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9  Abstract

10  The Southern Ocean plays a critical role in Earth's climate system, acting as a major sink for
11 heat and carbon dioxide. Clouds over this region strongly influence the regional radiation
12 budget, yet their formation remains poorly understood and represented in climate models. This
13 is partially driven by thHighlightede lack of in-situ observations, particularly over the
14 undersampled Indian sector. In this study, we report on the latitudinal variability of cloud
15  condensation nuclei (CCN) and examine the meteorological and biological factors that can
16 influence their distribution across this region. CCN concentrations were measured during the
17 12" Indian Scientific Expedition to the Southern Ocean during February and March 2025
18  aboard a research vessel traversing from 20° S to 68° S. CCN concentrations varied across
19 supersaturation levels, with the highest values approximately 500 cm™ observed at S = 1.0% in
20 the polar band (60-70° S) and lower concentrations at lower S levels. CCN concentrations
21 showed a poor correlation with coarse-mode aerosols, suggesting that wind-driven sea spray
22 does not play a major role in controlling the CCN variability in this region. Chlorophyll a, used
23 asaproxy for biological productivity, showed a positive relationship with CCN concentrations.
24 Air masses passing over biologically productive waters during the preceding 24-48 h were
25  associated with higher CCN concentrations, with the strongest relationship observed within the
26 30-50° S latitude band encompassing the subtropical and subantarctic fronts. This suggests a
27  closer association between marine biological activity and CCN variability in this region. In
28  contrast, the weaker relationship outside this latitude band indicates that physical processes and

29  non-biological sources may exert a greater influence on CCN concentrations in other regions.
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30 Introduction

31  The Southern Ocean has one of the most pristine atmospheres on Earth due to its remote
32 location, away from major populated areas and low continental influence (Hudson et al., 1998;
33  Uetake et al., 2020). It plays a pivotal role in regulating the Earth's climate system by
34  influencing global circulation patterns, carbon cycling, and the global radiative energy budget
35  (Mallet et al., 2023). As a result, it is an ideal place for understanding background processes,
36  which are otherwise difficult to study due to the large signals associated with anthropogenic
37 activities (Carslaw et al., 2013; McCoy et al., 2020). In particular, the Southern Ocean presents
38  aunique test bed for increasing our understanding of aerosol-cloud interactions and the role of
39 marine biogenic aerosols and their precursors (Humphries et al., 2021). Despite this,
40  simulations of clouds, aerosols, and air-sea fluxes in climate and earth system models show
41 significant biases and uncertainties in the Southern Ocean region, driven by a lack of
42  observations (Halfter et al., 2025; McFarquhar et al., 2019; Pierce and Adams, 2009; Shindell
43  etal, 2013).

44  The Southern Ocean marine environment presents one of the most significant challenges for
45  climate model accuracy, with persistent biases in cloud representation leading to substantial
46 uncertainties in future climate projections (Che et al., 2022). Aerosol-cloud interactions were
47  found to have the largest uncertainty in our understanding of the Earth's climate in the most
48  recent assessments from the Intergovernmental Panel on Climate Change (IPCC, 2023). These
49  model discrepancies in the Southern Ocean result from poor representation of aerosol-cloud
50 interactions, where inadequate parameterisations of cloud condensation nuclei (CCN)
51  formation and activation processes contribute to systematic errors in simulated cloud properties
52  and the resulting radiative forcing (Bodas-Salcedo et al., 2014; Carslaw et al., 2013; Efraim et
53 al., 2020; Niu et al., 2025; Sanchez et al., 2021). Climate models exhibit significant biases in
54  the Southern Ocean, particularly for low-level clouds. Coupled Model Intercomparison Project
55  (CMIP) and Atmospheric Model Intercomparison Project (AMIP) models show shortwave
56  radiation errors linked to poor cloud representation (Hyder et al., 2018). Past studies have
57  shown that mixed-phase cloud processes alone can affect the surface cloud radiative effect in

58  this region (Smith et al., 2025)

59  Due to the pristine conditions and low anthropogenic impacts observed in the remote marine
60  boundary layer (MBL) within the Southern Ocean, cloud characteristics and radiative forcing

61  are highly sensitive to small changes in aerosol emissions (Downey et al., 1990; Fossum et al.,



https://doi.org/10.5194/egusphere-2026-3546
Preprint. Discussion started: 7 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

62  2018; Pierce and Adams, 2006). Most aerosols in this region originate from natural sources,
63 including primary particles such as sea spray produced by wave breaking and bubble bursting,
64  and secondary particles formed through gas-to-particle conversion of biogenic trace gases such
65 asdimethyl sulphide (DMS) (Mallet et al., 2023). Over the Southern Ocean, secondary sulphate
66 is the dominant contributor to CCN number concentration under typical MBL conditions,
67  whereas primary sea-spray contribution varies with wind speed (Fossum et al., 2018; Quinn et
68 al., 2017). Several studies have shown that non-sea-salt sulphate, i.e., from the oxidation of
69 DMS and methane thiol released by phytoplankton and sea ice algae, which leads to the
70  formation of sulphuric acid and methanesulfonic acid (MSA), is the dominant secondary

71 aerosol in this region (Quinn et al., 2000; Sanchez et al., 2018; Wohl et al., 2024).

72 Trace gases such as DMS and methane thiol play a crucial role in the Southern Ocean (Hulswar
73 etal., 2022; Joge et al., 2024; Manville et al., 2023; Wohl et al., 2024). These volatile sulphur
74  compounds are primarily emitted by marine phytoplankton and undergo oxidation in the
75  atmosphere, producing sulphur-containing compounds, including sulphur dioxide (SO2) and
76  sulphate aerosols, which contribute to CCN formation (Ayers and Gillett, 2000; de Bruyn et
77  al., 2002; Mace et al., 2023; McCoy et al., 2015). These aerosols influence the Earth's radiation
78  Dbalance directly by scattering solar radiation and indirectly by modifying cloud properties
79  (Charlson et al., 1987; Mahajan et al., 2015). The oxidation pathways of DMS are complex and
80 involve reactions with hydroxyl radicals (OHe) and bromine radicals (Bre), resulting in
81  variability in the production of CCN precursors (Kilgour et al., 2025). The Southern Ocean,
82  with its vast phytoplankton populations, serves as a significant natural source of these trace
83  gases, making an understanding of their atmospheric chemistry essential for climate studies in

84  this region.

85  CCN serve as a key link between aerosols and cloud microphysics, controlling cloud droplet
86  number concentrations and cloud albedo (Choudhury et al., 2025). In remote ocean regions,
87  CCN concentrations are influenced primarily by marine biological activity, such as emissions
88 of DMS, isoprene, monoterpenes, and their oxidation products, alongside wind-driven sea
89  spray aerosols and entrainment from the free troposphere (Humpbhries et al., 2023; Mahilang et
90 al., 2021; Zheng et al., 2020). The process of aerosol activation into CCN depends strongly on
91  supersaturation (S), making it necessary to examine CCN across multiple S levels to accurately
92  understand cloud formation processes (Svensmark et al., 2024). Variations in trace gases and
93  aerosols profoundly affect cloud albedo and climate feedbacks, as described by the CLAW

94  hypothesis, which proposes a negative feedback loop in which increased DMS emissions from

4
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95  phytoplankton enhance CCN production, increasing cloud reflectivity and cooling the climate,
96 which in turn influences biological activity (Charlson et al., 1987). However, recent
97  observations indicate complexities, such as cloud processing of DMS oxidation products,
98  which modulate sulphate aerosol production and CCN availability (Kilgour et al., 2025; Novak
99 et al,, 2021; Quinn and Bates, 2011). Overall, wind speed and biological activity influence
100  aerosol production and CCN variability in the Southern Ocean (Mallet et al., 2023),

101 highlighting the need to measure these variables simultaneously in this region.

102  Existing observational studies have provided important insights into the spatial variability and
103  characteristics of CCN across this region (Humphries et al., 2021; McCoy et al., 2021; Price et
104  al., 2024; Sanchez et al., 2021). Some ship-based campaigns have documented latitudinal
105 gradients in CCN concentrations, showing a transition from mixed continental and marine
106  influences in the northern sectors to predominantly marine biogenic and sea-salt aerosol
107  domination in the southern sectors (Humphries et al., 2021; McCoy et al., 2021). In coastal
108  Antarctica, sulphate-rich air masses have been reported, with CCN activation ranging from
109  37% to 75% (Fossum et al., 2018). Under typical MBL conditions in the Southern Ocean, sea
110  salt aerosols contribute modestly, but their contribution increases with wind speed, indicating
111 a dynamic interplay between primary sea-spray and secondary sulphate aerosols in marine
112 cloud formation. Hitherto, studies have also shown that CCN variability is influenced not only
113 by local emissions but also by long-range transport and cloud processing (Carslaw et al., 2013;

114  Twohy et al., 2021).

115  CCN concentrations across the study region are generally low due to its pristine marine
116  environment, but exhibit strong seasonal variability, peaking in summer when biological
117  activity and oceanic emissions increase (Gras, 1990). Korhonen et al. (2008) observed a ~3-
118  fold increase in CCN concentrations during summer, primarily driven by enhanced oceanic
119  biogenic emissions. Model simulations showed that biogenic sources contribute up to ~46% of
120  CCN in mid latitudes and ~40% at higher latitudes. Observations also show that CCN and
121 cloud droplet number concentration correlate with chlorophyll a, a proxy for ocean
122 productivity, highlighting the coupling between ocean biology and CCN formation (McCoy et
123 al., 2015). Recent field campaigns have improved our understanding of CCN variability and
124  new particle formation across the Southern Ocean, but the Indian Sector of the Southern Ocean
125  (ISSO) remains one of the least explored regions, and observations of CCN in this region are
126 scarce (Halfter et al., 2025; McFarquhar et al., 2021; Salim et al., 2023). Existing studies

127  suggest that enhancements in CCN concentrations over the ISSO are linked to biogenic

5
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128  emissions (Baccarini et al., 2021; Tatzelt et al., 2022; Tulet et al., 2024). However, the relative
129  contributions and interplay between biological and physical drivers, such as wind-driven sea
130  spray, long-range transport, and biological emissions, remain uncertain (Ayers and Cainey,

131 2007).

132 While the role of ocean biological productivity in driving CCN is well established in the
133  Southern Ocean through prior observational and modelling studies, most of this evidence
134  comes from the Atlantic and Pacific sectors. Whether the same mechanisms dominate CCN
135  variability in the Indian sector, how CCN concentrations vary latitudinally across this sector,
136  what the relative contributions of primary sea spray and secondary biogenic aerosol are to CCN
137  number, and what aerosol size characteristics are associated with CCN activity across different
138 latitude bands in this region are questions that remain largely unaddressed due to the scarcity
139  of dedicated in-situ observations from this region. This study aims to investigate CCN
140  variability over the ISSO using a combination of in situ observations, satellite remote sensing
141 data, and back-trajectory analysis during the 12th Indian Scientific Expedition to the Southern
142 Ocean (ISESO-12). We explore CCN variability and its linkage to physical and biological
143  drivers. The observations contribute to a sparse dataset of CCN concentrations in the ISSO and

144  aim to improve the understanding of natural aerosol-cloud interactions in this region.
145 2 Methods
146 2.1 Cruise information

147  Observations were made onboard the research vessel ORV SA Agulhas during the ISOE-12,
148  organised by the National Centre for Polar and Ocean Research (NCPOR) under the Ministry
149  of Earth Sciences (MoES), Government of India. The expedition was conducted during the
150  austral summer/spring, from 11 February to 28 March 2025. The scientific expedition started
151 from Port Louis, Mauritius (20.16° S, 57.50° E), and traversed southward across the subtropical
152  and sub-Antarctic waters of the ISSO, reaching 68° S. The transect included multiple
153  hydrographic and atmospheric sampling stations distributed across distinct oceanic fronts,
154  including the Subtropical Front (STF), Subantarctic Front (SAF), and Polar Front (PF), before
155  returning to Mauritius along the 57.5° E longitude line. The cruise traversed diverse oceanic
156  regimes, from biologically productive frontal zones to pristine polar waters, allowing
157  examination of spatial gradients (Fig. 1). In addition to the in situ measurements collected
158  during the expedition, meteorological reanalysis and satellite observations were used to support

159  the analyses. A summary of all datasets used in this study is provided in Table 1.
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160 2.2 Meteorological parameters

161  Multiple meteorological parameters were continuously monitored using an automatic weather
162  station (AWS) installed on the monkey deck of R/V SA Agulhas during ISESO-12. The AWS
163  used was the Lufft WS600 Smart Weather Sensor, interfaced with a Campbell Scientific
164  CR1000X datalogger. The WS600 employs ultrasonic technology to simultaneously measure
165  wind speed (accuracy £0.3 m s or £3% in the range 0-35 m s}, and +5% above 35 m s),
166  wind direction (RMSE < 3° at wind speeds above 1.0 m s™'), air temperature (£0.2°C in the
167  range -20 to +50°C, and £0.5°C above -30°C), relative humidity (+2% RH), and precipitation
168  intensity (£0.2°C under laboratory conditions). Calibration of the AWS was performed before
169  and after the cruise, and no significant difference was observed between the two. Data were

170  recorded at 1-second intervals and archived by the CR1000X.
171 2.3 Back-trajectory analysis

172 To study the origin of the air masses sampled during the expedition, 5-day (120-hour) back-
173  trajectories were calculated wusing the NOAA HYSPLIT (Hybrid Single-
174  Particle Lagrangian Integrated Trajectory) model (Draxler et al., 1999). Trajectories were
175  calculated every 6 hours along the cruise track at an arrival height of 100 m. The model used
176  the Global Data Assimilation System (GDAS) meteorological dataset with a 1.0° x 1.0° spatial
177  resolution. Fig. 1 shows the cruise track and the 5-day air mass back-trajectories along the ship

178  track.

179  The back trajectories confirm that the air masses sampled during the cruise were predominantly
180  of marine origin, arriving from the west and southwest under the influence of the prevailing
181  Southern Ocean westerlies. This circulation regime, the so-called “Roaring Forties” and
182  “Furious Fifties”, is characteristic of the Southern Hemisphere mid-latitude. Very few
183  trajectories originate from northerly directions, i.e., from continental or tropical regions,
184  confirming the predominantly pristine marine character of the sampled air. This low terrestrial
185 influence is an essential prerequisite for studying natural marine aerosol-CCN production
186  mechanisms without anthropogenic signals and validates the use of these measurements to

187  investigate biogenic and sea-spray CCN sources in isolation.
188 2.4 Black carbon observations

189  Black carbon (BC) mass concentrations were measured using an aethalometer (AE33, Magee

190  Scientific, USA). The aethalometer uses dual-spot technology to minimise artefacts in BC
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191  measurements over filter substrate using optical methods. The attenuation of light due to
192  aerosol deposition on the filter was measured at seven wavelengths (370, 470, 520, 590, 660,
193 880, and 950 nm) with a temporal resolution of 1 minute. Since BC exhibits maximum
194  absorbance at 880 nm (Drinovec et al., 2015), the attenuation measured at this wavelength was
195  used for the derivation of BC mass concentration. A Mass Absorption Cross-section (MAC)
196  value of 7.77 m? g at 880 nm, recommended for pristine environments and consistent with
197  the manufacturer’s recommendation, was used in this study (Singh et al., 2024). Direct
198  measurements of BC using an Aethalometer over oceanic regions can be affected by high
199 relative humidity, introducing uncertainties due to hygroscopic growth and changes in aerosol
200 optical properties. To minimise these effects, a sample stream dryer (Magee Scientific) was
201  used to maintain RH below 40%, as recommended by the World Meteorological Organisation
202 (WMO) (Wiedensohler et al., 2013). The Aethalometer was calibrated before the expedition.
203 BC mass concentration was considered a key parameter for identifying and filtering
204  contaminated data associated with ship exhaust emissions. The instrument was installed
205  alongside other in situ instruments in an atmospheric laboratory located on the forward side of
206 the ship’s first deck, opposite to the exhaust outlet, and connected to the inlet through a 3 m

207  long static-dissipative flexible sampling tube.
208 2.5 Cloud condensation nuclei measurements

209 CCN concentrations were measured using a dual-column cloud condensation nuclei (CCN)
210  counter (CCN-200, Droplet Measurement Technologies, USA). (Droplet Measurement
211 Technologies, 2017; Roberts & Nenes, 2005). Aerosol particles were activated under
212 predefined supersaturation conditions within the columns, enabling CCN observations. The
213  activated particles were counted at the end of the column using an optical particle counter in
214 20 size-resolved bins from 0.75 to 10 um. The CCN counter was located on the first deck, with
215 a3 minlet length. A Nafion dryer was installed between the inlet tube and the CCN counter to
216  maintain relative humidity (RH) below 40%. One column was set to count CCN at a fixed
217  supersaturation of 0.4%, while the second column cycled between different supersaturation
218  ranges (0.2%, 0.4%, 0.6%, 0.8%, and 1.0%). The column was operated for 10 minutes at 0.2%
219  supersaturation, followed by 5 minutes at each of the remaining supersaturation settings. The
220  complete measurement cycle lasted 30 minutes. Only data points corresponding to periods
221  when the set-point temperatures had stabilised were initially retained. To minimise the
222 influence of unstable operating conditions, the first 3.5 minutes and the last 30 seconds of each

223  supersaturation cycle were excluded from the analysis due to high noise. The inlet was cleaned

8
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224  with particle-free zero air daily to remove any unwanted sea spray residue. Before the
225  campaign, comprehensive pre-deployment checks were conducted to ensure the reliability of
226  CCN measurements. The CCN counter underwent sample and sheath flow calibrations using a
227  Gilibrator volumetric flow meter as the calibrated reference. The calibration coefficients (slope
228  and intercept) for the sample and sheath flows of both columns were updated in the instrument
229  software to correct the measured flow rates, ensuring the prescribed total flow and stable
230  supersaturation conditions throughout the measurements. The calibration coefficients for
231 sample and sheath flow were determined separately for both columns and updated in the
232  instrument software (Column A: sample slope = 57.52, intercept = -129.09; sheath slope = -
233 592.94, intercept = 1345.73; Column B: sample slope = 60.69, intercept = -135.56; sheath slope
234 = -570.04, intercept = 1313.33). The Optical Particle Counter performance was evaluated
235  through a diameter verification test using a monodisperse aerosol generator, allowing
236  assessment of particle sizing accuracy and overall instrument health. In addition, a zero-filter
237  test was performed by installing a High-Efficiency Particulate Air filter at the inlet to confirm
238  near-zero particle counts and ensure no internal contamination or electronic noise. These
239  procedures established a robust baseline for instrument performance prior to the field

240  campaign.

241 To ensure that the CCN data were free of ship-stack contamination, a detailed quality-control
242  procedure was followed. The exhaust plume from the ship can occasionally affect
243  measurements when the wind is from the direction of the ship’s stack. To reduce this
244  contamination, data were analysed only when the wind direction was between 315° and 45°
245  relative to the ship’s bow, as the likelihood of the air mass being influenced by the ship’s stack
246  increases in other directions. Next, periods with low ambient relative wind speeds (< 4 m s™)
247  were excluded because, under such calm conditions, the dispersion of exhaust gases is limited
248  and pollutants can be advected near the sampling inlet by small eddies. Finally, the ship’s
249  steaming speed was also used to filter out stationary measurements, as these periods are highly
250 likely to be contaminated. In addition to these meteorological filters, the data were screened
251  using BC concentrations as an indicator of combustion influence, considering the clean
252 background and the absence of other point sources. An absolute threshold of 600 ng m™ was
253  applied to the raw BC time series values. Exceeding this threshold, events were flagged as ship
254  exhaust contamination events. The interquartile range (IQR) method was applied to the
255 remaining BC data, with values exceeding Q3 + 1.5 x IQR flagged as residual outliers. Lastly,

256  a visual inspection of the time series was performed to identify any remaining anomalous
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257  spikes not captured by the automated criteria. CCN measurements corresponding to all flagged
258  periods across these steps were excluded from further analysis. After applying these filters,
259  only measurements that met all the criteria above were retained. Thus, the CCN concentrations
260 used for further analysis reflect natural aerosol populations rather than ship-related

261 contamination.

262  To examine the dependence of CCN concentration on supersaturation, the measured CCN
263  concentrations at the five supersaturation levels (S = 0.2%, 0.4%, 0.6%, 0.8%, and 1.0%) were
264 fitted using the Twomey power-law relationship. The power-law exponent k& was derived by
265  fitting the CCN concentrations measured at five supersaturation levels to the Twomey power-

266  law equation (Eq. 1) (Twomey, 1959)
267 Ncey = C.SS* (1)

268  where N is the CCN concentration at supersaturation S, C is a scaling constant, and & is the

269  exponent describing the sensitivity of CCN concentration to supersaturation.

270 2.6 Aerodynamic particle sizer measurement

271 Aerosol number concentrations were measured using an Aerodynamic Particle Sizer (APS,
272 3321, TSI, USA). Throughout the observation period, the APS aerosol and sheath flow rates
273  were maintained at 1 and 4 L min™', respectively. The APS was calibrated before the expedition
274  to ensure high measurement accuracy. APS determines the size of aerosol particles based on
275  the time of flight of the particles between two laser beams. Due to their greater inertia, larger
276  particles accelerate more slowly than smaller particles, allowing the instrument to classify
277  particles by aerodynamic size. This instrument provides real-time aerosol number
278  concentration in size bins ranging from 0.5 pm to 20 pm. An intercomparison experiment
279  involving 15 APS instruments of the same model reported an uncertainty of approximately
280  10% in particle sizing accuracy relative to polystyrene latex standard particles (Pfeifer et al.,
281  2016). The instrument was installed alongside other in situ instruments in a laboratory located
282  on the forward section of the ship’s first deck to minimise potential contamination from ship
283  exhaust emissions and was connected through a 3 m long conductive silicone sampling tube
284  with an inner diameter of 1.73 cm. In the present study, aerosol concentration data were
285  collected at a 5 min temporal resolution. Filters similar to those for CCN were applied to the

286  APS measurements.

287 2.7 Exposure calculations

10
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288 To explore the environmental drivers of CCN variability, exposure-based analyses were
289  performed along the computed back trajectories. Daily chlorophyll a data from the Copernicus
290  GlobColour satellite, spatial resolution: 0.042° x 0.042°, = 4.6 km (Mansour et al., 2023) were
291  used as a proxy for phytoplankton biomass and marine biogenic emissions. Satellite-derived
292  chlorophyll a provides gap-free daily global composites through a weighted merging of
293 multiple satellite sensors, including MODIS-Aqua (Moderate Resolution Imaging
294  Spectroradiometer on NASA’s Aqua satellite), VIIRS (Visible Infrared Imaging Radiometer
295  Suite), and OLCI (Ocean and Land Colour Instrument on ESA’s Sentinel-3 satellites). The gap-
296 free nature of this product addresses the temporal sampling uncertainty associated with cloud
297  cover, which is a well-known limitation of single-sensor satellite retrievals over the frequently
298 cloudy Southern Ocean. These were validated using the in situ surface chlorophyll a
299  concentration along the cruise track from 0 m seawater samples using an Agilent 1260 Infinity
300 HPLC system equipped with a C8 column (4.6 x 150 mm, 3.5 pum particle size) and a diode
301  array detector at 450 and 665 nm (Heukelem and Thomas, 2001). Of particular interest is the
302  emission sensitivity near the surface, which can be used as an indicator of sea-air emissions.
303  To measure the surface influence of biogenic emissions, the chlorophyll a value along each
304 trajectory was integrated at each time step over the 5-day period when the air mass remained

305  within the MBL (1000 m).

306  Similarly, the wind speed effect along the trajectory (as it affects the sea-air exchange) was
307  estimated using ERAS reanalysis data at the 10 m level. For each air mass back-trajectory, wind
308  speed values were extracted at the corresponding positions for each time step. These values
309  were then integrated along the trajectory to obtain the total wind speed effect experienced by
310  the air mass. This integrated wind speed indicates the extent to which surface winds may have

311 contributed to aerosol generation along the back trajectory history.
312 2.8 Cloud droplet number concentrations retrieval

313  Cloud droplet number concentrations (Ng) along the cruise track were retrieved using the
314  MODIS/Terra Level 2 cloud products (MODO06_L12), i.e. cloud optical thickness (COT) and
315  cloud effective radius (CER). Shipboard observations were temporally matched with MODIS
316  overpasses using hourly-averaged measurements corresponding to the satellite overpass time.
317  Spatial collocation was performed using a nearest-neighbour approach, retaining only MODIS

318  pixels within 0.1° of the ship’s position to ensure consistency between satellite and in situ

11
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319  observations. Ny was then calculated following the equation (Grosvenor et al., 2018) using

320 MODIS-derived COT and CER:

321 Ny = LB /—f“dX”WXCOT Q)
2mk QextXpwXCERS
322

323  where:

324  where Ny is the cloud droplet number concentration, fuqis the adiabatic fraction (1), ¢, is the
325  water content coefficient (2.3 x 10 kg m™), COT is the MODIS-derived cloud optical
326  thickness, Qex: is the extinction efficiency (2.0), p. is the density of water (1000 kg m™), CER
327  is the MODIS-derived cloud effective radius (m), and £ is the constant dispersion parameter

328 (0.8).

329 It is worth noting that estimating Nq from satellite data may introduce systematic errors due to
330 several assumptions about cloud parameters (Gryspeerdt et al., 2022). The main rationale for
331 using Ng is not to present the absolute value, but rather to show its relationship with CCN

332 counts.
333 3 Results and Discussion
334 3.1 CCN temporal variability

335 CCN concentrations exhibited considerable variability across all supersaturation (S) levels
336 throughout the expedition. Observed values ranged from 9-347 cm™ at S = 0.2%, 13-485 cm™
337  at S=0.4%, 15-486 cm™ at S = 0.6%, 14-499 cm™ at S = 0.8%, and 12-500 cm™ at S = 1.0%.
338  As expected, the upper limit of CCN concentrations increased progressively with higher
339  supersaturation, indicating that a larger fraction of the ambient aerosol population was activated
340  at higher supersaturation levels. These concentrations are consistent with prior ship-based
341  observations in the Southern Ocean. Sanchez et al. (2021) reported CCN concentrations
342  between 100-300 cm™ at S = 30% during the Southern Ocean Clouds, Radiation Aerosol
343  Transport Experimental Study (SOCRATES) campaign south of Australia. Our observations at
344  §=0.2% generally fall within the reported range and are broadly consistent with it. Fossum et
345 al. (2018) found CCN concentrations in the range of 300 to 400 cm™ in the Atlantic sector of
346  the Southern Ocean. Schmale et al. (2019) reported regionally varying CCN concentrations
347  across multiple Southern Ocean sectors at S = 0.2%, with concentrations in the same range as

348  our observations in the ISSO. Humphries et al. (2021) reported a clear latitudinal gradient in

12
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349  CCN across the Southern Ocean at S = 0.2% and 50%, with concentrations increasing from the
350  mid-latitudes toward the southern sector. Our observations at S = 0.2% agree well with their
351  reported values. Similarly, Niu et al. (2024), based on the Measurement of Aerosols, Radiation,
352 and Clouds over the Southern Ocean (MARCUS) campaign observations (50° S-68° S) at S =
353  0.2% and 50%, found strong seasonal and latitudinal variability, with enhanced CCN over the
354  summer in the Southern Ocean (62° S-68° S), which are also consistent with the polar

355  enhancement observed in our dataset.

356  The time series at supersaturations of 0.2%, 0.4%, 0.6%, 0.8%, and 1.0% (Fig. 2) shows a
357  coherent temporal pattern throughout the expedition, with peaks and troughs occurring nearly
358  simultaneously across all five channels, suggesting that the aerosol population responded to
359  the same atmospheric forcing rather than to independent changes in individual size classes.
360  This co-variability indicates control by common drivers such as air mass origin, sources, and
361  wind conditions, with a pronounced episode of elevated concentrations in late February and a
362  sustained low period in mid-March. CCN concentrations are the lowest at S = 0.2%, as only
363  the largest and most hygroscopic particles are activated at this low supersaturation. As
364  supersaturation increases from 0.2% to 1.0%, CCN concentrations increase progressively as
365  higher supersaturation activates progressively smaller, less hygroscopic particles. This
366  behaviour is consistent with the Kohler theory (Kohler, 1936) which describes how aerosols
367 can activate into cloud droplets depending on their size and chemical composition. The
368  concurrent rise and fall across all five S levels suggests that the aerosol populations within the
369  study area during this expedition were relatively uniform and broadly distributed across sizes,
370  rather than concentrated in a narrow size range, consistent with previous studies highlighting
371 coherent CCN activation behaviour (Bougiatioti et al., 2011; Dusek et al., 2006.; Paramonov
372 etal., 2015).

373 3.2 Latitudinal distribution of cloud condensation nuclei and chlorophyll a along the ship

374  track

375  The spatial distribution of daily mean CCN concentrations along the ship track shows a clear
376 latitudinal variability, with relatively higher values observed close to coastal Antarctica (Fig.
377  3a). The highest daily mean CCN concentrations are seen in the sub-Antarctic zone between
378  55°S and 60° (averaging ~300 cm™). Lower concentrations (75-110 cm™) are observed over
379  subtropical latitudes (20° S-30° S) and at some higher polar locations, where continental air

380 masses arrived from the Antarctic continent or from the sea-ice zone with limited oceanic
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381  exposure. However, the highest concentrations were also observed close to the Antarctic coast.
382  The elevated CCN concentrations at higher polar latitudes mirror previous cruises in the

383  Southern Ocean (Humphries et al., 2021; Humphries, et al., 2023; Niu et al., 2024)

384  Satellite-derived chlorophyll a along the ship track also reveals a pronounced latitudinal
385  gradient (Fig. 3b). Oligotrophic subtropical gyre waters (20° S-35° S) are characterised by very
386 low chlorophyll a (<0.05 mg m™), while biologically productive sub-Antarctic waters
387  (approximately 40° S-45° S) and near-Antarctic coastal waters (60-65° S) display elevated
388  chlorophyll a value of 0.2-0.4 mg m™. The close spatial link between surface productivity
389  (chlorophyll a) and CCN suggests that regions with higher biological activity also tend to have
390  more cloud-forming particles, consistent with patterns observed across the Southern Ocean
391  (Mace et al., 2023; McCoy et al., 2015; Twohy et al., 2021). This is because biologically
392  productive frontal zones release volatile compounds and organic matter that act as important

393  precursors for cloud-active aerosols (Saliba et al., 2020).

394 3.3 Latitudinal gradients in cloud condensation nuclei concentration and supersaturation

395 dependence

396  The latitudinal distribution of CCN is discussed in this section. At the lowest supersaturation
397 (S =0.2%), CCN concentrations are lowest in the 20-30° S latitude band (mean: 105 cm™,
398  median:112 cm™) refer Table 2, reflecting the homogeneous, aerosol-sparse character of the
399  oligotrophic subtropical gyre where limited phytoplankton productivity restricts biogenic
400  aerosol precursor supply (Fig. 3d). The mean and median CCN concentrations increase
401 modestly in the polar band (60-70° S) at S = 0.2% (mean: 175 cm; median: 181 cm™). As
402  supersaturation increases from 0.2% to 1.0%, the mean and median CCN concentrations rise
403  systematically across all latitude bands. The polar band shows an increase from 175 cm™ at S
404 = 0.2% to 326 cm™ at S = 1.0% (the median rises from 181 to 323 cm™). The polar band
405  consistently recorded the highest mean and median CCN concentrations across all
406  supersaturation levels. The systematic amplification of CCN with increasing supersaturation
407  implies that the MBL contains a substantial population of small, lower hygroscopic particles
408  that can act as CCN only at higher supersaturations. This is further supported by the power-law
409  exponent k (Fig. 3¢), which shows the lowest values (k = 0.38-0.40) in the Polar band and the
410  highest values (k = 0.59) in the subtropical band (20-30° S), indicating that polar aerosols

411 activate less efficiently at intermediate S, but contribute increasingly at higher S levels.
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412 These particles likely include freshly nucleated biogenic sulphate in early growth stages near
413  the sea-ice edge (Charlson et al., 1987) or iodine oxide clusters in areas where biological
414 activity within sea ice drives iodine emissions directly into the coastal Antarctic atmosphere
415  (Saiz-Lopez et al., 2015), providing the precursor supply for new particle formation events
416  documented in polar and coastal Antarctic regions (Jokinen et al., 2018; Sipila et al., 2016).
417  Algae additionally produce organic compounds that can contribute to primary and secondary
418  marine aerosol, with hygroscopicity distinct from open-ocean sulphate (Lizotte, 2001), further
419  enriching the polar boundary layer with particles that reveal their full CCN potential only under

420  the highest supersaturation levels.

421 Fig. 3c also reflects the day-to-day variability in aerosol loading within each latitude band. At
422 §=0.2%, the standard deviation (SD) was relatively small, ranging from 48 cm™ in the 30-40°
423 S band to 73 cm™ in the 40-50° S band, indicating stable and consistent conditions. At S =
424 1.0%, however, the SD increased substantially to 118 cm™ in the 50-60° S band and 115 cm™
425  in the 40-50° S band, reflecting the episodic nature of the tiny particles that activate only at
426  high supersaturation. This suggests that particles most likely form new particle formation
427  events, which occur only when atmospheric conditions are favourable, i.e. sufficient precursor

428  gases, adequate OHe to oxidise them, and a low condensation sink.

429 3.4 Wind speed and cloud condensation nuclei

430 To assess the role of wind-driven sea-spray production as a CCN source, we checked the
431  correlation between CCN concentrations and wind speed integrated along the HY SPLIT back-
432  trajectories at three lookback periods: 24, 48, and 120 hours (Fig. 4). At the shortest lookback
433  time of 24 hours (Fig. 4a), the correlations were weak, with Pearson's » values ranging from -
434 0.05 to +0.05 across all S levels, and none were statistically significant (p > 0.05). This shows
435  that the wind speed experienced by the air mass over the last 24 hours did not heavily influence
436  the CCN concentrations. As the trajectory lookback extended to 48 hours (Fig. 4b), a
437  statistically significant negative correlation appeared at S = 1.0% (» = -0.26, p = 0.006), with
438  weaker non-significant trends at other S levels. By 120 hours (Fig. 4c¢), a negative correlation
439 is observed across all S levels and is significant at 95% or better, consistent with the
440  anticorrelation between wind speed and CCN reported in the Southern Ocean by Vallina et al.
441 (2006). This paradoxical observation, in which faster transport delivers fewer CCN, has been
442  theoretically described by Fossum et al. (2018) and Korhonen et al. (2008). They suggest that

443  higher wind speeds lead to less exposure of the air mass to surface emissions of CCN
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444  precursors, such as DMS, and hence to lower CCN concentrations. The fact that the effect is
445  strongest at S = 1.0%, the channel most sensitive to small, freshly formed particles, provides
446  further support to the idea that fast air masses not only accumulate fewer volatile compounds
447  emitted by the ocean but also allow less time for new particles to grow from the nucleation
448  mode into CCN-active accumulation mode sizes. The weak correlation with wind speed, paired
449  with the relationship observed with chlorophyll a, indicates that biological and chemical
450  processes likely played a more dominant role in CCN production than mechanical wind
451  generation during this cruise, aligning with past reports (Sanchez et al., 2018; Tatzelt et al.,

452 2022).

453  The in-situ wind speed measured on the ship, however, shows a positive correlation (significant
454  at 95%) with S between 0.2% and 0.4%, whereas correlations are not significant at higher S
455  values (Fig. 5a). This positive correlation at lower S suggests the immediate, local production
456  of sea-spray aerosols, with stronger winds generating larger and more frequent breaking waves
457  that eject more sea-salt droplets into the MBL (Fossum et al. 2018). Sea salt particles are large
458  and highly hygroscopic, activating preferentially at low supersaturation. The fact that the
459  correlation fades at higher S levels indicates that local sea spray predominantly contributes to
460 the large particles that are readily activated, whereas the high-S channels remain dominated by
461  biogenic submicron aerosols that are less sensitive to local winds. The simultaneous negative
462  correlation with trajectory-based wind speed and positive correlation with local wind speed are
463 not contradictory, as they reflect two distinct aerosol production mechanisms operating at
464  different timescales. Local wind governs sea spray (timescale: seconds to minutes), while
465  trajectory wind governs biogenic emissions (timescale: 1-4 days). Together, the two sources

466  explain the observed CCN spectrum.

467  Quinn et al. (2017) stated that sea spray generally contributes less than 30% to the total CCN
468  population outside of high southern latitudes. High-wind events can exponentially boost
469  primary sea salt emissions, directly injecting larger accumulation-mode particles into the
470  atmosphere (McFarquhar et al., 2021; Tatzelt et al., 2022). This effect is particularly
471  pronounced near the sea-ice zone and coastal Antarctica, where strong winds trigger blowing
472 snow or open local polynyas, mechanically generating highly active sea-salt CCN (Tatzelt et

473 al, 2022).

474  The wind-speed analysis showed that local winds contribute to CCN formation through sea-

475  spray production. To further investigate this, CCN concentrations were compared with
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476  simultaneous APS measurements, which capture coarse-mode particles (0.5-20 um) dominated
477 by sea-salt aerosol. Fig. 6 shows that the correlation between APS measurements and CCN was
478  weakly positive but significant across all S levels, »=0.16 (p <0.01) at S=0.2% and r=0.17
479  (p<0.01) at S = 1.0%. A slightly stronger, but still modest positive correlation, was observed
480 atS=0.6% (r=0.28; p<0.01) and §=0.8% (r=0.23; p <0.01). APS gives an estimate of the
481  abundance of coarse-mode particles relative to the observed CCN population. To quantify this
482  relationship, the ratio of APS total particle concentration to CCN concentration was calculated
483  for each supersaturation level. The median APS/CCN concentration ratio decreased from
484  3.83%at S=0.2% to 1.58% at S = 1.0%, with corresponding mean ratios ranging from 6.62%
485  to 2.63%. These low ratios indicate that the measured coarse-mode particle concentration
486  constituted only a small proportion of the observed CCN concentration. However, because the
487  APS does not distinguish between CCN-active and CCN-inactive particles and does not
488  measure particles smaller than 0.5 pum, these ratios should not be interpreted as the actual
489  fraction of CCN originating from coarse-mode particles. Instead, they provide an upper-bound
490 indication of the relative abundance of coarse-mode particles compared with the total CCN
491  population. The large gap between consistently low APS counts and highly variable CCN
492  concentrations across all S levels shows that the dominant CCN population resides in the
493  submicron size range, below the APS detection limit, and is most likely of secondary marine
494  aerosol origin, consistent with biogenic emissions, for example, through volatile sulphur

495  compound oxidation, as discussed above.
496 3.5 Biological signal in cloud condensation nuclei

497  Before exploring how ocean biology influences CCN, it is important to verify that the satellite
498  chlorophyll a product used in this analysis accurately reflects the biological conditions
499  encountered during the expedition. Fig. 5b shows the correlation between daily satellite-
500 derived chlorophyll a and in situ chlorophyll a measurements collected along the ship track. A
501  significant positive correlation was found (» = 0.60; p = 0.02), indicating that the satellite
502  product broadly captures phytoplankton biomass patterns along the transect, despite the well-
503  known challenges of satellite retrieval in the high-latitude, frequently cloudy Southern Ocean.
504  We use chlorophyll a exposure analysis to assess direct evidence for links between ocean
505  biological productivity and CCN concentrations. Satellite-derived chlorophyll a encountered
506 by each air mass along its trajectory was summed over 24, 48, and 120 hours, and the
507  chlorophyll a exposure correlations against measured CCN concentrations at all five

508  supersaturation levels were studied (Fig. 7). At 24-hours (Fig. 7a), positive correlations were
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509 found across all S levels, with the strongest signal at S = 0.2% (» = 0.45; p < 0.01), followed
510 by S=0.4% (r=0.37; p<0.01),5=0.6% (r=0.29; p <0.01), S=1.0% (» =+0.29; p <0.01),
511  and $=0.8% (r = 0.25; p <0.01). For the 48-hour (Fig. 7b) back trajectories, the correlations
512  remained similarly significant, with § = 0.2% (» = 0.40; p < 0.01) and S = 0.4% at (r = 0.39; p
513  <0.01), indicating that air masses passing over biologically productive waters in the preceding
514  24-48 hours could carry more biogenic aerosol precursors, resulting in higher CCN
515  concentrations. The elevated CCN concentrations in this region are likely driven by high
516  biological productivity, which aligns with observations by Humphries et al. (2016), who noted

517  increased secondary aerosol formation associated with biological activity.

518  To further investigate which latitude bands show the largest chlorophyll a exposure-CCN
519  relationship, latitude-resolved correlation heatmaps were computed for each exposure time and
520  supersaturation level (Fig. 8). For the 24-hour trajectories (Fig. 8a), the 30-40° S band showed
521  the strongest positive correlations across all S levels, with the highest correlation observed at S
522  =0.4%. Significant positive values persisted across all five supersaturation levels. The 40-50°
523 S band also showed a positive contribution for the 24-hour back trajectories, particularly at
524  higher S levels (S = 1.0%), suggesting that in this band the biological signal is clearer in the
525  smaller particle population. For the 48-hour trajectories (Fig 8b), both the 30-40° S and 40-50°
526 S bands showed consistent positive correlations, while the 50-60° S band showed a stronger
527  correlation at S = 0.2%, indicating limited biological contribution restricted to the larger
528  hygroscopic particle population. Overall, the relationship was strongest at lower and mid-
529 latitudes (30-50° S), coinciding with the subtropical and subantarctic fronts. Emerging as the
530  primary zone where ocean biological productivity drives CCN concentrations, consistent with
531  the high phytoplankton productivity characteristic of these frontal regions. Past observations
532  of CCN precursors also show this effect (Andreae et al., 1995; Ayers and Gras, 1991; Hegg et
533 al., 1991; Korhonen et al., 2008; Lana et al., 2012; Sanchez et al., 2018). While data from the
534  polar band (Fig. 7c) showed greater scatter, likely reflecting additional CCN sources such as
535  sea-ice biological emissions, iodine-driven new particle formation (Atkinson et al., 2012;
536  Inamdar et al., 2020; Mahajan et al., 2021; Roscoe et al., 2015), or continental air masses from
537  the Antarctic, not captured by the chlorophyll a metric. In the case of the 120-hour back
538 trajectories, the correlations weakened substantially across all S levels and are mostly not
539  significant at 95%, suggesting that the biological imprint on CCN becomes less distinct over
540  longer transport timescales due to mixing, wet deposition, and chemical transformation of the

541  original precursor signal (Korhonen et al., 2008).
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542  The dependence of the chlorophyll a-CCN relationship on supersaturation provides further
543  physical insight. For the 24- and 48-hour trajectories, the positive relationship was stronger at
544  lower supersaturations (S = 0.2% and 0.4%), indicating that biologically sourced particles
545  preferentially contribute to the larger, more hygroscopic accumulation-mode CCN population
546  that activates at low S. At higher supersaturations (S = 0.8% and 1.0%), the correlations
547  weakened somewhat, consistent with a larger, more diverse fraction of particles activating at
548  high S, which dilutes the specific biological signal. It also suggests that local emissions of CCN
549  precursors do not contribute heavily to the CCN signal, suggesting that atmospheric
550 transformation over 24-48 hours are needed for the precursors to grow into CCN. At 120-hour
551  exposure, the relationship was weak across all supersaturations, confirming that the influence
552  of biological productivity becomes indistinct beyond approximately five days of atmospheric
553  transport. These findings are consistent with Vallina et al. (2006), who, using satellite data,
554  demonstrated that chlorophyll a is the dominant control on CCN variability in the Southern
555  Ocean via the DMS oxidation pathway. While their analysis operated at seasonal timescales,
556  our trajectory-based chlorophyll a exposure metric resolves this biological imprint at a 24 to
557  120-hour scale. The observed relationship between CCN and biogenic emission precursors
558 indicates an important contribution of biogenic emissions to CCN production (Twohy et al.

559 (2021).

560 3.6 Relationship between cloud droplet number concentration and cloud condensation

561 nuclei

562  Analysis showed that the 30-50° S band exhibits the strongest link and the most consistent
563  positive chlorophyll a-CCN relationship. To determine whether this biological influence on
564 CCN translates into a measurable change in cloud droplets, CCN concentrations were
565  correlated with cloud droplet number concentrations (Ny) across the transect at all five
566  supersaturation levels. In the 30-50° S band, CCN and Ny are positively and significantly
567  correlated at S =0.2% (» = 0.56, p < 0.05), at S = 0.4% (r =0.61, p <0.05), at S=0.6% (r =
568  0.57,p <0.05), and at S = 0.8% (= 0.53, p <0.05). The correlation was not significant at S =
569  1.0%. This pattern aligns with how Nd is generally known to respond to CCN, i.e., more CCN
570 leads to more droplets, only when droplet number is limited by the number of available
571  particles, not when it is limited by updraft strength or supersaturation in the cloud (Rosenfeld
572 et al., 2014). Notably, the 30-50° S band showed both the strongest chlorophyll a-CCN
573  relationship and a clear increase in cloud droplet number concentrations with CCN, consistent

574  with the classic Twomey response (Twomey, 1977). A similar relationship was observed during
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575  the Indian Ocean Experiment (INDOEX), where Hudson and Yum (2002) found a linear

576  relationship between cloud droplet and CCN concentrations.

577  Outside this latitudinal band, the correlation between CCN and Ng is weak and not significant
578  at any S level. The lack of a significant CCN-Njy relation suggests that there is another variable
579  overriding the expected signal and that Ny is not controlled by CCN alone (Kang et al., 2022;
580 Mace et al., 2021; McFarquhar et al., 2021; Mcfarquhar et al., 2022.; Muhlbauer et al., 2010;
581  Smith et al., 2025; Zheng et al., 2024). Indeed, past Southern Ocean campaigns such as
582 MARCUS and CAPRICORN have shown that mixed-phase clouds, common at higher
583 latitudes, are strongly affected by ice processes and precipitation, which can control droplet
584  number regardless of CCN (McFarquhar et al., 2021). Cloud droplet numbers have also been
585  shown to decrease as air masses travel over the ocean due to the washing out of droplets (Wood
586  etal., 2012), which can break the link between collocated observations of CCN and Ny. In the
587  subtropical band, aerosol levels are already high (as seen in the APS measurements), so adding

588  more CCN makes little difference to droplet number.
589 4 Conclusions

590  The Indian sector of the Southern Ocean is undersampled, limiting understanding of aerosol-
591  cloud interactions. The CCN measurements collected from 20°S to 68°S during the austral late
592  summer of February-March 2025 provide a valuable dataset and reveal clear meridional
593  contrasts in CCN sources and behaviour. CCN concentrations showed a systematic poleward
594  increase across all five supersaturation levels, with the lowest values in the oligotrophic
595  subtropical band and the highest in the polar band, reflecting fundamental differences in aerosol

596  sources, composition, and processing across the latitudinal transect.

597  The comparison between CCN and coarse-mode aerosol measurements confirmed that wind-
598  driven sea spray is not the dominant source of CCN number concentration in this region, with
599  the dominant CCN population residing in the sub-micron accumulation mode. CCN variability
600  was jointly shaped by ocean biological productivity, air mass transport history, and local wind-
601  driven sea-spray production. Trajectory-integrated wind speed showed a negative relationship
602  with CCN at longer times, consistent with faster air mass transport reducing ocean surface
603  residence time and limiting biogenic aerosol precursor accumulation, while local wind speed
604 showed a positive contribution at low supersaturation through sea-spray production,
605  demonstrating that these two wind signals operate through completely different mechanisms at

606  completely different timescales.
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607  Among all drivers examined, ocean biological productivity showed the most consistent positive
608  relationship with CCN in the 30-50° S latitude band, coinciding with the subtropical and
609  subantarctic fronts, where trajectory-integrated chl a exposure at 24 to 48 hours was
610  significantly correlated with CCN across all supersaturation levels. Outside this latitudinal
611  band, the biological signal was weaker or not statistically significant. The polar band
612  consistently showed the highest mean and median CCN concentrations across all five
613  supersaturation levels, suggesting a persistent aerosol source near the sea-ice edge that operates
614  continuously rather than episodically. The lower power-law exponent k in the polar band
615  further supports the presence of freshly formed particles characteristic of the high-latitude
616  Southern Ocean boundary layer. These findings highlight the need for direct in situ
617  measurements of CCN sources, paired with collocated CCN observations, to quantify the
618  biogenic aerosol pathway in the Indian Sector. Aerosol chemical composition measurements
619  would further allow explicit identification of the sulfate, methanesulfonate, and organic
620  contributions to CCN across supersaturation levels, directly addressing the uncertainty in
621  aerosol source attribution that remains in this study. The dataset presented here establishes an
622  essential observational baseline for the ISSO, provides a foundation for future process-level
623  studies, and contributes to the sparse in situ aerosol record needed to evaluate and improve the

624  representation of marine boundary layer CCN in climate models.
625

626  Data availability: All the observations have been uploaded to the Mendeley repository and
627 can be accessed through: Mahajan, Anoop (2026), “Data for Exploring drivers of Cloud
628  Condensation Nuclei in the Indian Sector of the Southern Ocean”, Mendeley Data, V1, doi:
629  10.17632/tydb7gwv53.1
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Table 1: Different datasets used in this study, including in situ observations, reanalysis data

and satellite observations.

Datase Type Source/Instrument Resolution Parameter  Unit
t
CCN In-situ Cloud Condensation Along the CCN cm’
Observation Nuclei ~ Counter (DMT- ship track; 1 s number
100) concentratio
n
Wind Reanalysis ~ ERAS5 (ECMWF) Daily; 0.25°< 10 m wind ms!
Speed 0.25° speed
Wind In-situ Automated Weather Along  the Wind Speed ms™!
Speed Observation ~ Station (AWS) ship track; 1 s
Chlorop Satellite Copernicus Glob Colour  Daily; Chlorophyll mg m
hyll-a  Remote 0.042°x a 3
Exposur Sensing 0.042° concentratio
e n
APS In-situ Aerodynamical  Particle Along  the Total cm
Observation  Sizer ship track; 5 number
min concentratio
n
HYSPL Lagrangian NOAA HYSPLIT with 6-hourly; Air  parcel -
IT Model ERAS inputs 0.25°x 0.25°  trajectories,
Trajecto altitudes
ries

Table 2: Statistical summary of cloud condensation nuclei (CCN) concentrations (cm™)

measured at supersaturation levels (S) of 0.2%, 0.4%, 0.6%, 0.8%, and 1.0% across five
latitude bands (20-30° S to 60-70° S) over the Indian Sector of the Southern Ocean.

Statistics include the minimum, 10th percentile, 25th percentile, mean, standard deviation
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1048 (SD), median, 75th percentile, 90th percentile, maximum, and the number of data points
1049 (n), all in units of cm™, for each latitude band.
Percentiles
S Latitude Mean Median SD Min Max 10" 25" 75" 90 pn
(%) (S
CCN 20-30 105 112 53 25 203 37 52 148 177 228
02  30-40 124 134 48 39 228 56 80 164 183 541
40-50 153 163 73 9 347 48 101 192 248 664
50-60 129 126 63 11 331 46 77 176 215 574
60-70 175 181 49 35 332 99 154 208 229 668
CCN 20-30 130 132 63 35 294 48 73 173 216 116
0.4  30-40 156 155 56 57 276 81 107 204 229 297
40-50 178 184 84 13 382 57 115 236 285 388
50-60 165 154 8 16 485 68 103 206 289 305
60-70 239 255 59 80 397 144 205 279 301 323
CCN 20-30 183 188 78 42 342 72 120 240 295 138
0.6 30-40 204 206 70 52 373 119 144 252 294 390
40-50 216 222 94 15 481 82 150 279 334 456
50-60 216 191 108 20 486 82 142 287 378 438
60-70 283 286 72 96 456 184 234 329 370 404
CCN 20-30 216 221 93 47 470 88 139 276 331 115
0.8  30-40 243 242 78 102 445 149 179 292 344 337
40-50 244 253 104 14 470 86 167 319 380 413
50-60 246 227 113 26 499 108 169 330 413 302
60-70 310 311 72 137 499 214 263 359 390 306
CCN 20-30 276 294 89 85 444 128 234 340 381 80
1.0 30-40 289 297 82 120 497 179 223 341 385 287
40-50 275 286 115 12 498 104 200 357 424 423
50-60 253 237 118 32 500 99 168 342 433 381
60-70 326 323 74 125 499 230 274 380 421 292
1050
1051
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(a) HYSPLIT back trajectories colored by forecast hour
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1066

1067 Figure 1: (a) Five-day HYSPLIT back trajectories computed at 6-hour intervals for air
1068 masses arriving along the cruise track of the 12th Indian Scientific Expedition to the
1069 Southern Ocean (ISESO-12). Trajectories are coloured by forecast hour, and the cruise
1070 track and sampling location are indicated. (b) Chlorophyll a distribution over the Southern
1071 Ocean is used to characterise the biological productivity encountered by the air masses.
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Figure 2: Time series of raw CCN observations (black) and filtered CCN concentrations
at § = 0.2% (red) during the expedition. The lower panels show the filtered CCN
concentrations at individual supersaturation levels (S = 0.2%, 0.4%, 0.6%, 0.8%, and

1.0%).
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Figure 3. Spatial and latitudinal variability of CCN concentrations, chlorophyll a, and the
CCN power-law exponent during the 12th Indian Scientific Expedition to the Southern
Ocean (ISESO-12). (a) Daily average CCN concentration along the ship track. (b) Spatial
distribution of chlorophyll a along the ship track. (c) Latitudinal variation of the CCN
power-law exponent (k), which characterises the dependence of CCN concentration on
supersaturation. (d) Distribution of CCN concentrations at five supersaturation levels (S
= 0.2%, 0.4%, 0.6%, 0.8%, and 1.0%) across latitude bands (20-30°S to 60-70°S),

illustrating the latitudinal variability in CCN concentration.
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(a) Correlation plots of 24 h Wind Speed vs CCN concentration
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(b) Correlation plots of 48 h Wind Speed vs CCN concentration
All'S $0.2% $0.4%
500 —— r=-0.13, p=0.133 500 — r=-0.08, p=0.406 500 — r=-0.06,p=0.539 ,
400
o e
300 e
o
o 200] —a2 * 50‘:. O
£ Coe  AY § o #°
=] 100 £ 8" eo0s g
c s 02 ®°F
=] 0 i ®
B 200 400 600
5
§ S 0.6% 50.8% 51.0%
§ 500 —— r=-0.13, p=0.168 500{ — r=-0.10, p=0.276 o
5 >
3 400 . °%, 400 C e %o,
o . ose o o0 8% S o
300 %0 T g ° 300| o andembe,
5 C I Wﬁd—,
200 ®o A 2001 & 0% o o
oo & ° 4 ° B G s g °
I 9 ° e, i %08 %o
100- s 8 0 oseg 100 o %
o 0 4% oo .
o
0 = 0 2
200 400 600 200 200 600
48 h Wind Speed (m s~1)
(c) Correlation plots of 120 h Wind Speed vs CCN concentration
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Figure 4: Correlation between CCN concentration and wind speed along back trajectories

for (a) 24 h, (b) 48 h, and (c) 120 h exposure periods. Each panel presents results for all

supersaturation levels combined and for individual supersaturation levels (S = 0.2%,

0.4%, 0.6%, 0.8%, and 1.0%). Scatter points are coloured by arrival latitude, and the red

line represents the linear regression fit. The consistently weak or negative correlations

41



https://doi.org/10.5194/egusphere-2026-3546
Preprint. Discussion started: 7 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

1093 across all supersaturation levels and exposure periods indicate that integrated wind speed

1094 has limited influence on CCN concentrations.
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(a) Correlation between wind speed and CCN concentration
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1097 Figure S: (a) Correlation of daily mean in-situ wind speed vs CCN concentration at all S
1098 levels. Significant positive correlations were seen at S =0.2% (r = 0.39, p = 0.01) and in
1099 the overall mean (»r=0.15, p = 0.04), reflecting local sea-spray production. (b) Correlation
1100 between daily mean satellite-derived chlorophyll a and in situ measured chlorophyll a
1101 concentration along the ship track. Points are coloured by latitude. The red line shows the
1102 linear regression fit.
1103
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1123 Figure 6: Scatter plots showing the relationship between APS total particle concentration
1124 and CCN concentration at supersaturation levels of (a) 0.2%, (b) 0.4%, (c) 0.6%, (d) 0.8%,
1125 and (e) 1.0%. Points are coloured according to latitude, and the corresponding Pearson's
1126 correlation coefficient (r) and significance level (p) are shown in each panel. Significant
1127 positive correlations (p < 0.001) were observed at all supeFrsaturation levels.
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(a) Correlation plots of 24 h chlorophyll 8 exposure vs CCN concentration
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Figure 7: Scatter plots showing the relationship between CCN concentration and

integrated chlorophyll a exposure along (a) 24 h, (b) 48 h, and (c) 120 h back trajectories

for all supersaturation levels. Pearson's correlation coefficient () and corresponding p-

value are shown in each panel. Positive correlations are strongest for the 24 h and 48 h

exposure periods, particularly at lower supersaturation levels, whereas the correlations

weaken substantially for the 120-h exposure period, indicating a stronger association
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1136 between recent exposure to biologically productive oceanic regions and CCN
1137 concentrations. Marker colours indicate the air-mass arrival latitude.

1138

1139
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1140
1141 Figure 8: Heatmaps of Pearson's correlation coefficients (r) between chlorophyll a
1142 exposure and CCN concentrations across latitude bands and supersaturation levels for (a)
1143 24 h and (b) 48 h exposure periods. Asterisks (¥) indicate statistically significant
1144 correlations (p < 0.05). Positive correlation coefficients indicate that air masses passing
1145 over biologically productive waters were associated with higher CCN concentrations.
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