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Abstract. Particles of marine origin may act as ice nuclei when clouds form and therefore influence cloud properties and
lifetime. Here we investigate the abundance of Ice Nuclei Particles in bulk seawater (INPsw) collected in natural seawater of
the Western Tropical South Pacific and in sea spray aerosol (INPssa) artificially generated from the surface seawater. The
study area was separated into two oligotrophic zones (the Melanesian Basin and the Western South Pacific Gyre), and a
mesotrophic one (the Lau basin), characterized by high plankton biomass due iron fertilization by underwater hydrothermal
activity of the Tonga volcanic arc. Our results show that INPsw were on average 80% heat labile, strongly suggesting a
biological origin. INPsw concentrations were two-fold higher in the Lau basin as compared to both oligotrophic areas at all
freezing temperatures. This trend is consistent with a higher abundance of planktonic microorganisms, pigments and particulate
organic carbon (POC) concentrations in the Lau basin. Over the whole cruise transect, medium to strong correlations were
found between INPsw concentrations and pigments (notably with bacteriochlorophyll-a and carotene), bacterial abundance and
POC. The heat stable fraction of INPsw exhibited correlations with Dissolved Organic Carbon (DOC) concentrations and were
not as variable as the heat labile INPsw. In the nascent sea spray, INPssa were also mostly heat labile in coherence with the
INPsw. INPssa were predominantly (60 %), submicron in size (presumed originating from film drops), but the supermicron
INPssa constituted 40% of the INPssa and were all heat labile (presumably originating from jet drops). Supermicron INPssa
were between 60 to 80% heat stable with a high variability between samples, indicating different nature of the two fractions
of INPs. Supermicron INPssa were generally more abundant in the Lau basin, while submicron INPssa did not exhibit any
significant difference between the three regions. We report a transfer function of seawater INPs to SSA INPs of 1.70 m2 Lgw
and 3.3 m2 Lgw for heat stable INPs, hinting that heat stable INPs were more efficiently transferred to the SSA. Our results

suggest that hydrothermal activity indirectly enhances the INP concentration of surface waters, through boosting the biological
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activity, which results in increases of the ice forming ability of supermicron sea spray particle. Given the extent of hydrothermal
activity throughout the global Ocean, its impact on cloud properties should be considered in future ocean-atmosphere

interaction studies.

1 Introduction

Marine aerosols, or sea spray aerosols (SSA) are generated from breaking waves as bubbles bursting at the sea-air interface.
As they rise up the water column, bubbles scavenge organic matter on their surface, which is the main mechanism for the
enrichment of the surface micro-layer (SML), with biologically originating organic material (Cunliffe et al., 2013). Once
bubbles burst, the organic material is ejected resulting in submicrometer film-drops that may be enriched in biological material
compared to larger jet drops, more representative of bulk seawater (Aller et al., 2005; Russell et al., 2010; Schmitt-Kopplin et
al., 2012). Film and jet drops residues, i.e. SSA, can be uplifted in the atmosphere (Cochran et al., 2017), where they act as
cloud condensation nuclei (CCNs) and/or Ice Nuclei Particles (INPs). These particles of marine origin have thus an impact on
clouds microphysical properties, phase (liquid, mixed or ice), optical and dynamical properties, and ultimately on its

precipitation and therefore on cloud lifetime (Brooks and Thornton, 2018).

Previous observations have shown that the ice nucleating ability of marine particles is lower than those of terrestrial particles
(DeMott et al., 2016; Porter et al., 2022; Wilbourn et al., 2024). However, due to their predominance as oceans cover more
than 70% of the Earth, marine aerosols with ice nucleating (IN) properties are of primary importance. SSA can contain biogenic
material that may be active at warmer temperatures (Burrows et al., 2013; Vergara-Temprado et al., 2017; Wilson et al., 2015;
Gong et al., 2020; Kawana et al., 2024) and therefore initiate precipitation earlier in the cloud life cycle (Lin et al., 2022),

especially at mixed-phase clouds temperatures (> —20 °C, Raatikainen et al., 2021).

An increasing number of studies have recently attempted to link ocean biogeochemistry with the IN properties of marine
aerosols through ship-based (e.g. McCluskey et al., 2018c; Trueblood et al., 2021; Kawana et al., 2024), ground-based (e.g.
McCluskey et al., 2018a; Porter et al., 2022; Willbourn et al., 2024) or aircraft (e.g. Knopf et al., 2022; Moore et al., 2024)
measurements. Several studies have linked the IN activity of SSA or seawater samples with phytoplankton abundances, such
as the cyanobacterium Prochlorococcus (Wolf et al., 2019), the diatom Thalassiosira Pseudonana (Knopfet al., 2011a; Wilson
et al., 2015) or other biological indicators (Hill et al., 2023) such as chlorophyll-a (Kawana et al., 2024). McCluskey et al.
(2018c) linked an increase in INP concentrations with plankton blooms in both open ocean and coastal sites, and heat labile
material, indicative of biological components (Murray et al., 2012), was found to be the dominant type of INP in the Arctic

SML (Irish et al., 2017). Several studies linked both dissolved and particulate organic matter in seawater and in the nascent
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SSA to its INP concentration (Trueblood et al., 2021; Knopf et al., 2022; Knopf et al., 2023). Although there seems to be a
clear impact of ocean biology on the variability of INPs in seawater and SSA, the nature of IN-active material and the drivers
of IN properties of sea spray remains an open question, and very little is known about the drivers of IN properties of sea spray
with only a few studies focused on the Mediterranean sea (Trueblood et al., 2021) and in the Southern Ocean (e.g. McCluskey
et al., 2018a; Miyakawa et al., 2023; Moore et al., 2024. Even less is known on the ice nucleating properties of particles
originating from hydrothermal activity. IN properties of acrosols and materials issued from volcanic processes have indeed
been solely investigated in the atmosphere. Atmospheric volcanic ash has long been suggested to influence heterogeneous ice
nucleation (Isono et al., 1959; Hobbs et al., 1971; Durant et al., 2008; Fornea et al., 2009; Seifert et al., 2011) and Genareau et
al. (2018) showed that volcanic ash is a better ice nuclei when it has a high surface area, small average grain size, high K>O
content, and low MnO content. IN properties of seawater at the vicinity of hydrothermal sources are, to the best of our

knowledge, completely unexplored.

In this study, we investigated the IN properties of the bulk seawater and the SSA in the framework of the TONGA project
(shallow hydroThermal sOurces of trace elemenNts: potential impacts on biological productivity and bioloGicAl carbon pump,

https://doi.org/10.17600/18000884). This project aimed at investigating the role of shallow hydrothermal activity on ocean

productivity and carbon sequestration to the deep ocean. It provided a unique opportunity to study the link between surface
ocean processes and the ocean-atmosphere link in the Western Tropical South Pacific (WTSP). The WTSP is characterized by
contrasted ocean provinces, with oligotrophic (i.e. nutrient poor) waters in the east, separated by an area of high biological
activity caused by iron fertilization from hydrothermal activity and subsequent diazotrophic plankton blooms near the Tonga-
Kermadec volcanic arc (Bonnet et al., 2018; Moutin et al., 2018; Bonnet et al., 2023). Here we explore how the IN properties
of seawater evolve under different exposure to the presence of hydrothermal sources, and when naturally mixed with particles
of volcanic origin at the seafloor. We also investigate the impact of submarine volcanic activity and hydrothermal sources on

INP concentrations of surface seawater and SSA artificially generated from this surface seawater.

2 Methods

2.1 Ship campaign and experimental procedures

The TONGA project (shallow hydroThermal sOurces of trace elemenNts: potential impacts on biological productivity and
bioloGicAl carbon pump), is an interdisciplinary research project examining the role of micronutrients from hydrothermal
sources on ocean productivity, carbon sequestration and impact on the atmosphere. The TONGA cruise campaign
(https://doi.org/10.17600/18000884) took place on board the French R/V L Atalante in the region of the Tonga volcanic arc in
the WTSP. The ship departed from New Caledonia (22° 21°S, 166°59°E) on 1 November 2019, and performed two transects
West-East-West with the most eastern point (20°19’S, 166°33°W) on 19 November 2019 (Fig 1). The transects cross a section

of the Tonga-Kermadec volcanic arc, that stretches for 3000 km, from south of the American Samoa to New Zealand’s

3



95

100

105

110

https://doi.org/10.5194/egusphere-2025-3580
Preprint. Discussion started: 8 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Northern Island. The transects can be separated into three main seawater types (Bonnet et al., 2018; Moutin et al., 2018; Bonnet
etal., 2023). The oligotrophic Melanesian waters (MEL), east of the 180°E; the mesotrophic, relatively nutrient-rich, Lau Basin
waters (LAU, 180°E-175°E) which are influenced by hydrothermal sources issued from volcanism; and the ultra-oligotrophic

South Pacific Gyre waters (WGY, east of the 175°E longitude).

Measurements were performed both on the surface seawater (SSW) and on the generated SSA. SSA was generated using the
same technique as described in Sellegri et al. (2005), Schwier et al. (2015) and Trueblood et al. (2021). Briefly, the underway
seawater (UWAY, depth ~5 m) is continuously injected in a 10 L tank through 1 mm jets, creating bubbles in the halfway
filled seawater part of the tank, in a similar way than the breaking wave process. Sea spray generated via bubble bursting is
emitted into the headspace of the tank which is flushed with particle filtered air. The tank’s headspace, filled with nascent sea
spray particles, is continuously sampled for analysis of the sea spray size distribution, chemical composition and INP and CCN
properties. Bulk SSW was collected from the UWAY with a time resolution of 4 hours during daytime, using 50 mL Falcon
tubes that were immediately stored at -20 °C for later analysis at the laboratory. Several seawater samples were also collected
with CTDs (Conductivity, Temperature, Depth probes) at 12 different depths, from 4.5 m to 400.9 m at fixed stations along
the transect (Fig. 1). Two of the stations were in the vicinity of the Simone and Panamax submarine volcanoes, where longer
measurements could be performed. As INP concentrations were only sampled from surface seawater, we only use here the
results from samples taken at 4.5 m depth. CTD samples were then used to determine pigments, POC concentrations and

diazotrophs and other cyanobacteria abundances as detailed in section 2.2.
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Figure 1 — Track of the TONGA cruise from 01/11/2019 to 01/12/2019 and surface chlorophyl-a with the location of the fixed
sampling stations S1 through S12, including the Simone (Station 10) and Panamax (Station 05) submarine volcanoes. Stations S1
and S2 are in the MEL. Figure adapted from the TONGA mission report (https://doi.org/10.17600/18000884).

2.2 Seawater analytical procedures

The data obtained from the methods described in this section are available in the TONGA cruise biogeochemical dataset (Guieu

et al., 2022).

Seawater  properties  (salinity, temperature) were measured continuously using a  Thermo-salinograph
(https://campagnes.flotteoceanographique.fr/campagnes/18000884/). Seawater surface tension was measured on samples
taken from the ship’s underway system using a dynotester instrument with a time resolution of 5 to 12 hours. Once the samples
were taken, they were stored for a few hours at -20 °C, then brought back to room temperature with a surface tension
measurement performed for each temperature with a resolution of about 1 °C. Flow Cytometry (FCM) analyses were performed
at the Roscoff Biological station from seawater samples taken from the underway seawater system and fixed with the same
time resolution as the samples taken for surface tension analysis. This allows the measurement of microorganisms such as

cyanobacteria (Prochlorococcus, Synechococcus) and viruses (Marie et al., 1999).

A 0.45 pm polyethersulfone filter (Supor©) was used to filter samples for Dissolved Organic Matter (DOM) on-line. Within
24 h of collection, all samples were acidified with ultrapure hydrochloric acid (HCI, Merck, 0.1 percent, final pH 2.3) and
immediately frozen at -20 °C. The filters were than analyzed at LEMAR laboratory (Brest, France) with size-exclusion
chromatography (Huber et al., 2011). DOM includes dissolved oxygen, biopolymers, humic substances and low molecular
weight acids and neutrals. DOM data is only available at the fixed observation stations along the transect (S1 to S12 on Fig.
1). An optical package (Eco FLBBCD (fChl, bbp, fC- DOM, and C-Rover); Eco 3X1M sensor) was mounted on the CTD-
rosette device to capture optical data along with discrete biogeochemical and diversity measurements (Phytofloat protocole,
performed at IMEV laboratory). These measurements were accompanied by discrete sampling (3 depths) of seawater from the
Niskin bottles for POC, flow cytometry and polarized microscopy. Pigment concentrations in the SSW from CTD samples
were measured using High-Performance Liquid Chromatography (HPLC). Samples of 2.7 L were filtered within 2 h of
sampling through 25 mm glass fiber filters (GF/F; Whatman™; 0.7 pm) and filters transferred to cryovials, flash-frozen in
liquid nitrogen and stored at -80°C. Filter samples were then processed by the SAPIGH analytical platform at the Institut de
la Mer de Villefranche (IMEV, France). For the analytical details on the HPLC analysis please refer to Ras et al., (2008).
Diazotroph abundances were also measured from the underway system (Benavides et al., 2021) and CTD casts (Bonnet et al.,
2023). Diazotroph abundances were estimated using quantitative PCR (qPCR) targeting the nifH gene, which encodes a subunit
of the nitrogenase enzyme. Discrete seawater samples (~2 L) were collected either using an automated filtration system

(Benavides et al., 2021) or by a peristaltic pump onto 0.2 pm Supor (Cole Parmer, Vernon Hills, IL) filters, frozen in liquid

5
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nitrogen, and stored at -80°C until processed. The DNA extraction was conducted using the method published in Moisander
at al. (2008). The abundance of diazotrophs was determined using TagMan qPCR assays and previously published primer-
probe sets for Trichodesmium, UCYN-A1, UCYN-B and UCYN-C targeting the nifH gene (Church et al., 2005; Thompson et
al., 2024).

2.3 Sea spray aerosol characterization

Nascent SSA generated from the underway seawater was also directed to on-line instrumentation for its microphysical and
chemical characterization. After passing through a drier, the generated SSA size distribution was analyzed using a Differential
Mobility Particle Spectrometer (DMPS) over the particle diameter size range 10-500 nm and using an optical particle
spectrometer (OPC) type WELAS over the particle size range 0,5-10 pm, using the same setup as Sellegri et al. (2005).

2.4 INP analysis

INP samples were taken both in the SSA and in the SSW. SSA was sampled for INP analysis using a 4-stage cascade impactor
(DEKATI PM10 Impactor) and quartz filters placed on impactor stages, with a time resolution of about 24 hours, due to the
scarcity of SSA INPs that was observed in other campaigns using the same setup (e.g. Trueblood et al., 2021). Quartz filters
were heated at 800°C for 1 hour under controlled air conditions prior to sampling. Blank samples were taken weekly using the
same procedure. INPs were sampled from the UWAY at 4.5 m depth and stored in Falcon tubes. Both filter and SSW samples

were immediately stored at -20 °C after sampling.

INP analysis was performed after the campaign on land. INPs were analyzed in both SSA and SSW in the immersion freezing
mode using the LED-Based Ice Nucleation Detection Apparatus (LINDA, Stopelli et al., 2014). The operating principle of
LINDA is largely described in Stopelli et al., (2014). Briefly, the analysis consists on gradually freezing liquid samples
distributed in 52 Eppendorf tubes disposed on a plate placed in a cooling bath (JULABO FP40 thermostat). The temperature
is measured using four Ptq(o( sensors in each corner of the plate, with a precision of 0.1 °C. The tube array was monitored by
an USB CMOS Monochrome Camera from 0 °C to -20 °C. Freezing events are detected by a sudden decrease in the
transmission of light from a LED array placed below the tubes. INP concentrations as a function of temperature were calculated

using the Vali (1971) formula.

For aerosol samples, filter punches (4.3 cm? and 4.9 cm? respectively for sub- and supermicron samples) were washed in 25
mL of 0.9% NacCl solution for 20 minutes while being agitated. Half of the Eppendorf© tubes (26 tubes) of those samples were
filled using the resulting solution. The remaining solution was then heated for 30 minutes at 100 °C in boiling water, before
being used to fill the remaining 26 tubes. This heat treatment allows for an estimation of the lowest contribution from biological

INPs issued from the comparison of unheated and heated samples (Christner et al., 2008a; Wilson et al., 2015; O’Sullivan et
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al., 2018). This procedure is shown in Figure S2. Half of the Eppendorf© tubes were then filled with the untreated sample.
The seawater samples were then subjected to the same heat treatment as the filter samples, and the second half of the
Eppendorf© tubes was filled using the heated samples (Fig. 2). In order to reach INP concentrations above the limit of detection
(LOD), the Eppendorf tubes were filled with 200 pL for seawater samples, and 400 puL for extracted filter samples. For

comparison to literature, INP concentrations in SSA were normalized either by the total aerosol surface (surface site density

ng or INP.m'Z) of the sea spray generated.

Blank filters were analyzed using the same procedure in order to estimate background errors. On average, blank samples started
freezing at around -10 °C, and were below the filter samples until about -18 °C, therefore determining the lower temperature
that can be reached with our sampling/analytical procedure. Heated blank samples showed increased IN activity at all
temperatures compared to unheated blanks, which hints that the heat treatment results in some contaminated samples.
Significant impact of the heating procedure on analysis is seen for temperatures <-17 °C. Sample concentrations were corrected
from the average blank value when they were above two standard deviations of the blank samples. Values of the samples that
were below this threshold were considered lower than the LOD. The data from seawater samples was shifted by 2 °C to take
into account the effect of salinity on the freezing temperature (Doherty et al., 1974). Contrary to filter samples, the seawater

samples were not corrected for background, as using a laboratory made solution would induce further errors and hypothesis.

3 Results and discussion

3.1 Biogeochemical properties of the surface seawater

The sampled waters are divided into three zones: the Melanesian waters (MEL), the Lau Basin waters (LAU), and the West
Pacific gyre (WGY) waters. The differences in each zone for the available biogeochemical variables measured in the surface

seawater are illustrated in Figure 3.
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Figure 2 — Summary of surface seawater parameters, separated by type of water (MEL, LAU and WGY) : a) Surface
chlorophyll-a (mg.m=), b) Seawater temperature (°C), ¢) seawater salinity (PSU), d) seawater surface tension at 21°C
195 (N.mY), e) particulate organic carbon (ug.L™?), f) dissolved organic matter (ug.L'), g) dissolved iron (nmol.L), h)
bacteriochlorophyll-a (mg.m), i) carotene (mg.m>), j) peridinin (mg.m), k) total eukaryotes abundance (#.mL™), 1)
total bacteria abundance (#.mL™"), m) Prochlorococcus abundance (#.mL™"), n) Synechococcus abundance (#.mL"), 0)
Total diazotrophs abundance (nifH gene.L™"), p) Trichodesmium abundance (nifH gene.L'), q) UCYN-A abundance
(nifH gene.L™"), r) UCYN-B abundance (nifH gene.L™"). Standard deviation bars extending below the graph go to zero.
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Surface chlorophyll-a concentrations were 3 to 6 times higher in the LAU than in the MEL or WGY zones, with mean values
of respectively 0.32+0.085 mg.m=, 0.136+0.105 mg.m and 0.050 mg.m™3, highlighting the increase in biological biomass in
the hydrothermally-influenced waters (Fig. 2a). It should be noted that only one measurement is available in the WGY. The
seawater temperature (Fig. 2b) was higher in the WGY waters and during the second passing of the LAU, due to the seasonal
temperature increase over the cruise period. Salinity and surface tension (Fig. 2¢ and 2d) were generally lower in the LAU
(34.52+0.10 PSU and 74.09+0.50 N.m"!) than in the MEL (34.82+0.29 PSU and 74.19+0.98 N.m!) and WGY (34.63+0.10
PSU and 74.4£0.73 N.m™).

Planktonic microorganisms were consistently more abundant in the LAU surface waters compared to those of MEL and WGY.
In particular, Prochlorococcus, Synechococcus and Trichodesmium (Fig. 2n-p) were more than an order of magnitude more
abundant in the LAU region than in the two oligotrophic ones. Bacterial abundances exhibited a similar trend but with a lower
magnitude (Fig. 2m), with values respectively of 8.21+1.93x10° mL"!, 7.73+1.23x10° mL"! and 6.29+0.96x10° mL"! in the
LAU, MEL and WGY. The abundance of eukaryotes (Fig. 21) almost doubled in the LAU waters compared to the MEL and
WGY waters. In contrast to Trichodesmium, when summing all diazotrophs together, they were generally more abundant in
the MEL (9.94£9.3x108 nifHgene.L'') and WGY (2.5+2.8x10% nifHgene.L!) and less abundant in the LAU (0.3£0.3x10%
nifHgene. L"), with differences among groups: UCYN-B and Trichodesmium (Fig. 2q, r) where more abundant in LAU waters,
while UCYN-A (Fig. 2q) were more abundant in MEL and WGY waters. One caveat is that there are only 2 sampling points
in both the MEL and the WGY, which means that interpretations should be made with caution.

POC concentrations (Fig. €) were on average 343.4 £9.7 pg.L-! in the LAU waters, with values 4 to 5 higher than in the MEL
and WGY waters. Mean DOM concentrations remained constant between regions (Fig. 2f), with values of 71.9 £ 4.0 pg.L" .
Similarly to Chl-a, the other pigments depicted in Fig. 2 (Carotenes, Peridinin, Bacteriochlorophyll-a — Fig.2h,i,j) exhibited
concentrations 2 to 3 times higher in the LAU than in the MEL and WGY waters.

Overall, most biogeochemical markers exhibited the highest values in the LAU waters, confirming that the LAU waters were
mesotrophic waters, rich in biological activity and dissolved iron. The MEL were oligotrophic waters, and WGY were ultra-
oligotrophic waters. In the following sections, we explore how INP concentrations vary across the three zones, and the potential

relationships between INP and biogeochemical parameters.
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3.2 Ice nucleating properties of the surface seawater

3.2.1 General features

The cumulative INP concentrations total and heat stable INPsw measured during the campaign are reported in Fig.3. On
average, 10 % of the samples were frozen at —13.0 = 1.9 °C, 50% of the samples were frozen at —15.5 + 0.9 °C, and 90% of
the samples were frozen at —17.0 + 1.2 °C. In the following sections, the INP data will be split in three different categories :
the total INP data from unheated samples (INPtq¢), the INP data from heated samples (Heat Stable INPs, or INPyg) and the
heat labile INP (INPyr) which is the difference between total and heat stable INPs, and represents proteinaceous INPs
(Pummer et al., 2015).

\ 1 SWINP orhesies |
HBH  SW INP heated ]
Gong et al. (2020)
4 Trueblood et al. (2021)
10 Irish et al. (2019) -
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=l 3 |
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Figure 3 — Cumulative INP concentrations in the SSW as a function of temperature for INP,: and INPygin comparison

to ranges of INP concentrations measured in the SSW in the literature. Data from previous studies includes Gong et
al., (2020) at Cabo Verde; Trueblood et al., (2021) in the Mediterranean Sea; Irish et al., (2019b) in the Canadian Arctic
and Wilson et al., (2015) in the Arctic, Pacific and Atlantic. Error bars correspond to 3 standard deviations of replicates.
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Average total seawater INP concentrations were 490540 INP.Lsw™' , 2000+£1500 INP.Lsw™' and 72004900 INP/Lgsw™' for
INPyot at -13 °C, -15 °C and -17 °C respectively. Similar seawater INP concentrations have been observed in other studies
performed in oligotrophic waters (Gong et al., 2020; Trueblood et al., 2021) and of several orders of magnitude lower
concentrations than in richer Northern hemisphere seawaters (Irish et al. 2019; Wilson et al. 2015) (see reference lines in Fig.
3). Similarly to other studies in marine environments (eg. Wilson et al., 2015; Irish et al., 2017; McCluskey et al., 2018a),
heating the samples results in a clear decrease in INP concentrations. At any given temperature, the fraction of heat-labile INP
concentrations represents 63% to 100% (average: 81 + 11%) of the total INP concentrations. The highest fractions of HL INPs
are at temperatures warmer than -14 °C, whereas the lowest fractions are at temperatures between -14 °C and -18 °C. This
hints at the presence of a large fraction of heat labile proteinaceous material of biological origin INPs, which are known to be

active at warmer temperatures than the heat stable material.

INP concentrations along the transect are shown in Figure 4 for three fixed temperatures, at -13 °C, -15 °C and -17 °C,
corresponding to the average T1¢, T5g and Tgq of the samples. At all temperatures, INP concentrations measured in the LAU
waters where 2 to 3 times higher than in the MEL and WGY waters. Thus, INP concentrations follow the trend of most
biogeochemical parameters in seawater. This is in line with previous marine studies linking increased plankton biomass with
increased INP concentrations in the seawater (e.g. Irish et al., 2017; McCluskey et al., 2018b; Wolf et al., 2020a). Additionally,
we investigated the influence of the direct proximity of the Panamax and Simone volcanoes (described in Fig. 1), using samples
located in their vicinity (corresponding to Stations 5 and 10). We show in Figure B1 that although the Panamax sample exhibits
a similar INP concentration than the average of the campaign, the four Simone samples are consistently higher, by a factor of
2 to 6, than the rest of the campaign, including the LAU samples, underlining the likely influence of hydrothermal emissions

on INP concentrations in the seawater.
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Figure 4 — SSW INPs concentrations along the transect, at a) -13 °C, b) -15 °C and ¢) -17 °C. Colored points represent
daily INP concentrations. Map data provided by Esri®.
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To further explore the differences between each zone, we show in Figure 6 the seawater INP concentrations in MEL, LAU and
WGY at the three temperatures previously defined, for total, heat stable (HS) and heat-labile (HL) INPs. All INP fractions
(total, HS and HL) exhibited higher values in the LAU than in the MEL or WGY, indicating an increased contribution of both
HL and HS INPS in the LAU zone. However, the difference between LAU and MEL or LAU and WGY is more apparent for
heat stable INPs then for heat labile INPs, with an average increase in INP concentrations at all temperatures of 2800+£1000
INP.Lgsw! for heat stable INPs and 1900300 INP.Lsw™! for heat labile INPs. This was unexpected given the increased biomass
measured in the LAU, yet this difference could be explained by an increase in dissolved organic material emitted and produced
by the microorganisms stimulated by the hydrothermal activity. This is supported by the fact that heat stable organic matter
has been identified as an important contributor to marine INPs activity (e.g. Vergara-Temprado et al., 2017; McCluskey et al.,

2018a; McCluskey et al., 2018c; Hill et al., 2023). This hypothesis will be investigated further in the following sections.

a) Total seawater INPs b) Heat stable seawater INPs c) Heat labile seawater INPs
T T T

§ g 1. ] ?

it

107 F

Mel. B.

Lau B.

WGY

Mel. B.

Lau B.

WGY

Mel. B.

Lau B.

-13°C - Data points
# -13°C-Meanandstddev. @

-15°C - Data points
-15°C - Mean and std dev. 4

-17°C - Data points
-17°C - Mean and std dev.

Figure 5 — Swarm plots of seawater INP concentrations in the three identified ocean zones (MEL, LAU and WGY) at
—13°C,-15°C, and —17 °C: a) total seawater INPs, b) heat stable seawater INPs, c) heat labile seawater INPs. Standard
deviation bars extending below the graph go to zero.

3.2.2 Relationships to the seawater biogeochemical properties

A statistical analysis (Peasons’s test) was performed on the INP data set over the whole campaign at three different
temperatures (-13°C, -15°C ,-17°C), in order to look into the relationships between INP concentrations and the seawater
parameters identified in Figure 2. It was not possible to perform this analysis within each ocean zone due to the reduced number
of data points. Note that relationships to the surface seawater biogeochemistry were not frequently found for INP
concentrations at the warmest temperature (-13°C) compared to relationships at the colder temperatures ( -15°C and -17°C),

likely a result of low and variable INP concentrations at -13°C.
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Figure 6 — Linear correlation coefficient R between SSW INP concentrations (total INPs, heat stable INPs and heat
labile INPs) at -13 °C, -15 °C and -17 °C and SSW ocean parameters presented in Figure 2. R values are represented
as colored cells with values between -1 and +1. White cells represent either empty data points or an insignificant
correlation. Significance was determined by Pearson’s test, where R associated with p values below 0.05 were noted as
significant. The lowest number of points was N = 6, and all R values were computed over 10 to 30 points.

Total INP concentrations at -13°C and -15°C were positively correlated with several biological parameters, such as bacteria
(Tot Bact.,, R=0.6), pigments (chlorophyll-a, Bacteriocholorophyll-a, carotenes, peridinin), POC and UCYN-B
concentrations. The best correlations were observed with Bacteriocholorophyll-a at all temperatures (R>0.7) and carotene at
the coldest temperatures (R>0.6), and with UCYN-B (R>0.8) at the warmer temperatures. Bacteriocholorophyll-a is a
photosynthetic pigment that is linked to light harvesting activity from various phototrophic bacteria (Senge and Smith, 2004;
Bryant and Frigaard, 2006). At the coldest temperature (-17°C), total INP vary similarly to Prochloroccocus (R=0.4). This is
consistent with the correlation between INP concentrations and carotenes, as Prochlorococcus is a prokaryote with a-carotenes
(Ralf and Repeta, 1992). Previous studies (eg. Wolf et al., 2019; Hill et al., 2023) have also shown that Prochlorococcus could
be an effective INP. Similar relationships to Chl-a were observed in a mesocosm study on INPs in the SSA, (McCluskey et
al., 2018b), where INPs were generally heat-stable and comprised of organic material. Chlorophyll-a is the tracer for the whole
phytoplanktonic biomass, (Bryant and Frigaard, 2006; Sinha and Héder, 2008; Foster and Zehr, 2019). Carotenes, and peridinin

in particular, are also pigments associated with Chl-a as proteins used by dinoflagellates to harvest light (Schulte et al., 2010).
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Overall, heat labile INPs had a similar relationship than total INPs with seawater parameters, which is not surprising given the
previous observations that they drive the INP population. This suggests that a large part of the INP activity at the warmer
temperatures can be explained by the concentration of heat sensitive microorganisms, such as Prochlorococcus or UCYN-B,
or to products issued from bacterial degradation. Previous studies investigating the link between marine INP concentrations
and bacterial abundances have yielded mixed results. Irish et al. (2017) do not report any significant relationship between INPs
and bacteria in the Arctic Ocean, but McCluskey et al. (2017) observed that aerosol INPs were positively correlated with

aerosolized bacteria.

We also found relationships between heat stable INP and some biological variables. For example, at-15 and -17 °C, heat stable
INPs were correlated to total bacteria and total eukaryotes (R~0.6). Additionally at -15°C, heat stable INPs were correlated
with the seawater temperature (R~0.4) and strongly correlated with dissolved iron (R=0.8). At -17 °C, they were correlated
with POC (R=0.5) and peridinin (R=0.7), similarly to total INPs at -17°C.

We observed negative correlations between INPs at -15 °C and -17 °C and salinity, with R =~—0.4 and p = 0.04, similar to Irish
et al. (2017), who observed anticorrelations with R = —0.7. Irish et al. (2017) associated this relationship to increased INPs
from melting sea ice (associated with lower salinity), which cannot be at the origin of the same relationship observed in the
TONGA data set. Furthermore, Irish et al. (2017) reported salinity varying between 28 and 34 PSU, whereas during TONGA,
salinity varied from 34 to 35 PSU. Irish et al. (2017) also suggest that a non-colligative effect is not accounted for when
correcting for salinity in the seawater samples. However, non-colligative effects have not been previously observed in INP
experiments with seawater (Wilson et al., 2015) or sodium chloride solutions (eg. Zobrist et al., 2008; Knopf et al., 2011b).
We additionally observed that salinity was negatively correlated with the seawater temperature (R = —0.75, p < 0.005) and
with the total chlorophyll-a concentrations (R =—0.61, p = 0.02) and carotenes (R =—0.60, p = 0.02). Hence the anticorrelation

between INP and salinity is likely the covariation of biological tracers with seawater salinity.

Organic matter concentration has been linked with INP concentrations in previous studies and has been used in various
parameterizations for predicting INP concentrations (e.g. Wilson et al., 2015; Trueblood et al., 2021). Here, we show that both
POC and DOC correlate well with INP concentrations at both -15 °C and -17 °C, with R = 0.7 and p-values below 0.1, but not
at -13 °C. Again, this may be due to lower statistics on INP concentrations at this temperature. While POC appear to be better
correlated to the total and HL INPs, DOC correlates best with the heat stable fraction of INP, which can be explained by the
fact that DOC is often processed by biological and chemical degradation, and is thus a more aged and refractory organic matter
than POC. This is in line with the classification proposed by McCluskey et al. (2018b), where DOC- type INPs are more heat
stable and POC-type INPs are more heat labile.

In summary, INPs in the seawater during TONGA exhibited significant relationships with biogeochemical properties of

seawater. Heat labile INP that represent the majority of the INP population are best correlated to bacteriochlorophyll-a and
15
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bacterial cell abundances, and also to POC. We did not find any significant correlation that could directly link the INP in
seawater to volcanic ashes, but INP concentrations were higher in the direct vicinity of underwater volcanoes. This hints that
the bacteria themselves or their short-live degradation products are responsible for the ice nucleation activity observed, which
is also consistent with POC-type INPs (McCluskey et al., 2018b). This would mean that the impact of hydrothermal activity
on INP concentrations is indirect, i.e. related to an increase in dissolved iron that boost phytoplankton abundances, which in

turn increases the IN activity of seawater.

3.3 Ice nucleating properties of the nascent sea spray aerosols

INP concentrations in the SSA were measured in two size ranges, submicron (<1 pum, N=13 samples) and supermicron (>1
um, N=12 samples). For a better comparison to the literature, SSA INP concentrations were normalized to the total surface of
SSA aerosols (surface site density ns, represented in Figure 7), and to the number of SSA aerosols (INP/aer, Figure B2)
calculated from the aerosol data presented in Figure A3. Daily SSA concentrations were mostly between 100 and 1500 cm3,
with values above 2000 cm™ reached on the first five days of the campaign. The limit of detection (LOD) was defined as values
greater than 2 times the standard deviation of blank concentrations, and values that were below that threshold were set to zero.
The ns values were low and about half of the samples were below the LOD. For the submicron SSA particles (nssuw) 43% of

the samples were above the LOD, compared to 50% of the supermicron SSA particles INP (ng super) sSamples.
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Figure 7 — Nucleation site densities ns as a function of temperature measured in the SSA. (a) Total unheated and heated ns and
McCluskey et al. (2018c) fit for pristine SSA. Only the samples where both the submicronic and supermicronic ns are above the
LOD are shown. (b) Unheated submicron ng (pg,,), unheated supermicron ng (nssuper) and heated supermicron ng. Error bars
correspond to three standard deviation of sample blanks. Error bars that go below the plot go to zero, error bars that are not shown
are smaller than the markers size.
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Total values of ns were in the range of 10'-10%> m? at -8°C and 103-10* m2 at -17 °C, i.e. 1 to 2 orders of magnitude lower
than ns fitted for ambient marine aerosols sampled in the North Atlantic coastal research station Mace Head by McCluskey et
al. (2018¢c) (MC18, shown in Fig. 7a), and than values measured using artificially generated SSA in the Gulf of Mexico
(Cérdoba et al., 2025). This is in line with McCluskey et al. (2018a), who concluded that INP concentrations in the southern
hemisphere were generally lower than those of the northern hemisphere. INP/aer concentrations measured at -18°C during

TONGA are in the range of 107 to 10 INP.aer, i.e. one to two orders of magnitude higher than INP/aer concentrations

reported for SSA generated from oligotrophic waters in the Mediterranean Sea, that were measured in the range of 10 7INP
aer’! (Trueblood et al., 2021). An interesting observation is that the INP/aer are similar for both submicron aerosol particles
and supermicron aerosols over the studied temperature range showing that the high numbers of submicron particles can

compensate for their low surface area in terms of INP activity.

On average across all temperatures, supermicron ns super represented the minority of total ns, with a fraction of 41£18%. This
is especially the case at the warmer temperatures, where this fraction reaches 16+21% at -13°C (Fig. 8a). The fraction of
supermicron ns was highest at -15 °C, with a value of 68+33%. Fractions of heat labile INPs were also very different between
the submicron and supermicron size ranges. In the submicron size range, all of nsu are heat labile, suggesting that their INP
activity is driven by the smaller heat labile organic material ejected as film drops. It is well know that the submicron marine
aerosol population is dominated by organic material (Freney et al., 2020). On the other hand, only 20% of INPs in the
supermicron size range are heat labile on average (Figure 7b and 8b), indicating that they could be larger particles whose IN
activity is likely a result of dissolved organic carbon mainly composed of processed heat stable carbon. This observation
contrasts with that made by McCluskey et al. (2018b), who categorized INP in two classes: INPs smaller than 0.2 pm that
were mostly heat stable, and INPs larger than 0.2 pm that were mostly heat labile. However, we chose to separate the INPs at
the size cutoff of 1 um, where a larger difference in aerosol chemical properties is often observed as a result of differences in

sea spray production mechanisms (film vs jet drops, De Leeuw et al.; 2011).
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Figure 8 — a) Fraction of supermicron INPs in the SSA at -13 °C, -15 °C and -17 °C, b) Fraction of heat labile INPs for supermicron
and total SSA INPs at -13 °C, -15 °C and -17 °C. Points represent data points (each corresponding to one day of sampling) and error
bars represent mean and standard deviations of the data points.

Surface site density ns were averaged for each geographical zone (LAU, MEL and WGY) for comparison (Fig. 9). While
average total ns cannot be distinguished between the LAU region and the two oligotrophic zones, heat stable total n, (Fig 9b)
and submicron n; (Fig. 9¢) were on average higher in the LAU than in the WGY at all temperatures. These observations are in
line with those in the SW, as INPsw were enriched in the LAU compared to the MEL and WGY, and predominantly from heat
stable INPs at the warmest temperature. This would point to INPsw influenced by hydrothermal sources being preferentially
transferred to the sea spray in the form of heat stable supermicron particles in the LAU zone (hence likely via the ejection of
jet drops rather than film drops). We also represent in Fig. 10 the ng spectra of LAU samples and MEL+WGY samples,
confirming that ns in the hydrothermal-influenced area was generally higher than in both oligotrophic zones for the warmest
freezing temperatures, although the samples exhibited large variations within a single zone. In particular, supermicron ns on
the 10" Nov 2019 exhibited values significantly (3 standard deviations) higher than the average supermicron concentrations.
While this increase was not linked to significant variations in the seawater parameters presented in Fig. 2, it was sampled
directly in the vicinity of the Panamax Volcano (Fig. 1). However, this increase is not observed near the Simone Volcano like
for INPsw, but this nonetheless suggests that hydrothermal emissions may boost SSA INPs activity, particularly through an

increase in larger heat stable INPs.
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Figure 9. Sea spray aerosols ns in the three identified ocean zones at —12 °C, —15 °C and —17 °C : a) Total SSA INPs, b) Heat Stable
SSA INPs, ¢) Submicron SSA INPs, d) Supermicron SSA INPs.

We investigated correlations between INP concentrations in the SW and ng in the SSA at each temperature, for each of the
three INPssa datasets (submicron, supermicron, total). Correlations were not significant, presumably because the INPssa data
is too scarce for reliable statistical relationships. In order to predict sea spray ns properties from biologically-driven seawater
INP concentrations in atmospheric models, we calculated the transfer function from seawater INP to SSA INP. The transfer
function of seawater INPs to SSA INPs, defined as the ratio ng / INF,,, was calculated for total, heat stable and heat labile
INPs. On average between -12 and -17 °C, we report median values of 1.72 (interquartile range: [1.15-3.32]) m™.Lgw for total
INPs. This value was similar for heat labile INPs (1.70 [0.96-2.42] m™.Lsw), but was doubled for heat stable INPs (3.30 [1.37-
5.56] m2.Lsw). We do not report significant differences between each ocean zones. Thus, we surmise that heat stable INPs,
presumed associated to jet drops were more efficiently transported to the SSA than heat labile INPs, presumed associated to

film drops.

4. Conclusions

Daily INP concentrations were measured in both surface seawater and in artificially generated SSA from an underway seawater
(5 m depth) in the region of the Tonga-Kermadec volcanic arc together with a range of other biogeochemical parameters,

providing a unique opportunity to investigate the potential impact of ocean biological properties on the INP variability.

We show that INPs in the bulk surface seawater were generally active at temperatures <-12 °C, indicative of the presence of

ice nucleating biological material, which was confirmed by the high fraction of heat labile INP. The INP concentrations in the
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surface seawater measured during TONGA were overall lower than reported from biologically richer seawaters (Wilson et al.,
2015; Irish et al., 2017), but were comparable to other oligotrophic regions (McCluskey et al., 2018a; Trueblood et al., 2021).
Surface seawater INP concentrations were about two-fold higher in the mesotrophic Lau basin compared to the oligotrophic
Melanesian Basin waters and the ultra-oligotrophic West Pacific Gyre waters at all freezing temperatures, consistent with
higher biological activity, and higher abundances of microorganisms such as Prochlorococcus, chlorophyl-a and carotenes,
and POC in the Lau basin (e.g. Moutin et al., 2018; Bonnet et al., 2023; Mériguet et al., 2024). Over the whole campaign,
medium to strong correlations were found between INPsw concentrations and photosynthetic pigments (notably
bacteriochlorophyll-a and carotene), bacterial abundance and POC (0.6 < R < 0.8), suggesting that the INP variability, and
especially the heat labile fraction, was driven by the POC-type INPs as assumed by McCluskey et al. (2018b). The heat stable
fraction of INPsw exhibited correlations with the DOC and were not as variable as the heat labile INPsw. One hypothesis is
that the variability of INP is driven by POC, and this variability would add to a constant pool of the DOC type INP always

present and more constant.

The nascent SSA generated from these seawaters exhibited generally low ns values compared to other marine regions, which
is consistent with other observations in the Southern Ocean (McCluskey et al., 2018a). In agreement with the INPsw, SSA ns
were mostly heat labile and therefore likely to be of biological/organic origin. Submicron SSA nsrepresented on average the
majority of SSA INPs, although this was variable depending on the temperature. Submicron ns were all heat labile while
supermicron ns were mainly heat stable, showing that submicron ns was likely the result of small heat labile POC via the
ejection of film drops, while supermicron n; were more likely to be caused by heat stable DOC ejected in the form of jet drops.
Supermicron INPs were generally more abundant in the nutrient-rich Lau basin, while submicron INPs did not exhibit a
significant difference between the oligotrophic waters and the Lau basin. Although no significant correlation was found
between SSA ns and surface seawater INPsw due to too few samples available in the SSA, the general observation of increased
concentrations in the Lau basin was coherent with the same trend in the surface seawater. We provide a transfer function
linking SW and SSA INPs, evaluated at 1.70 m™2 Lsw over the whole transect. This value was however doubled for heat stable

INPs, hinting that heat stable INPs were more efficiently transferred from the seawater to the SSA in the form of jet drops.

Our observations suggest that the hydrothermal emissions do not have any direct effect on the composition or properties of the
INPs, but rather an indirect effect through the stimulation of biological activity, that, in turn, influences IN properties. This
result highlights the importance of studying the marine IN activity along trophic gradients in contrasted waters, especially in
regions influenced by hydrothermal activity. Such regions include the Tropical Ocean and the Southern Ocean where
measurements are scarce. Combining INP measurements in the seawater and SSA with various biogeochemical measurements
allows for a better understanding of the nature of marine INPs, and thus help improve atmospheric models that predict the

formation of clouds over pristine marine environments.
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Appendix A: Methods
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Figure A2 — Schematics of the LINDA analysis of the samples. The blue and red curves on the top right are the cumulative INP
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Figure A3 — Daily average generated SSA concentration and surface. Shaded area correspond to one standard deviation.

Appendix B: INP measurements
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Figure B1 — Comparison of seawater INPs near the Panamax (Station 5) and Simone (Station 10) volcanoes. The campaign and Lau
460 basin averages are represented as purple and green shaded areas (solid line : mean, shaded area : standard deviation of the dataset).

Panamax and Simone data are represented as single days INP spectra, corresponding to days where seawater was sampled in the

immediate vicinity of the volcano (<20 km distance). This represents one sample for Panamax and four samples for Simone.
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Figure B2 — Cumulative INP/aer concentrations in the SSA for a) Total unheated and heated INP/aer in the SSA; b) Submicronic
465 unheated INP/aer and Supermicronic unheated and heated INP/aer. Error bars are defined by three standard deviation of blank
samples.
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Figure B3 : Comparison of total ng as a function of temperature in the LAU and MEL+WGY combined, with the associated lines of

best fit ng(T) = a - exp(bT). The Line of best fit for the full campaign is shown as the black dashed line. The fit coefficients are
respectively a =122.8 and b =-0.1879 for LAU, a =25.38 and b = -0.2938 for MEL+WGY, and a =104.1 and b = -0.2166 for the full

campaign.
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