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Organic aerosols (OAs) are the key factors influencing air quality and climate change. Studies providing

long-term characterizations of the highly time-resolved chemical composition of aerosols and the

sources of OAs in the ambient air remain limited due to the challenges associated with continuous

observations. Here, we present an analysis of the long-term variability of submicron aerosols using an

Aerosol Chemical Speciation Monitor (ACSM). The study presents the interannual and interseasonal

measurements of non-refractory submicron particulate matter with aerodynamic diameter #1 mm (NR-

PM1) at a high-altitude site in the Western Ghats of India from October 2015 to February 2018. The mean

NR-PM1 concentration observed during the study period was 9.5 ± 8.5 mg m−3, dominated by OAs (55 ±

16%) followed by sulphate (SO4, 27 ± 13%), ammonium (NH4, 11 ± 6%), nitrate (NO3, 6 ± 4%), and

chloride (Cl, 1 ± 0.5%). The percentage contribution of NR-PM1 species across different years showed

some disparity when compared by season. The diurnal pattern of OAs closely resembled that of NR-PM1,

while NH4 exhibited a combined diurnal pattern of SO4 and NO3. Similar diurnal patterns of NR-PM1

species were observed across years in each season, though with varying magnitudes. The highest

seasonal average concentrations of NR-PM1, OAs, NO3 and NH4 were observed during the winter

season, followed by the post-monsoon season. Source apportionment of OAs was carried out using

Positive Matrix Factorization (PMF). Secondary factors contributed markedly in the winter, post-

monsoon, and summer seasons in 2015 and 2017, whereas in 2016, primary and secondary OAs

contributed nearly equally.
Environmental signicance

Understanding the long-term variability in aerosol composition and sources is essential for accurately assessing regional air quality, climate forcing, and
atmospheric chemical processes, yet such datasets remain rare in South Asia. This multi-year, high-time-resolution characterization of submicron aerosols at
a high-altitude site in the Western Ghats provides critical insight into seasonal and interannual controls on organic aerosol formation and secondary aerosol
dominance. By capturing background and transported pollution inuences in a climatically sensitive region, this work supports improved representation of
aerosols in regional climate models and informs air quality mitigation strategies across the Indian subcontinent.
1 Introduction

Atmospheric particulate matter (PM) originates from natural
and anthropogenic sources.1 Primary aerosols are emitted
directly from sources, whereas secondary aerosols are formed
from gaseous precursors via atmospheric oxidation and subse-
quent partitioning into the aerosol phase.2 The atmospheric
fate and concentration of ambient PM depend on numerous
factors, including primary emissions, meteorological condi-
tions, and atmospheric oxidizing capacity.3 Exposure to
e Cloud Physics Laboratory (ART-HACPL),

TM), Ministry of Earth Sciences, Pashan,

tropmet.res.in

y the Royal Society of Chemistry
ultrane particulate matter (PM1) is a major risk factor for
respiratory and cardiovascular diseases; ne particulate matter
(PM2.5) alone contributes to ∼4.2 million premature deaths
annually.4 Given that PM1 represents a signicant fraction of
PM2.5 and can penetrate deeply into the alveolar region, it is
likely to play a critical role in driving these health impacts.

Organic aerosols (OAs) constitute a major fraction of
submicron particulate matter, typically contributing ∼40–80%
at regional and high-altitude sites, and play a critical role in
climate and air quality.5 The complexity of OAs arises from their
highly variable composition and physicochemical properties,
including oxidation state, volatility, viscosity, and
hygroscopicity.6–9 These properties directly inuence atmo-
spheric impacts; for example, highly oxidized and hygroscopic
Environ. Sci.: Atmos.
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OAs enhance cloud condensation nuclei (CCN) activity,
increasing cloud droplet number concentration and radiative
cooling, while low-volatility and viscous OAs can extend the
atmospheric lifetime by reducing evaporation and chemical
reactivity. Additionally, variations in the oxidation state of OA
(e.g., the O : C ratio) are closely linked to secondary organic
aerosol (SOA) formation and aging processes, which govern
aerosol optical properties and their contribution to radiative
forcing.

To assess and identify the sources of OA emissions, aerosol
mass spectrometry (AMS)10 and aerosol chemical speciation
monitor (ACSM)11,12 are widely employed.13–15 AMS provides
high time resolution (seconds to minutes) and detailed size-
resolved chemical composition, but its operation requires
frequent calibration, high maintenance, and signicant opera-
tional expertise, limiting its applicability for long-term contin-
uous measurements.16,17 In contrast, ACSM is designed for long-
term monitoring with lower operational complexity, reduced
maintenance requirements, and improved instrument stability,
making it particularly suitable for extended deployments (>1
year). However, ACSM has certain limitations compared to AMS,
including lower time resolution (typically 15–30 minutes),
reduced sensitivity, and a lack of size-resolved measurements.
The detection limits for ACSM are generally on the order of
∼0.2–0.5 mg m−3 for major non-refractory species, and the
uncertainties in the measured concentrations can range from
∼20–30%, inuenced by factors such as collection efficiency,
ionization efficiency, and aerosol composition. Despite these
limitations, ACSM provides reliable measurements of bulk non-
refractory PM1 composition and is well-suited for capturing
long-term trends and seasonal variability. For high-altitude
sites, where logistical constraints and the need for contin-
uous, multi-year observations are critical, ACSM offers a prac-
tical and robust solution. Its ability to operate autonomously
with minimal maintenance makes it particularly advantageous
for remote environments, enabling the investigation of long-
term aerosol evolution, source apportionment, and regional
atmospheric processes.

At high-altitude sites, aerosols, depending on their size and
composition, can be transported over long distances,18–20 and
undergo continuous aging during transport, leading to changes
in their physical and chemical properties.21,22 Aerosols at such
locations play a crucial role in aerosol–cloud interactions by
acting as cloud condensation nuclei (CCN) and ice nuclei (IN).23

For instance, hygroscopic particles such as sulphate and highly
oxidized organic aerosols can readily act as CCN, leading to the
formation of cloud droplets with higher number concentrations
but smaller sizes. This can enhance cloud reectivity (the
albedo effect) and prolong cloud lifetime by suppressing
precipitation. Similarly, certain particles such as mineral dust
and black carbon can act as ice nuclei, inuencing the forma-
tion of ice crystals in mixed-phase clouds and thereby altering
cloud structure and precipitation patterns. These processes can
signicantly impact regional radiation balance and hydrolog-
ical cycles. For example, increased aerosol loading can lead to
brighter and longer-lived clouds, which may reduce solar radi-
ation reaching the surface (aerosol indirect effects). In addition,
Environ. Sci.: Atmos.
cloud processing can further modify aerosol properties through
aqueous-phase reactions, leading to the formation of secondary
species, such as sulphate and secondary organic aerosols (SOA),
thereby inuencing aerosol composition and hygroscopicity.
Aerosols at high-altitude sites can also impact surface-level air
quality through downward mixing of aged and processed
particles.24 Therefore, measurements at high-altitude regions
are essential for understanding the complex interplay between
aerosol properties, cloud microphysics, and their broader
climatic and air quality implications.25

Despite the global prevalence of studies utilizing mass
spectrometers, such observations remain scarce in India. This
region boasts a diverse array of sources for aerosols and
precursors, as highlighted in studies by Acharja et al.,26 Ajith
et al.,27,28 Bhandari et al.,29,30 Cash et al.,31 Chakraborty et al.,32

Dave et al.,33 Gani et al.,34 Gunthe et al.,35 Kommula et al.,36

Kompalli et al.,37,38 Lalchandani et al.,39 Mukherjee et al.,40 Patel
et al.,41 Singh et al.,42 Thamban et al.43 and Vispute et al.44 These
studies have either focused on a single season, a single year, the
impact of COVID-19, or a discontinuous multiyear comparison.
The limited availability of long-term measurements hampers
the understanding of the sources, formation, and evolution of
OAs in India. This underscores the need for observations under
diverse atmospheric conditions. To address this gap, the
present study provides a multi-year investigation of non-
refractory submicron particulate matter with aerodynamic
diameter#1 mm (NR-PM1) aerosols at a high-altitude site in the
Western Ghats of India. High-altitude environments are oen
inuenced by regionally transported and aged air masses,
which are typically enriched in secondary organic aerosols
(SOAs) formed through the oxidation of precursor gases during
transport. As a result, such sites are expected to exhibit a higher
contribution of oxygenated organic aerosols (OOAs), reecting
the dominance of secondary formation processes over primary
emissions. In this context, the present study aims to address the
following key research questions:

(i) What are the seasonal and interannual characteristics of
NR-PM1 and its chemical components at a high-altitude site?

(ii) What are the dominant sources of OA, and what is the
relative contribution of primary versus secondary organic
aerosols?

(iii) To what extent do meteorological parameters inuence
the formation and variability of NR-PM1 species?

To answer these questions, we analyse diurnal, seasonal, and
interannual variability of NR-PM1 and its components and
apply Positive Matrix Factorization (PMF) to apportion OA
sources. This comprehensive analysis provides insights into the
processes governing aerosol composition at a high-altitude
regional background site and helps inform effective mitiga-
tion strategies.

2 Methodology
2.1. Sampling site

The measurements were conducted at the High-Altitude
Cloud Physics Laboratory (HACPL) located in Mahabaleshwar
(17.92 °N, 73.65 °E; 1378 m above mean sea level) during
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The location of the HACPL observation site situated at Mahabaleshwar (marked in red).
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October 2015 – February 2018 (Fig. 1). The site is situated on the
mountainous Sahyadri range of the Western Ghats along the
western coast of India. Mahabaleshwar is a plateau (∼150 km2)
surrounded by valleys, which inuences local meteorology and
air mass movement. Due to its high-altitude location and rela-
tively low population density (∼12 700), the site can be broadly
considered representative of a regional background environ-
ment. However, local inuences cannot be completely excluded,
as nearby residential activities, tourism-related emissions, and
occasional small-scale biomass burning may intermittently
affect the site. The site's elevated position allows it to intercept
air masses transported from surrounding regions, including
urban and industrial areas such as Pune and Mumbai, partic-
ularly under favourable meteorological conditions. Thus, the
observations reect a combination of regional background
aerosol characteristics modulated by long-range transport. This
makes the site well-suited for investigating regional aerosol
processes, seasonal variability, and the inuence of transported
pollution over the Western Ghats.45

The current study classies seasons based on the prevailing
circulation features, with the following classications: summer
(March to May), monsoon (June to September), post-monsoon
(October to November) and winter (December to February).
This classication aligns with a previous study conducted over
the same site.40

2.2. Measurements and data analysis

2.2.1. Time of ight-aerosol chemical speciation monitor
(ToF-ACSM). In the present study, measurements of non-
refractory submicron particulate matter with aerodynamic
diameter #1 mm (NR-PM1) were carried out using Time of
Flight-Aerosol Chemical Speciation Monitor (ToF-ACSM,
© 2026 The Author(s). Published by the Royal Society of Chemistry
Aerodyne Research Inc.) during October 2015-February 2018.
Detailed descriptions of the ACSM instrument, its operation,
and calibration procedures are provided in earlier reported
studies.13,40,46 Briey, the ACSM instrument operates as follows:
the aerodynamic lens in the ACSM instrument alternates
between sampling particle-laden and particle-free air, directing
the particle beam into the ACSM instrument. The focused
particle beam passes through the rst two chambers before
entering the detection chamber, where the non-refractory frac-
tion undergoes ash vaporization in a hot oven (tungsten at 600
°C). The non-refractory constituents of the particles then
vaporize and are ionized by electron impact, with electrons
emitted from a tungsten lament positioned perpendicularly to
the particle beam in the vaporization region (using an electron
kinetic energy of 70 eV). The ion optics guide and focus the ions
into the Time-of-Flight analyzer, where they are extracted
orthogonally and seperated based on their mass-to-charge ratio.
The lens system achieves nearly 100% transmission for vacuum
aerodynamic diameters between 150 and 450 nm.47 The ACSM
data were recorded at a time resolution of 30 min, and all
subsequent analyses were performed using these time-averaged
values. In the present study, a collection efficiency (CE) of 0.5
was applied to the ACSM data to correct measured mass
concentrations for particle transmission and bounce effects at
the vaporizer. This correction was applied uniformly across the
entire dataset. The use of CE = 0.5 is consistent with several
previous AMS/ACSM studies under ambient conditions, where
it has been shown to be appropriate for mixed inorganic–
organic aerosols.14,40 The chosen CE value is further supported
by the dominance of neutralized aerosols in the present study
(ANR z 1), which typically corresponds to moderate particle
phase water content and reduced particle bounce effects.
Environ. Sci.: Atmos.
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Although the instrument manufacturer does not prescribe
a xed CE value, this assumption is widely adopted in long-term
eld measurements in the absence of composition-dependent
calibration. It is acknowledged that CE can vary with aerosol
composition, phase state, and relative humidity, and may
change over time. This variability may introduce an uncertainty
of ∼20–30% in the reported mass concentrations.

2.2.2. Meteorology. Meteorological parameters were recor-
ded at 1-minute intervals by an Automatic Weather Station
(AWS) at the HACPL site. Temperature (T), solar radiation (SR),
relative humidity (RH), wind speed (WS), and accumulated
rainfall were recorded. Planetary boundary layer height (PBLH)
was extracted from the Global Data Assimilation System (GDAS)
National Oceanic and Atmospheric Administration (NOAA) Air
Resources Laboratory (ARL) (0.5° × 0.5°) meteorological data at
3 h temporal resolution (https://www.ready.noaa.gov/). It is
important to note that GDAS-derived PBLH may carry substan-
tial uncertainty over regions with complex terrain, such as the
present high-altitude site in the Western Ghats. Therefore, the
estimated PBLH values are treated as a rst-order approxima-
tion of atmospheric mixing conditions. They are useful for
identifying broad seasonal and diurnal trends; however, small
differences should be interpreted with caution and not over-
emphasized. 3-Day backward air mass trajectories (seasonally
grouped for the October 2015-February 2018 period) arriving at
500 m above the ground level (agl) were computed using the
NOAA HYSPLIT (HYbrid Single Particle Lagrangian Integrated
Trajectory) Model.

2.2.3. Positive matrix factorization (PMF). Positive matrix
factorization (PMF) is a statistical model pioneered by Paatero
and Tapper48 that employs the least-squares method and
incorporates non-negativity constraints on factors. It is widely
adopted in the aerosol community for source-apportionment
analysis.49–51 In PMF analysis, the data matrix is represented
as a linear combination of different factors with constant mass
spectra and varying concentrations across the dataset.52 For the
Fig. 2 Temporal variation of NR-PM1 species and percentage contribut

Environ. Sci.: Atmos.
seasonally grouped datasets (summer, monsoon, post-
monsoon, and winter), the Unit Mass Resolution (UMR)
matrix (m/z 12–220) and error matrix were generated using
Tofware soware (written in Igor Pro Wave metrics, Inc. Oregon
USA) following the protocol outlined in Ulbrich et al.53 Ions with
m/z up to 120 were selected for PMF analysis due to their lower
signal-to-noise ratio (S/N) as compared to largerm/z (>120) ions.
Ions with 0.2 < S/N < 2 were down-weighted by a factor of 2,
whereas ions with S/N ratios less than 0.2 were removed. To
avoid additional weighting of CO2

+, the errors of related ions
(e.g., O+, HO+, H2O

+, and CO+) were also down-weighted. Rota-
tional ambiguity was tested by varying the forcing parameter,
Fpeak, between−1 and 1 in increments of 0.2, and PMF solutions
were examined for up to 7 factors (Fig. S1).
3 Results and discussion
3.1. Temporal variation of NR-PM1

Fig. 2 shows the temporal variation of the chemical components
of NR-PM1 at the study site from October 2015 to February 2018.
The mean concentration of NR-PM1 for the study period was 9.5
± 8.5 mg m−3. OA was the most abundant chemical
component with 55 ± 16% contribution to NR-PM1, followed by
sulphate (SO4, 27 ± 13%), ammonium (NH4, 11 ± 6%), nitrate
(NO3, 6± 4%) and chloride (Cl, 1± 0.5%). A similar trend of NR-
PM1 chemical composition has been reported by other
studies.28,31,35,36Monthly means of NR-PM1 ranged from 1.6 to 20
mg m−3. The organic aerosol with the most abundant fraction in
NR-PM1 showed monthly mean values varying from 1 to 11.8 mg
m−3, exhibiting higher concentration in winter months. The
aerosol neutralization ratio (ANR) was evaluated using the ratio
of ACSM measured NH4

+ (NH4
+
meas) to the predicted NH4

+

(NH4
+
pred = 18 × (2 × SO4/96 + NO3/62 + Cl/35.5)) required to

fully neutralize sulphate, nitrate, and chloride.54 The NH4
+
meas

strongly correlated with NH4
+
pred (r2 = 0.9), yielding a regres-

sion slope of 0.8. The average ANR during the study period was
ion from October 2015 to February 2018.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1.2 ± 1.0. The results suggest that aerosol particles during the
study period were neutralized. This may be attributed to
enhanced conversion of NH3 to NH4

+ at low temperatures and
high relative humidity.1 Similar neutral aerosol particles were
also reported at an urban site in India.55 The predominance of
neutralized aerosols has important implications for aerosol
acidity and chemical processing. Near-neutral conditions
favour the partitioning of semi-volatile inorganic species such
as nitrate into the particle phase, thereby enhancing secondary
inorganic aerosol formation. In addition, reduced aerosol
acidity can inuence heterogeneous chemistry by altering
reaction rates and pathways on particle surfaces. From an
organic aerosol perspective, near-neutral conditions facilitate
aqueous-phase processing within particle liquid water, which
can promote the formation of a secondary organic aerosol (SOA)
through pathways such as the oxidation of water-soluble
organic precursors. These conditions are particularly condu-
cive to the formation of more oxidized and low-volatility organic
species, contributing to the observed dominance of oxygenated
organic aerosols (OOAs). Therefore, the neutralized nature of
aerosols reects efficient ammonia buffering and plays a critical
role in governing both inorganic and organic secondary aerosol
formation pathways.

3.1.1. Seasonal variation. The highest concentration of NR-
PM1 was observed during the winter season (14 ± 9 mg m−3),
followed by the post-monsoon season (11.8 ± 9 mg m−3),
summer season (8.9 ± 7.9 mg m−3), and monsoon season
(2.3 ± 2.1 mg m−3), averaged over October 2015 to February
2018. The year-to-year seasonal variation followed the same
trend. The elevated concentrations observed during the winter
season can be attributed to increased biomass burning for
heating (supported by the presence of BBOA factor identied
through PMF analysis Section 3.3), along with meteorological
conditions such as lower temperatures, higher relative
humidity, and reduced wind speeds (Tables 1 and S1). These
conditions lead to a shallow planetary boundary layer and
frequent temperature inversions, which suppress vertical mix-
ing and limit pollutant dispersion, thereby promoting the
accumulation of pollutants near the surface.1 The lowest
concentration during the monsoon season is attributed to the
wet scavenging of aerosols by rainfall.56 Relatively higher
Table 1 Seasonal average solar radiation (SR), relative humidity (RH), tem
and accumulated rainfall at the study site during October-2015-Feburar

SR (W m−2) RH (%)

POSTMONSOON 2015 235.8 � 301.2 59.9 � 14.3
2016 230.8 � 298.4 60.1 � 18.2
2017 232.6 � 300.8 58.9 � 15.3

WINTER 2015 227.4 � 301.1 46.5 � 15.1
2016 227.8 � 305.1 46.4 � 17
2017 222.1 � 298.3 44.9 � 16

SUMMER 2016 286.8 � 352.3 44.8 � 21.8
2017 289.1 � 356.5 40.9 � 23

MONSOON 2016 215.6 � 291.5 82.4 � 11.9
2017 219.1 � 296.9 78 � 11.5

© 2026 The Author(s). Published by the Royal Society of Chemistry
concentrations were observed in the summer season compared
to the monsoon season, which may be due to increased
photochemical activity at higher temperatures and lower rela-
tive humidity, contributing to the enhanced formation of
secondary organic aerosols (SOA).57Higher emission of biogenic
VOCs from local vegetation also contributes to SOA formation.58

However, in summer 2016 (12.2 ± 7.6 mg m−3), concentrations
were higher than in the post-monsoon season (3.6 ± 2.5 mg
m−3), which may reect the combined inuence of meteoro-
logical variability, including reduced rainfall (73% less) and
differences in atmospheric mixing height (Table 1).

The seasonal average NR-PM1 mass loading over Mahaba-
leshwar is comparatively lower than that observed in other
regions of India. For instance, megacity New Delhi exhibits
signicantly higher NR-PM1 mass loadings (e.g., 195 mg m−3 in
winter), which can be attributed to the dense population,
intense vehicular emissions, industrial activities, and regional
pollution transport.34 Similarly, Kanpur, an urban-industrial
centre located in the Indo-Gangetic Plain, reports elevated
concentrations due to high emission density and unfavourable
dispersion conditions.55 In contrast, the relatively lower NR-PM1

levels observed at Mahabaleshwar can be linked to its high-
altitude location and comparatively lower local emission sour-
ces, which promote better dispersion and reduced pollutant
accumulation. A coastal site such as Bhubaneswar shows
comparable concentrations, likely due to the combined effects
of moderate emissions and enhanced atmospheric mixing
inuenced by marine air masses.37 Similarly, observations from
Thumba indicate higher concentrations than the present study,
reecting differences in local emission sources and coastal
atmospheric dynamics.28

The study period averaged seasonal trends of organics,
nitrate and ammonium were similar to NR-PM1. Conversely,
sulphate showed the highest concentration in the
post-monsoon season (4 ± 3.7 mg m−3), followed by winter
(3.3± 2.4 mg m−3), summer (2.5± 1.8 mg m−3) and themonsoon
season (0.4 ± 0.9 mg m−3). This seasonal pattern represents the
average over all study years; however, some interannual vari-
ability was observed, with relatively higher sulphate concen-
trations during the post-monsoon season in a specic year
(2015), inuencing the overall mean. Chloride showed similar
perature (T), planetary boundary layer height (PBLH), wind speed (WS)
y 2018

T (°) PBLH (m) WS (m s−1)
Accumulated
rainfall (mm)

25.8 � 3.7 378.9 � 612.4 2.3 � 1.2 237.1
23.2 � 4.3 292.1 � 493.7 2.1 � 1.1 174.1
24.4 � 3.6 377.7 � 581 2.2 � 1.2 190.6
23.8 � 5.1 388.6 � 616.1 2.4 � 1.3 0
22.3 � 5.6 384 � 636.5 2.2 � 1.3 0
22.5 � 3.9 441.9 � 718.7 2.1 � 1.3 7.7
28.8 � 4.6 821.5 � 1003 2.9 � 1.4 39
28.2 � 5.5 880.7 � 1148.8 2.9 � 1.3 146.5
24.2 � 3 612.6 � 327.6 3.7 � 1.8 6664.7
24.2 � 2.7 712.7 � 374.6 4.1 � 1.9 5527.9

Environ. Sci.: Atmos.
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concentrations in the post-monsoon, summer and monsoon
seasons (0.1 mg m−3); however, the percentage contribution of
Cl to NR-PM1 was higher (4%) in the monsoon season than in
other seasons. Over the entire season, the organics contribution
to NR-PM1 mass concentration was maximum (45–71%), fol-
lowed by sulphate (14–40%), ammonium (8–14%), nitrate
(3–9%) and chloride (0.4–4%) (Fig. 3). The highest contribution
of OA during the monsoon season was observed when the air
masses at the study site arrived from the Arabian sea (further
discussed in Section 3.2). A study by Kommula et al.36 from an
urban coastal site in Chennai, India, also reported a higher
contribution of OA (>60%), particularly during periods charac-
terized by a clean marine air mass. During the winter and
summer seasons, the OA contribution to NR-PM1 composition
was similar across different years. However, during the post-
monsoon season, the OA contribution in 2015 was compara-
tively lower than that in 2016 and 2017. However, the SO4

contribution increased from 20–24% to 40% in 2015. The
elevated sulphate levels in 2015, despite relatively higher rain-
fall (237 mm), suggest a complex balance between removal and
formation processes. While wet scavenging typically reduces
aerosol concentrations, sulphate can be efficiently produced via
aqueous-phase oxidation of SO2 within cloud droplets under
high relative humidity conditions (∼60%). This in-cloud pro-
cessing can enhance sulphate mass and partially offset its
removal by precipitation. In addition, trajectory analysis indi-
cates that during the post-monsoon season,∼95% of air masses
originated from the continental region in 2015, reecting
a transition from marine to land-inuenced air masses (Section
3.2). Such continental air masses are likely enriched in SO2 and
other precursor gases from anthropogenic sources, which can
enhance secondary sulphate formation during transport and
Fig. 3 Percentage contribution of NR-PM1 species during the post-mo
2018.

Environ. Sci.: Atmos.
cloud processing. Therefore, the higher sulphate contribution
observed in 2015 is likely driven by the combined effects of (i)
enhanced aqueous-phase production under humid conditions,
(ii) transport of precursor-rich continental air masses, and (iii)
variable scavenging efficiency, rather than wet removal alone.
The NO3 concentration in 2015 was also comparatively lower
(4%) than in 2016 (8%) and 2017 (7%). The reason for this
disparity in 2015 could be due to the dominance of secondary
aerosol formation favouring higher NO3 and SO4 levels.59

Aer OA, sulphate emerges as the second most dominant
species across all seasons in this study. The highest contribu-
tion of SO4 is observed during the post-monsoon season at 20–
40%, with moderate contributions of 20–25% and 28% during
winter and summer and the lowest (14–19%) during the
monsoon season. The year-to-year contribution of SO4 showed
variation; for example, in the post-monsoon season of 2015, SO4

exhibited the highest contribution (40%), which was compara-
tively higher than in the 2016 and 2017 seasons. During the
winter season, the SO4 contribution in 2015 and 2016 was
similar, but higher than in 2017. Both years in the summer
season showed a similar SO4 contribution, while the monsoon
season showed a different contribution. Ammonium, nitrate
and chloride also exhibit seasonal variabilities, although with
less variation compared to organics. Nitrate, serving as an
indicator of anthropogenic emissions, remains consistent
throughout the year with a mass fraction of approximately 3–
9%, indicative of less-polluted air masses prevailing over
Mahabaleshwar compared to other urban regions of India.

3.1.2. Diurnal variation. Fig. 4 shows the diurnal variability
of NR-PM1 and its species across different seasons and years.
The comparison reveals distinct temporal patterns, likely gov-
erned by a combination of emission timing, boundary layer
nsoon, winter, summer and monsoon seasons during Oct 2015-Feb

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Seasonal diurnal plots of NR-PM1 and its species over the study period.
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dynamics, and atmospheric processing. During summer, NR-
PM1 exhibited a gradual increase starting at noon, and reaching
a maximum in the evening, followed by a decline to early
morning minima. In winter, a bimodal pattern was observed,
with peaks in the early morning and late night, whereas the
post-monsoon season showed relatively weak diurnal vari-
ability. Interannual comparison indicates that diurnal patterns
were broadly consistent in 2016 and 2017, with comparatively
higher values observed in 2015 during the post-monsoon
season. Organic aerosols exhibited diurnal trends similar to
NR-PM1. In summer, a pronounced midday build-up was
observed, while in the monsoon and winter seasons, both
morning and evening enhancements were evident along with
a midday increase. The post-monsoon season showed a rela-
tively at diurnal prole, except in 2015. The observed morning
and evening enhancements in organic aerosols are consistent
with typical emission patterns associated with human activities
and reduced boundary layer height during these periods, which
can favour pollutant accumulation. The midday increase,
particularly in summer, coincides with periods of enhanced
solar radiation and atmospheric mixing, suggesting the
possible inuence of photochemical processing and secondary
aerosol formation.60 The yearly averaged diurnal values showed
comparable concentration in 2016 and 2017. A Similar diurnal
variation of OA has been observed by Vispute et al.44 at a nearby
urban site in Pune.

Sulphate exhibited moderate diurnal variability, governed by
both gas-phase and aqueous-phase formation pathways. The
daytime increase in sulphate concentrations during the
summer, monsoon, and post-monsoon seasons suggests the
dominance of gas-phase oxidation of SO2 by OH radicals,
leading to the formation of H2SO4 and subsequent partitioning
into the particle phase. This process is enhanced under high
© 2026 The Author(s). Published by the Royal Society of Chemistry
solar radiation and oxidant availability.61 In contrast, during
winter, the negligible daytime enhancement and the
pronounced evening peak indicate the increased importance of
aqueous-phase oxidation pathways. Under conditions of high
relative humidity and reduced planetary boundary layer (PBL)
height, dissolved SO2 (as S(IV)) is oxidized in particle liquid
water by oxidants such as H2O2 and O3, leading to efficient
sulphate production. These processes are further facilitated by
stagnant conditions that enhance precursor accumulation and
aerosol liquid water content. The sharp decline in sulphate
concentration during the post-monsoon season in 2016 (from
7.5 mg m−3 in 2015 to 0.7 mg m−3 in 2016) suggests substantial
interannual variability in precursor availability and/or atmo-
spheric oxidation capacity, inuencing secondary aerosol
formation pathways. In contrast, consistently low sulphate
levels during the monsoon season (as low as 0.2 mg m−3 in 2017)
highlight the dominant role of wet scavenging, which efficiently
removes both precursors and formed sulphate from the atmo-
sphere. Overall, these observations indicate that gas-phase
oxidation dominates sulphate formation during periods of
high photochemical activity, whereas aqueous-phase processes
become signicant under high RH and stagnant wintertime
conditions. Nitrate exhibited distinct diurnal patterns across
seasons. In summer, a daytime build-up was observed, which
may be associated with enhanced photochemical production
and local emissions. In contrast, during the post-monsoon and
winter seasons, a bimodal diurnal pattern with lower daytime
and higher nighttime concentrations was evident. The
pronounced wintertime enhancement in nitrate is consistent
with temperature-dependent gas–particle partitioning of semi-
volatile ammonium nitrate (NH4NO3).62 At lower tempera-
tures, the equilibrium shis toward the particle phase, favour-
ing the formation and stabilization of particulate nitrate,
Environ. Sci.: Atmos.
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whereas higher daytime temperatures promote its volatilization
back to the gas phase (as NH3 and HNO3). Additionally, reduced
boundary layer height and weaker dispersion during nighttime
can further enhance near-surface accumulation. Therefore, the
observed winter dominance of nitrate is likely inuenced by
a combination of thermodynamic partitioning and meteoro-
logical conditions. However, nitrate was consistently low during
the monsoon season, where the concentrations fell to 0.06–0.09
mg m−3. Nitrate concentrations in 2015, 2016 and 2017 showed
similar diurnal values, except during the post-monsoon season.
Ammonium showed the combined diurnal pattern of sulphate
and nitrate indicating the existence of NH4 as (NH4)2SO4 and
NH4NO3.63 Chloride, although a minor contributor, showed
a notable variable diurnal pattern. Chloride showed two peaks
of similar magnitude during early morning and evening in the
winter season, whereas in other seasons, two peaks of different
magnitude were observed. This suggests contributions from
local sources like biomass burning and vehicles.49 The highest
Cl levels were observed in 2015. This comparative analysis of
NR-PM1 and its species demonstrates that organic aerosols and
sulphate contribute signicantly to the seasonal and interan-
nual dynamics of NR-PM1, with chloride, nitrate and ammo-
nium showing subtler but consistent seasonal trends.64
3.2. Variation of the meteorological parameters

Meteorological parameters recorded by an Automatic Weather
Station (AWS) at the HACPL site revealed maximum temperature
(28.2–28.8 °C), intermediate relative humidity (40.9–44.8%), lower
wind speed (2.9 m s−1), and lower rainfall (39–146.5 mm) during
the summer season (Table 1 and Fig. S2). The highest relative
humidity (78–82.4%) and rainfall (5527.9–6664.7 mm) were
observed in the monsoon season. The post-monsoon season
showed increased temperature (23.2–25.8 °C), and reduced relative
humidity (58.9–60.1%) and rainfall (174.1–237.1mm) compared to
themonsoon season. Relative humidity (44.9–46.5%), temperature
(22.3–23.8 °C), wind speed (2.1–2.4 m s−1) and rainfall (0–7.7 mm)
in the winter season were lower compared to the post-monsoon
season. Similar seasonal variation of the meteorological parame-
ters has been reported by Gani et al.34 On comparing inter-annual
variation in each season, solar radiation showedminimal variation
across years, suggesting similar solar radiation in different years in
each season. Relative humidity showed slight interannual vari-
ability, particularly during the summer (44.8% in 2016 and 40.9%
in 2017) and monsoon seasons (82% and 78% in 2016 and 2017,
respectively). RH plays a critical role in modulating aerosol
chemistry by inuencing both heterogeneous reactions and
hygroscopic growth processes. Elevated RH enhances the liquid
water content of particles, facilitating aqueous-phase reactions
that promote the formation of secondary inorganic aerosols such
as sulphate and nitrate through the oxidation of SO2 and NOx.
Additionally, increased RH supports the partitioning of semi-
volatile species into the particle phase, thereby enhancing
secondary organic aerosol formation. Hygroscopic growth under
high RH conditions leads to an increase in particle size and alters
the optical properties, which can further impact atmospheric
radiative forcing and visibility. Moreover, the presence of particle-
Environ. Sci.: Atmos.
bound water accelerates heterogeneous reactions on aerosol
surfaces, contributing to aging and increased oxygenation of
organic aerosols. In contrast, lower RH conditions limit aqueous-
phase processing and favour the presence of relatively fresher,
less oxidized aerosols. Therefore, even modest seasonal and
interannual variations in RH can signicantly inuence PM1

composition, chemical transformation pathways, and atmospheric
lifetime.49 Temperature showed minimal interannual variability.
Wind speed also remained consistent across all the years. During
the monsoon season, the wind speed was slightly higher in 2017
(4.1 m s−1) compared to 2016 (3.7 m s−1), suggesting stronger
winds in 2017. Accumulated rainfall showed notable differences
between years, especially in the summer, monsoon and post-
monsoon seasons. In summer, rainfall was higher in 2017 (146.5
mm) as compared to 2016 (39 mm). The monsoon season saw
a decrease in rainfall from 6664.7 mm in 2016 to 5527.9 mm in
2017, reecting variability in both the intensity and distribution of
the monsoon rains. During the post-monsoon season, the lowest
rainfall was observed in 2016. PBLH showed varied values across
different years. In 2017, the highest PBLH was observed across all
seasons. These results indicate that solar radiation, relative
humidity, temperature and wind speed were comparable in all the
years, whereas PBLH and accumulated rainfall showed variation
across years.

To better understand the observed seasonal and interannual
variability in aerosol composition, three-day backward air mass
trajectories were clustered and analysed in conjunction with
their associated chemical signatures (Fig. 5). The results high-
light a strong dependence of aerosol composition on air-mass
origin, with distinct differences between marine and conti-
nental inuences. During the monsoon season, air masses were
predominantly of marine origin (100% from the Arabian Sea),
which corresponded to the lowest NR-PM1 concentrations and
reduced contributions from secondary inorganic aerosols (e.g.,
sulphate and nitrate). This is consistent with enhanced wet
scavenging and the relatively cleaner marine environment. In
contrast, the post-monsoon season showed a clear transition to
continental air masses, with ∼78–95% of trajectories origi-
nating from inland regions. These air masses are likely enriched
in anthropogenic precursors such as SO2 and NOx, which
promote secondary aerosol formation. Notably, the post-
monsoon season of 2015 exhibited a higher contribution of
sulphate (∼40%), which can be attributed to the combined
inuence of continental transport and enhanced aqueous-
phase formation under relatively humid conditions. During
the winter season, the dominance of north-westerly and north-
easterly continental air masses further supports the inuence of
long-range transport from polluted regions. These air masses
are associated with increased concentrations of organics and
nitrate, reecting contributions from combustion-related
emissions and favourable conditions for gas-to-particle parti-
tioning. In the summer season, the increased inuence of
marine air masses (63–71%) resulted in comparatively lower
aerosol loading than in winter, although secondary organic
aerosol formation remained signicant due to enhanced
photochemical activity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Clusters of three-day backward air mass trajectories arriving at 500m agl at the study site Mahabaleshwar (marked with a blue star) for the
post-monsoon, winter, summer and monsoon seasons during October 2015-February 2018.
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Importantly, interannual variability in aerosol composition is
closely linked to changes in air-mass origin. For instance, varia-
tions in the relative contribution of continental versus marine
trajectories across years explain differences in sulphate and
organic aerosol fractions, particularly during the post-monsoon
and summer seasons. These ndings demonstrate that air-
mass origin is a key controlling factor governing both the
magnitude and composition of aerosols at this high-altitude site.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3. Source apportionment of OAs

In comprehending the characteristics of OAs throughout all
seasons, it is crucial to delve into their specic attributes,
particularly the nature of the sources and potential atmospheric
evolution. To unravel the distinct OA factors originating from
various sources, PMF analysis was conducted on the OA mass
spectrum acquired through ACSMmeasurements. This analysis
was performed separately for each season and year. A 4-factor
solution was derived for the summer, post-monsoon and winter
Environ. Sci.: Atmos.
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seasons, while 3-factors were derived for the monsoon season
following the criteria reported in a previous study by Mukherjee
et al.40 at the present study site (Fig. 6). The identied factors
were validated by comparing them with mass spectra docu-
mented in the literature and accessible in the CV-based ACSM
PMF mass spectrum database (https://cires1.colorado.edu/
jimenez-group/AMSsd_CV/).

HOAs (Hydrocarbon-like Organic Aerosols), BBOAs (Biomass
Burning Organic Aerosols) and OOAs (Oxygenated Organic
Aerosols) are the factors obtained in this study. HOAs and
BBOAs serve as effective proxies for primary OAs (POAs), while
OOA-1 and OOA-2 are reliable surrogates for secondary OAs
Fig. 6 Positive matrix factorization of organic mass spectra for the post

Environ. Sci.: Atmos.
(SOAs). The HOA prole is characterized by peaks of aliphatic
hydrocarbons (CxHy family) at masses m/z 27, 41, 43, 55, 57, 69,
and 71.65,66 In contrast, the BBOA prole is identied by
a prominent signal of ions atm/z 29, 60, and 73, associated with
the fragmentation of anhydrous sugars such as levoglucosan
and mannosan.67 The OOA is characterized by dominant ions at
m/z 43 and m/z 44, contributed by C2H3O

+ and CO2
+, respec-

tively. These species play a crucial role in characterizing the
formation of secondary aerosols. Additionally, tracer ions (m/z
43, 44, 60) for each source type exhibit strong correlations with
the respective resolved factors, such as HOA, BBOA, and OOA
(e.g., a correlation coefficient of m/z 43 with HOA ∼0.85).
-monsoon, winter, summer and monsoon seasons during 2015–2017.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In the post-monsoon season, the contribution of SOAs
(OOA1-27–59% and OOA2-14–38%) was dominant over the
primary OAs (HOA-12–25% and BBOA-8-13%) (Fig. 7). The
OOA1 spectrum revealed signicant contributions from oxygen-
containing ions at m/z 44, along with a higher O : C ratio (1.2–
1.4), thus characterizing it as an LV-OOA (low volatile OOA). In
contrast, the OOA2 spectrum was characterized by non-oxygen-
containing ions at m/z 29, 43, and 55, which dominated and
displayed a lower O : C ratio (0.3–0.5), and was therefore iden-
tied as an SV-OOA (semi-volatile OOA). The consistent diurnal
pattern observed in OOA1 and OOA2 suggests long-range
transport of aerosols, characterized by well-mixed and more
oxidized properties. OOA2 and SO4 showed a good correlation
(r2 = 0.7) indicating similar sources. On comparing inter-
annually, the OOA1 percentage contribution in 2016 showed
relatively lower contribution to OA (27%) as compared to 2015
(55%) and 2017 (59%). On the other hand, the contribution of
OOA2 increased in 2016 (38%) compared to 2015 (14%) and
2017 (17%). This discrepancy indicates the dominance of
freshly formed SOAs from local emission in 2016. The diurnal
variation of BBOAs showed peaks in the early morning and
evening, attributed to biomass burning activities. On the other
hand, HOAs showed a peak during evening hours due to the
contribution from local vehicular emissions. The year-to-year
trend showed the highest values in 2015. HOA showed the
largest difference between 2015 and the years 2016–2017, indi-
cating a stronger inuence of vehicular emissions during 2015.
The OOA1 diurnal values in 2016 were comparatively lower.

During the winter season, SOAs showed dominance in 2015
and 2017 with OOA1 ranging between 42–54% and OOA2
between 16–22%. Similar to the post-monsoon season, the
OOA1 contribution to OA showed dominance over OOA2. Based
on m/z 43 : 44 and O : C ratio, OOA1 and OOA2 are classied as
an LV-OOA and SV-OOA. In 2016, the contribution from all OA
factors was comparable (around 25%), indicating a similar
contribution from both primary and secondary sources. This
can be attributed to stable meteorological conditions, such as
Fig. 7 Seasonally averaged diurnal variation of OA factors and percenta

© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature inversion and stagnant air masses, along with the
dominance of transported SOAs. The diurnal pattern of OOA2 in
the winter season was different from that in the post-monsoon
season. It showed a stable diurnal pattern in 2017; however, in
2015, a bimodal pattern with early morning and late-night
peaks was observed. The peaks can be attributed to freshly
formed SOA from local emission. In 2016, higher diurnal values
of OOA2 were observed. Similar to OOA2, OOA1 also showed
stable diurnal patterns in 2016 and 2017, whereas in 2015,
a peak was observed during the early morning. A stable diurnal
pattern of OOA1 suggested aged, highly oxidised, and trans-
ported aerosol particles. The contribution of BBOAs and HOAs
to the OA varied between 12% to 29%, and 16% to 24%,
respectively. The higher ratio of m/z 55 : 57 (1.4–1.7) suggested
contributions from cooking emissions to the HOAs. HOAs
showed a diurnal pattern with concentrations increasing
throughout the day and reaching a maximum in the evening.
Higher concentration at nighttime can be attributed to the
trapping of vehicular emissions in the lower boundary layer. In
2016 and 2017, similar diurnal patterns were observed. BBOA
also showed a similar diurnal pattern in all years with morning
and night peaks. These two peaks can be attributed by resi-
dential burning activities.

During the summer season in 2016, the contributions from
SOAs (51%) and POAs (49%) were similar, whereas in 2017,
SOAs showed a higher contribution (65%) compared to POAs
(35%). The OOA1 factor exhibited a signicant level of oxygen-
ation, primarily attributed to a heightened contribution fromm/
z 44 (0.25–0.28) and an elevated O : C ratio (approximately 1.2–
1.3), whereas OOA2 showed lower oxygenation at m/z 44 (0.004–
0.006) and O : C ratio (0.1–0.3), indicating local origin. The
diurnal pattern of OOAs showed a gradual build-up during the
daytime, suggesting secondary organic aerosol formation in
high sunlight and temperature conditions. A similar diurnal
pattern is reported by Mohr et al.68 and Xu et al.49 Along with
a daytime peak, high values during the evening were also
observed, whichmay be attributed to enhanced condensation of
ge contribution of OA factors for 2015, 2016 and 2017.

Environ. Sci.: Atmos.
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oxygenated organic compounds under high relative humidity
and low temperature. This diurnal pattern of OOA1 supports
contributions from both local and regional transport. HOAs
showed peaks at marker ions at m/z 41, 55 and 57, indicating
that there might be some contribution from cooking activities
also. HOA diurnal variation showed an aernoon peak (11:00–
15:00 LT) related to cooking activities. As the prole of cooking
OAs (COAs) is similar to that of HOAs, the ratio of m/z 55 : 57
(marker ions of COAs) was calculated. On the basis of a highm/z
55 : 57 ratio (1.3–1.6), the contribution by cooking activity to
HOAs was conrmed. The evening peak of HOAs can be
attributed to vehicular emissions. BBOAs showed morning and
evening peaks, which may be due to anthropogenic activities
like charcoal and wood burning. BBOAs and OOA1 showed
similar diurnal patterns in 2016 and 2017, whereas OOA2 and
HOAs exhibited higher concentrations in 2016.

The mass concentration of OA-factors during the monsoon
season was lower than in summer. The monsoon season
showed the highest contribution from BBOAs (38–41%) fol-
lowed by HOAs (32–35%) and least from OOAs (23–26%). The
higher contribution of primary organic aerosols (BBOAs and
HOAs) than secondary organic aerosols showed the dominance
of primary emission. The diurnal variation of HOAs showed
a daytime build-up and a night-time (22:00 LT) peak due to
vehicular emissions. Higher m/z 55 : 57 ratio (1.8–2) suggested
contributions from COA emission to HOAs. On the other hand,
BBOAs showed a morning (08:00 LT) peak and moderately high
levels in the evening, which may be attributed to biofuel
burning as suggested by the m/z 60 : 73 ratio (2.5–2.7).69 OOAs
showed high morning levels attributed by photochemical SOA
formation declining with time. The lower OOA contribution to
the OAs in the monsoon season in comparison to other seasons
might be due to the washout of fresh and transported aerosols
and low photochemical production in the presence of lower
solar radiation. The percentage contribution of OA sources and
the diurnal trend during 2016 and 2017 were comparable.

The source apportionment results have important implica-
tions for air quality management in the region. The signicant
contribution of BBOAs, particularly during the winter and
monsoon seasons, highlights the need for stricter regulation of
residential biomass burning and promotion of cleaner cooking
and heating alternatives. The consistent presence of HOA across
all seasons, with pronounced evening peaks, indicates the
importance of controlling vehicular emissions through
improved traffic management, stricter emission standards, and
promotion of cleaner fuels and electric mobility.

The dominance of OOAs, especially during the post-
monsoon and winter seasons, suggests that secondary organic
aerosol formation plays a critical role in the OA burden. This
underscores the need to control precursor emissions, such as
volatile organic compounds (VOCs) and NOx, from both
anthropogenic and biogenic sources. Regional transport of aged
aerosols further indicates that local mitigation strategies
should be complemented by regional-scale air quality
management policies.

Season-specic mitigation strategies, such as controlling
biomass burning during winter and post-monsoon periods and
Environ. Sci.: Atmos.
reducing precursor emissions during high photochemical activity
in summer, can signicantly improve air quality in the region.

4 Conclusion

In the present study, high-resolution observations of NR-PM1

chemical composition from a high-altitude site made over the
course of October 2015 to February 2018 across all four seasons
are reported. These measurements are important for a better
understanding of background air quality in a remote site. The
variation of aerosol species within seasons across different
years is elaborated. The following conclusions can be drawn
from the present study:

1. Organic aerosols (OAs) dominated the NR-PM1 mass
(55± 16%), highlighting their central role in submicron aerosol
loading and indicating the importance of carbonaceous emis-
sions in the region. The aerosol neutralization ratio (ANR)
revealed predominantly neutralized particles, suggesting effi-
cient interaction between acidic species and ammonia, partic-
ularly under conditions of low temperature and high relative
humidity. The pronounced seasonal trend (winter > post-
monsoon > summer > monsoon) reects the combined inu-
ence of enhanced emissions, unfavourable dispersion condi-
tions, and increased secondary aerosol formation during colder
months. In contrast, lower concentrations during the monsoon
season emphasize the role of wet scavenging and reduced
photochemical activity.

2. Distinct diurnal patterns of NR-PM1 species across seasons
indicate the strong inuence of boundary layer dynamics and
source-specic emission timing (e.g., traffic and residential
activities), while the relatively small interannual variability
suggests that seasonal meteorology exerts a stronger control on
aerosol characteristics than year-to-year emission changes. These
ndings underscore the importance of targeting wintertime
emissions and secondary aerosol precursors for effective air
quality management, as well as the need to consider
meteorology-driven variability in designing mitigation strategies.

3. As aerosol concentrations are also inuenced by meteo-
rological factors, variations in WS, RH, Temp, SR, accumulated
rainfall and PBLH were also compared across all seasons in
different years. In each season, SR, RH, Temp and WS were
comparable in all the years, whereas PBLH and accumulated
rainfall showed variation. The higher percentage of continental
air masses arriving at the study site over the years indicated an
increasing contribution from the continental landmass to
aerosol concentrations at the study site.

4. The dominant fraction of NR-PM1, OA was classied into
different factors: HOA, BBOA, OOA1 and OOA2 to identify the
source contributions. It was observed that more than half of OA
comes from secondary emission sources during the post-
monsoon, winter and summer seasons. The percentage contri-
bution of OA factors showed variability across years within
seasons.

A comparison of interannual variability indicates that while
the overall seasonal trends in NR-PM1 and its components
remain consistent across the study period, the magnitude of
concentrations and relative source contributions exhibit
© 2026 The Author(s). Published by the Royal Society of Chemistry
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notable year-to-year differences. For example, variations in the
contribution of secondary organic aerosols (SOAs) and
sulphates across different years suggest sensitivity to changes in
meteorological conditions and precursor availability. This
highlights a key advantage of multi-year observations over
single-year campaigns. A one-year dataset may capture the
general seasonal cycle; however, it may not adequately represent
the full range of variability associated with changing meteo-
rology, emission patterns, and regional transport. In contrast,
a three-year dataset enables more robust characterization of
aerosol processes by distinguishing persistent seasonal features
from year-specic anomalies.

While the interpretations presented in this study are sup-
ported by observed temporal patterns and established atmo-
spheric processes, uncertainties arise from both measurement
limitations and source apportionment methods. The ACSM-
derived mass concentrations are subject to uncertainties of
∼20–30%, primarily associated with assumptions such as
collection efficiency and ionization efficiency. In addition, PMF
analysis introduces uncertainties related to factor selection,
rotational ambiguity, and the lack of unique tracers for certain
sources. As a result, the resolved OAs should be interpreted as
representative source proxies rather than exact source contribu-
tions. Furthermore, some process-level interpretations (e.g.,
photochemical production, biomass burning inuence, and gas–
particle partitioning) are based on consistency with known
atmospheric behaviour rather than direct tracer-based conr-
mation and therefore carry inherent uncertainty. Despite this, the
robustness of the results is supported by the consistency of
seasonal patterns across multiple years and agreement with
established literature. Importantly, the multi-year, high time-
resolution dataset presented in this study has strong potential
for predictive applications. Such long-term chemically resolved
datasets can serve as valuable inputs for statistical and machine
learning models aimed at forecasting air quality and under-
standing aerosol processes. By capturing seasonal cycles, inter-
annual variability, and source-specic signatures, the dataset can
help improve model training, reduce uncertainty in predictions,
and enhance the representation of secondary aerosol formation
pathways in data-driven frameworks.
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