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10 1.0 Abstract

Interactions between the ocean and atmosphere are a key component in the Earth's climate system. Oceans
represent an important source of aerosol particles in the atmosphere. However, uncertainties are still associated
with our understanding of the complex processes involved in these interactions. This work presents a unique set
of in-situ measurements focusing on the relationship between marine biogeochemistry and nascent marine aerosols
15 over the Southern Ocean. These measurements were performed on nascent seawater aerosols generated, in an
enclosed tank, from a continuous flow of seawater, during the Sea2Cloud cruise. This experimental set up provided
the opportunity to study the interactions between the ocean and the atmosphere without the influence of
background transported aerosols. These nascent seawater aerosols were characterised for their physical, biological,
and chemical properties, using a combination of aerosol mass spectrometry and fluorescence spectroscopy. In
20  parallel, detailed measurements of seawater biogeochemistry provided concentrations of different bacterial
species, amino acids, and sugars in the seawater, enabling us to make links between organic aerosol types and
seawater biochemistry.
Organic aerosol contributed 34-46% of the nascent sea spray. We observed that the contribution of oxidized
organic aerosol dominated the nascent organic sea spray, indicating a large contribution of chemically or
25 biologically processed organic matter already in the seawater. The contribution of organic material was highest at
the start of the campaign in biologically active waters (>40%) and decreased to <40% later in the campaign. The
contributions of the different type of OA changed across the seawater types showing that a marine OA evolves
with the biogeochemical composition of seawater. The POA signature in the nascent sea spray was suspected to
be less of a signature of biological debris and more representative of the biologically refractory and aged
30 background organic matter of the ocean. The fluorescent aerosol particles (FAP) were logically proportional to
most microorganism cell numbers but represented only 3% of the total aerosol nascent sea spray, and less than
10% of the total organic matter. Among these fluorescing particles, type A dominated with correlations with MOA,
bacteria, but also with nanophytoplankton, diatoms and in general to total Chl-a. Classes B and C were uncorrelated

to any microorganism but instead were sensitive to the presence of OOA and to a lesser extend MOA.
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35 2.0 Introduction

Sea spray aerosol particles contribute a significant amount to the atmospheric aerosol population with estimated
values of up to 6 kt y!' (Lewis and Schwatrz, 2004) and can have direct radiative impacts ranging from 0 to -2
W/m? (Lohmann and Lesins, 2002). Depending on the geographical location, these particles can contribute
significantly to the aerosol population and therefore have important impacts on cloud formation, atmospheric
40 chemistry and radiative processes. Marine aerosol particles are known to be particularly efficient CCN
(Ovadnevaité et al., 2011a) and can also act as ice nuclei (Wilson et al., 2015), these properties are believed to be
enhanced when the biological content of these marine aerosols increased.
During wave breaking and wind processes, seawater droplets are released into the atmosphere and once evaporated,
leave behind primary sea spray particles (Bigg and Leck et al., 2008), which are a mixture of inorganic and organic
45 compounds. Recent studies during pristine ambient measurements have drawn our attention to the presence of both
primary and secondary organic aerosol particles (Ovadnevaite et al., 2011, Chevassus et al., 2025)). These primary
sea water particles range in diameter from less than 10 nm up to several microns (Sellegri et al., 2023a). Given the
small size of these particles, they can remain suspended in the air, and can be transported over large distances, and
contribute to cloud condensation nuclei, thereby impacting aerosol indirect effects. These primary organic aerosols
50 are composed of a complex mixture of sugars, amino acids (Decesari et al., 2020), and secondary organic aerosol
particles are thought to be formed from the oxidation of marine volatile organic compounds such as dimethyl
sulfide, or isoprene in the ambient air (Moore et al., 2024, Wohl et al., 2023, Chen et al., 2025).
The specific size and composition of these nascent seawater aerosol particles is dependent on several factors such
as seawater composition, temperature, and wind speed (Sellegri et al., 2023). We consider that these particles are
55 generally composed of water-soluble salts such as sodium chloride and magnesium sulphate, but studies have now
illustrated that submicron nascent sea spray aerosol particles may contain up to 70% of organic material
(Ovadnevaite et al., 2011b). The presence of this organic matter in seawater can also influence the bubble bursting
processes, notably their number and size distribution (Sellegri et al., 2021). Additionally, the presence of certain
organic compounds can impact the evaporation rates of aqueous droplets (Shulman et al., 1997) and others can

60 slow down the hygroscopic growth of aerosol particles at relative humidity values of less than 100 %.

Given the importance of marine sources, an increasing number of studies have focused on characterizing marine
aerosols. These are mostly performed in coastal environments (Ovadnevaite et al., 2011ab, Bearn et al., 2021), or
as part of shipborne field campaigns (Schmale et al., 2019). Recently, new methods combining machine learning
65 techniques with long-term measurements showed how specific periods of primary organic aerosols can be isolated
and studied (Chen et al, 2025). Despite this, sources of other long-range transported aerosol particles are difficult
to rule out.
In order to address this problem, field-based chamber approaches, which combine the control of laboratory
experiments with naturel sampling environments have been deployed in a number of studies(Schwier et al., 2015,
70 Wang et al. 2017, Freney et al., 2021). For studies focusing on marine aerosol particles, seawater is introduced
into enclosed, particle-free chambers to generate nascent sea-salt particles. Depending on the objectives of the
study, chambers are either supplied with discrete seawater samples collected at specific locations (Schwier et al.,
2015), or with a continuous flow of seawater pumped directly from beneath a research vessel (Long et al., 2014,

Freney et al., 2021, Frietas et al., 2022). These experimental setups enable the physical and chemical
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75 characterisation of nascent seawater aerosols without interference from external atmospheric sources providing
unique insights into their composition and the possibility to establish links to seawater biogeochemistry properties.
Several such studies have demonstrated clear associations between aerosol chemical signatures and seawater
biological activity. For example, primary marine organic aerosol (POA), were enriched during phytoplanktonic
blooms (Wang et al., 2017). Wang et al. (2017) further showed that POA rapidly evolved into more oxidized

80 organic aerosol in the presence of microbial activity, while Freney et al. (2021) identified specific mass spectral
features tied to seawater biogeochemistry, including notable associations between slightly oxidized organic
aerosol, containing methanesulphonique acid (MSA), and nanophytoplankton. The contribution or organic
material to primary marine aerosols have additionally been observed using NMR experiments on sea spray aerosols
(Descario et al., 2011, Dall’Osto et al., 2017) In all these studies, oxidised organic aerosol was already measured

85 in the primary aerosol generation, which changes our perception of oxidised organic aerosols and their formation
processes in marine environments.

Building on these previous studies on primary marine aerosols, we take a step further by characterising not only
their chemical and physical properties but also their biological content. To achieve this, we incorporate online
fluorescence measurements alongside conventional aerosol physical and chemical properties. Fluorescence

90 spectroscopy has been shown to be particularly useful in identifying primary biological aerosol particles and are
optimized to measure biological compounds such as tryptophan (TRY) and nicotinamide Adenine Dinucleotides
phosphate (NADPH+), which are abundant in biological material (Savage et al., 2017). These techniques have
been successfully applied in both laboratory and field campaigns, including deployment in challenging
environments (Crawford et al., 2017). More recently, year-long measurements during the ACE 2017 experiment

95 in the Southern Hemisphere demonstrated clear links between fluorescent particle concentrations, wind speed, and
biological communities (Moallemi et al., 2021). Moallemi et al., (2021), reported positive relationships between
fluorescent number concentrations and bacterial species, notably total bacteria and picoeukaryotes. However, like
many measurement techniques, interference from organic aerosol particles other than biological species is
common. For example, cigarette smoke, polycyclic aromatic compounds or humic acids can have similar

100  properties to bacteria (Gabey et al., 2010, Hill et al., 1999). Highlighting the importance of using chamber systems
to isolate nascent sea spray aerosol (SSA) particles from background airmasses, and to obtain a clean fluorescent
signature that can be linked to nascent marine aerosols.

In this work, we first aim to illustrate the connection between ocean biogeochemistry and chemical and physical
properties of nascent marine aerosols. Secondly, we seek to demonstrate the unique combination of aerosol mass

105 spectrometry and fluorescence spectrometry to detect and characterise small nascent biological aerosol particles.
Finally, we aim to identify distinctive fluorescent and mass spectral signatures that can be used as markers of

nascent marine aerosol particles.

3.0 Methodology

110 3.1 Cruise

The 2020 ship campaign Sea2Cloud took place from 15th to 27th March 2020, on board the research vessel (RV)
Tangaroa from Wellington, New Zealand. The ship traveled between -42° and -46° latitudes, and 172° and 177°
longitudes in the Northern Southern Ocean (Fig. 1). The ship was at its farthest point of the land on 23rd of March
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2020. The sampled area was chosen as it is at the crossroads where sub Antarctic Sea waters traveling up North
115 meet subtropical seawaters traveling down South. The oceans currents are influenced by the underwater
topography of the Chatham Rise, the plateau east of NZ. The Chatham Rise is visibly enriched in Chl-a on satellite

ocean color images. The details of the methodical approach used in the campaign are described in Sellegri at

al.(2023b).
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120 Figure 1:Ship transect during the field campaign. The transect is coloured by the number of biological cells

measured in the water.

During the cruise, the ship encountered four different water types. The seawater salinity and temperature are used
to distinguish the different water types during the sampling campaign according to the criteria defined by Chiswell
125 et al (2015): Subantarctic waters (SAW) are defined by salinity lower than 34.5 g/L, Frontal waters (FW) by
salinity between 34.5 and 34.8 g/L and Subtropical water (STW) by salinity greater than 34.8 g/L. Given the
variability of salinity at the end of the campaign, a fourth water type as Mixed waters (MW) was additionally

defined, corresponding to the mixture of subtropical and frontal waters.

130 Each type of seawater is described more thoroughly in Sellegri et al, (2023b). Briefly, frontal waters (FW) were
sampled from 17" of March 11:00 to 20" of March 17:00 (NZ time), Subantarctic waters (SAW) from 20" of
March 17:00 to 24 ™ of March 04:00, and Subtropical waters (STW) from 24 * of March 04:00 to 25 ™ of March
8:00. Mixed waters (MW) were encountered from 25 ™ of March 8:00 to the end of the voyage on 27 " of March
00:00 (Figure S7). As will be discussed in more detail later in the manuscript, elevated biomass was sampled in
135 frontal waters from 18 ™ of March to the 20 ™ of March, while the lowest biomass was observed in subantarctic
waters between 20 ™ of March and 23 ™ of March. Low nutrient waters (total nitrate and phosphorus) were sampled

in subtropical waters on 24" and 25" of March. Whereas SAW and MW were high in total nitrate concentrations.

4/19



https://doi.org/10.5194/egusphere-2026-87
Preprint. Discussion started: 4 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

3.2 Seawater sampling and nascent aerosol generation

Seawater samples were collected in a continuous (online) manner at a depth of 6 m using the underway system of
140  the ship (UWAY), this sampling method was used for bulk seawater samples and for artificially generating natural
Sea Spray Aerosols (SSA). Bulk seawater sampling was analyzed, using flow cytometry (FCM), various
biogeochemical parameters including amino acids, combined carbohydrates, and bacterial cells, including
prokaryotic, picophytoplankton, nanophytoplankton) at intervals of 4 to 8 hours.
Aerosols were measured from the artificially generated SSA produced continuously using the same method as
145 described in Sellegri et al., (2023a). Seawater was transported from under the ship (underway) at a depth of 5
meters. This seawater is continuously introduced into a 10-liter glass tank via a series of 1 mm nozzles; this process
induces bubble formation at the seawater surface and mimics the process of breaking waves. SSA from these
processes is then released into the particle-free air of the tank and is then sampled through a 1 m long silica gel
diffusion drier. The physical properties of generated SSA flux were analysed using a scanning mobility particle
150 sizer (SMPS, I LPM)) measuring particle number concentration as a function of size from 10 to 500 nm. Total
particle number concentration was measured using a condensation particle counter (MAGIC CPC, 0.3 LPM).
Aerosol chemical properties were measured using a time-of-flight aerosol chemical speciation monitor (Aerodyne
ToF-ACSM serial number: TACSM13). From a parallel line (35 cm long 1/2 inch) with no dryer, fluorescence
properties of particles ranging from 500 nm up to 30 Microns were measured using the wideband integrated

155 bioaerosol sensor (WIBS-5).

3.3 Instrumental description

3.3.1 Aerosol chemical and physical properties

The TACSM used in this work was equipped with a PM1 inlet with a standard vaporizer (@ 600°C), meaning that
only non-refractory materials were measured quantitatively manner. Like previous work (Freney et al.,2021) the
160 standard fragmentation table for the Aerodyne ACSM was modified to include a sea salt species. Mass
concentrations at m/z 58 60, 81 and 83 were assigned to this seasalt species. The total PM1 sampled with the ToF-
ACSM was on average 1.77+ 1.5 ug m™ and was validated against mass concentrations measured using a
Differential Mobility Particle Sizer (DMPS, custom made) coupled with a condensation particle counter (CPC,
TSI, 3010). The agreement between the two instruments was good (r=0.73, slope=0.82), showing that little
165 undetected refractory mass existed in the submicron mass concentration (Figure S1).
Using only the organic aerosol mass spectra, positive matrix factorisation (PMF) was performed using the SOFI
tool (Version 6B). Three factors were identified, like those already identified in Freney et al., (2021), with a nascent
oxidized organic factor (OOA), a primary marine organic (POA) signature and a marine organic aerosol (MOA)
spectrum. The results of the PMF analysis will be discussed later in section 4. A two-factor solution contained a
170  mixed OOA solution where the marine associated peaks of the MOA were absorbed into the OOA (Fig S3). A

four-factor solution led to the splitting of the factors with no additional information provided (Fig. S4).
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3.3.2 Particle fluorescence measurements

The WIBS-5 (Droplet Measurement Technologies LLC) instrument provided fluorescence measurements as a
function of particle size in the range of 0.5 to 30 pm. Given that during this field campaign the number

175 concentrations of those particles greater than 15 pm were low, the discussion is focused on particles with diameters
from 0.5 pm up to 15 um. This instrument provides fluorescent measurements for single particles using laser
induced fluorescence (UV-LIF) (Savage et al., 2017). Aerosol particles are excited using two Xenon flash lamps
at wavelengths 280 nm and 370 nm. These wavelengths are specific to the excitation wavelengths of TRY and
NADPH fluorescence. The total fluorescence light intensity is measured in the range of 310 nm to 400 nm and

180 from 420 nm to 650 nm specific to the emission spectrum of TRY and in the range of 420 nm to 650 nm for
NADPH. This method allows us to distinguish biological aerosol particles from non-biological aerosols. The total
flow rate of the WIBS-5 is set up at 2.5 L/min, and a lower sample flow of 0.23 L/min is split from this main flow.
To provide a cross verification of the different instruments, we compared the dN/dLog (Dp) lower size channels
of the WIBS instruments to those overlapping with that of the DMPS (Fig. S5). Considering the conversions of a

185 mobility diameter to an optical diameter we compared the 710 nm size channel in the WIBS with that of the 500
nm size channel in the DMPS. Data was analysed using both the WIBS analysis Toolkit version 1.36 and Wibs
data display).

The WIBS fluorescence signal was classified using the Perring classification (Perring et al. 2015). The
190 classification is detailed in Table S2. In this study, we provided measurements at the detection threshold of 35
Sigma (Modal peak plus 3 times the standard deviation), and at 9 3. The 3 & threshold provides information on all
fluorescent particles; however, previous studies have illustrated that non-biological aerosol particles can
sometimes fluoresce, and it is suggested to increase the fluorescence threshold to 9 & to remove fluorescence
signals from non-biological particles. Using this threshold only highly (or hyper) fluorescent particles are selected.
195 We calculate fluorescent fractions and ratios at both threshold values to provide a comparison with previous studies

(Savage et al., 2017, Moallemi et al. 2021, Frietas et al., 2022).

4.0 Results and discussion:
4.1 General observations

4.1.2 Overview of the variability of the biogeochemical parameters

200 Prior to going into detail on the chemical and physical properties of the nascent aerosol particles, we first present
seawater biogeochemical parameters measured using the underway water system. These measurements provide an
indicator of the biological activity in the water and will provide a basis for the interpretation of the properties of
the generated aerosol particles. All relevant time series are provided in the supplementary material (Fig S6 S7).
Chlorophyll-a (Chl-a) concentrations are highest in the FW, reaching approximately 2 mg.m* (Fig S6a), with a

205 peak of about 4 mg.m™ during a phytoplankton bloom observed on 19 ™ of March. In contrast, Chl-a are lowest in
the SAW and in the STW, ranging between 0.2 and 0.5 mg.m=, and increases in the MW to about 1 mg.m™. Total
heterotrophic bacterial abundance (Bact), (Fig S6b) is also highest in the FW and MW, with brief periods of
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elevated concentrations observed on 19 ™ of March (FW), 23 ™ of March (SAW) and 26 " of March (MW).
Nanophytoplanktons (Nano) (Fig. S5c¢), are most abundant in the FW and least in the MW, with intermediate
210 values in the SAW. In contrast, picophytoplanktons (Pico) (Fig. S6c), show the lowest concentrations in the FW,
but display high variability, peaking on 18 " of March across all populations.
Bigger single-cell algae species, such as dinoflagellates (DiFl), diatoms (DiA) and flagellates (Fl), are highly
variable throughout the sampling period (Fig. S7d). DiA exhibits peak concentrations in the FW, with
concentrations tenfold those measured in the SAW and in the STW. DiFI are highest in the FW (20 mgC.m>),
215 average in the SAW/STW (15 mgC.m) and lowest in the MW (<10 mgC.m?), while Fl is highest in the STW/MW
and lowest in the SAW. Total nitrogen was highest in the SAW waters and lowest in the STW (as was other
nutrients such as phosphorus).
To summarize, the FW had the highest biological activity and biomass, especially for larger phytoplankton groups
and chlorophyll-a. The STW was generally low nutrient water but had highest temperature and salinity values, as
220  well as the fractional abundance of some larger single-cell species (Flagellates) but generally was low nutrient
water. The smaller phytoplanktons (Pico, Syn) showed an opposite trend, with higher biomass in the SAW.
Dissolved Amino acid (AA) species, such as Glycine, Alanine, Gamma-aminobutyric acid (GABA), Isoleucine
(Iso), Phenylalanine (Phe) and Leucine (Leu) were also measured in the water daily. The changes in these
concentrations are relatively subtle but using a degradation index, it is possible to extract shifts in the molecular
225 AA composition. This degradation index is calculated based on a principal component analysis (PCA) including
all data from the Tangaroa voyage (ASIT, UW, and working boat) (BarthelmeB et al., 2025). This corresponds to
a certain molecular composition i.e. a relative higher share of Gly, Ala, and GABA points to a higher state of
degradation, while a higher relative share of e.g. Iso, Phe, and Leu point to fresh (recently produced) organic
matter. From this analysis it is concluded that the MIX and FW contained the freshest organic matter, followed by

230 SAW and then STW which was the most degraded and contained the least amount of fresh material.

4.1.2 Aerosol chemical characterisation

The chemical composition measured by the TACSM included contributions from sea salt, SO4%, Org, and NOs~.
The average mass concentration of the organic species was 0.75 + 0.78 pgm-3, accounting for approximately 35%
+ 20% of the measured submicron particle mass concentrations (Fig. 2), slightly higher than the organic fractions

235 measured during the Mediterranean Peacetime cruise (Freney et al., 2021). The contribution from SO4* is on
average 11%+8% and 4%+8% from NOj3". The sea salt acrosol contributes approximately 40%+20%. The ratio of
the Sea salt signal to SO4* is on average 0.25, which is in accordance with literature values (0.26) citing the ionic
composition of seawater (Seinfeld and Pandis (2016). Therefore, we believe that SO4> measured only represents
the SO4* within naturel sea salt. The NOs~ measured was often close to the limit of detection, resulting in higher

240 ratios (0.04) than those cited in the literature (0.0001). Given the difficulty in quantifying sea salt using the
TASCM we do not discuss the sea salt composition further. Like the other physical and biological variables, the
highest PM1 mass concentrations were observed during both the FW (2.34 + 1.82 ug m™) and the STW (1.94 +
0.86 pg m™) periods, compared with concentrations measured in the SAW (1.2 + 0.74 png m~) and MW (0.835 +
0.75 pg m3).

245
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Figure 2. TACSM mass concentration of the Organic, Sulphate, and nitrate species as a function of time and water
type.
250
Positive Matrix Factorization (PMF) was performed on the organic mass concentration, and a three-factor solution
was chosen to best describe the dataset (Fig. 3). These factors represented a MOA, an OOA, and an POA, similar
to signatures previously identified in Freney et al., (2021). The OOA (Fig.3 e) signature was typical of that of an
oxidized organic aerosol, whereas the MOA had similar mass spectral fragments of the combined marine organic
255 aerosol and methyl sulphonate acid (MSA) factors identified in Freney et al., (2021) having signature peaks of
m/z 65, 79, and 96. These peaks have been characterised in a number of studies and have been associated with an
MSA-like organic aerosol (Timonen et al. , 2016, Hodshire et al., 2019). The MOA factor additionally contained
several mass spectral peaks that have previously been associated with amino acids groups such as mz 41, 70, 98,
117 (Schmale et al., 2013 (ambient marine aerosols) or Alfarra et al., 2004 (Palmitic and Oleic acid)).
260
The total organic mass fraction decreased from 43% in the FW to 34% in the STW and MX. This change in total
organic matter was additionally accompanied by a change in the composition of organic aerosols with MOA
contributing the highest to the total Org in the FW (50%), shows a stable relative contribution at 30% in SAW and
STW, and a very low contribution of around 10% in MW. The OOA, however increases throughout the campaign,
265 with about 40% of the total Org in FW, stable 50% in SAW and STW and 70% in MW. The POA contributes the

least to the total organic mass, (10 £+ 5 %), it is the only organic mass that had a constant contribution throughout
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Figure 3: Top: a) Contribution of each of the OA, b) mass concentrations of the three identified organic factors c)

MOA, d) POA and e¢) OOA as a function of time. The bottom figure illustrates the mass spectral profiles of each

of the three identified factors.

In the current configuration, the residence time in the chamber is 30 seconds and does not allow for the formation

of secondary aerosol from gas-phase precursors. Our observations of oxidized organic matter in nascent SSA

confirm those from the peacetime Mediterranean cruise (Freney et al., 2021) and suggest that the oxidation of
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280 organic matter is already occurring in the bulk or at the surface of the seawater. MOA and OOA have been
measured in ambient air over the North Atlantic (Decesari et al., 2011). Facchini et al., (2008) observed that
chemical analysis of primary sea water acrosols was mainly composed of lipopolysaccharides that were transferred
to the submicron aerosol during bubble bursting. Zhou et al (2008) also showed that primary marine organic
aerosol can act as a source of OM but also a sink for the OH radical and lead to the production of low molecular

285 weight organic compounds. Long et al., (2014), illustrated how solar radiation can impact the production of organic
matter in seawater, through both biological and photochemical processes. These studies, along with our
observations illustrate that nascent marine organic aerosols are a combination of nascent and secondary aerosol

sources and highlights the need to reconsider the sources of secondary aerosol particles in marine environments.

1.3 Fluorescent properties

290 In this work a WIBS-NEO instrument was deployed as part of the instrumental set up to facilitate the link between
seawater biochemistry and the biological content of nascent seawater aerosols. Our objective was to determine to
what extent biological material was emitted into the atmosphere during nascent SSA generation. These online
measurements, should allow us to study under what conditions of seawater biological properties result in the
highest fluorescent aerosol particles and what are the fluorescent characteristics of these aerosol particles.

295
Aerosol particle number and mass concentrations were measured, both by the DMPS (from 10 up to 500 nm) and
the WIBS-5 (from 500 nm up to 15000 nm). Both instruments measured highest concentrations at the start of the
field campaign, in the FW, and like the aerosol chemical properties an increase in number concentrations was
observed during the STW. The aerosol size distribution measured by the DMPS was characterized by a single

300 mode centered on 150 nm, and particle number concentrations measured by the WIBS-5 were dominated by
particles with diameters < 2 microns (Fig. S4). A more detailed description of aerosol particle size distributions
during the field campaign, as well as their variability with seawater temperature is available in Sellegri et al.,
(2023b).

Of all particles sampled by the WIBS instrument, only 2 to 4% were fluorescent aerosol particles (FAP) at 3-sigma

305 (Fig. 4), with highest FAP in FW. For the hyper fluorescent particles (HFP) (9-sigma), only 1%+/- 0.5% of the
particles were fluorescent. This suggests that only a small fraction of the total aerosol and total organics (30%) is
of biological origin. These values are like those reported for highly fluorescent nascent sea salt particles in the
Baltic Sea (2022), and in ambient aerosols over the Pacific Ocean (Moaellimi et al., 2021). The disadvantage of
using only this ABC channel to identify biological aerosol particles is that we likely miss useful information from

310  the remaining channels. The FAP was highest in frontal waters (around 4%) and decreased throughout the
campaign, was around 3% in SAW and only 2% in STW and MW, logically following the general trend of most
phytoplankton groups.
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315 Figure 4: a) Time series of the fluorescent particle number concentration, b)Time series of the contribution of each

fluorescence channel (3 sigma) in each water type (indicated by the colored bars),

In this work, 90% of the FAP were particles that were fluorescing in single channels (A, B, and C), while mixed
channels (AB, AC, BC, ABC) contributed less than 10% of all fluorescing particles (Fig.4). The A type particles
320 contributed more than 40% during most of the field campaign. These particles are excited by 280 nm and emit in
the range of 310 to 400 nm (Table S2).
In ambient aerosol measurements, the fluorescent particle types A, AB, in smaller size ranges have been associated
with bacteria, whereas in larger particles this can eventually suggest the presence of fungal species. In STW, the
fraction of A particles decreased to 29%, as a result of an increase in contributions from B and C particles, (37 and
325 30% respectively). In all other water types, these B and C type particles ranged from 20 to 25% and from 13 to
20%, respectively. During ambient measurements in marine environments, the B class particle fractions generally
represent smaller contributions < 15%, (Kawana et al., 2015, Moallemi et al 2021). When looking at hyper
fluorescent particles (9-sigma), the same trends in all channels were observed, however contributions from A
decreased by approximately 20%, whereas those from the B and the C channels increased, suggesting a
330 contribution of weakly fluorescing particles occurs in this A channel. B and C type particles can be related to
biofluorophores such as riboflavin(Savage et al., 2017).
There was a notable variation in different fluorescent channels depending on the water type and measured particle
size (Fig. S8). In the FW and in the STW, all measured particles represented similar fluorescent properties across
the measured size range. However, in the SAW, the intensity of A type particles was particularly strong at smaller
335 diameters. The fluorescent intensity in mixed waters showed the ABC channels with a marked increase at larger
diameters.
Several recent studies have deployed the WIBS instrument aboard research vessels in the southern hemisphere and

sampled in marine ambient air (Moallemi et al., 2021, Kawana et al., 2021). In the Baltic Sea, a fluorescence
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spectrometer, like the WIBS, was used to investigate the biological content of nascent seawater particles (Friestas
340 et al., 2022). In their study, Friestas et al., (2022), focused on comparing online nascent sea spray particles
fluorescent signals, to both bulk seawater and primary sea spray aerosol biology measurements. Using online
spectroscopy only a small fraction of particles was observed to have fluorescent properties, it was suggested that
not all biological species will fluoresce at the wavelengths used in the online spectrometers, and that in addition,
bacterial species are selectively aerosolised and not representative of the bulk seawater. In the present study we

345 take a similar approach, examining specific relationships between the different fluorescent channels.

4.2 Co-variability of relations between nascent aerosol fluorescent properties and seawater

biogeochemistry.

350  As already presented, several seawater and nascent seawater aerosols properties were measured during this study
including seawater biogeochemistry, and nascent seawater aerosol physical, chemical and fluorescent properties.
Correlations were investigated for each of the fluorescing channels of the WIBS, as well as the ratios between
these channels (B2A) (Fig. 5). For seawater biochemistry, significant positive correlations were observed between
Chl-a, nanophytoplankton, bacterial cells, and diatoms were all well correlated with particles fluorescing in the A

355 channels(r=0.49, r=0.34, r= 0.56, and r=0.53), and with MOA (R=0.51, R=0.50, R=0.21, R= 0.53 p<0.01
respectively). These correlations may arise from these biological species being increased in FW waters, as MOA
is.  Nanophytoplankton have already been related to increases in particle number concentrations and MOA
(Sellegri et al., 2021). In this data set, MOA showed significant positive correlations with A-type particles, as well
as with Chl-a, bacterial cells and nanophytoplankton, suggesting that this factor is representative of a nascent

360  biological aerosols derived from oceanic bacteriological processes, in line with previous observations (Freney et
al., 2021, Wang et al., 2017). The mechanisms of this relationship are not yet fully understood, although indications
that MOA is surface active and enriched in the bubble films, changing the film thickness and lifetime (Freney et
al., 2021, Sellegri et al 2021). Opposite to MOA, the OOA fraction is lowest in the FW and highest in STW and
MW, indicating a different processing type. OOA does not show any relationship to the phytoplanktonic groups

365 except a slight anticorrelation to flagellates, a phytoplanktonic group that is increased in FW and MW. These
seawater types are also more exposed to sunlight, so the OOA might be indicative of more photochemical
processing than MOA, like the observations by Long et al., (2014), an alternative for increased more bacterial
degradation than metabolic transformation.

These correlations are also consistent with previous studies that have linked A-type fluorescent particles to

370  bacterial bioaerosol (Sauvage et al.,2017). Interestingly, despite containing signatures for amino acids, the POA
did not illustrate any significant correlations with either the fluorescent channels or biological parameters. This
may indicate that POA is representative of the aged biologically refractory dissolved organic carbon (DOC) in the

ocean. It did, however, have moderate negative correlations with flagellate species (r=-0.36).
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Figure 5: Pearsons r correlations of seawater biogeochemistry, organic aerosol, and fluorescence properties. The

significance of correlations are indicated by * (* p <0.05, ** p < 0.01, *** p <0.001).

The FAP correlated with most biological species, diatoms (r= 0.43), Chl-a (r=0.44) but also with
380 nanophytoplankton (r=0.43) and bacteria cells (r= 0.30). It is also correlated to the organic content of the nascent
sea spray: the correlation with MOA (r=0.42) and to a lesser extend OOA (r=0.31) is of similar significance than
with biological components. Suggesting again that MOA and OOA being themselves of biological origin. The
FAP is however un-correlated to POA, indicating that POA is less indicative of biological debris than aged
refractory organic matter as suggested earlier. The FAP is dominated by the A channel and therefore highly
385 correlated to the A channel. However, this channel (A) shows slightly different correlations compared to the total
FAP with highest correlations found with bacteria (r=0.56) and diatoms (r=0.53) and lower with
nanophytoplankton (r=0.34). Channels B and C are found uncorrelated to any marine microorganisms, but are
correlated to OOA. Therefore these channels may be sensitive to fluorescing, photochemically produced organic
matter. Channel ABC supposedly specifically indicative of biological aerosol is uncorrelated to any marine

390  microorganisms nor Chl-a as well.
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An additional parameter that can be used to identify the source of fluorescent particles is the ratio of the B to A
channel. This ratio is referred to as the humification index and can be used to distinguish protein-derived organic
matter from more humic-like material (Moellimi et al., (2021)

It is based on the observation that protein-like organic matter typically emits at shorter wavelengths (those

395 corresponding to A), while humified or aromatic organic material tends to emit at longer wavelength ranges (B).
Using the WIBS-5, channel B corresponds to a wavelength range from 420 to 650 nm, while channel A covers
310 nm up to 400 nm. Moellimi et al., (2021) measured B2A ratios for ambient Antarctic aerosols ranging from
0.4 up to 5, with high values measured close to Islands with large colonies of penguins, where aromatic organic
species were expected, while low values were measured in the open ocean. In this work, B2A ratios measured in

400 nascent marine aerosols were low and varied from 0.1 up to 2 for fluorescent particles measured at 3 5, with an
increase of 2 observed during the STW period. For hyperfluorescent particles (at 9 8), values in the STW increased
up to 10. These high values were only observed in the STW, suggesting a greater contribution of humic or
aromatic-type particles in those particles than in the other regions. In line with this, we observe that this B to A
ratio is inversely correlated to nanophyto (r=-0.58) and Chl-a (r=-0.46).

405 In the STW, nutrients such as nitrogen and phosphorus were lower than in other seawater types, in these nutrient
poor waters we can expect some form of microbial degradation of the organic debris resulting in the formation of
humic organic matter (Omori et al., 2020). Chlorophyll remained low during this time as did other biological
species (Bacterial Cells, nanophytoplankton). Correspondingly, the B2A ratio is anticorrelated with total nitrogen
(TN) R=-0.48 (p=0.01), nanophytoplankton (r=-0.58, p=0.001) and bacterial species (r=-0.43, p=0.001). In

410 addition, the calculated DI, for the combination of amino acids, was most negative in the STW and was
anticorrelated with B2A (-0.43, p=0.01) (Fig 5), suggesting a higher degradation state and eventually an increase
in aromatic or oxidized organic aerosols. This conclusion is supported by the positive correlations between the
ratio B2A and OOA (0.29).

This degradation of organic matter in marine seawater resulting in a change in fluorescent properties was also

415 observed in marine samples at several different depths of seawater (Omori et al., 2020). This was in large part
related to the photodegradation of marine biological samples. In the STW, seawater is exposed to much higher
levels of sunlight compared to that in the FW or SAW, therefore this change in marine properties can also be a

result of the contribution of photobleaching processes.

5.0 Conclusions and atmospheric implications

420 This work represents data collected during the 2-week Sea2Cloud cruise ranging from -42° to -47° off the coast
of New Zealand, through three different water masses. These observations highlight the complexity of the nature

of nascent seawater aerosol particles and illustrate strong interactions with seawater biogeochemistry.

The chemical composition of the nascent aerosols, measured with a TASCM, was dominated by organic material
425 containing signatures of different biological origin, including amino acids. This organic matter contributed 35% +
20% to the total submicron mass, containing signatures for both nascent and secondary organic aerosols (OOA
and MOA). The presence of oxidized organic material in generated sea spray aerosols suggest that ocean biology
can contribute not only to nascent marine aerosols but also to the secondary organic aerosols, with important

implications when interpreting aerosol sources in marine environments and for indirect aerosol radiative effects.
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430 Given the biological origin of these organic aerosols, they may also represent an important source of ice nucleating

particles.

Using WIBS fluorescence measurements several fluorescent channels could be associated with different biological
species and illustrate how nascent aerosol fluorescence properties vary with key biological indicators in seawater
435 including Nanophytoplankon, Chl-a, and total bacterial cells. These measurements provide evidence, in a
controlled environment, of the associations between seawater biology and nascent sea spray aerosol composition
and provides additional evidence that ocean biogeochemistry can directly influence marine aerosol properties. It
also highlights the need to integrate biology, chemistry and physics when studying processes at the ocean
atmospheric interface. The combination of continuous measurements of fluorescence, mass spectral and biology
440 and evolving seawater masses, provides a powerful approach to trace biological activity and provides new

parameters that can be considered in climate models.
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