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ABSTRACT: Sea-spray aerosol (SSA) plays a crucial role in climate processes by
influencing radiative forcing, cloud formation, and precipitation. While SSA particles
with diameters between 0.1 and 10 μm are commonly studied, larger aerosols (>20
μm) have been observed over terrestrial and oceanic regions but are generally
overlooked. Large bioaerosols can be formed by pollen, fungal spores, and cell debris.
However, the abundance, dynamics, and composition of large marine aerosols remain
poorly understood. This study observed wave and atmospheric conditions driving
aerosol production, the resulting SSA abundance, and sizes (up to 90 μm), and
collected collocated SSA samples for microscopy analysis during a two-month time
period. SSA above 20 μm were frequently observed, containing a diverse range of intact
phytoplankton cells, including small flagellates (2 μm), to diatoms, and colonial cells
(above 40 μm). The abundance of small flagellates suggests that sea-to-air transfer may
be an important, yet overlooked, dispersal mechanism for these groups. To the best of
our knowledge, this is the first evidence of direct airborne observation (rather than deposition) of large intact phytoplankton cells.
These findings highlight the ubiquity of large marine aerosols and their capacity to carry intact phytoplankton cells.
KEYWORDS: aerosols, phytoplankton, transport, bioaerosols, large aerosols, sea-spray

■ INTRODUCTION
Sea-spray aerosol (SSA) represent one of the most abundant
sources of natural aerosol particles in the atmosphere and play
a crucial role on Earth’s climate system, affecting cloud
formation, precipitation patterns, and radiative forcing.1−3 SSA
originate from the ocean surface through various mechanisms,
including bubble bursting and wave breaking, which generate
film and jet droplets, and the tearing of spume drops from
wave crests during high winds.4,5 The quantity, size, and
composition of the emitted drops are determined by the
physical and chemical properties of the ocean surface as well as
wind stress.
Small marine aerosol droplets persist in the atmosphere for

days to weeks, allowing them to disperse widely while
significantly contributing to a range of important climate
processes.5 Recent efforts to characterize small aerosol
production and distribution, e.g., Moore et al. (2022),6 have
been motivated in part due to their significance to the global
short- and long-wave radiation budget,7 sea salt flux,8 and
potential as cloud nucleation sites.9 Marine aerosols can play a
significant role in transporting microorganisms and organic
matter into the atmosphere. These aerosols carry a diverse
array of bacteria, viruses, and even phytoplankton especially
cyanobacteria and chlorophyta but also larger taxa like diatoms
and dinoflagellates, e.g., Wisńiewska et al. 202210 and reviewed
in Alsante et al. 2021,11 Tesson et al. 2016,12 and references
therein. Airborne microorganism transport and disperlal has
potential effects on ecology, climate, and public health.13−15

Conversely, large aerosols (>20 μm) persist in the still
atmosphere for seconds to minutes before gravitationally
settling, yet in the real (turbulent) atmosphere, large aerosols
have been observed above the ocean up to the top of the
marine atmospheric boundary layer (≈400 m) in small
concentrations.16−18 LES modeling studies have supported
these observations by demonstrating eddies are capable of
transporting large aerosols hundreds of meters above the sea
surface.19 The contribution large aerosols have to the ocean-
atmosphere heat, salt, and momentum flux is potentially
important in storm systems,19,20 though their overall climate
effect and their potential to transport important molecules or
particles is poorly understood given our limited understanding
of their abundance and distribution in the atmosphere. Under
high wind and wave conditions, large aerosols can be
particularly important for cloud formation, as they can act as
cloud condensation nuclei, potentially influencing precipitation
and impacting the radiative properties of clouds. Detection
limits and methodological choices have limited the number of
observational studies relating large aerosol production and
transport to ocean and atmospheric conditions, though
numerical simulations indicate wave age, type and steepness
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affect large aerosol injection to the atmosphere21 and hint at
the importance that waves, coupled with wind, have on
generating large aerosols.
While the aerosolization of marine bacteria has been

relatively well-studied, e.g., Fahlgren et al.,22 Lang-Yona et
al.,23 Dinasquet et al.,24 airborne phytoplankton transport has
received less attention, potentially due to their lower
abundance in the atmosphere (0−104 cells per cubic meter
of air), the challenges associated with aerosolizing larger cells,
and the focus on studying smaller aerosols.12,25 Hence, global
airborne phytoplankton dispersal and subsequent effects on
climate and ecosystems are unknown and require further
research12,26 in support of integrated ecosystem, animal, and
human health efforts (e.g., WHO “One Health”27).
Airborne bacteria’s direct influence on atmospheric

processes and cloud formation, in particular, through their
ice nucleating capacities, is relatively well studied.28 Despite
evidence of phytoplankton, ranging from small cyanobacteria
to large diatoms, contributing to ice nucleating particle
formation, the specific processes associated with exudate
emission or aerosolization of cell and cell fragments with ice
nucleating properties still remain poorly understood.29−33

Furthermore, airborne phytoplankton transport has implica-
tions for public health.25,34 Some phytoplankton toxins can
cause respiratory and skin irritation, and other cellular
components may trigger allergic reactions.35 Understanding
phytoplankton aerosolization is therefore crucial for developing
predictive models to protect public health.
Existing research on airborne phytoplankton dispersal often

relies on observations of passive cell deposition and subsequent
identification from selective cell culturability methods,10,12,26,36

which may not accurately reflect natural conditions. Direct
evidence of airborne phytoplankton cells is still lacking,
hindering our understanding of their dispersal patterns and
potential impacts and motivating this work. In particular, the
potential for the overlooked large marine aerosols to transport
large phytoplankton cells has not been investigated. This study
addresses this gap by presenting observations from a 2 month
field experiment that provides direct evidence of phytoplank-
ton transport through marine aerosols. We characterize large
marine aerosols (up to 90 μm) in the coastal atmosphere and
analyze the heterogeneity of phytoplankton cells they carry.

■ MATERIAL AND METHODS
In Situ Data Collection. Aerosol data, along with

coincident atmospheric and ocean surface conditions, were
collected at the end of the Ellen Browning Scripps Memorial
Pier at the Scripps Institution of Oceanography (hereafter SIO
Pier) during 31 days between June 27, 2024 and August 26,
2024. The SIO pier is a 330 m long structure extending into
the Pacific Ocean approximately 200 m beyond the surf zone
at mean tide. The SIO Pier deck is roughly 10 m above the
ocean surface, and a maneuverable boom arm extends
approximately 6 m from the end to position instruments
over the water surface and away from the pier deck (Figure 1).
A Droplet Measurement Technologies FM-120 optical

spectrometer (FM-120), a Droplet Measurement Technologies
cloud imaging probe (CIP) optical spectrometer, and a Bertin
Technologies Coriolis μ air sampler (Coriolis) were attached
to the SIO Pier boom arm and deployed 10 m above mean sea
level. Together, they sampled aerosol particle size distributions
and collected aerosol samples for biological composition
analysis (inset, Figure 1). The retractable boom arm allowed

for continuous powered operation and for cleaning, calibrating,
and angular repositioning as needed. Additionally, atmospheric
and surface wave conditions were concurrently observed at the
SIO Pier by NOAA and the Coastal Data Information Program
(CDIP) buoy 201, located 0.8 km from the end of the SIO pier
at a 41 m water depth.
Aerosol Measurements. The instrumented boom arm

was deployed at an angle facing directly into the wind to
maximize the aerosol collection efficiency and count accuracy.
Data collection was limited to times when the mean wind
speed was greater than 1 m s−1, permitting the CIP to sample.
Observations were made during both whitecapping and
nonwhitecapping conditions. Wind angle was restricted to
within 235° < θ < 325°, to avoid aerosol contamination from
the surf zone and terrestrial sources. The wind angle restriction
is supported by 3 h hindcast HYSPLIT particle trajectories
initialized during sampling periods. These trajectories suggest
that large aerosol particles (which are unlikely to stay
suspended for longer than three h) most likely originated
from offshore (Figure 2).
During times with optimal wind angles, the FM-120

continuously sampled the aerosol liquid water content (lwc)
and particle size distributions between its 2 and 50 μm

Figure 1. Instrument deployment configuration for this study at the
SIO Pier end. Instruments were deployed side-by-side (inset)
approximately 10 m above mean sea level on a retractable boom
arm 6 m away from the SIO Pier structure.

Figure 2. HYSPLIT 3 h hindcast trajectories for each sample day with
origin at the SIO Pier experiment location.
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observational range, with 1 μm resolution for particle sizes
between 2 and 14 and 2 μm resolution for particle sizes
between 16 and 50 μm. The FM-120 instrument draws air
through a sampling chamber at a measured rate, allowing for a
large air volume to be sampled in relatively calm conditions.
The CIP optical spectrometer sampled particles of diameter
between 15 and 930 μm with 15 μm resolution. The CIP
instrument relies on air passing between a laser probe tip to
sample aerosol distributions. Thus, the volume of sampled air
depends on the wind speed. While sampling, both the FM-120
and CIP instruments recorded side-by-side counts of particles
per resolved size bin at a 1 Hz sampling rate.
Following previous studies, e.g., Lenain and Melville (2017),

an aerosol size distribution function was defined so that the
total number of aerosol particles per unit volume of air is

=N n D D( ) d
0 (1)

where n(D) dD is the number of aerosol particles in the size
class D to D + dD in a unit volume of air. Both the FM-120
and CIP instruments measure particle counts in each resolved
size bin C(D), such that

=n D C D V( ) ( )/ (2)

where V is the sampled volume. The sampled FM-120 volume
depends on the intake flow rate UI and sample area A =
0.00287 cm so that V = UI·A. The CIP is an imaging probe and
thus has a sampling volume dependent on the image depth of
field (DOF) such that

= · · · ·V U t iDOF (63 )i i p i (3)

where i is the particle bin number, ζi is the probe resolution of
that bin, Up is the air speed past the probe tips, t is the sample
time, and DOFi is the image DOF. Here, since the CIP has 62
imaging diodes, the sample volume width is size-bin-depend-
ent, as a small particle can be counted if it crosses any of the 62
diodes, but a large particle (in bin 62, for example) can cross
only the center of the array to be counted. Thus, the sample
volume width is (63 − i)·ζi. Since the probe is fixed to the pier,
Up = U10. The probe depth of field DOFi = Fi·ri/λ where the
laser wavelength λ = 658 nm, ri is the mean radius of particles
in bin i, and Fi is a factor that accounts for electronic response
time and a 50% shadow threshold criterion.37 Applying eqs 3
to 2, n(Di) can be estimated for any sampled period, where for
convenience Di is the maximum diameter in bin i.
Bioaerosol Measurements. The high air volume Coriolis

air sampler (shown to effectively collect particles of diameters
above 4 μm)38 fitted with the Long-term Monitoring Option
(to avoid sample evaporation) collected coincident particle
samples for microscopy analysis (inset, Figure 1). The Coriolis
instrument continuously collected aerosols from air drawn at
100 L min−1 during the preselected 1−4 h sampling time
periods. The air intake rate was optimized prior to the main
sampling campaign after testing a range of intake rates from
100 to 300 L min−1. Also, different collection media were
tested, and a phytoplankton culture was used to determine cell
resistance to centrifugal force and aggregate formation. An
intake rate of 100 L min−1 was selected as it maximized the

Figure 3. Background conditions during sampling periods spanning June 27, 2024 to August 27, 2024, including (a) significant wave height Hs, (b)
wave peak period Tp, (c) wind speed 10 m above the mean ocean surface U10, (d) wind direction θ with directional limits as black lines for
reference, and (e) measured aerosol lwc observed during sample periods. Biologically interesting organisms were observed during most sample
periods and are highlighted in red if they contain cell images presented in this paper. Note that some days had multiple sampling periods.
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collected sample volume, minimized damage to the integrity of
the collected particles, and reduced the formation of aggregates
caused by high turbulence within the collection vial. Samples
were collected in phosphate-buffered saline buffer. Surface
water samples were also collected during each sampling day at
the SIO Pier. All aerosol and water sampling equipment was
acid washed and rinsed between sampling periods. Additional
seawater phytoplankton are continuously recorded through an
in situ Imaging Flow Cytobot (IFCB 183, Southern California
Costal Ocean Observing System, SCCOOS program)39 under
the SIO Pier.
Samples were immediately processed in the laboratory after

collection. A series of preliminary trials were conducted to
optimize sample processing and microscopy image quality.
Initial air sample aliquots were filtered through a range of
polycarbonate filters with pore sizes from 0.2 to 10 μm to
determine the optimal pore size for observing the desired size
range of phytoplankton. Based on these trials, 3 μm pore-size
filters were selected, as they provided the clearest images and
captured the phytoplankton size range of greatest interest for
this study. In addition to filtration, the use of Utermöhl
chambers was tested for settling Lugol-fixed samples, with the
aim of identifying larger phytoplankton cells that might be
missed by filtration. However, this method did not yield
superior results compared to the 3 μm filtration.
The Coriolis sampled between 6000 and 24,000 L of air

depending on the sample duration, collecting aerosolized
particles in a concentrated 15 mL vial. A 4 mL volume drawn
from this 15 mL concentrated sample was found to be
optimum for microscopy processing (after testing a range
between 1 and the entire 15 mL). This volume provided a
balance between sufficient cell density for representative
analysis and image quality yet minimized obscuration from
overlapping cells and debris.
For routine sample processing, 4 mL aliquots were fixed with

2% formaldehyde (0.2 μm filtered) and fixed for 10 min at 4
°C. Samples were then filtered through a 3 μm pore size
polycarbonate filter (Millipore), stained with DAPI (4′,6-
diamidino-2-phenylindole) mixed with antifade (Vector
Laboratories), and mounted on microscope slides. Samples
were imaged by epifluorescence microscopy using a Nikon
Eclipse Ti microscope. Cells showing red FITC autofluor-
escence (as a proxy for chlorophyll) were measured along their
longest dimension. Only cells with both Chlorophyll
autofluorescence and DAPI epifluorescence (blue, as a proxy
for DNA) were considered in this study to avoid potential
counts of terrestrial bioaerosols such as pollen, spores, and
other fluorescence particles. Surface water samples collected at
the end of the Pier were analyzed using the same procedure
with 2 mL aliquots.

■ RESULTS AND DISCUSSION
Environmental Conditions. In total, 71 h of data were

collected during 34 sampling periods spanning two months
under a variety of wind, wave, and biological background
conditions. The CDIP wave buoy recorded average wave
height Hs and peak period Tp at 30 min intervals (Figure 3a,b).
Wave heights ranged over 0.4 m < Hs < 1.1 m (Figure 3a) with
periods 4 s < Tp < 16 s, occasionally creating whitecaps (Figure
3b). However, most sampled conditions were predominantly
whitecap free.
Background atmospheric conditions, including wind speed

U10 and wind direction θ, were observed at six min intervals by

the SIO pier by NOAA met station 9410230. U10 ranged from
1 to 8 m s−1 (Figure 3c). Wind was observed from all
directions during the two month observational period;
however, aerosol observations were made only when wind
was from the ocean, and subsequent data processing restricted
data to periods where average wind angle was within the range
235° < θ < 325° to prevent contamination from the surf zone
or land (Figure 3d).
Aerosol Observations. During the sample periods, lwc

varied from below detection limits to 23, 254 μg L−1 (Figure
3e). Aerosols were observed during the experimental period
varying in diameter between the instrument resolution
thresholds of up to 90 μm. Number concentrations n(D) for
aerosols with diameters in the range 2 μm < D < 20 μm rolled
off with a D−5 power law dependency as previously observed
under similar conditions16 and varied over an order of
magnitude (colored, Figure 4). These results are in good

agreement with observations of aerosols from D < 20 μm made
a year earlier at roughly the same location during the Eastern
Pacific Cloud Aerosol Precipitation Experiment (EPCAPE)
experiment40 (gray, Figure 4). Some slight wind dependency
was observed (color gradient, Figure 4), though the relatively
low average wind speeds did not constitute a large comparative
signal, and we are thus unable to derive a functional wind
speed dependence from these data. However, these results can
be compared to an empirical log-normal mode source function
parametrization
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(4)

where r80 is the equilibrium aerosol radius at an equivalent 80%
relative humidity, n0 is the maximum amplitude (a function of
U10), and σ is the size geometric standard deviation.7,41 In
comparing the wind-dependent source function parametriza-
tion to aerosol number distribution observations, we assume
that aerosols are vertically transported with a modification due

Figure 4. Aerosol number distribution as a function of binned
diameter Di for all sample periods. A common wind-dependent
aerosol source parametrization (black line) is fit for reference using
the average U10 over all observations. Aerosol observations from the
2023 EPCAPE experiment during the same June−August period
(gray) are shown for additional context. U10 during each sampled
period is indicated by color.
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to gravity settling following Fairall et al. 200942 so that at a
given elevation z above the sea surface

=
*i

k
jjjjj

y
{
zzzzzn D z n r

z
h

( , ) ( )
v u f

80
0

( Sc )/( )d t s

(5)

where h0 is the upper limit of the source region here taken to
be the wave height, Sct is the droplet turbulent Schmidt
number, and fs is a slip factor. The settling velocity vd is
dependent on particle size d, the seawater density ρw, and air
viscosity μ,16 such that

=v
D g

C D
18

( )d
w

2

c
(6)

where Cc(D) is the Cunningham factor, a function of particle
diameter, accounting for reduced surface slippage in small (<1
μm) particles.
This wind-dependent source function parametrization (4)

for a logarithmic wind profile with n0 = 9 × 10−4U10
2 and σ =

2.1 is compared to aerosol number distribution observations
(Figure 4). We find general consistency between the wind-
dependent parametrization and the observed aerosol distribu-
tion for sizes smaller than 20 μm. Sensitivity to wind speed
(and thus the aerosol production fetch) is also consistent, as
the parametrization predicts n(D) over the same range as the
observations.
Large aerosols (20 μm < D) were commonly observed, with

only three observational periods (out of 34) containing no
aerosols larger than 20 μm. Large aerosols were also observed
during all wind conditions (color, Figure 4) indicating that
strong wind is not necessarily required to generate these
particles. Further, the wind-dependent source parametrization
(black, Figure 4) consistently underpredicts the observed large
aerosol n(D) at z = 10 m. Both these results indicate that large
aerosols may be more ubiquitous under average ocean
conditions than current wind-dependent parametrized esti-
mates, such as eq 5, predict.
The vertical settling velocity vd varied between 1.25 and 25.3

cm s−1 for large aerosols observed in this study (20 μm < D <
90 μm). Making the conservative assumption that there is
negligible average vertical turbulent flux (neglecting areas of
strong updrafts or downdrafts) and applying the average
observed horizontal wind speed in this study, U10 = 2.4 m s−1,
these large aerosols would have taken between 40 and 800 s to
settle back to the ocean surface and traveled between 100 m
and 2 km while settling from the observed 10 m height. The
true horizontal range for some of these large aerosols is
presumably larger since z = 10 m is not the ceiling but rather
only the observational height of this study, and the horizontal
distance required for an aerosol particle to first obtain an
elevation of 10 m above the sea surface is not accounted for in
this estimate. Thus, aeolian transport of aerosols larger than 20
μm may regularly occur at regional scales of several kilometers,
motivating future work to characterize large aerosol
production, entrainment, and transport.
Aerosol Biological Composition. Phytoplankton cells

ranging in size from 2 to 40 μm were observed in all aerosol
samples and encompassed a large taxonomic range. For
example, direct (not cultured) observations of picoplankton
(Figure S1) to larger colonial Phaeocystis (Figure 5) were
observed. Previous studies have identified airborne phyto-
plankton (both from marine and freshwater origins), ranging in

size from 1 to 500 μm, including diatoms and dinoflagellates,
e.g., Tesson et al.12 and Wisńiewska et al.10 These studies
relied on the selective cultivation of phytoplankton from
passively deposited aerosols. Our research builds upon these
works by directly observing intact airborne cells within marine
aerosols.
Phytoplankton taxa observed in aerosol and water samples

from the SIO Pier end overlapped. Comparison with in situ
IFCB data at the SIO Pier from the SCCOOS network39

further confirms the concurrent presence of the taxa observed
both in the air and in the local surface seawater (Figures S3−
S5). This result is expected, especially given the estimated
several kilometers generation region for large sea spray aerosols
and highlighted by possible hindcast trajectories (Figure 2).
However, water samples collected at the SIO pier may not
perfectly represent the offshore source water for aerosols
generated further from the coast. While the seawater imaging
confirm the presence of many of the observed aerosolized
phytoplankton taxa in the local seawater, the heterogeneity
observed with IFCB compared to air samples suggests a
selective aerosolization process where all phytoplankton cells
are not equally transferred into the aerosols. Selectivity of
aerosolization processes have been observed for bacteria and
viruses.22,24,43 This potential selective transfer is likely
associated with cell morphology, size, and biomass but requires
further study.
Small picoplankton and nanoflagellates (Figures 6 and S1),

likely associated with Cryptophytes or Prymnesiophytes, were
observed on a regular basis. The high occurrence of
nanoplankton in our marine aerosol direct observations is
remarkable, also consistent with sea surface microlayer (SML)
observations of nanoplankton enrichment.44 The SML has
been shown to be a precursor to bacteria and virus
aerosolization and to affect selective transfer of cells.24,43,45

This selective transfer process is likely similar for small
phytoplankton cells like nanoflagellates. The frequent direct
nanoplankton observations in this study suggest that sea-to-air
transfer could influence nanoflagellate dispersal and thus their
biogeography and ecosystem impact. Nanoflagellates have also
been shown to have significant impact on atmospheric
chemistry and aerosol production46,47 but the processes
associated with this phenomenon are unknown, highlighting
the need for further investigation of nanoplankton direct and
indirect influence on atmospheric chemistry and climate.
Large cells associated with known bloom-forming taxa such

as Phaeocystis sp. and diatoms were also occasionally observed
(Figures 5 and 7). Diatom taxa such as Chaetoceros sp.,
Coscinodiscus sp., and Nitzchia sp. have been reported from

Figure 5. Epifluorescence microscope images of putative colonial
Phaeocystis sp. observed in air samples collected on 07/01/24 (a) and
08/02/24 (b). Red indicates autofluorescence of photosynthetic
pigments, and blue indicates DAPI staining of DNA. Note 10 μm
scale in (a).
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deposition studies.12 As demonstrated in this study, the large
intact aerosolized cells observed here 10 m above the water
level have the potential to be transported several kilometers.
Long range transport of phytoplankton could have significant
ecological implications for harmful algal bloom (HAB)
geographic expansion. Moreover, some HABs produce toxins,
making their dispersal dynamics and potential impacts on
human respiratory health and skin allergies important.
Airborne toxins may be particle-associated;48 the presence of

intact toxic cells or cell fragments in aerosols49 suggests the
possibility of inhalation exposure and dermatitis, warranting
further health impact studies. Moreover, the presence of intact
Phaeocystis colonies and diatoms, known to produce volatile
organic compounds in surface waters that can influence
atmospheric chemistry and particle formation,50,51 raises the
question on their potential activity and role on atmospheric
processes while airborne. Foam production during Phaeocystis
blooms52 could be a mechanism for surface enrichment and
sea-air transfer of cells.
Notably, aggregates (Figure S2) were observed in aerosols

but were not apparent in the seawater samples. This suggests
that aggregation likely occurred within individual evaporating
droplets as they concentrated cells, debris, and exopolymer
particles, or during centrifugal aggregation during collection.53

Conversely, cell fragmentation could be due to aerosol
collection methods or the product of sea-to-air transfer. SML
and aerosols are known to be enriched in transparent
exopolymers54−56 which could influence the aggregation of
cell debris during aerosolization. Full phytoplankton cells or
cell debris aggregates may have a significant impact on climate
and cloud formation through their chemical properties. These
direct observations of a wide range of aerosolized cell taxa and
sizes motivate further investigation to better constrain the
direct and indirect phytoplankton aerosol dynamics and its
effect on climate and ecology. Future studies could also focus
on emission mechanisms and cell adaptation to hostile
atmospheric conditions such as UV, desiccation, and temper-
atures during dispersal.
Contextual Significance. Despite relatively mild wind and

wave conditions over the 2 month sampling period, aerosols
with diameters D > 20 μm were consistently observed at higher
concentrations than those predicted by commonly applied
wind speed-dependent parametrizations. These results indicate
that large aerosols are more ubiquitous above the ocean surface
than commonly assumed, supporting previous observations of
large aerosols at elevations up to 400 m.16−18 We find
commonly applied log-normal mode wind-speed-dependent
parametrizations underpredict the number distribution of these
large aerosols at 10 m elevation by several orders of magnitude,
suggesting these models miss important physics related to large
aerosol generation and transport. Consequently, large marine
aerosols are frequently ignored by the biology and chemistry
communities that often assume aerosols of such size gravita-
tionally settle shortly after being generated. Rather, as
laboratory studies and LES simulations have shown, large
aerosol production may be higher than commonly thought42,57

and vertical transport may be enhanced by sea state and
turbulent eddies.19 Our results support these findings and
motivate a better understanding of large aerosol production,
entrainment, and transport to help tune aerosol parametriza-
tions accounting for large particle behavior.
Simultaneous collection of bioaerosols shows novel direct

evidence of airborne intact marine phytoplankton cells
representing a wide range of taxonomy, size, and morphology.
Nano and Picoplankton were abundant in aerosol samples,
confirming sea-to-air transfer is a potentially important
biogeographic dispersal mechanism. Surprisingly larger intact
cells such as Phaocystis colonies and diatoms were observed in
aerosols, further stressing the need to better understand the
role of these airborne cells on atmospheric processes and
ecosystem dynamics. Results from this study highlight the
overlooked capacity large aerosols have as a biological

Figure 6. Epifluorescence microscope images of nanophytoplankton
cells observed in the seawater (left) and sea spray aerosol air samples
(right). (a−f) Collected on 08/07/24, 07/18/24, 07/23/24, 07/16/
24, 07/16/24, and 07/18/24 respectively. Red indicates autofluor-
escence of photosynthetic pigments, and blue indicates DAPI staining
of DNA. Note 10 μm scale in (a).

Figure 7. Epifluorescence microscope images of putative diatoms
observed in seawater (a,c,e) and air (b,d,f) samples collected around
07/23/24 and 07/29/24. Red indicates autofluorescence of photo-
synthetic pigments, and blue indicates DAPI staining of DNA. Note
10 μm scale in (a) for (a,b), in (d) for (c,d) and in (e) for (e,f).
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transport vector for a wide variety of cells, with implications for
atmospheric chemistry and climate and both human and
ecosystem dynamics. Future efforts to quantify biological
diversity and dynamics within large aerosols will prove to be
valuable. In particular, when wind or updrafts are stronger
(such as within storms or hurricanes), we expect significantly
higher production of larger aerosols that could transport larger
phytoplankton cells over longer distances, with potential
significant implications for human health.
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