (Fig. 5a and c), there were fewer identified compounds, with a higher
total ratio of oxygen atoms per carbon. The chain lengths were shorter, and the majority of the signal was made up of simple
dicarboxylic acids and other organic acids. This suggests more processed and more oxidised aerosol. These small molecules
could also be associated with aqueous phase chemistry, suggesting the influence of cloud processing.

Although characterisations of organic aerosol in southern India are scarce, existing measurements indicate that here, too, the
organic fraction is dominated by oxalic acid, which, during the winter season, is largely produced from the photo-oxidation of
biogenic and anthropogenic VOCs (Hegde et al., 2016). This, together with the limited variation in relative chemical
composition at MCOH during this campaign, regardless of air mass back trajectory, suggests that aged and processed aerosol
from the more polluted north may already be among the dominant sources of pollution when the air mass passes over southern
India.

The air masses intercepted at MCOH had spent considerable time over the ocean prior to sampling. For those originating from
the east, which travelled over the Bay of Bengal and southern India, the air masses were over the ocean for between 1 and 3
days after leaving the continent. Those originating from the north were transported across the marine environment for 4-6
days. It is possible that aerosol composition could have been influenced by deposition and new formation in addition to
photolysis and aqueous processing. More comprehensive measurements in southern India and over the Indian Ocean would be

required to more comprehensively identify and quantify these aspects.
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390 Figure 5: The O:C ratio of identified organic aerosols, where the x-axis shows the carbon number, the colour code the oxygen
number and the height of a bar shows the contribution to the total signal of CHO and CHON compounds. Presented for (a) CHO
compounds at MCOH, (b) CHO compounds at Delhi, () CHON compounds at MCOH and (d) CHON compounds at Delhi.

4 Conclusions

Results presented here show low variability in aerosol chemical composition over the course of this campaign, despite air
395 masses originating from distinct source regions. Although there was an increase in the sulfate-to-organic ratio as the campaign

progressed, this did not correlate with air mass source regions. The mass spectra of sulfate and organic compounds remained

broadly consistent throughout. This suggests that the regional atmosphere is dominated by well-mixed aerosol that has been

aged both photochemically and via cloud processing.

We observed high sulfate mass fractions (on average 52% of non-refractory PM;), the majority of which was composed of
400 inorganic sulfate, likely formed from anthropogenic SO during transport. Methanesulfonic acid (MSA) was present at a ratio

of 0.015 to total sulfate mass. In addition, several SCOs were identified at the site. Some of these have been observed previously
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at MCOH, but some are reported here for the first time. Surprisingly, the most dominant SCO observed was C4HyO4S", which
may be associated with the compound diethyl sulfate. To our knowledge, this is the first time this has been identified in the
ambient atmosphere. Overall, the composition of observed SCOs suggests formation from the reaction of both biogenic and
anthropogenic VOCs with inorganic sulfate during transport.

Dicarboxylic acids and other organic acids made up the majority of the signal for CHO compounds. Their dominance indicates
highly-aged aerosol that could have originated from a variety of sources, both biogenic and anthropogenic. In comparison with
mass spectra observed in the city of Delhi, which is taken to be representative of one of the key source regions for observed
air masses, we found higher O:C ratios, shorter chain lengths and fewer distinct compounds at MCOH. While levoglucosan —
which is indicative of fresh biomass burning — dominated the spectrum in Delhi, its signal was barely observed at MCOH as a
result of degradation during transport. Similarly, the high CHON signal observed in Delhi was not seen at MCOH, where the
organic signal was dominated by CHO compounds.

Results presented here indicate that photochemical and aqueous processing of aerosol during transport is the most important
factor governing the chemical composition of aerosol over the Indian Ocean during the winter. The observed mass spectra
provide indications of original sources: for example, molecular compositions consistent with catechol and furfural suggest the
influence of biomass burning, C4HsOs and CsH.Os suggest the influence of isoprene, and CgH4Os that of polycyclic aromatic
hydrocarbons (PAHSs), while the composition of various SCOs indicate biogenic and anthropogenic emissions reacting with
SOq at particle surfaces as a likely source. However, while these insights are valuable for identifying potential sources, the
larger part of the observable signal is dominated by inorganic sulfate and organic acids that are, predominantly, an indication
of a highly-processed and well-mixed air mass. This is further supported by the similarity in aerosol composition, even in cases
where back trajectories indicate different air mass origins.

These findings are consistent with previous studies showing that sulfate and organic compounds dominate non-refractory
aerosol mass during the winter at MCOH. Clarke et al. (2025) demonstrated that 94% of sulfate aerosol observed at MCOH is
from anthropogenic sources, which is supported by observations of inorganic sulfate aerosol presented here. This is consistent
with the interpretation that anthropogenic SO oxidation during transport is a dominant process in its formation. Stone et al.
(2012) first characterised SCOs at the MCOH site, identifying a number of distinct compounds. Our results build on this,
identifying new compounds and suggesting formation pathways that involve anthropogenic precursors in addition to biogenic.
Our results support previous findings showing that biomass burning and fossil fuels are important sources of organic aerosol
at MCOH (Sheesley et al., 2011), and that the majority of aerosol observed at the site during the winter is from distant sources
(Budhavant et al., 2015). Previous studies have demonstrated changes in aerosol physical properties as a result of aqueous
processing during transport (Budhavant, 2018). However, this is the first time that organic aerosol at the site has been
characterised on a molecular level, and thus provides the first identification of distinct source markers. Similarly, this is the
first time that the strong impact of atmospheric processing on aerosol chemical properties at the molecular level, in addition
to physical properties, has been identified at this site.
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This campaign was time-limited, and therefore provides only a snapshot of aerosol composition at this site. Longer-term
observations, in particular across contrasting seasons, would provide more insight into the contribution of different sources at
different times of year. Extensive atmospheric processing and the degradation of primary emissions complicates source
attribution, so future studies would benefit from measurements across transport pathways, for example using ship-based
measurements, to explore the change in aerosol properties during transportation.

Results presented here demonstrate the importance of chemical processing, in additional to physical processing, on aerosol
properties over the northern Indian Ocean. A large influence from anthropogenic emissions is clearly indicated by the high
inorganic sulfate loading. This highly-processed, sulfate-rich haze will influence aerosol-radiation interactions, in addition to
influencing cloud microphysical properties and precipitation patterns. This more comprehensive understanding of the chemical
composition and processing of aerosol in this region will improve representation of these processes in atmospheric and climate
models. In addition, the identification of molecular source markers presented here indicate how future policy changes could

impact air quality in this region.
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