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Abstract

Microalgae emit volatile organic compounds (VOCs) that can profoundly impact
climate by leading to new particle formation and influencing clouds. Among
these VOCs, dimethyl-sulfide (DMS) is of particular interest due to its key role
in atmospheric processes. Despite its importance, many detailed processes link-
ing microalgae and sea-atmosphere interactions remain poorly understood. We
investigated the response of a freshwater and saltwater microalgal species of
haptophytes known to produce DMS, to air entrainment and bubble-bursting
mechanisms relevant for wave-breaking over the ocean. We show that bubbling
resulted in the successful aerosolisation of microalgae and concurrent emission
of DMS. In contrast, only background levels of DMS were detected when bub-
bling ceased, suggesting a critical role of bubbles in the sea-air exchange of DMS
under the studied conditions. DMS mixing ratios were not correlated with the
emitted particle concentrations and decreased over time, while particle concentra-
tions remained stable. Bubbling also significantly reduced the viability of aquatic
microalgae. Approximately half of the aerosolised microalgae were viable upon
emission, but were not able to grow during subsequent cultivation recovery. Thus,
the potential for microalgae to disperse to new environments via aerosolization is
low, while their climate impact through the release of DMS remains substantial.

Keywords: Dimethyl-sulfide, bioaerosols, airborne microalgae, aerosolisation, primary
biological aerosol particles

1 Introduction

Atmospheric aerosols have major implications for Earth’s radiative balance by inter-
acting with solar radiation and influencing cloud formation [1, 2]. Primary biological
aerosol particles (PBAPs), defined as directly emitted airborne particles of biologi-
cal nature [3], include airborne microalgae, unicellular microorganisms and one of the
least studied organisms in aerobiology [4]. Marine PBAPs also produce several organic
compounds like polysaccharides that are commonly found in primary marine organic
aerosol (PMOA; e.g. [5, 6]). The aerosolisation potential of aquatic microalgae has
been described to occur primarily during wave breaking mediated bubble bursting
at the water surface, transferring compounds present in bulk water into the atmo-
sphere [7, 8]. The importance of airborne microalgae and related organic compounds
for climate is still largely unknown.

PBAPs are typically large in size and are therefore expected to have short periods
of residence in the atmosphere, with a negligible to non-existent impact on climate
[3]. Remarkably, airborne microalgae have been reported in remote locations such as
Antarctica and thus far away from potential sources [7, 9, 10]. This implies that on
certain occasions PBAPs can have transit in the atmosphere longer than previously
expected, caused by special meteorological conditions like when wind velocities are
fast relative to the particles’ settling velocities and turbulence prevails [11, 12]. It is
also well known that PBAPs, including microalgae, can actively nucleate ice [13–15]
and they have been suggested to act as giant cloud condensation nuclei (CCN) [3].
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Thus, airborne microalgae could have a more important role in climate by interacting
with radiation and clouds.

Emissions of chemical compounds from aquatic microalgae have been extensively
studied [e.g. 15–18]. These include volatile organic compounds (VOCs), a major one
being dimethyl-sulfide (DMS) [19]. DMS constitutes the largest source of naturally
emitted sulphur to the atmosphere and due to the reduction in sulphur-based fossil
fuels, natural sulphur emissions now play a key role for global sulphate aerosols [20–23].

The main precursor of DMS is dimethylsulfoniopropionate (DMSP), produced
mainly by aquatic microalgae in the oceans [24] in different amounts [25]. Several
studies highlight that only a small fraction of approximately 10 % of the DMS pro-
duced in ocean water is emitted into the atmosphere [26]. The majority of dissolved
DMS is decomposed by microbes [27, 28] or photolysis [29, 30]. The close interconnec-
tion between DMS production and its loss makes it difficult to investigate the factors
influencing and the dynamics governing DMS emissions from the ocean surface. These
can for example depend on surface winds, sea surface temperature or downwelling
irradiance [31–33].

The sea-air exchange of DMS can occur by either direct diffusion across the main
interface or by bubble-mediated transport. Earth system models [e.g. 34–36] typically
describe the DMS flux based on gas transfer parametrizations relating the sea-air flux
of DMS to the concentration difference between surface ocean and atmosphere and the
gas-specific transfer velocity, including the gas solubility, diffusivity and wind speed.
Although such parametrizations have been very useful to evaluate global scale ocean
fluxes, they omit bubbles from wave breaking and the bubble-mediated contribution
to the DMS flux. In the absence of waves and bubbles, the wind-induced turbulent gas
diffusivity is the dominant exchange pathway, while during wave-breaking bubble pro-
cesses might become important. Gases may be encapsulated in a bubble and released
by diffusion across the surface of the bubble or when the bubble bursts. At high wind
speeds, accompanied by breaking waves, enhanced transfer of gases is to be expected
but only limited data exists describing this process [37]. Bubble-mediated gas transfer
is also dependent on the solubility of the gas and expected to play a more important
role at high wind speeds [38, 39]. As DMS is considered a moderately soluble gas, it
is currently treated as not being greatly influenced by bubble-mediated transfer [39–
41], which is why model parametrizations currently do not include a bubble-mediated
transfer velocity term.

Atmospheric DMS mixing ratios in marine [e.g. 42–44] and freshwater environ-
ments [45–47] range from a few ppt to approximately 12 ppb [36, 43, 46, 48–51]. Once
in the atmosphere, DMS can be oxidised for example by hydroxyl radicals to form
aerosol particles consisting mainly of methane sulphonic acid (MSA) and sulphuric
acid, ultimately leading to the formation of sulphate aerosols [52–54]. The complex
chemical reaction pathways have been studied in several modelling setups [e.g. 55–58]
as well as laboratory based atmospheric simulation chamber experiments [e.g. 59–61].
Secondary aerosols formed via the oxidation of DMS are known to be excellent CCN
[62–65] and their importance for aerosol-cloud interactions has also been explored in
numerous modelling studies [e.g. 56, 66, 67]. Despite the major importance of DMS and
sulphate aerosols for climate is recognised, their detailed role in atmospheric chemistry
and the mechanisms involved in the release of DMS remain unclear.
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This study investigates the aerosolization potential and concurrent release of DMS
from two microalgal species of haptophytes from freshwater (FW) and saltwater (SW)
habitats in controlled laboratory experiments. The chosen marine species, CCMP284,
was previously identified as a common representative of phytoplankton and a major
producer of DMSP [25]. Additionally, we selected the freshwater Chrysochromulina
(CCMP291) from the same culture collection, to explore a potential climatic role of this
species from freshwater bodies such as lakes. The impact of different bubble bursting
scenarios on the microalgae in bulk samples and their aerosolisation potential, the
amount and fraction of microalgae to the total aerosolised particles, and of released
DMSP and DMS were studied. Furthermore, the viability of aerosolised microalgae
was explored.

2 Results
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Bulk Phase: Impact of bubbling on aquatic microalgae

The total number of microalgae in the water tank (abundance in bulk) ranged from
approximately 5 to 630 million cells per 10 litres of water (Table 1), as expected in a
natural bloom in both freshwater and saltwater environments (e.g. 68, 69, > million
cells per litre).

The abundance of aquatic microalgal cells during Homogenisation, SJ, and MJ
treatments, was similar across treatments (Kruskal-Wallis X²(2) = 2.6719, p-value =
0.2629; Table S1), most probably due to a buffering effect. However, each microalgal
strain (FW, SW) was impacted differently (Kruskal-Wallis X²(1) = 5.4541, p-value
= 0.01952) with variations across experiments (Kruskal-Wallis X²(7) = 55.442, p-
value = 1.219e-09) (see Table S2). In the further analysis, we removed experiments
FW1, FW2, SW1 and SW2 for which experimental conditions were slightly different
(e.g. longer treatment, unfavourable conditions for cells such as exposure to higher
temperature leading to their disruption), and focused on the comparison between
similar experiments, i.e. FW3, SW3, SW4 and SW5.

In experiments FW3, SW3, SW4, and SW5, the microalgal strains responded dif-
ferently to treatment (Homogenisation, SJ, MJ) in the water tank (Two-way ANOVA
strain:treatment F(1,24) = 75.148, p-value = 4.65e-11; Table S3), showing similar abun-
dances after SJ and MJ treatments (Tukey HSD, p>0.05) but different abundances
after the initial Homogenisation (p<0.05) (Table S4). It appears that the FW strain
was more negatively impacted by Homogenisation than its counterpart (Fig.1). As
anticipated given the different initial load of cells, discrepancies in aquatic cell abun-
dances were observed among experiments (Two-way ANOVA strain:treatment F(2,24)

= 32.835, p-value = 1.35e-07, Table S2). Notably, FW3, with the highest initial cell
load, and SW4, with a much lower initial load, exhibited similar abundances across
the experiment treatments (Tukey HSD, p=0.517), reinforcing the observation that
the FW strain could be more sensitive to treatment.

Interestingly, the percentage of intact aquatic cells (Neutral Red data) in FW3,
SW3, SW4, and SW5, remained similar across treatments (Kruskal-Wallis X²(2) =
0.058559, p-value = 0.9711) with 74.5 ± 30.3 % of intact cells under SJ and 78.7 ±
21.4 % under MJ treatment (Table S5). In agreement with the observed fluctuations
in cell abundance (Tabe S3, Lugol staining), the integrity of each strain (Neutral Red
staining) was affected differently in the water tank under treatment (Homogenisation,
SJ and MJ; Kruskal-Wallis X²(1) = 19.703, p-value = 9.047e-06), with a lower per-
centage of intact aquatic cells in the FW (34.7 ± 18.4 %) compared to the SW strain
(90.4 ± 6.66 %; Table S6). It is noteworthy that the fluctuation between experiments
for the SW strain (83.0-97.3% intact cells (SW4<SW5<SW3), Table S7, Kruskal-
Wallis X²(2) = 14.363, p-value = 0.0007607), is seemingly unrelated to the initial load
SW5<SW4<SW3 (Table1) and possibly linked to intrinsic biological features.

Using flow cytometry (FCM), we further investigated the impact of bubbling on
FW and SW strains. The number of cells detected in FW3 was low (481 to 1014 counts)
but above the background level (12.5 ± 1.0 counts). The FW strain was characterised
by a well-defined population of cells with similar characteristics as the initial culture
(starter sample). Bubbling strongly affected the FW strain with the death of 87.8
% of microalgal cells after Homogenisation. We suspect that bubbling induced cell
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a)

b)

Fig. 1 Abundance of stained microalgal cells (Lugol stain, proxy for cell integrity) under treatments
in the aquatic (Starter, Homogenisation, SJ, MJ) and the aerosolized fraction (Impinger SJ and
Impinger MJ) (n = 3 replicates per treatment) in a) both investigated strains, b) in the freshwater
stain (FW) and c) saltwater strain (SW), over all experiments. Boxplot: median, interquartile range,
and standard deviation.

disruption in the FW strain due to the decrease in the percentage of cells containing
chlorophyll pigments (e.g. from 98.6 ± 0.2 % cells in the initial culture to 44.3 ± 4.8 %
cells in the water tank after Homogenisation), the increase of damaged/dead cells (e.g.
7.9 ± 7.4 % to 95.3 ± 2.6 %), and the increase in debris. The percentage of damaged
cells in the water tank in the successive SJ and MJ treatments was rather constant
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(93.0 ± 2.5 %). The SW strain (experiments SW3, SW4, SW5) was characterised by a
well-defined population of cells throughout the bubbling treatments. Initial bubbling
(Homogenisation) led to the loss of only 24.3 ± 7.5 % viable cells. During treatments
(Homogenisation, SJ, MJ) the percentage of cells containing chlorophyll pigments
remained elevated and rather constant (82.6 ± 2.6 %), with few detected damaged
organisms (2.9 ± 1.2 %).

Bulk Phase: Dimethylsulfoniopropionate (DMSP)

DMSP concentrations were analysed according to Bektassov et al. [70] in experiments
SW1 and FW1. Results are presented in Fig. S1 in the supplementary. A clear increase
in DMSP was observed after Homogenisation (approximately 4-fold in FW1) with
comparable values for the SW and FW experiment. Subsequent treatments with SJ
and MJ did not strongly affect DMSP concentrations, yielding similar DMSP concen-
trations compared to after Homogenisation. FW samples show more variability with
highest values after MJ treatment.

Aerosol Phase: Aerosolised fraction
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Fig. 2 Total number concentration of aerosolised particles as measured with the OPSS. a) results
for freshwater (FW) microalgae; b) results for saltwater (SW) microalgae. Different experiments are
specified with different markers and settings for the bubble generation are specified by colour: SJ9 in
blue and MJ3 in orange.
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Aerosolised particles were measured in all experiments as illustrated in Fig. 2.
The aerosol number concentrations appeared to be relatively constant throughout
the course of the experiments ranging between 10 and 200 particles per cm³ in FW
experiments and between 10 and 2300 particles per cm³ in SW experiments. In FW
experiments, the aerosol number concentrations reflect the emissions of the ’microalgae
ensemble’ consisting in the microalgal cells and their bionts (Fig. S2), and poten-
tial fragments of both. Higher emissions were measured during bubbling with MJ
compared to SJ. In SW experiments, the aerosols emitted contained the ’microalgae
ensemble’ as well as salt particles. The emissions during SJ were higher compared to
those during MJ, showing an opposite trend than in FW experiments. Furthermore,
in SW experiments, the overall concentration of aerosols exceeded those of the FW
experiments on average by a factor of 100.

To verify whether microalgae were among the emitted particles measured with
OPSS, we captured emissions using an impinger for ∼1 h and examined the abundance
and viability of the captured cells using microscopy and FCM. Microalgal cells from
FW and SW strains were collected in both the SJ and MJ treatments, indicating that
the two microalgae were successfully aerosolised from the water tank. Additionally,
the loss of aquatic microalgal cells was estimated from Lugol abundances in the water
tank (Fig. S3) and was marginally significant (two-way ANOVA F(1,10) = 4.007, p-
value = 0.0732), suggesting that microalgae could be aerosolised under the SJ and MJ
conditions but only in a small amount.

Impinger results analysed by microscopy found a low but none-the-less positive
emission of microalgae (Table S8) and indicated that SJ and MJ treatments did
not have a significant impact on the abundance of aerosolized microalgal cells in
all (Kruskal-Wallis X²(1) = 0.27862, p-value = 0.5976) and selected experiments
(Kruskal-Wallis X²(1) = 0.0081024, p-value = 0.9283, Table S8).

FCM found a higher emission of FW cells under MJ (172.7 ± 26.8 counts) than SJ
(34.0 ± 7.0 counts). The SW strain also showed a systematically higher emission under
MJ (181.8 ± 22.0 counts, i.e., recaptured abundance: 8.3 (± 1.4) · 103 cells) compared
to SJ (44.6 ± 13.8 counts, i.e., recaptured abundance: 5.3 (± 1.4) · 103 cells).

Also, DMSP was found in the impinger samples in experiments SW1 and FW1
(see Fig. S1).

Aerosol Phase: Size distributions of aerosolised particles

The length, width and volume of the organisms (biovolume) were estimated by
microscopy, revealing similar dimensions for both strains with a length of approxi-
mately 7 µm and a width between 5 - 6 µm (see Table S5).

Number size distributions for Exp.s FW3 and SW5 are illustrated in Fig. 3. Size
distributions of all other experiments are presented in supplementary Figs. S4-S10. To
better visualize differences in the shape of the distributions, each was normalized by its
maximum concentration. In FW experiments, which were dominated by the microalgae
ensemble, particles up to approximately 2 µm were found, with a distinct peak around
1 µm (Fig. 3a from OPSS). No differences could be observed between SJ and MJ
treatments. In SW experiments, where the microalgae ensemble and salt particles were
aerosolized, both size spectrometers (OPSS and WELAS) found particles from their
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Fig. 3 Normalized mean size distributions of aerosolized particles measured by OPSS and WELAS
from the head-space of the sea spray simulation tank. a) results for freshwater experiment FW3. b)
results for saltwater experiment SW5.

lower detection limits up to approximately 4 µm (Fig. 3b). Furthermore, WELAS,
with a higher size resolution, revealed a distinct peak around 0.4 µm and a high
concentration of sub-0.3 µm particles. Interestingly, OPSS results indicate a peak for
µm sized particles from approximately 1 - 2 µm, which is not visible in WELAS
results. Both spectrometers found only marginal differences in size between SJ and
MJ treatments, while more clear differences were observed for the concentrations.
These can be ascribed to higher concentrations of particles in the lowest bins, while
concentrations were comparable above appropriately 0.5 µm (see Fig. S10).

To further elucidate the differences observed in the size distributions presented in
Fig. 3a and b, additional experiments were carried out separating effects of pure MilliQ
water (‘MilliQ’), pure saltwater (‘Salt’) and a combination of MilliQ water, salt and
microalgae (‘Algae’). Total number concentrations and size distributions subdivided
for the different stages of a SW experiment are presented in Fig. 4. Concentrations <10
# cm-3 were detected during the ‘MilliQ’ stage (Fig. 4a), while similar concentrations,
number and surface size distributions were found for the ‘Salt’ and ‘Algae’ stages.
In the size distributions during the ‘Salt’ and ‘Algae’ stages, two distinct peaks were
visible, one at around 0.4 µm in the dN/dlogD distribution (Fig. 4b), as already found
in Fig. 3b, and one at ∼1.6 µm in the dS/dlogD distribution (Fig. 4c). This second
peak coincides with the one observed in dN/dlogD recorded with the OPSS in Fig.
3b. No distinct signal by the microalgae ensemble is visible.
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Fig. 4 Total number concentration and size distributions as measured by WELAS of aerosolized
particles during SW4 at different stages of the experiment. a) Total number concentration; b) nor-
malized mean number size distribution (dN/dlogD) and c) normalized mean surface size distribution
(dS/dlogD). Results from ’MilliQ water’ (termed ’MilliQ’), ’MilliQ water and salt’ (termed ’Salt’)
and ’MilliQ water, salt and microalgae’ (termed ’Algae’) stages are displayed.

Aerosol Phase: Airborne microalgae viability

The results showed that the SJ and MJ treatments did not have a significant impact
on the viability of aerosolised microalgae across strains (two-way ANOVA F(1,15) =
1.967, p = 0.181; Table S9). Figure 5 shows that a similar number of intact (i.e. viable)
organisms were retrieved under SJ (57.3 ± 28.4 %, n = 12) compared to MJ treatment
(44.6 ± 15.6 %, n = 12). More specifically, SJ treatment led to 57.1 ± 31.6 % and 57.8
± 22.7 % of intact organisms in SW and FW strains, respectively, while MJ treatment
slightly reduced the percentage of intact organisms to 45.2 ± 17.4 and 43.0 ± 11.4, in
SW and FW strains, respectively. In both SW and FW experiments, approximately
half of the microalgal cells emitted and recaptured by the impinger were intact (FW:
50.4 ± 18.0 %, n = 6, SW: 50.8 ± 25.0 %, n = 18). Similar rates were found comparing
the different experiments (two-way ANOVA F(2,15) = 1.234, p-value = 0.319, Table
S10).

FCM showed that the number of cells collected from the impinger in FW exper-
iments was low (26 to 195 counts) but above the background (12.5 ± 1.0 counts).
The number of cells in the impinger during SW experiments was very low (13 to 325
counts), with a signal close to the background noise (11 to 60 counts). All FW algae
under both treatments were inferred as damaged organisms by FCM (100.0 ± 0.0 %).
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Fig. 5 Percentage of stained microalgal cells (NR stain, proxy for alive fraction) under treatments
in the aquatic (Starter, Homogenisation, SJ, MJ) and the aerosolized fraction (Impinger SJ and
Impinger MJ) (N = number of replicates) in a) both investigated strains, b) in the freshwater stain
(FW) and c) saltwater strain (SW), over all experiments. Boxplot: median, interquartile range, and
standard deviation.

In the SW strain, however, the number of detected microalgae was too low for such
estimation.

In addition, the viability of the aerosolised microalgae collected in the impinger
was assessed by inoculate cultivation. None of the aerosolised inoculates in either
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of the two investigated strains were able to grow or show motion during the two-
month incubation period after the experimentation. The growth and movement of the
organism was visible only in positive controls.

Aerosol Phase: Dimethyl-Sulfide (DMS)
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Fig. 6 Total number concentration and DMS mixing ratios as measured during different stages of
Exp. FW3. a) Total number concentration measured by WELAS and b) mixing ratio of m/z 63.03
representative for protonated DMS. Grey data points denote all recorded data, while coloured data
points represent the different stages.

In experiments FW3 (Fig. 6) and SW5 (Fig. 7) background levels of DMS below
<2 ppb were measured by PTR-ToF-MS during ’MilliQ’ and ’MilliQ’ and ’Salt’ stages
(including bubbling of salt), respectively. Additionally, during SW5 the DMS signal
was monitored after introducing microalgae into the tank but before bubbling (’MA
NB’) showing comparable background levels. Once bubbling was started, DMS mixing
ratios as well as total number concentrations promptly increased but immediately
decreased when bubbling stopped (initial grey points after treatment in Fig. 6a,b and
7a,b).

In Exp. FW3, DMS mixing ratios reached ∼6 ppb both during Homogenisation
(Hom.) and the ∼1 h measurement period using SJ9 (Fig. 6b). DMS mixing ratios dur-
ing MJ3, reached a maximum of ∼3 ppb. A decrease of DMS over time was observed
during treatments SJ9 and MJ3, while particle number concentrations remained con-
stant. Between treatments sweep air was continuously flushing the head-space and the
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Fig. 7 Total number concentration and DMS mixing ratios as measured during different stages of
Exp. SW5. a) Total number concentration measured by WELAS and b) mixing ratio of m/z 63.03
representative for protonated DMS. Grey data points denote all recorded data, while coloured data
points represent the different stages.

tank was briefly opened to collect water samples and change the jet. Thus, the con-
stant values recorded between treatments (constant grey points) reflect the baseline
in the lab and in the head-space of the tank.

In Exp. SW5 (Fig. 7) salt was first introduced and mixed in the tank (’Salt SJ9’)
producing aerosol particles without concurrent emissions of DMS. Then, the effect of
varying the pump velocity from level 1 to 9 (SJ1 to SJ9) was explored. Both, aerosol
number concentrations and DMS mixing ratios increased with increasing pump veloc-
ity. While particle concentrations quickly reached constant levels, gradual increases in
DMS concentrations were observed during SJ1 and SJ3. Between SJ1 and SJ3, the
pump was not stopped and no samples were taken from the tank. Highest levels of
DMS of approximately 6 ppb were reached during SJ9 and MJ3. A decrease in the
mixing ratios of DMS over time was visible during the longer measurement periods of
∼1 h in treatments SJ9 and MJ3, with faster decay rates during MJ treatment. During
these treatment steps, particle concentrations, however, remained constant. Results
form other FW amd SW experiments are presented in supplementary Figs. S11 and
S12.

Thus, the DMS mixing ratios and their decrease during the longer measurement
periods varied with microalgae strain: DMS starting values in SW-SJ9 and SW-MJ3
were comparable, in contrast the FW strain starting values of FW-SJ9 and FW-MJ3
differed by about a factor 2. In FW experiments the fastest decay was observed during
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SJ9, while it occurred during MJ3 in SW experiments. The initial cell abundance in
the tank was substantially higher during FW3 compared to SW5. When comparing
DMS emissions and cell abundances before treatment, no significant correlation was
found (FW species: positive but not significant, Parametric test — Pearson correlation
coefficient r = 0.914, t = 2.254, df = 1, p-value = 0.266; SW species: positive but not
significant, Non parametric tests, Kendall (tau=0.73, T = 13, p-value = 0.056) and
Spearman (rho=0.83, S = 6, p-value = 0.058)).

Using the temporal evolution of DMS mixing ratios measured in the head-space
in combination with the flow through the system and the geometry of the tank, DMS
fluxes were calculated following the approach presented in [18, 71]. The exact calcu-
lation and results are presented in the supplementary and in Fig. S13. Due to the
restrictions of the laboratory sea spray simulation tank (i.e. using a continuous jet
instead of intermittent wave-breaking, having a confined area for bubbles to move, etc.)
fluxes derived from our experiments, are necessarily different from the ones obtained
from the natural wave breaking in the open ocean. The fluxes in experiments FW3
and SW5 ranged from approximately 40 - 110 ng/m²/s and were thus generally higher
compared to typical fluxes found over the ocean (i.e., typically in the range of 1-60
ng/m²/s, see e.g., 71).

To verify the DMS signal, Tenax tube samples were analysed with GC-MS demon-
strating the presence of DMS and also DMSO. Mass spectral confirmation are
presented in the supplementary Fig. S14.

3 Discussion

Our study shows the successful aerosolisation of two haptophyte strains of microalgae
originating from freshwater (FW) and saltwater (SW) environments with concurrent
measurements of DMSP in the water and DMS in the air during bubble bursting
processes.

Both the abundance and viability of aquatic microalgal cells was strongly nega-
tively affected by bubble bursting simulations (treatments), where the abundance and
percentage of alive microalgae was particularly drastically reduced in the FW strain.
The type of treatment, i.e. SJ vs. MJ, impacting on the water surface, did not have
a significant effect on the total abundance and viability of aquatic microalgae. Both,
SJ and MJ treatments utilized continuous water impingement to entrain air into the
bulk water, which is further dispersed in a plume of bubbles that burst at the water
surface. While SJ employs a single, centred water jet creating a concentrated spray
pattern, MJ distributes a comparable amount of water more evenly across the tank,
applying less pressure at each impaction point. The velocity of the water impacting
the surface during the main SJ and MJ settings was chosen to be comparable in this
study (MJ3: 8.7 L/min vs. SJ9: 6.3 L/min). The results point to the fact that for
aquatic microalgae viability it is not the specific type of jet that plays the most impor-
tant role but the general turbulence and mixing induced by the plunging jets. This
turbulence might cause more collisions between cells and cells and the tank, more
stress leading to higher cell fragility and potentially affect diverse metabolic responses
finally contributing to increased cell mortality.
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Continuous measurements of total emitted aerosol concentrations highlighted large
differences for FW and SW strains, with concentrations 100 times higher during the
latter. This can be explained by the emission of salt particles in SW experiments (see
Fig.7a) that were not present in FW experiments, while both FW and SW experi-
ments contained microalgae, bionts and potentially fragments of both (”microalgae
ensemble”). In contrast, microscopy analysis of aerosolized microalgal cells pointed
towards higher abundances for the FW strain (impinger results). Aerosolised total
number concentrations were also affected by the type of treatment chosen to produce
bubbles. This was also previously found comparing emitted number concentrations
using a plunging jet or a diffuser [72]. The results of aerosol spectrometers showed that
SJ produced more aerosol particles from a SW environment, while MJ led to higher
concentrations from a FW environment. These findings are in line with previous lab-
oratory results using other microalgal strains [15] and salts [73]. Airborne microalgal
cells measured by microscopy (impinger results) showed no significant dependence on
treatment, while flow cytometry, on the other hand, found higher emissions during
MJ in both FW and SW strains.

Size distribution measurements of airborne FW and SW microalgae ensemble
revealed slightly larger particles for the SW strain and no distinct differences between
treatments (SJ vs. MJ). In general, particles up to ∼4 µm in diameter were found,
which is slightly smaller compared to the measured cell size dimensions of the chosen
microalgae of ∼5-7 µm in water. This difference could be due to the higher pressure
microalgae are exposed to in air which could lead to cell shrinkage / deformation [74–
76]. Another reason could be due to a wrong choice of the index of refraction (IR)
used to assess the diameters of aerosol particles in the spectrometers. Recalculation
of the actual particle diameters is cumbersome, as the aerosolised fraction is a combi-
nation of different compounds, having different optical properties, and thus different
IR. Both OPSS and WELAS used an IR of 1.59 (IR of polystyrene latex spheres) to
relate the scattered light intensity to the particle diameter. However, aerosolised par-
ticles in this study are not expected to have such a high IR. Inorganic salt particles
typically have an IR of 1.54 [77] with a pure scattering signal. Microalgae have been
found to have a complex IR of approximately 1.35±0.003 [78, 79], bacteria of 1.38 -
1.54 ± 0.000157 - 0.012 [80, 81], and bioaerosols in general between 1.25 - 1.70 ± 0 -
0.4 [82]. These values are representative of a wavelength spectrum between approxi-
mately 0.35 - 0.65 µm, comparable to the light source used in WELAS [83]. Thus, the
actual diameters of the aerosolised particles in this study, as seen in Figs. 3 and 4, are
probably underestimated.

The aerosol size distributions further elucidate that it was not possible to differ-
entiate between the microalgae ensemble and other emitted compounds (e.g. salts),
as size distributions of ’pure salt’ and ’salt and algae’ experiments were indistinguish-
able (Fig.4). We further investigated potential effects of varying pump flow rates on
the emitted size distributions: additional experiments with salts (Exp. SiSS) were
conducted at pump settings SJ1, SJ3 and SJ9 to compare to Exp. SW5. Number con-
centrations increased with increasing pump velocity both for ’pure salt’ and ’salt and
algae’ experiments (Fig. S15). The shape of the number and surface size distributions
was quite distinct between the different pump settings but comparable between the
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’pure salt’ and ’salt and algae’ experiments (Fig. S16 and S17). Previous field measure-
ments at the Baltic Sea found a large fraction of bioaerosols in the size range above 0.8
µm [84]; these results were based on size distributions and simultaneous fluorescence
measurements. However, the salinity in the Baltic campaign was much lower compared
to our SW experiments (∼7 g/kg vs. 350 g/kg in our study). Thus, an interference
from large salt particles above 0.8 µm, as found in our study, may have been less
significant. Nonetheless, our results underscore the importance of combining aerosol
spectrometers with a second specialised technique to quantify bioaerosol emissions.

Additionally, the viability of aerosolised microalgal cells was investigated, showing
that more than half of the organisms were intact (viable) upon emission, both in FW
and SW strains, but none could be revived in recovery assessment. Thus, their long-
range transport might occur during for example convective conditions but colonisation
is expected to be limited. This result could also point to an important impact by factors
such as light intensity and time of revival during cultivation [76]. Further experiments
are needed to assess such effects. During their transit in the atmosphere, they might
serve as ice nucleating particles or cloud condensation nuclei. Ice nucleation active
(INA) compounds, including certain proteins and polysaccharides, have formerly been
associated with several airborne and aquatic microalgae [14]. Such INA molecules
could still trigger ice formation even if the airborne microalgae are dead [e.g. 85].
To confirm IN activity, further investigation would be necessary (beyond the scope
of the present paper). However, due to their confirmed aerosolization ability, both
investigated haptophyte strains might affect the formation and properties of ice and
liquid clouds.

A concurrent release of the microalgae ensemble and DMS were measured during
bubbling, while background levels of aerosols and DMS were recorded when bubbling
was stopped, highlighting the importance of bubbles in the air-sea exchange of volatile
compounds in this study. DMS emissions from lakes have typically been found to
be considerably lower than those from over the ocean [45–47], while our laboratory
results delineate comparable DMS emissions for FW and SW experiments. A potential
explanation could be that while the processes of DMS release are comparable, the con-
ditions encountered in real FW and SW environments vary, thus leading to different
atmospheric results [86]. Besides, the diversity in microalgae producing DMS is typ-
ically higher in the ocean compared to freshwater environments. Another interesting
observation of our study is related to the decay of DMS throughout the course of the
experiment: The decay during FW experiments appears to occur faster than during
SW experiments. In particular, during FW-SJ9 DMS decreased linearly with a slope
of -0.067 ppb/min, while during SW-SJ9 DMS decreased linearly with a slope of -0.012
ppb/min. In MJ treatments, the decreases appeared even more different between FW
and SW experiments, with a linear decrease (slope of -0.025 ppb/min) in FW-MJ3
and an exponential decrease (slope of -0.014 ppb/min) in SW-MJ3. In addition, our
study indicates that DMS decay rates are independent of the total number of particles
emitted, i.e. while DMS decays over time, the emitted aerosol concentration remained
constant in both FW and SW experiments. Our results also highlight that a larger
fraction of emitted particles is not correlated with a higher DMS mixing ratio.
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During SW experiments, a clear relation between water pump velocity (i.e. SJ1
vs. SJ9), emitted aerosol concentration as well as DMS mixing ratios was found. In
SW experiments, an increase in emitted particle concentration with increasing pump
velocity was observed, as found earlier by [73]. However, previous experiments for a
different type of FW microalgae performed with the same laboratory setup in [15],
highlighted an opposing trend. The gas transfer between the ocean and the atmosphere
is expected to increase with increasing wind velocity [39]. Soluble and moderately
soluble compounds such as DMS are believed to have a negligible bubble-mediated gas
transfer, while waterside gas transfer dominates [39, 40]. Previous studies have found
that at elevated wind speeds above approximately 10 m/s a non-linear transfer of DMS
with wind speed occurs, leading to a flattening of DMS transfer rates [39, 87]. This
is ascribed to wind-wave interactions, mesoscale processes and the amphiphilic nature
of DMS. The settings in the laboratory experiments in this study cannot directly be
related to wind speed scenarios in the ambient environment; a higher pump setting
reflects though stronger entrainment of air into the liquid. The clear increase in DMS
mixing ratios with increasing pump velocity points to a very fast sea-air exchange
response of DMS during our experiments.

Finally, results indicate that dispersal of the studied microalgae strains over geo-
graphic scales is not probable, while their potential impact on climate is driven by
their release of DMS with implications for new particle formation in the atmosphere
and influence on cloud formation. More studies are needed to unravel the effects of
other DMS producing microalgae and mixtures of co-occurring types of organisms
capable of emitting DMS to investigate potential cumulative effects.

4 Methods

4.1 Microalgal strains

Two haptophyte strains were investigated: the freshwater species Chrysochromulina
parva (CCMP291, BIGELOW culture collection) was cultivated in Modified Wright’s
Cryptophyte medium [88]. The saltwater species Chrysotila dentata was cultivated in
L1+Si medium with a salinity of 3.5 % [89]. This strain was ordered as CCMP284
(BIGELOW culture collection) but genetic analyses demonstrated that the strain
belongs to Chrysotila dentata. The 18S ribosomal DNA gene of the two strains was
amplified as described in [90]. Sequences were aligned against GenBank nucleotide
library using Blastn function. Alignment of the 18S sequences of the freshwater
strain (467 bp; PV799978) belong to Chrysochromulina parva (99.79% identity with
AM491019.2) and of the saltwater strain (436 bp; PV799979) to Chrysotila dentata,
also called Pleurochrysis dentata (100 % identity with KJ756811). In the article, the
two haptophyte strains are mentioned by their habitat characteristics, i.e., freshwater
(FW) and saltwater (SW) strains. Strains were grown in a controlled climate room at
15 °C, 25-30 µmol photons m-2 s-1, 12 h light: 12 h dark.

Cultures were non-axenic indicating that associated prokaryotes were present in the
culture. Prokaryotes were present attached to the microalgal cells or free-living in the
culture medium. Visualisation of microalgal bionts was performed by epifluorescence
microscopy as described in [15] (Fig. S2).
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4.2 Experimental Procedure

The experimental setup was comparable to the one described in [15]. A stainless-
steel sea spray generation tank was used to investigate the aerosolization potential of
microalgae by simulating processes occurring during wave breaking [91]. A schematic
illustrating the measurement setup is presented in Fig. S18. For saltwater experiments,
an aqueous solution containing synthetic sea salt with the composition: 55% Cl−, 31%

Na+, 8% SO
2−
4 , 4% Mg2+, 1%K+, 1%Ca2+, <1% other (Sigma Aldrich S9883; mass

fractions) was mixed with MilliQ water (EMD Millipore, 18.2 MΩ·cm at 25oC resistiv-
ity, 2 ppb TOC) to reach a salinity of 3.5% (35 psu), as is most common in the ocean
[92]. The salinity during the experiments was measured using a portable refractometer
(Bie and Berntsen A.S., Denmark) to be 3 % (measured during experiment SW5). For
freshwater experiments, pure MilliQ water was used. The tank finally contained 10 L
of solution and approximately 5 L of head-space. pH was monitored during experi-
ments by using Dosatest® pH test strips (pH0-14, REF 85410.601, VWR, Germany).
The tank was either operated with a single plunging jet (SJ; nozzle diameter 4 mm)
or by multiple jets (MJ; eight 2 mm nozzles). The MJ design is configured to have a
12° angle with respect to the vertical axis. The water flow rates were dependent on
the pump setting and specific jet: SJ with pump setting 1 (SJ1) amounted to 2.44
L/min, SJ3 to 4.5 L/min and SJ9 to 6.3 L/min; MJ with pump setting 3 (MJ3) to 8.7
L/min. Particularly SJ9 and MJ3 were chosen as they reached highest particle num-
ber concentrations. Detailed information about the tank can be found in [73]. Before
treatments a Homogenisation step was included using SJ9 for 10 min to provide a
homogenized suspension of salt or freshwater and microalgae ensemble.

Clean sweep air (5 L/min in Exp. SW1, SW2, SW3, FW1, FW2, FW3 and 10
L/min in Exp. SW4, SW5, SiSS) was pushed through the head-space, providing slightly
more air than needed by the connected instruments. Techniques to monitor aerosolised
particles and emitted gases were directly connected to the head-space. Potential wall
and bottom effects were not considered.

4.3 Aerosol Particle Instrumentation

The aerosolised fraction was continuously monitored with an optical particle size spec-
trometer (OPSS 3330; TSI) and a white-light aerosol spectrometer (WELAS 2300;
Palas). The OPSS utilised a flow of 1 L/min to monitor particles with diameters
between 0.3 µm to 10 µm optical diameters in 16 bins, while the WELAS had a flow
rate of 5 L/min and was set to measure particles from 0.25 µm to 10 µm optical
diameters in 59 bins. As the OPSS was available during all experiments, total aerosol
concentrations are only provided from OPSS. Total number concentrations in Exp.
SW4 and SW5 were multiplied by a factor of 2, due to the dilution by the increased
sweep air in these experiments compared to the other experiments. Dry aerosol proper-
ties were measured by placing a silica gel diffusion dryer in front of OPSS and WELAS.
The diameters of the OPSS and WELAS measurements shown in Figs. 3 and 4 rep-
resent sizes of particles with a scattering potential comparable to that of polystyrene
latex spheres (PSL) with an index of refraction (IR) of 1.59.

19

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905

Aerosolised organisms were also collected in an impinger (NS 29/32 25×250 mm,
Assistant, Duran) for a duration of approximately 1 h with a flow rate of 2 L/min and
50 mL of culture medium (as described in 93).

4.4 Gas-phase Instrumentation

Continuous emissions of volatile organic compounds (VOCs) were monitored in the
mass to charge ratio range of 21-200 with a Proton Transfer Reaction Time-of-Flight
mass spectrometer (PTR-ToF-MS 4000, Ionicon Analytik). An E/N ratio of 132 Td
was used with a drift tube voltage of 900 V, a drift tube pressure of 3.4 mbar and a
drift tube temperature of 77 °C. A flow rate of 0.2 L/min was used. Data were analysed
with PTR-MS Viewer 3.2.12 (Ionicon). DMS mixing ratios in Exp. SW4 and SW5
were multiplied by a factor of 2, due to the dilution by the increased sweep air in these
experiments compared to the other experiments (10 L/min vs. 5 L/min sweep air).

For VOC compound validation, Tenax tube samples were collected by active sam-
pling onto stainless steel thermal desorption tubes (Tenax GR/Anasorb GCB1, SKC)
with a flow rate of 0.2 L/min for on average 10 min per tube. The collected samples
were analysed by thermal desorption (TD-100, Markes) followed by gas chromatogra-
phy (GC, 6890 N Network GC System, Agilent Technologies) with mass spectrometry
(MS, 5973 Network Mass Selective Detector, Agilent Technologies). The gas chromato-
graph was equipped with a HP-INNOWAX 19091N-133 column (30 m × 0.250 mm ×
0.25 µm, Agilent Technologies). The GC oven was programmed to 40 °C (held for 4
min) then ramped to 250 °C (held for 4 min) at a heating rate of 10 °C per min. Ther-
mal desorption was performed at 200 °C for 10 min onto the -10 °C cold trap which
was subsequently heated to 320 °C at maximum heating rate for 3 min. Compound
identification and verification were performed using the NIST (National Institute of
Standards and Technology, EI-MS mainlib) MS library and comparison with authen-
tic DMS (99%, Sigma Aldrich) and DMSO (99.9%, Sigma Aldrich) standards analysed
using the above method.

4.5 Dimethylsulfoniopropionate (DMSP) Measurements

Samples of bulk water as well as impinger were analysed by gas chromatography
coupled with mass spectrometry. To preserve DMSP in the water sample, it was spiked
with 50 µL of 85 % orthophosphoric acid. 5.00 mL of sample was loaded into a 20
mL crimp top vial and spiked with 500 µL of 10 M NaOH to perform laboratory
breakdown of DMSP to DMS [94].

All analyses were performed on a GC-MS 7890B / 5977A (Agilent, USA) equipped
with a cooled CIS4 and MPS2 autosampler system (Gerstel, Germany). Separation of
analytes was conducted using a capillary 30 m × 0.25 mm HP-5ms column (Agilent
Technologies, USA) with a 0.25 µm film thickness at a constant helium (99.9999 %
purity, Denmark) flow rate of 1 mL min-1. The oven was programmed from 30°C (held
for 3 min) to 35°C (held for 3 min) at a heating rate of 5 °C min-1, then ramped to
280 °C (held for 3 min) with a heating rate of 30 °C min-1. The total GC run time
was 18.17 min.
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Commercially available sorbent tubes filled with Carbopack B were employed for
trapping volatile compounds from the head-space. The DHS method was configured
with the following parameters: incubation temperature 30 °C, trapping gas volume 250
mL, trapping gas flow rate 100 mL min-1, sample temperature 30 °C, sorption tube
temperature 30 °C. The transfer line heater was set to 120 °C for the remainder of the
sample preparation process. Prior to analysis, the sorbent tube was dried using 300
mL of purge gas at a flow rate of 100 mL min-1 and a tube temperature of 40 °C to
remove residual moisture. The developed DHS method enables the detection of trace
levels of DMSP, with the limit of detection (LOD) and limit of quantification (LOQ)
determined to be 0.0075 µg L-1 and 0.025 µg L-1, respectively. The detailed procedure
is explained in Bektassov et al. [70].

4.6 Microalgal abundance and viability

Total number of microalgae from bulk water and impinger were assessed from a volume
of 1 mL of sample collected in triplicate both in the initial culture and during the
experiment phases (after water Homogenisation and after each SJ and MJ treatment),
and fixed in a 4 % concentration of neutral Lugol.

Alive fraction of the microalgae in the bulk water and in the impinger was assessed,
in triplicate, on 1 mL sample fixed with 200 µL of 1:100 Neutral red solution (0.1 %
w/v 40 µL/mL; 95). The vital dye penetrates and stains living organisms. All samples
were stored at 4 °C in the dark for at least 3 hours before assessment. Abundance
assessment was performed using a 1 mL Sedgewick rafter chamber and an inverted
light microscope (Axiovert 135 M, Zeiss) [15]. Dilution factors were applied on dense
samples.

A volume of 200 µL of sample in Exp. FW3, SW3, SW4 and SW5 was collected in
triplicate and analysed by flow cytometry as described in [15] to investigate the total
number of cells, the percentage of dead cells, the organismal pigmentation, and the
variation in organismal size during the different settings. Propidium iodide (1 mg/1
mL, Sigma) was used to stain damaged and dead organisms. The pigment profile
of the two microalgal strains was based on dot-plot of forward scatter signal versus
auto-fluorescence for chlorophylls (0.675 µm, blue filter) and phycobilin proteins, i.e.,
allophycocyanin (0.675 µm, red filter) and phycoerythrin (0.572 µm, blue filter). As
expected in Haptophytes, positive signals were registered only for chlorophylls [96].

Revival capacity of aerosolised microalgae was assessed via cultivation (recovery
experiment) [15]. A volume of 250 - 500 µL of well-mixed liquid phase from the
impinger after each setting was collected in 23 up to 46 replicates and incubated in
a 48-well culture plate (Sarstedt and Cellstart® Greiner Bioone) at 15°C under con-
ditions favouring growth (see above). A positive control composed of 500 µL of the
initial culture and a negative control of medium were added to each plate. Culture
growth in the controls and the inoculates was checked under the microscope every two
weeks and up to two months.

Supplementary information. The online version contains supplementary material
available at xx.
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[22] Simó, R.: Production of atmospheric sulfur by oceanic plankton: biogeochemical,
ecological and evolutionary links. Trends in Ecology & Evolution 16(6), 287–294
(2001) https://doi.org/10.1016/S0169-5347(01)02152-8

[23] Perraud, V., Horne, J.R., Martinez, A.S., Kalinowski, J., Meinardi, S., Dawson,
M.L., Wingen, L.M., Dabdub, D., Blake, D.R., Gerber, R.B., Finlayson-Pitts,
B.J.: The future of airborne sulfur-containing particles in the absence of fossil
fuel sulfur dioxide emissions. Proceedings of the National Academy of Sciences
112(44), 13514–13519 (2015) https://doi.org/10.1073/pnas.1510743112

[24] Andreae, M.O.: Ocean–atmosphere interactions in the global biogeochemical sul-
fur cycle. Marine Chem. 30, 1–29 (1990) https://doi.org/10.1016/0304-4203(90)
90059-L

[25] Keller, M.D.: Dimethyl sulfide production and marine phytoplankton: The impor-
tance of species composition and cell size. Biological Oceanography 6(5-6),
375–382 (1989) https://doi.org/10.1080/01965581.1988.10749540

[26] Deng, X., Chen, J., Hansson, L.-A., Zhao, X., Xie, P.: Eco-chemical mecha-
nisms govern phytoplankton emissions of dimethylsulfide in global surface waters.
National Science Review 8(2), 140 (2020) https://doi.org/10.1093/nsr/nwaa140

[27] Kiene, R.P., Bates, T.S.: Biological removal of dimethyl sulphide from sea water.
Nature 345(6277), 702–705 (1990) https://doi.org/10.1038/345702a0

[28] Lomans, B., Drift, C., Pol, A., Camp, H.: Microbial cycling of volatile organic
sulfur compounds. Cellular and Molecular Life Sciences CMLS 59, 575–588 (2002)
https://doi.org/10.1007/s00018-002-8450-6

[29] Brimblecombe, P., Shooter, D.: Photo-oxidation of dimethylsulphide in aque-
ous solution. Marine Chemistry 19(4), 343–353 (1986) https://doi.org/10.1016/
0304-4203(86)90055-1

[30] Bouillon, R.-C., Miller, W.L.: Photodegradation of dimethyl sulfide (dms) in
natural waters: Laboratory assessment of the nitrate-photolysis-induced dms oxi-
dation. Environmental Science & Technology 39(24), 9471–9477 (2005) https:
//doi.org/10.1021/es048022z . PMID: 16475324
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D., Wang, Y., Weber, S.K., Welti, A., Jonge, R., Wu, Y., Zauner-Wieczorek,
M., Zust, F., Baltensperger, U., Curtius, J., Flagan, R.C., Hansel, A., Möhler,
O., Petäjä, T., Volkamer, R., Kulmala, M., Lehtipalo, K., Rissanen, M., Kirkby,
J., El-Haddad, I., Bianchi, F., Sipilä, M., Donahue, N.M., Worsnop, D.R.:
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