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Abstract 21 

Chemically resolved gas- and particle-phase measurements capable of constraining new particle 22 

formation (NPF) remain scarce in South Asia. Here, we investigate the precursors driving NPF in a 23 

coastal megacity and examine why only a subset of nucleation events evolves into sustained particle 24 

growth. We present the first comprehensive 20-day field study in a Bay of Bengal coastal megacity, 25 

integrating aerosol microphysical, chemical, gas-phase, and VOC measurements with positive matrix 26 

factorization (PMF). Photochemically driven formation of 10-30 nm particles occurred between 07:00 27 

and 11:00 IST, whereas sustained growth into the accumulation mode occurred only 2 of 20 days, with 28 

growth rates of 4.53 and 3.43 nm h⁻¹. The particle formation rate, condensation sink (CS), and 29 

coagulation sink did not differ between growth and non-growth days, indicating that neither formation 30 

intensity nor scavenging distinguished the two regimes. Instead, sustained growth occurred when 31 

northerly continental air masses prevailed, whereas growth ceased when a strong sea breeze shifted 32 

transport to marine air influenced by power-plant emissions. PMF resolved six factors, including an 33 

NPF factor dominated by 10–30 nm particles that was associated with biogenic VOCs. Its invariance 34 

between weekdays and weekends, and negative correlation with vehicular traffic factor, indicates that 35 

NPF was driven primarily by photo-oxidation of biogenic precursors, rather than by anthropogenic 36 

activity. These findings suggest that, in coastal cities, precursor availability and air-mass origin may 37 

exert a stronger influence on particle growth than CS, although long-term observations are needed to 38 

establish its broader applicability.   39 
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1 Introduction 40 

Atmospheric new particle formation (NPF), the process by which low-volatility vapours undergo gas-41 

to-particle conversion to form stable molecular clusters that subsequently grow to detectable sizes, is 42 

the single largest source of aerosol particle number in the Earth's troposphere (Kulmala, 2025; Kulmala 43 

et al., 2004; Lee et al., 2019; Pöschl, 2005). Globally, NPF is estimated to contribute 45–85 % of 44 

present-day cloud condensation nuclei (CCN), thereby exerting a substantial influence on cloud 45 

microphysical properties, planetary albedo, and the indirect radiative forcing of climate (Gordon et al., 46 

2017; Merikanto et al., 2009; Sun et al., 2024). NPF is also the dominant source of ultrafine particles 47 

(UFP; dₚ < 100 nm) in many environments, making it an important determinant of human exposure to 48 

particles that have been linked to adverse cardiovascular and respiratory health outcomes (Ibald-Mulli 49 

et al., 2002; Schraufnagel, 2020).  50 

The mechanistic understanding of atmospheric NPF has advanced considerably over the past decade. 51 

In many continental environments, nucleation is initiated by sulfuric acid (H₂SO₄) molecules stabilized 52 

by ammonia (NH₃) and amines (Kirkby et al., 2011; Kürten et al., 2014). Highly oxygenated organic 53 

molecules (HOMs), formed through the oxidation of biogenic and anthropogenic VOCs, contribute both 54 

to nucleation and to the early condensational growth of newly formed clusters (Bianchi et al., 2019; 55 

Tiszenkel et al., 2025; Tröstl et al., 2016). Whether these clusters survive and grow to CCN-relevant 56 

sizes depends on the balance between supply of condensable precursor vapours and their loss to pre-57 

existing particles through the condensation sink (CS). This evolution is governed by multiple interacting 58 

factors, including precursor gas availability, meteorological conditions, atmospheric dynamics, 59 

photochemical activity, relative humidity, temperature, and the chemical composition and loading of 60 

pre-existing aerosols (Dal Maso et al., 2005; Kanawade et al., 2022; Kulmala et al., 2004).  61 

Despite the high CS characteristic of polluted urban environments, NPF has been widely documented 62 

in megacities including Beijing (Chu et al., 2019; Shang et al., 2023; Tang et al., 2025), São Paulo 63 

(Backman et al., 2012), Delhi (Ali et al., 2025; Mishra et al., 2023) and Hyderabad (Kanawade et al., 64 

2014b; Sebastian et al., 2022). These observations indicate that sufficiently high production rates of 65 

condensable vapours can offset the newly formed clusters and sustain particle formation even under 66 
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conditions of an elevated CS. The balance between precursor supply and condensational loss is further 67 

modulated by precursor concentrations, and boundary layer dynamics (Du et al., 2022; Kulmala et al., 68 

2017). This interplay becomes particularly complex in coastal urban environments influenced by nearby 69 

biogenic emissions, where biogenic and marine sources enhance the supply of condensable vapours that 70 

promote nucleation and secondary organic aerosol (SOA) growth, while anthropogenic aerosol loading 71 

simultaneously increases the CS, thereby regulating the survival and subsequent growth of newly 72 

formed particles (O’Dowd et al., 2002). 73 

Within this global context, observations from India remain surprisingly sparse despite the country’s 74 

rapid urbanization, diverse climatic regimes, and exceptionally high ambient aerosol loadings. The first 75 

evidence of NPF over the Indian subcontinent was reported only in 2005, from New Delhi (Mönkkönen 76 

et al., 2005), and by the time of the most recent comprehensive review, only 22 independent field studies 77 

had been conducted across the region (Kanawade et al., 2022). Subsequent observations at urban sites 78 

including Kanpur and Hyderabad (Kanawade et al., 2014b), the semi-rural site of Gadanki (Kanawade 79 

et al., 2014a), Himalayan background locations (Komppula et al., 2009; Singh et al., 2025b), and a six-80 

site synthesis (Sebastian et al., 2022) collectively demonstrate that NPF is widespread during the pre-81 

monsoon season (March–May) across diverse Indian environments, with particle growth rates ranging 82 

from 0.2 to 17 nm h⁻¹ and particle formation rates spanning three orders of magnitude. Measurements 83 

of sub-3 nm clusters at an urban site (Sebastian et al., 2021) have provided rare insights into the earliest 84 

stages of particle formation, while observations during the COVID-19 lockdown in Hyderabad offered 85 

direct evidence of the nonlinear response of NPF to changes in the balance between precursor supply 86 

and the CS. More recently, observations in the Indo-Gangetic plain have examined the combined 87 

physical and chemical controls on NPF in megacity Delhi (Ali et al., 2025). Nevertheless, important 88 

knowledge gaps remain. First, simultaneous chemically speciated measurements of the gas-phase 89 

precursors driving NPF are almost entirely absent at Indian sites (Kanawade et al., 2022). Second, 90 

existing observations are heavily concentrated in northern and central India, whereas the tropical coastal 91 

regions of the peninsula remain largely unexplored. NPF has been documented at only a few coastal 92 
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locations, and almost exclusively under the atypical emission conditions associated with the COVID-93 

19 lockdown. 94 

At this coastal megacity, the most comprehensive chemically and microphysically resolved 95 

observations of NPF to date were obtained during the COVID-19 lockdown in 2020. By comparing the 96 

lockdown with the subsequent reopening period, Singh et al. (2025a) reported a five- to six-fold increase 97 

in NPF event frequency and an 80–250 % increase in CCN concentrations as air masses shifted from 98 

marine to continental flow. Based on bulk submicron composition, they further inferred that secondary 99 

organic matter, largely of anthropogenic origin, dominated particle growth to CCN-relevant sizes. In a 100 

complementary case study, Singh et al. (2023) attributed a single rapid-growth event to sulfate formed 101 

from emissions of a coal-fired power-plant located approximately 200 km to the south. Together, these 102 

studies established that NPF and subsequent growth to climatically relevant sizes occur at this site and 103 

are strongly influenced by air-mass origin. However, they provided only limited insight into the 104 

underlying mechanism. Both investigations were conducted under the atypical emission conditions of 105 

the COVID-19 lockdown rather than under representative atmospheric conditions, neither included 106 

measurements of the gas-phase precursors driving NPF and both relied on bulk submicron composition, 107 

which is insensitive to particles smaller than approximately 50 nm and could not resolve the 108 

contributing precursor sources. Consequently, the identity of the condensable vapours responsible for 109 

particle growth, and the relative contributions of adjacent biogenic emissions and anthropogenic sources 110 

remained unresolved, particularly because continental airmasses transported both precursor classes 111 

simultaneously. To address these knowledge gaps, we conducted an intensive 20-day field campaign 112 

(26 May–14 June 2025) under representative, non-lockdown conditions at the Indian Institute of 113 

Technology (IIT) Madras, located along the Bay of Bengal coastal interface. A comprehensive suite of 114 

instruments, including a Scanning Mobility Particle Sizer (SMPS), Quadrupole Aerosol Chemical 115 

Speciation Monitor (Q-ACSM), Aethalometer, Proton-Transfer-Reaction Time-of-Flight Mass 116 

Spectrometer (PTR-TOF-MS), trace-gas analyzers, and an automated weather station, was deployed. 117 

Combined with Positive Matrix Factorization (PMF) analysis, these measurements provide the first 118 

NPF dataset from southern India that simultaneously couples speciated gas-phase precursors with 119 
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submicron aerosol composition and source-resolved contributions. This integrated observational record 120 

enables investigation of the mechanisms driving NPF, rather than merely describing its occurrence. 121 

Building on the CS limitation framework proposed for polluted environments (Kulmala et al., 2017), 122 

this study examines the processes controlling NPF and subsequent particle growth in a tropical coastal 123 

megacity influenced by both anthropogenic emissions and nearby biogenic sources. Using a 124 

comprehensive suite of chemical, microphysical, gas-phase, and meteorological measurements 125 

collected during the pre-monsoon to the monsoon-onset, we investigate the roles of gas-phase precursor 126 

availability, condensation and coagulation sinks, source contributions, and meteorological transport in 127 

determining both NPF occurrence and the success of particle growth. Specifically, we address three 128 

questions: (i) which precursor sources drive the frequent nucleation events observed at the site; (ii) why 129 

only a subset of these events develops into sustained particle growth reaching climatically relevant 130 

sizes; and (iii) how mesoscale wind evolution and air-mass origin regulate precursor supply during 131 

particle growth. To address these questions, we combine primary-tracer normalized diagnostics, 132 

quantitative comparisons of particle formation and scavenging conditions between growth and non-133 

growth events, and PMF source apportionment. This integrated framework enables us to disentangle 134 

the coupled influences of precursor availability, particle sinks, and air-mass evolution providing new 135 

mechanistic insights into NPF and particle growth in tropical coastal urban environments. 136 

2 Methodology 137 

2.1 Measurement Site and Period 138 

Continuous, high-time-resolution measurements of atmospheric aerosols, trace gases, VOCs, and 139 

meteorological parameters were conducted from 26 May to 14 June 2025 at the Indian Institute of 140 

Technology Madras (IITM), Chennai, India (12.98° N, 80.22° E; ~10 m above mean sea level). Chennai 141 

is one of the largest metropolitan regions in India, with a population of approximately 12.6 million 142 

(India Population, 2026). The measurement site is located at the boundary of Guindy National Park 143 

(~2.7 km²), a protected tropical urban forest situated immediately to the west of the sampling location 144 
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(Fig. S2), providing a configuration suitable for investigating interactions between biogenic emissions 145 

from the forest canopy and anthropogenic emissions from the surrounding urban environment. 146 

All instruments were housed in a climate-controlled laboratory on the 5th floor of the Engineering 147 

Design Building. Ambient air was sampled through inlet lines positioned approximately 4 m above the 148 

rooftop. During the campaign, air masses originated predominantly from the western and northwestern 149 

continental sectors, with intermittent marine influence from the southeast (Fig. S2). 150 

2.2 Instrumentation 151 

2.2.1 Particle Number Size Distribution 152 

Particle number size distributions in the diameter range 10–280 nm were measured using a SMPS (TSI 153 

Model 3938) consisting of an electrostatic classifier (Model 3082) coupled with a Differential Mobility 154 

Analyzer (DMA, Model 3081) and a Condensation Particle Counter (CPC, Model 3772). A Kr-85 155 

neutralizer (Model 3077) was used to establish a bipolar charge distribution. The DMA was operated 156 

under negative polarity, and both diffusion and multiple-charge corrections were applied. Sheath and 157 

aerosol flow rates were maintained at 10.0 and 1.0 L min⁻¹, respectively (sheath-to-aerosol ratio of 158 

10:1), and the system was operated without an upstream impactor.  159 

2.2.2 Non-refractory submicron aerosol composition 160 

The non-refractory submicron aerosol composition (NR-PM₁) was measured using a Q-ACSM 161 

(Aerodyne Research Inc.) at a time resolution of 15 min, with the standard vaporizer maintained at ~600 162 

°C. The instrument was calibrated for ionization efficiency (IE) using ammonium nitrate prior to the 163 

campaign. Relative ionization efficiencies (RIEs) were set to 1.4 for organics, 5.24 for NH₄⁺, 1.02 for 164 

SO₄²⁻, 1.1 for NO₃⁻, and 1.3 for chloride, and the mass calibration factor for nitrate was 7.17 × 10⁻¹¹. 165 

The composition-dependent collection efficiency was applied during data processing (Middlebrook et 166 

al., 2012). Following Ng et al. (2011), 15-min detection limits of 0.40, 0.04, 0.04, 0.33, and 0.03 µg 167 

m⁻³ were obtained for organics, sulfate, nitrate, ammonium, and chloride, respectively. 168 
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2.2.3 Equivalent black carbon 169 

Equivalent black carbon (eBC) concentrations were measured at 1 min time resolution using a seven-170 

wavelength Aethalometer (AE33; Magee Scientific) operated at a flow rate of 3 L min⁻¹. The instrument 171 

applies a dual-spot loading compensation technique to correct for filter loading artefacts (Drinovec et 172 

al., 2015). eBC was measured in total suspended particles, as no size-selective inlet (cyclone) was used. 173 

Flow calibration was performed prior to the campaign using an external flow calibrator (FlexCal). The 174 

wavelength-dependent ratio eBC₃₇₀/eBC₈₈₀ was used to evaluate the relative contributions of fossil-fuel 175 

and biomass-burning sources to the eBC mass loading (Sandradewi et al., 2008). 176 

2.2.4 Trace gases 177 

Trace gases including SO₂ and O₃ were measured using gas analyzers from Thermo Scientific (Models 178 

43i and 49i, respectively). NOₓ and NH₃ were measured using a Thermo Scientific Model 17i 179 

chemiluminescence analyzer equipped with a high-temperature stainless-steel converter, which 180 

sequentially reports NO, NO₂, NOₓ, and NH₃. All gas analyzers were zero- and span-calibrated using 181 

certified gas standards prior to and during the campaign, and all trace-gas data were averaged to a 182 

common 15 min time resolution for subsequent analysis.  183 

2.2.5 Volatile Organic Compounds 184 

Volatile organic compounds (VOCs) were measured using a PTR-TOF-MS 6000 X2 (Ionicon Analytik 185 

GmbH, Austria) at 30 s time resolution. Ambient air was sampled through a heated multi-stage 186 

Teflon/PEEK inlet (final section held at 80 °C; 1 µm PTFE inline filter replaced weekly) to limit 187 

condensation and wall losses. The drift tube was operated at 2.8 mbar, 60 °C, and E/N ≈ 130 Td, with 188 

spectra acquired over m/z 21–500. Sensitivities were determined by multipoint calibration against a 189 

certified multicomponent VOC standard diluted with VOC-free zero air. Methanol, acetone, isoprene, 190 

benzene, toluene, xylenes, and acetonitrile were quantified directly against the standard, whereas 191 

monoterpenes, Methyl Vinyl Ketone + Methacrolein (MVK + MACR), and dimethyl sulfide (DMS) 192 

were derived from proton-transfer rate constants assuming unit transmission (Cappellin et al., 2012; 193 
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Sekimoto et al., 2017). Data were processed in the Ionicon Data Analyzer (IDA v2.2.2.1). Full inlet, 194 

ion-chemistry, calibration, and transmission details are given in the Supplement (Sect. S1). 195 

2.2.6 Meteorological Measurements and Reanalysis Data 196 

In situ meteorological parameters like temperature, relative humidity, wind speed, and wind direction 197 

were measured at the site using an automated weather station (AWS; Thies Clima, Germany). Boundary 198 

layer height (BLH), surface solar radiation downward (SSRD), and total accumulated precipitation, 199 

which were not measured in situ, were obtained from the ERA5 reanalysis dataset (Hersbach et al., 200 

2020) at hourly resolution and the nearest grid point to the sampling location. 201 

2.2.7 Air Mass Back-Trajectory Analysis 202 

To identify the regional source and transport pathways of air masses arriving at the receptor, 72-h back 203 

trajectories were calculated using the NOAA HYSPLIT model (Stein et al., 2015) at 6-hourly intervals 204 

throughout the campaign, with an arrival height of 250 m above ground level over the receptor at 12.98° 205 

N, 80.22° E. The model was driven by the GDAS 1° meteorological dataset. Trajectories were used to 206 

identify the dominant air-mass source sectors during the campaign. The spatial distribution of total 207 

accumulated precipitation underlying the trajectory map (Fig. S3) was obtained from the ERA5 208 

reanalysis. 209 

2.3 Derived NPF parameters 210 

The CS, coagulation sink (CoagS), particle growth rate, apparent formation rate (J₁₀–₃₀), and a sulfuric 211 

acid proxy concentration (H₂SO₄) were derived from the size-distribution and gas-phase data following 212 

established protocols (Dal Maso et al., 2002; Kulmala et al., 2012; Mikkonen et al., 2011; Sun et al., 213 

2024). CS quantifies the loss rate of condensable vapours to the pre-existing aerosol; CoagS the 214 

coagulational loss of freshly formed particles to larger particles; growth rate the rate of diameter 215 

increase during sustained growth; and J₁₀–₃₀ the apparent rate at which particles enter the 10–30 nm 216 

window. [H₂SO₄] was estimated from a steady-state proxy, as direct measurements were unavailable. 217 

Aerosol acidity was additionally characterised through an ion-balance ratio, the total OH reactivity of 218 

the measured species was computed as a precursor-loading metric, and the directional dependence of 219 
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all species was examined with pollution wind roses. The full equations, parameter choices, and 220 

references for each calculation are given in the Supplement (Sect. S1.2 and S1.3). Time series of N₁₀–221 

₃₀, CS, CoagS, and J₁₀–₃₀ are shown in Fig. S13, the ion balance in Fig. S5, and the [H₂SO₄] proxy in 222 

Fig. S19. 223 

2.4 Source Apportionment Using Positive Matrix Factorization 224 

To identify the species driving NPF, PMF was applied using EPA PMF 5.0 (Norris et al., 2014). PMF 225 

decomposes the observed data matrix (X) into factor contributions (G) and factor profiles (F) by 226 

minimizing the objective function (Q), defined as the sum of squared, uncertainty-weighted residuals 227 

(Paatero, 1999; Paatero and Tapper, 1994), as given in Eq. (1). 228 

 

𝑋𝑖𝑗 = ∑𝑔𝑖𝑘𝑓𝑘𝑗 + 𝑒𝑖𝑗

𝑝

𝑘=1

 

Eq1 

The input dataset comprised particle number concentrations in three SMPS size bins (N₁₀–₃₀, N₃₀–₁₀₀, 229 

N₁₀₀–₂₈₀), NR-PM₁ chemical components from the Q-ACSM (organics, sulfate, nitrate, ammonium, 230 

chloride), eBC, trace gases (NOₓ, NH₃, SO₂, O₃), and 10 VOC species from the PTR-TOF-MS 231 

(methanol, acetone, isoprene, monoterpenes, MVK + MACR, benzene, toluene, xylenes, DMS, 232 

acetonitrile). Similar multi-instrument PMF approaches combining particle, gas-phase, and VOC 233 

measurements have previously been applied to investigate atmospheric source contributions and 234 

processes (Nursanto et al., 2023; Simon et al., 2025; Zhou et al., 2005). All variables were averaged to 235 

a common 15-min time resolution prior to analysis. Particle number concentrations were retained in 236 

units of cm⁻³, whereas ACSM species, eBC, trace gases, and VOCs were expressed in µg m⁻³. The 237 

conversion of trace gases and VOCs from ppb to µg m⁻³ was performed using the molar volume of an 238 

ideal gas calculated from real-time temperature and pressure measured by the automated weather 239 

station. 240 

Observation uncertainties were assigned following EPA PMF guidelines (Norris et al., 2014), 241 

combining a species-specific relative error fraction with the method detection limit; below-detection, 242 

missing, and negative values were handled as detailed in the Supplement (Sect. 1.5). Variables were 243 
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classified by their signal-to-noise (S/N) ratio as strong (S/N > 2; included as measured), weak (0.2 < 244 

S/N ≤ 2; uncertainties tripled), or bad (S/N ≤ 0.2; excluded). 245 

PMF solutions ranging from three to eight factors were evaluated. The optimal number of factors was 246 

selected based on (i) the behavior of Q/Qexp, (ii) physical interpretability of the resolved factor profiles, 247 

(iii) scaled-residual distributions, and (iv) minimization of rotational ambiguity. Model robustness was 248 

assessed using bootstrap analysis (n = 100) and FPEAK rotational analysis (FPEAK from −1.5 to +1.5). 249 

Bootstrap results showed that all factors of the selected solution were reproduced in more than 85 % of 250 

runs, indicating high stability, and FPEAK analysis produced minimal variation in Q (<0.4 %), 251 

confirming low rotational ambiguity. The selected six-factor solution exhibited stable factor profiles 252 

and scaled residuals predominantly within ±3, indicating good model performance. Factor interpretation 253 

was based on characteristic tracer species, particle size distributions, and co-variation patterns with gas-254 

phase species. Additional details on PMF input preparation and diagnostics are provided in Section 1.5 255 

of the Supplementary Information. 256 

3 Results and Discussion 257 

3.1 Overview of Aerosol Loading and Meteorological Conditions  258 

The 20-day campaign at IIT Madras spanned the transition from hot, dry pre-monsoon conditions of 259 

late May to the onset of the southwest monsoon during the second week of June. HYSPLIT back 260 

trajectories indicate that air masses originated predominantly from the western and southern sectors 261 

(Fig. S3), consistent with the synoptic scale pre-monsoon circulation over the study site. Mean (± 1 262 

sigma) ambient temperature, relative humidity, and wind speed during the campaign were 31.0 ± 2.6 263 

°C, 79.0 ± 13.1 %, and 2.6 ± 1.1 m s⁻¹, respectively; while the planetary boundary layer height averaged 264 

717 ± 388 m. Surface winds were mainly from west to southwest (Fig. 1, Fig. S4). 265 

3.2 Temporal Variability of Chemical Composition  266 

Time series of NR-PM₁ composition, PNSDs, trace gases, and VOCs (Fig. 1) showed substantial day-267 

to-day variability reflecting changes in air-mass origin, photochemical activity, and local emissions 268 

throughout the campaign. The mean NR-PM₁ concentration was 10.66 ± 6.84 µg m⁻³, substantially 269 
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lower than those values reported for northern Indian megacities (Devaprasad et al., 2026b). Organic 270 

aerosol dominated the sub-micron mass (6.37 ± 3.64 µg m⁻³; 60.1 %), followed by sulfate (2.95 ± 3.14 271 

µg m⁻³; 27.7 %), ammonium (0.90 ± 0.97µg m⁻³; 9.1 %), nitrate (0.37 ± 0.23 µg m⁻³; 3.5 %), and 272 

chloride (0.06 ± 0.06 µg m⁻³;0.6 %) (Fig. 1b). This organic-rich composition is consistent with 273 

substantial SOA production under tropical photochemical conditions. The submicron aerosol remained 274 

predominantly acidic throughout the campaign (NH₄⁺_meas/NH₄⁺_pred < 1; Fig. S5), a condition that 275 

influences the partitioning of H₂SO₄ between NPF and condensation onto pre-existing particles (Sipilä 276 

et al., 2010). Sulfate exhibited the highest variability of all measured components, with episodic 277 

enhancements associated with air masses arriving from the south and southeast that are attributed to the 278 

Neyveli thermal power station, located approximately 200 km south of the site (Singh et al., 2023; Fig. 279 

S6). In contrast, nitrate and chloride remained consistently low throughout the campaign. Mean 280 

equivalent black carbon (eBC) at 880 nm was 1.23 ± 0.55 µg m⁻³, while the eBC₃₇₀/eBC₈₈₀ ratio 281 

averaged 1.16 ± 0.07 (Fig. S8), indicating that fossil-fuel combustion transported primarily from the 282 

west and southwest was the dominant source, with only a minor contribution from biomass-burning 283 

(Sandradewi et al., 2008). 284 

Particle number concentrations exhibited the greatest temporal variability of all measured parameters 285 

(Fig. 1a). Mean nucleation- (N₁₀–₃₀), Aitken- (N₃₀–₁₀₀), and accumulation-mode (N₁₀₀–₂₈₀) number 286 

concentrations were 3035 ± 3446, 3297 ± 2067, and 1500 ± 1208 cm⁻³, respectively (Fig. S13). The 287 

nucleation mode exhibited the highest coefficient of variation (CV = 114 %), with daily N₁₀–₃₀ maxima 288 

ranging from near-background concentrations to event peaks exceeding 15 000 cm⁻³, characteristic of 289 

episodic NPF occurring against a low particle-number background (Kulmala et al., 2004). In contrast, 290 

the CS varied much less over the campaign averaging (8.96 ± 3.20) × 10⁻³ s⁻¹, with no significant 291 

difference between growth and non-growth days. This pronounced variability in N₁₀–₃₀ despite 292 

relatively stable CS, motivates the detailed investigation of NPF processes discussed in Sect. 3.4. 293 

Trace gases and VOCs reflected the mixed anthropogenic–biogenic character of the site (Fig. 1c, e, Fig. 294 

S11). NOₓ (7.38 ± 4.69 ppb) exhibited the same dominant W/SW directional pattern as eBC, identifying 295 

vehicular traffic as the principal local source, whereas O₃ (23.9 ± 9.97 ppb) was enhanced in 296 
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photochemically aged sea-breeze air arriving from the S/SE (Fig. S7). NH₃ concentrations were 297 

relatively high (8.13 ± 3.27 ppb), consistent with its potential role in stabilizing H₂SO₄ clusters during 298 

ternary nucleation (Benson et al., 2011; Jung et al., 2008). In contrast, SO₂ exhibited the lowest mean 299 

concentration (0.30 ± 0.33 ppb) and frequently remained below the detection limit. Its pronounced 300 

temporal variability suggests that sulfuric acid formed via OH oxidation of SO2 was influenced by 301 

intermittent transport from the industrial western sector rather than by a persistent regional source, 302 

implying that the contribution of H₂SO₄ to NPF may vary substantially over time and that condensable 303 

organic vapours could become increasingly important for sustaining particle growth (Donahue et al., 304 

2013; Kupc et al., 2020). Oxygenated VOCs dominated the VOC burden (~60 %), with mean 305 

concentrations of acetone (2.93 ± 1.78 ppb), methanol (2.19 ± 1.02 ppb), and MVK + MACR (0.25 ± 306 

0.18 ppb). Although biogenic VOC concentrations were lower (isoprene 0.77 ± 0.67 ppb; monoterpenes 307 

0.053 ± 0.041 ppb), these compounds are potentially disproportionately important for NPF because of 308 

their high OH reactivity (Fig. S12) and efficient production of HOMs (Atkinson, 2003). Both isoprene 309 

and monoterpenes exhibited enhanced concentrations in air masses arriving from the W/NW sector, 310 

corresponding to the location of Guindy National Park and coincided with the dominant N₁₀–₃₀ wind 311 

sector (Fig. S6). This spatial correspondence suggests that the park canopy is an important source of 312 

biogenic precursors contributing to particle formation and early particle growth. 313 
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 314 

Figure 1. Time series of (a) particle number size distribution (dN/dlog Dₚ, cm⁻³) measured by SMPS; 315 

(b) non-refractory PM₁ chemical composition (organics, sulfate, nitrate, ammonium, chloride; µg m⁻³) 316 

measured by Q-ACSM; (c) trace gas concentrations (NOₓ, O₃, NH₃, SO₂; ppb); (d) wind speed (m s⁻¹) 317 
and wind direction (colour axis) from the automated weather station; and (e) volatile organic 318 

compounds (VOCs) measured by PTR-TOF-MS, separated by source category: biogenic (green: 319 

isoprene + monoterpenes), oxygenated (yellow: methanol, acetone, MVK + MACR), and 320 

anthropogenic (black: benzene, toluene, xylenes). DMS (cyan) and acetonitrile (magenta) are shown 321 

separately. All data span 26 May–14 June 2025. 322 

 323 

3.3 Diurnal Patterns and Atmospheric Processing 324 

The mean diurnal cycles of particle number concentrations, gases, and aerosol chemical composition 325 

(Fig. 2) clearly distinguish photochemical processing from combustion-driven emissions at the site. The 326 
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nucleation mode (N₁₀–₃₀) exhibited the most pronounced diurnal feature, increasing from near-327 

background concentrations at approximately 06:00 IST to a sharp maximum between 10:00 and 11:00 328 

IST before returning to background levels by approximately 14:00–15:00 IST (Fig. 2a). This recurring 329 

late-morning burst is the characteristic signature of photochemically driven NPF and indicates that 330 

conditions favourable for the production of freshly formed particles occur on a daily basis (Kulmala et 331 

al., 2004; Nieminen et al., 2018). The Aitken mode (N₃₀–₁₀₀) displayed a broader maximum extending 332 

from midday into the evening (Fig. 2b) consistent with the condensational growth of newly formed 333 

particles at the growth rates reported in Sect. 3.4.4. In contrast, the accumulation mode (N₁₀₀–₂₈₀) 334 

reached its maximum during the evening (Fig. 2c), reflecting the combined influences of traffic 335 

emissions, atmospheric aging, and coagulation rather than fresh particle formation (Kulmala et al., 336 

2001). Organic aerosol, nitrate, chloride, and eBC exhibited bimodal diurnal cycles that closely tracked 337 

NOₓ (Fig. 2m–r), confirming combustion as their dominant source, whereas sulfate showed only a weak 338 

diurnal cycle punctuated by occasional afternoon enhancements associated with airmasses arriving from 339 

the south and southeast. 340 

Among trace gases, NOₓ exhibited the classical urban bimodal rush-hour pattern, with a pronounced 341 

midday minimum resulting from boundary-layer development and photochemical loss (Fig. 2i). O₃ 342 

displayed the complementary photochemical diurnal cycle, increasing from morning NO titration to a 343 

midday-to-afternoon maximum of approximately 50 ppb (Fig. 2k; Monks et al., 2009), characteristic of 344 

the strongly oxidising tropical atmosphere. NH₃ remained elevated throughout the day, with a modest 345 

late-morning enhancement, whereas SO₂ exhibited no distinct diurnal cycle. Biogenic VOCs were 346 

strongly influenced by solar radiation: isoprene followed the canonical light- and temperature-347 

dependent canopy emission pattern, increasing after approximately 08:00 IST and reaching a broad 348 

afternoon maximum (Fig. 2d; Fig. S9; Hu et al., 2015). This behaviour was mirrored by MVK + MACR 349 

and, at lower concentrations, by monoterpenes. In contrast, benzene, toluene and xylenes (BTX) 350 

aromatics exhibited a bimodal diurnal cycle closely aligned with traffic activity (Fig. 2e), confirming 351 

vehicular emissions as their dominant source (Tripathi et al., 2022; Wang et al., 2020). The temporal 352 
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offset between the late morning N₁₀–₃₀ burst and the subsequent peak in biogenic precursor availability 353 

and photochemical oxidation is examined mechanistically in Sect. 3.4. 354 

 355 

 356 
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Figure 2. Hourly diurnal distributions of particle number concentrations, gaseous species, and aerosol 357 

chemical components. Box-and-whisker plots show the median (centre line), interquartile range (box), 358 

5th–95th percentiles (whiskers), and outliers (circles). Panels (a–c): particle number concentrations in 359 

three SMPS size bins (N₁₀–₃₀, N₃₀–₁₀₀, N₁₀₀–₂₈₀). Panels (d–f): VOC source classes (biogenic, 360 

anthropogenic, oxygenated). Panels (g–h): acetonitrile and DMS. Panels (i–l): trace gases (NOₓ, NH₃, 361 

O₃, SO₂). Panels (m–q): non-refractory PM₁ components from Q-ACSM (organics, sulfate, nitrate, 362 

ammonium, chloride). Panel (r): equivalent black carbon at 880 nm. Box colours: blue – particle 363 

number; green – gas-phase species; orange – aerosol chemical components. The value shown in the 364 

upper-right corner of each panel represents the campaign-average concentration (mean ± 1 standard 365 

deviation) 366 

 367 

 368 

3.4 Origin and Controls of NPF and growth events 369 

3.4.1 Photochemical Secondary Origin of the Morning N₁₀–₃₀ Enhancement 370 

A pronounced N₁₀–₃₀ enhancement was observed between approximately 07:00 and 11:00 IST on every 371 

day of the campaign (Fig. 2a, Fig. S13). To determine whether this increase originated from primary-372 

emissions or secondary photochemical production, N₁₀–₃₀ was normalised by two primary-emission 373 

tracers, eBC and NOₓ, neither of which has a significant photochemical source. The N₁₀–₃₀/eBC ratio 374 

increased from approximately 1000 during the pre-dawn baseline to approximately 8000 at 10:00 IST 375 

(an eightfold increase), while the N₁₀–₃₀/NOₓ increased by approximately a factor of 25 over the same 376 

period (Fig. S18). Both ratios subsequently declined to near baseline values by 17:00–18:00 IST and 377 

remained low overnight. The eBC-normalized ratio provides the more robust diagnostic as eBC is 378 

essentially conserved on diurnal time scales whereas interpretation of the NOₓ-normalized ratio is 379 

influenced both by particle production and by daytime photochemical removal of NOₓ. Nevertheless, 380 

the N₁₀–₃₀/NOₓ reached its maximum approximately 3 hours after the morning NOx rush-hour peak 381 

(~07:00 IST, a delay consistent with the time scale required for OH-initiated oxidation of precursor 382 

vapours and subsequent particle formation, but inconsistent with direct co-emission from traffic 383 

sources. Together, these tracer-normalised diagnostics demonstrate that primary emissions cannot 384 

account for the observed morning enhancement in N₁₀–₃₀ and indicate that it is dominated by secondary 385 

photochemical particle formation. 386 

Two pre-dawn episodes on 1–2 June (Fig. S14) differed from the recurring daytime NPF. In both cases, 387 

N₁₀–₃₀ peaks occurred before sunrise and coincided with elevated eBC, NOₓ, and anthropogenic VOC 388 

concentrations, without the diurnal evolution characteristic of photochemically driven particle 389 
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formation. These episodes most likely reflect primary ultrafine particle emissions associated with early-390 

morning heavy-duty vehicle activity and potentially other transient increases in traffic volume, although 391 

a secondary contribution cannot be completely excluded. While their origin cannot be unambiguously 392 

resolved with the available measurements, their occurrence before sunrise and their close association 393 

with combustion-tracers argue strongly against a photochemical NPF origin. 394 

3.4.2 Event classification and growth 395 

Following the classification scheme of Dal Maso et al. (2005), each campaign day was assigned to one 396 

of three categories based on the temporal evolution of the PNSD; full NPF with subsequent particle 397 

growth; partial events characterized by a nucleation-mode burst without sustained growth, and non-398 

growth days. It is important to distinguish between two measures of the event occurrence. As 399 

established in Section 3.4.1, photochemically driven production of 10 to 30 nm particles occurred every 400 

day of the campaign. However, only 2 of the 20 days (10 %; 26 May and 14 June) satisfied the criteria 401 

for full NPF growth events, in which newly formed particles grew continuously from approximately 10 402 

nm to 60–80 nm over several hours, producing the characteristic "banana-shaped" signature of regional 403 

NPF (Kulmala et al., 2004, 2012). On the remaining 18 days, although nucleation-mode particles 404 

formed, they failed to undergo sustained growth and the nucleation mode enhancement dissipated 405 

within 2–3 h. 406 

3.4.3 Air-mass continuity, not scavenging, controls growth-event occurrence 407 

The contrast between near-daily morning particle formation and the rarity of sustained particle growth 408 

narrows the controlling factor to one of three possibilities: the magnitude of morning particle formation, 409 

the strength of scavenging by pre-existing aerosols, or the sustained supply of condensable vapours 410 

required for growth beyond the nucleation mode. The magnitude of morning particle formation was 411 

indistinguishable between growth and non-growth days. Composite diurnal profiles of N₁₀–₃₀/eBC and 412 

N₁₀–₃₀/NOₓ for the two growth days and the eighteen non-growth days (Fig. S18) both reached their 413 

maxima at 10:00 IST and exhibited statistically indistinguishable peak values (Fig. S18). Likewise, the 414 

mean daily N₁₀–₃₀ concentrations were nearly identical (3132 ± 3876 cm⁻³ on growth days vs. 3026 ± 415 
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3405 cm⁻³ on non-growth days). Although the non-growth composite exhibited a broader N₁₀–₃₀ 416 

shoulder between 11:00 and 13:00 IST, the more rapid decline on growth days is consistent with 417 

particles growing out of the 10-30 nm size range rather than being removed predominantly by 418 

coagulation. 419 

Pre-existing particle scavenging was likewise comparable between the two classes of days. The mean 420 

CS overlapped within one standard deviation for growth days (6.01 × 10⁻³ s⁻¹ on 26 May and 9.24 × 421 

10⁻³ s⁻¹ on 14 June) and non-growth days ((9.11 ± 3.30) × 10⁻³ s⁻¹). Similarly, the coagulation sink for 422 

a 10 nm particle was comparable between growth days (9.0 × 10⁻⁵ s⁻¹ and 13.1 × 10⁻⁵ s⁻¹) and non-423 

growth days (12.89 ± 4.41) × 10⁻⁵ s⁻¹; Fig. S13). The proxy-derived H₂SO₄ concentrations support the 424 

same conclusion. Sulfuric acid concentrations estimated using the parameterization of Mikkonen et al. 425 

(2011) (Fig. S19) were of the order of 10⁶ molecules cm⁻³ for all day classes ((0.99 ± 2.18) × 10⁶ on 26 426 

May, (2.32 ± 3.64) × 10⁶ on 14 June, and (5.38 ± 9.20) × 10⁶ molecules cm⁻³ on non-growth days), well 427 

within the typical daytime boundary-layer range of 10⁵–10⁷ molecules cm⁻³ (Seinfeld, 2016). Notably, 428 

proxy H₂SO₄ concentrations were not elevated on growth days and, on average, were lower than on 429 

non-growth days, consistent with observations from subtropical sites in Taiwan where lower SO₂ 430 

concentrations were likewise reported during NPF growth days (Young et al., 2013). Taken together, 431 

the comparable condensation and coagulation sinks, together with the absence of enhanced H₂SO₄ 432 

during growth events, indicate that neither particle scavenging nor sulfuric acid availability 433 

distinguished growth from non-growth days. Instead, the suppression of particle growth despite 434 

comparable or higher proxy H₂SO₄ concentrations points to the availability of other low-volatility 435 

condensable vapours, most plausibly of organic origin, as the factor governing sustained particle 436 

growth. 437 

The bulk aerosol chemical composition provides additional context for these findings. Accumulation-438 

mode number concentrations (N₁₀₀–₂₈₀) were lower on growth days (808 ± 343 cm⁻³) than on non-growth 439 

days (1563 ± 1238 cm⁻³), reflecting differences in air-mass origin discussed below rather than 440 

statistically distinguishable differences in bulk scavenging sinks. Likewise, sulfate concentrations were 441 

lower on growth days (0.62 ± 0.54 µg m⁻³), than on non-growth days (3.14 ± 3.19 µg m⁻³) consistent 442 
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with a stronger influence of the thermal power plant sector during non-growth periods and a greater 443 

accumulation of aged aerosol. Organic aerosol exhibited only a moderate difference (3.78 ± 2.82 vs. 444 

6.60 ± 3.61 µg m⁻³), while NOₓ was slightly lower on growth days (6.12 ± 2.64 vs. 7.48 ± 4.80 ppb). 445 

Biogenic VOC concentrations were comparable between the two classes of days (isoprene: 0.66 ± 0.54 446 

vs. 0.78 ± 0.68; monoterpenes: 0.052 ± 0.031 vs. 0.053 ± 0.042). Although, these differences are 447 

qualitatively consistent with somewhat more favorable conditions for particle growth on growth days, 448 

their magnitude is modest and does not explain the pronounced contrast in growth-event occurrence. 449 

Instead, they support the conclusion that the persistence of precursor supply, rather than differences in 450 

average aerosol composition or precursor abundance alone, governs whether newly formed particles 451 

undergo sustained growth. 452 

The variable that clearly distinguished the two classes of days was air-mass continuity. On both growth 453 

days, surface winds remained within the W–NW continental sector from approximately 09:00 to 17:00 454 

IST, sustaining an uninterrupted supply of biogenic precursor vapours from Guindy National Park and 455 

the upwind continental region. In contrast, in the eighteen non-growth days, surface winds shifted from 456 

the continental sector to the SE–E marine sector between 11:00 and 13:00 IST as the sea breeze 457 

developed (Fig. S3), interrupting the continental precursor supply at, or shortly after, the time of peak 458 

nucleation-mode formation. Taken together, these observations indicate that the canonical CS limitation 459 

framework alone is insufficient to explain the growth event at this site. During the pre-monsoon to 460 

monsoon-onset transition at the Chennai urban-forest interface, sustained particle growth is more 461 

strongly associated with the continuity of precursor supply than with differences in particle formation 462 

intensity or scavenging by pre-existing aerosols. These findings suggest that strategies aimed solely at 463 

reducing primary aerosol loading, and hence CS, may have only a limited influence on the frequency 464 

of successful particle-growth events unless accompanied by changes in the availability and continuity 465 

of gas-phase precursor vapours. 466 

3.4.4 Particle Growth Rates on complete NPF days 467 

The two full NPF growth events exhibited sustained particle growth from the nucleation mode into the 468 

Aitken mode over several hours. On 26 May 2025, NPF commenced at ~11:00 IST, later than the typical 469 
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onset time of around ~09:00 IST because morning cloud cover reduced incoming solar radiation (Fig. 470 

S4); precipitation recorded at nearby stations is consistent with these cloudy conditions. In contrast, the 471 

14 June 2025 event began at ~09:00 IST under clear-sky conditions with strong solar insolation. On 472 

both days, particle growth continued until ~17:00 IST, after which changes in wind-direction and 473 

increasing traffic emissions disrupted the continuity of the particle number size distributions. To avoid 474 

these influences, growth rates were calculated only up to 16:00 IST.  475 

 The derived growth rates were 4.53 nm h⁻¹ on 26 May and 3.43 nm h⁻¹ on 14 June (Fig. S10), well 476 

within the typical range of 2–10 nm h⁻¹ reported for continental boundary-layer environments 477 

(Kanawade et al., 2022; Kerminen et al., 2018). A comparison of the growth rate, J, and CS with values 478 

reported for urban, coastal, forest, mountain, rural, and polluted environments worldwide is presented 479 

in Table 1. Such comparisons should be interpreted cautiously because of differences among studies in 480 

particle-size ranges, instrumentation, and event-selection criteria. Although the 26 May event began 481 

later, with a geometric mean diameter (GMD) of 25 nm at 11:09 IST, particle population grew to 45.7 482 

nm by 15:58 IST. On 14 June, the GMD increased from 25.5 nm at 08:58 IST to 50.2 nm at 15:58 IST 483 

(Fig. 3). The larger final particle size on 14 June is consistent with the longer uninterrupted growth 484 

period associated with sustained continental airflow.  485 
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 486 

Figure 3. Time evolution of the particle number size distribution and meteorological conditions on a 487 

non-event day (6 June 2025) and a complete NPF event day (14 June 2025). Panels (a, b): contour plots 488 

of dN/dlog Dₚ as a function of time and particle diameter, with geometric mean diameter (GMD) 489 

overlaid (black line). On 14 June, the linear growth phase used to derive the growth rate (GR = 3.43 nm 490 

h⁻¹ between 08:58 and 15:58 IST) is indicated by the pink dashed line. Panels (c, d): corresponding 491 

wind speed (m s⁻¹) and wind direction (colour-coded) for the same periods. 492 

 493 

3.5 Source Apportionment and Chemical Drivers of NPF 494 

PMF was applied to the combined dataset comprising particle number size distributions, aerosol 495 

chemical composition, trace gases, and VOCs to identify the principal source factors associated with 496 

NPF. A six-factor solution was selected based on statistical robustness and physical interpretability. 497 

The resolved factor profiles are shown in Fig. 4a–f, and their normalized diurnal variations are presented 498 

in Fig. 4g–l.  499 

3.5.1 Factor Profiles and Source Identification 500 

Factor 1 – NPF / nucleation burst. Factor 1 (F1) is overwhelmingly dominated by N₁₀–₃₀ which 501 

accounts for 73.8 % of its contribution, with secondary contributions from isoprene (20.9 %), N₃₀–₁₀₀ 502 
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(13.0 %), monoterpenes (13.0 %), and MVK + MACR (13.0 %) (Fig. 4a). Contributions from 503 

combustion tracers (eBC: 1.8 %; NOₓ: 0.8 %) and inorganic aerosol species (SO₄²⁻: 5.5 %; NH₄⁺: 6.2 504 

%) are minimal. F1 uniquely explains the majority of the nucleation-mode particle number, N₁₀–₃₀ with 505 

the next largest factor contributing only 21.1 %, identifying it as the factor most strongly associated 506 

with photochemically produced nucleation-mode particles. The co-loading of biogenic VOCs is 507 

consistent with an important contribution from oxidation products of biogenic VOCs to particle 508 

formation and early condensational growth (Riccobono et al., 2014; Tröstl et al., 2016). The diurnal 509 

profile of F1 (Fig. 4g) is the most distinct of the six factors, increasing rapidly from background 510 

concentrations at ~06:00 IST, peaking near ~10:00 IST, and returning to baseline by ~14:00 IST. The 511 

weekday and weekend profiles are essentially identical (Fig. S15), providing independent evidence that 512 

NPF at this site is primarily governed by photochemical processing and biogenic precursor availability 513 

rather than by variations in anthropogenic emission activity, consistent with the photochemically 514 

controlled urban regime proposed by Kulmala et al. (2017) for environments influenced by nearby 515 

natural vegetation. 516 

Factor 2 – Vehicular traffic / primary urban combustion. Factor 2 (F2) is characterized by high 517 

contributions from NOₓ (48.8 %), N₃₀–₁₀₀ (44.0 %), benzene (43.4 %), eBC (40.9 %), NH₃ (37.2 %), 518 

xylenes (35.7 %), N₁₀₀–₂₈₀ (27.5 %), DMS (23.8 %), and toluene (23.4 %) (Fig. 4b), and uniquely 519 

explains the largest fractions of N₃₀–₁₀₀, eBC, and NOₓ. The co-occurrence of BTX aromatics, eBC, and 520 

–NOₓ is the characteristic fingerprint of gasoline and diesel vehicular emissions in Indian urban 521 

environments (Dumka et al., 2018; Sahu et al., 2016), consistent with the dominant W/SW directional 522 

pattern shown by the pollution wind roses (Fig. S16). The NH₃ and DMS co-loadings likely reflect 523 

nearby anthropogenic sources. The 21% contribution of F2 to N₁₀–₃₀ is less straightforward to interpret 524 

and may include both primary ultrafine particle emissions and secondary particles formed 525 

contemporaneously with traffic emissions. The bimodal diurnal profile (Fig. 4h), with peaks at ~07:00 526 

and ~19:00 IST, and a weaker weekday morning peak on weekends (Fig. S15) is characteristic of 527 

commuter traffic. From the perspective of NPF, F2 represents a transient morning combustion influence 528 

that precedes the photochemical nucleation burst. Morning rush-hour eBC and primary-particle loading 529 
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elevate the CS and scavenge condensable vapours before they can participate in nucleation (Sipilä et 530 

al., 2010), but the post-08:00 IST decline of F2 with boundary-layer development reduces both the 531 

coagulation sink for freshly forming clusters and the scavenging of condensable precursors before the 532 

NPF burst onset. 533 

Factor 3 – Biogenic / photochemical precursor reservoir. Factor 3 (F3) simultaneously dominates 534 

ten species: O₃ (74.1 %), MVK + MACR (62.0 %), monoterpenes (59.8 %), SO₂ (58.4 %), isoprene 535 

(56.2 %), NH₃ (50.2 %), methanol (47.7 %), acetone (45.2 %), acetonitrile (41.0 %), and DMS (26.8 536 

%; Fig. 4c). This breadth indicates not a single point source but a photochemically active air-mass state 537 

in which biogenic canopy emissions, their gas-phase oxidation products, and inorganic precursors are 538 

co-processed under high solar radiation. The W/NW continental origin (Fig. S16) is consistent with 539 

photo-oxidation of emissions from the nearby Guindy National Park within the urban airshed. F3 540 

constitutes the essential precursor reservoir for NPF, supplying SO₂ for H₂SO₄ production (OH + SO₂), 541 

NH₃ for ternary cluster stabilization, and the biogenic organic vapour pool (isoprene, monoterpenes, 542 

MVK + MACR) from which HOMs are produced through OH- and O₃-initiated oxidation (Bianchi et 543 

al., 2019; Tröstl et al., 2016). The F3 diurnal profile (Fig. 4i) shows a broad midday maximum from 544 

~11:00 to 15:00 IST, ~3 h after the F1 burst at ~10:00 IST. This lag reflects both the photochemical 545 

buildup of oxidants and low-volatility products and the condensational growth timescale required for 546 

freshly nucleated particles to reach the N₁₀–₃₀ detection window at the observed growth rate. 547 

Factor 4 – Aged urban aromatic VOC plume. Factor 4 (F4) uniquely dominates the three BTX 548 

species (xylenes: 57.1 %; toluene: 56.0 %; benzene: 49.9 %) alongside oxygenated VOCs (acetone: 549 

39.5 %; MVK + MACR: 23.4 %), with near-absent eBC (Fig. 4d). The elevated BTX-to-NOₓ ratio and 550 

the absence of eBC distinguish F4 from F2 (fresh vehicular exhaust) and identify it as an aged aromatic 551 

plume. The SO₂ co-loading (26.6 %) is consistent with a mixed industrial–petrochemical fingerprint. 552 

BTX photo-oxidation generates HOMs and highly oxygenated aromatic products capable of 553 

contributing to nucleation and SOA growth (Molteni et al., 2018; Ng et al., 2007). The F4 diurnal pattern 554 

(Fig. 4j) is dominant in the evening ~19:00 IST, consistent with nocturnal boundary-layer accumulation 555 
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of industrial aromatic emissions, with a weekend enhancement suggesting additional residential and 556 

recreational contributions (Warneke et al., 2013). 557 

Factor 5 – Aged secondary aerosol associated with combustion plumes. Factor 5 (F5) uniquely 558 

dominates chloride (76.0 %), NO₃⁻ (67.1 %), and organics (66.3 %), with co-loadings of eBC (38.3 %) 559 

and N₁₀₀–₂₈₀ (26.7 %; Fig. 4e). The chloride–acetonitrile signature points to a biomass- or plastic-560 

combustion origin (Gunthe et al., 2021), while the high NH₄NO₃ contribution (which requires 561 

atmospheric aging to form) and the accumulation-mode dominance identify F5 as processed, internally 562 

mixed secondary aerosol rather than fresh smoke. F5 acts as a modulating rather than a dominant control 563 

on NPF, contributing to elevated-CS episodes but consistent with the broader observation that CS is not 564 

the discriminating variable between growth and non-growth days at this site. 565 

Factor 6 – Regional secondary sulfate. Factor 6 (F6) is dominated by SO₄²⁻ (74.3 %) and NH₄⁺ (70.9 566 

%) in a near-equimolar ratio consistent with (NH₄)₂SO₄, with co-loadings of DMS (19.1 %) and O₃ 567 

(18.2 %) (Fig. 4f). The DMS pollution wind rose (Fig. S7) shows a smaller component from the SE 568 

sector, providing observational evidence of a marine biogenic component. F6 acts as a secondary NPF 569 

inhibitor through its accumulation-mode CS (correlation with F1: r = −0.23, p < 0.001) and peaks 570 

between ~18:00 and 20:00 IST, the time at which marine-sector winds typically reach the receptor site. 571 

3.5.2 Mechanistic Framework: Inter-Factor Couplings 572 

Beyond the diurnal behaviour of individual factors, the PMF analysis reveals three relationships 573 

between source factors that are not evident from species-level observations alone and that directly 574 

support the formation–survival interpretation developed in Sect. 3.4. First, the NPF factor (F1) is 575 

weekday–weekend invariant (Fig. S15), confirming that nucleation-mode production is decoupled from 576 

the diurnal cycle of anthropogenic activity. Second, F1 and the traffic factor (F2) are negatively 577 

correlated (r = −0.41; Fig. S17), consistent with morning boundary-layer development diluting the CS 578 

as a necessary precondition for the NPF burst, rather than CS reduction being the discriminating variable 579 

for growth. Third, F5 and F6 are positively correlated (r = +0.41) and both peak during sea-breeze and 580 

monsoon-onset episodes, reinforcing the air-mass-origin control identified in Sect. 3.4. 581 
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 582 

Figure 4. Six-factor PMF solution. Panels (a–f) show the percentage contribution of each input species 583 

to Factors 1–6, respectively; the dashed vertical line at 10 % marks the threshold used to identify 584 

dominant species. Panels (g–l) show the corresponding diurnal profiles of each factor, normalised to 585 

unit area to allow comparison across factors with different absolute magnitudes. P1 and P2 denote the 586 

primary and secondary diurnal peaks, respectively, with the annotated times indicating the occurrence 587 

of each peak. Annotated peak times indicate the dominant period of influence for each factor. Factor 588 

identifications: Factor 1 — NPF / nucleation burst; Factor 2 — vehicular traffic / primary urban 589 

combustion; Factor 3 — biogenic / photochemical precursor reservoir; Factor 4 — aged urban aromatic 590 

VOC plume; Factor 5 — aged secondary aerosol associated with combustion plumes; Factor 6 — 591 

regional secondary sulfate. 592 

 593 

3.6 Synthesis and atmospheric implications 594 

The evidence assembled here defines a regime in which the canonical CS-limitation framework for NPF 595 

in polluted environments (Kulmala et al., 2017) does not capture growth-event occurrence at this site. 596 

Photochemical secondary particle formation in the 10–30 nm range was a daily feature of the campaign, 597 

with morning peaks of comparable magnitude on growth and non-growth days. CS, CoagS, and J10-30 598 

were statistically indistinguishable between these days. The contrast in growth-event occurrence (2 of 599 

20 days) is therefore not explained by formation rate or by aerosol scavenging. The discriminating 600 
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variable is air-mass continuity. Complete growth events occurred on days when continental biogenic 601 

precursor supply persisted through the 10:00–17:00 IST window, and failed when the developing sea-602 

breeze redirected the receptor air mass to the marine and anthropogenic aerosols from the thermal power 603 

plant sector before growth could complete. 604 

Mechanistic interpretation must be drawn cautiously in the absence of direct H₂SO₄ or HOM 605 

measurements. Three observational constraints nonetheless point to biogenic-organic vapours as the 606 

operative growth pathway. The W/NW enhancement of monoterpenes and isoprene co-located with 607 

Guindy National Park, placing a localised biogenic source upwind of the receptor; the dominance of 608 

monoterpene oxidation in the daytime OH-reactivity budget despite lower mixing ratios than isoprene; 609 

and the lower SO₂ and NOₓ concentrations on growth days, consistent with reduced NOₓ-mediated 610 

suppression of HOM formation (Lehtipalo et al., 2018; Ng et al., 2007). These are associations between 611 

precursor environment and event outcome rather than direct mechanistic proofs. 612 

Two broader implications follow. First, in tropical coastal megacities with adjacent biogenic sources, a 613 

configuration shared by many South and Southeast Asian urban centres, NPF event frequency may be 614 

governed by precursor-supply continuity rather than CS, displacing the conventional paradigm for this 615 

class of environment. Second, regional climate and air-quality models that parameterise NPF 616 

suppression through CS alone will under-represent NPF variability over coastal South Asia unless sea-617 

breeze and monsoon-transition dynamics are explicitly resolved. Future deployment of advanced 618 

aerosol instruments to chemically resolve sub 10 nm sized aerosols, combined with multi-seasonal 619 

monitoring, will be needed to constrain the molecular-level mechanism and test the air-mass-continuity 620 

hypothesis across a larger event population. 621 

 622 
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4 Conclusion 626 

We characterised NPF and subsequent particle growth over 20 days at an urban forest–coastal interface 627 

in Chennai, combining PNSD, NR-PM₁ composition, VOCs, trace gases, and PMF source 628 

apportionment. Photochemically driven formation of 10–30 nm particles occurred on every day of the 629 

campaign and was clearly decoupled from primary emissions, as evidenced by pronounced morning 630 

increases in N₁₀–₃₀/eBC and N₁₀–₃₀/NOₓ. Sustained growth into the accumulation mode, however, 631 

occurred on only 2 of 20 days with growth rates of 4.53 and 3.43 nm h⁻¹.  The particle formation rate, 632 

CS, and CoagS were statistically indistinguishable between growth and non-growth days, while proxy 633 

H₂SO₄ concentrations were, on average, higher on non-growth days. Instead, successful growth 634 

coincided with uninterrupted W/NW continental flow from the adjacent forest sector and terminated  635 

when the sea breeze redirected transport to marine air. PMF attributed 73.8 % of the variance in N₁₀–₃₀ 636 

to a factor co-loaded with isoprene, monoterpenes, and MVK + MACR that showed no weekday–637 

weekend dependence  and was negatively correlated with the vehicular traffic factor (r = −0.41). 638 

Collectively, these observations indicate that the nucleation-mode particle population at this site is most 639 

consistently associated with the  photo-oxidation of biogenic precursors, while successful growth 640 

appears to depend primarily on the temporal continuity of precursor supply rather than on sulfuric acid 641 

availability or aerosol scavenging. 642 

Biogenic organic vapours are an established driver of NPF in vegetated and remote environments, 643 

including boreal forests (Dal Maso et al., 2005), isoprene-dominated temperate forests (Yu et al., 2014), 644 

and chamber experiments demonstrating nucleation and early growth from oxidised terpene vapours 645 

(Riccobono et al., 2014). In contrast, urban NPF has  been attributed predominantly to anthropogenic 646 

precursors, including H₂SO₄ stabilised by ammonia and amines in Chinese megacities (Tang et al., 647 

2025; Yang et al., 2026), sulfuric acid together with anthropogenic low-volatility organics in Houston 648 

(Tiszenkel et al., 2025), and nocturnal biomass-burning emissions in Delhi (Mishra et al., 2023). 649 

Likewise, coastal NPF has more commonly been linked to marine and tidal sources (O’Dowd et al., 650 

2002), whereas marine-sector air at our site suppressed rather than promoted particle growth. Previous 651 
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observations at this location similarly attributed a rapid growth event to sulfate associated with nearby 652 

power plant emissions (Singh et al., 2023). By combining chemically resolved gas- and particle-phase 653 

measurements with PMF source apportionment under representative atmospheric conditions, our results  654 

instead demonstrate a strong association between the nucleation-mode particle population and biogenic 655 

VOCs originating from the protected forest. Although this association does not by itself establish 656 

causality, it is supported independently by the air-mass analysis, the absence of a weekday-weekend 657 

effect, and the negative relationship with the vehicular traffic factor.  Collectively, these findings 658 

suggest that Chennai represents an uncommon example of a densely populated coastal mega city in 659 

which NPF is associated with biogenic rather than an anthropogenic or marine, precursor pool, 660 

sustained by vegetation. 661 

These conclusions should be interpreted in the context of several limitations. The study spans 662 

only 20 days and includes two complete growth events, limiting the statistical robustness of 663 

comparisons between growth and non-growth regimes. The 10 nm lower detection limit of the 664 

SMPS precludes direct observation of the initial nucleation process, while the absence of direct 665 

measurements of sulfuric acid (H₂SO₄) and highly oxygenated organic molecules (HOMs) 666 

prevents definitive identification of the nucleating vapours. In addition, PMF apportions 667 

statistical covariance among measured species rather than uniquely identifying physical 668 

particle sources; consequently, the resolved factors are more appropriately interpreted as 669 

characteristic atmospheric process states than as discrete emission sources. 670 

Despite these limitations, the consistency between the PMF analysis, air-mass trajectories, and 671 

meteorological evolution suggests that successful particle growth at this urban forest–coastal 672 

interface depends more strongly on the continuity of precursor supply than on the magnitude 673 

of the condensation sink alone. If this mechanism proves to be representative of tropical coastal 674 

megacities, NPF variability will depend not only on aerosol loading but also on mesoscale 675 

meteorology controlling precursor transport, particularly sea-breeze circulation and monsoon-676 
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transition dynamics. Models that parameterise NPF suppression solely through the 677 

condensation sink may therefore underestimate this variability, and reductions in aerosol 678 

loading may not necessarily increase the frequency of successful growth events if precursor 679 

continuity remains the limiting factor. Multi-season, chemically resolved measurements 680 

extending below 10 nm, together with direct observations of sulfuric acid and HOMs, are now 681 

needed to determine the prevalence of this mechanism across tropical coastal environments. 682 
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