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Daniel P. R. Herlemann, f Matthew Edward Salter ab and Paul Zieger *ab

Bioaerosols are particles of biological origin with various important atmospheric implications, for example,

within cloud formation where bioaerosols can act as cloud condensation or ice nuclei. Their sources and

properties, however, are poorly understood. We conducted a controlled sea spray experiment to

determine the properties and emission of primary biological aerosol particles (PBAP) originating from

Baltic seawater. Using a single-particle fluorescence and light-scattering instrument, the Multiparameter

Bioaerosol Spectrometer (MBS), we differentiated PBAP within sea spray aerosol (SSA). Overall,

approximately 1 in 104 particles larger than 0.8 mm in diameter were classified as PBAP. The optically-

determined morphology of the nascent and fluorescent SSA particles showed a clear transition in

symmetry and elongation most likely due to changes in the biogeochemical properties of the surface

water. These shifts were also reflected in a clear change of the bacterial community composition of the

aerosol and seawater as determined by 16S rRNA-gene analysis, which were significantly distinct from

each other, suggesting a preferential emission of specific bacteria to the atmosphere. Our results

demonstrate the capability of the MBS to identify and count PBAP within SSA on a single-particle basis

and will help to better constrain the emission of marine PBAP and their dependence on the seawater's

biogeochemical properties.
Environmental signicance

Bioaerosol particles emitted from the ocean are important for our environment and climate with a variety of different biological, chemical and physical aspects,
for example, by being involved in the formation of cloud ice and precipitation. Within a controlled chamber experiment, we investigated their physical and
optical properties, their microbial composition and determined their contribution to sea spray aerosol emissions. The novel approach presented here will help
to better constrain their presence and signicance within the atmosphere and their overall role in climate.
1 Introduction

Marine primary biological aerosol particles (PBAP) are biolog-
ical particles which are ejected directly from the ocean within
sea spray aerosol (SSA).1 They are comprised of biological enti-
ties such as bacteria, viruses, small fungi and algae or the
kholm University, Stockholm, Sweden.

lm, Sweden

rnemünde, Rostock, Germany

e Marine Environment, University of

s Research, University of Hertfordshire,

Life Sciences, Tartu, Estonia

SI) available: The document includes
spectrometers; data processing;

f laboratory experiments; shiptrack
etup of the SSSC; photos of EMB184
distributions of nascent sea spray;

1170–1182
biologically functional particles derived from them such as
spores and pollen.2 These particles are emitted into the atmo-
sphere as single cells, fragments and as agglomerates of more
cells or cells attached to other particles. PBAP and bioaerosols
in general are important for climate since they interact with
solar radiation and are involved in cloud formation. Bioaerosols
uorescence spectra of EMB184 particle classes; timeline of particle classes
contribution; period size-resolved particle classes contribution; table of PBAP
and HFSSA contribution to coarse mode per size; comparison between
EMB184 and laboratory experiments size distribution; particle classes
classication of laboratory experiments; comparison of the uorescence
spectra from the different retrieved groups to literature values; timelines of
various aerosol, seawater and ambient parameters; comparison between
integral normalized number size distributions for coarse particles and
uorescent particles, HFSSA and PBAP; list of chamber water samples;
contribution of microbial classes collected on particle lters and chamber
water samples; relation of indicator organisms. See
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are known to be efficient ice nucleating particles (INP) and
cloud condensation nuclei3 and are expected to contribute
signicantly to the INP concentrations above marine regions.4

INP concentrations have experimentally been linked to water
biological activity.5 In turn, ice crystal concentrations in mixed
phase clouds can inuence various cloud properties such as
cloud phase, albedo and lifetime.6 Thus, quantifying the emis-
sion of PBAP from marine sources is important to improve our
ability to predict the phase of clouds, along with precipitation
and climate forcing within models.1

Over oceans, PBAP are primarily released into the atmo-
sphere as a small fraction of SSA which is one of the largest
natural aerosol sources in terms of mass.7,8 SSA is a complex
mixture of inorganic salts and organic matter.9 The production
of SSA is driven by the interaction of wind with the surface of the
ocean which causes air entrainment in the form of bubbles and
subsequent bubble bursting leading to droplet release into the
atmosphere. These can either be lm droplets formed by the
bursting of the bubble lm or jet droplets formed by the
projection of droplets aer the collapse of the bubble cavity. The
rst are smaller and more numerous while the latter are larger
and less abundant.9,10

The sea surface microlayer (SML) is a sub-millimeter thick
layer located at the interface between the ocean and atmosphere
that is oen enriched in both organic matter and microbes
compared to the underlying seawater.11–13 As bubbles rise
through the water column they scavenge the organic material
concentrated in the SML, emitting this material through bubble
bursting.13,14 Studies suggest that the aerosolization of organic
material and microorganisms is quantitatively important but it
might be a selective process (e.g., due to differences in their size,
surface properties and preferable position in the water column
which can inuence aerosolization).15–17

Offline methods to sample PBAP have been widely employed
across different research elds. These approaches usually
involve the collection of a particulate sample using lters or
impingers and subsequent laboratory analysis such as micros-
copy or DNA sequencing techniques. While offline techniques
reveal important information such as detailed composition, the
drawbacks of such methods are particle aging and stress18 and
low time-resolution.19 Recently, real-time single-particle anal-
ysis instruments have been developed based on ultra-violet
light-induced uorescence (UV-LIF).19–24 UV-LIF methods are
tailored around specic wavelengths to probe molecules (e.g.
tryptophan) present within PBAP while trying to minimize
interference from unwanted uorophores.25 The main advan-
tage of such methods is a continuous record of PBAP optical
properties and concentration.

Recently, several experimental efforts were made to measure
PBAP within marine environments26–28 and in laboratory
studies29,30 combining UV-LIF methods with offline measure-
ments such as lter collection. Other studies have also
attempted to determine the role of seawater characteristics on
the emission of PBAP.31,32 While these studies identied links
between the seawater biological activity and the emission of
PBAP and concentration of INPs, they highlight the need to
© 2022 The Author(s). Published by the Royal Society of Chemistry
further assess the source and characteristics of these PBAP and
quantify their emissions.

Within this work, we conducted a eld experiment to
determine the emission and properties of PBAP emitted within
nascent SSA generated from Baltic seawater using a sea spray
simulation chamber. To do so, we have utilized the single-
particle Multiparameter Bioaerosol Spectrometer (MBS)33

together with lter sampling for bacterial community compo-
sition analysis to investigate how the PBAP emissions were
impacted by the biological activity in the water.
2 Methods
2.1 Campaign description

The EMB184 campaign took place aboard the R/V Elisabeth
Mann Borgese (EMB), on the Baltic Sea from the 30th of May to
the 11th of June, 2018. A large portion of the cruise was spent
taking measurements close to the eastern coast of the Swedish
island of Gotland. The ship track is shown in Fig. S1 in the ESI.†
The overall objective of the campaign was to study the role of
the air-sea interface on the production of marine aerosol
particles. The ship was equipped with a ow-through self-
cleaning monitoring box (SMB, Leibniz-Institut für Ostseefor-
schung and 4H-JENA engineering GmbH, Germany) to contin-
uously record the conductivity, temperature, salinity, turbidity
and chlorophyll-a content of the seawater entering the sea spray
chamber from 5 m depth at the ship's bow.
2.2 Sea spray simulation chamber

The sea spray simulation chamber (SSSC) used to generate
nascent SSA particles is described in detail by Salter et al.,34

where bubble surface area, density and air entrainment have
been characterized for different sea surface temperatures. The
chamber was operated in ow-through-mode by taking water
from the ship's seawater supply. The seawater entered the
chamber through a plunging jet in the lid of the chamber via
a peristaltic pump (Watson–Marlow, 620S, U.K.). This
plunging jet resulted in the entrainment of air into the
seawater inside the SSSC, creating bubbles that subsequently
rose to the surface and burst resulting in the formation of SSA
particles. The headspace of the SSSC was constantly ushed
with particle-free dry air at a rate of 30 lpm using a dry air
generator (Kaeser Kompressoren, Dental 1T, KCT110, Ger-
many) equipped with a HEPA lter. The inner walls of the
SSSC were coated with Teon. A second peristaltic pump
(Watson–Marlow, 620Di, U.K.) was used to remove seawater
from the SSSC at the same rate as the input of water allowing
continuous operation of the SSSC with a constant seawater
level within. This setup is shown in Fig. S2 and S3.† Its note-
worthy that a SML will also form within the SSSC.11,14 Despite
a probable difference in composition to the ambient SML, it
can be regarded as one possible composition of a SML.

A conductivity sensor (Aanderaa 4120, Norway) was used to
monitor seawater salinity and temperature and a second probe
(Aanderaa oxygen optode 4175, Norway) was used to measure
Environ. Sci.: Atmos., 2022, 2, 1170–1182 | 1171
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the dissolved oxygen concentration and seawater temperature
within the SSSC.
2.3 The Multiparameter Bioaerosol Spectrometer

A MBS (University of Hertfordshire, U.K.)33 was used to assess
the presence of PBAP within nascent sea spray. In brief, theMBS
measures the optical size, shape and intrinsic uorescence of
individual particles in real-time. The instrument is a develop-
ment of the Wideband Integrated Bioaerosol Spectrometer
(WIBS)21,35 and improvements include higher resolution particle
optical scattering pattern and uorescence emission spectra
excited at 280 nm excitation wavelength. The MBS detects and
sizes each particle in a narrow (1 mm) diameter aerosol sample
ow using a low-power (8 mW) visible laser (635 nm). Within
this work, particles with optical diameters below 0.8 mm were
discarded as they fall below the 50% counting efficiency36 and
the remaining particles were labeled as coarse particles (CP).
Following the detection of the particle, a second high-power
visible laser (200 mW at 637 nm) is then pulsed to record
particle light scattering pattern data using two parallel 512 pixel
linear complementary metal–oxide–semiconductor (CMOS)
arrays, symmetrically placed at each side of the laser beam. This
enables retrieval of information on the particle's size and
morphology.37 Some 30 ms later, a xenon ash-lamp with an
excitation wavelength of 280 nm is triggered to excite particle
uorescence, recorded by an 8-channel photomultiplier (PMT)
over the spectral range 305 and 655 nm. The total MBS aerosol
inlet ow was 3.11 lpm, comprising 0.52 lpm of sample ow
containing particles to be measured and the remainder passing
through a HEPA lter before rejoining the sample ow as
a protective sheath of clean air. A silicon diffusion drier was
used prior to the instrument to reduce the RH at the inlet to RH
< 31% as measured with a temperature and RH probe (Hytelog
USB/RS232, B + B Sensors, Germany). The particle sizing of the
instrument was veried using polystyrene latex spheres and
compared to auxiliary optical particle size spectrometer
measurements (Fig. S4†).

So-called forced trigger (FT) cycles of the MBS were periodi-
cally performed in the absence of particles (by switching off the
air pump) to remove the instrument's background uorescence
noise levels. Each FT cycle comprised 42 xenon lamp triggers,
with background uorescence being collected. The mean of this
signal for each PMT channel was then subtracted from the
subsequent particle uorescence measurements. Furthermore,
each individual channel signal from the MBS detector was
subtracted by 3 times the background standard deviation (3g).
Negative values were clipped to 0. Here, CP particles with uo-
rescent signal (FL) greater than this threshold at one of the 8
uorescence channels were classied as uorescent particles
(FP) and particles with uorescence signal greater than 9g were
classied as highly uorescent, further details follow in section
3.1. A series of so-called ‘shape parameters’ were automatically
determined using the MBS soware based upon the CMOS
arrays data. One of these was the so-called asymmetry factor
(AF) that represents the degree of asymmetry between the le
and right CMOS array scattering signal. In principle, high AF
1172 | Environ. Sci.: Atmos., 2022, 2, 1170–1182
values, on a scale 0–100, represent more irregularly shaped
rough surfaced particles while lower AF values represent more
regularly shaped particles that scatter with greater azimuthal
uniformity. Another shape parameter is the so-called peak-to-
mean ratio (PTMR) that represents the highest light scattering
value recorded within an array divided by the mean signal
across the whole array. This is done for both the right and le
side CMOS arrays. High PTMR values can be interpreted as
belonging to elongated or ber-like particles.38 The rate at
which particles can be optically characterized in this way is
ultimately limited by the recharge time of the xenon ash-lamp
(6 ms). This effectively limits the maximum rate of analysis to
approximately 160 particles per second, meaning for particle
sampling rates higher than this, some particles will be counted
but not analyzed. Given this limitation, the instrument outputs
two metrics: total particle number (total), which are those
particles counted and sized by the rst low-power laser, and
measured particle number (measured), which is the number of
particles for which uorescence and shape properties have been
determined using the xenon ash lamp and high-power laser.
We have considered the difference between these two metrics
e.g. when calculating the actual concentration of PBAP or of
uorescent particles in general (see ESI†).
2.4 Collection and analyses of the bacterial community
composition

Water samples from the SSSC were taken in 8 hours-intervals.
Bacteria were collected by ltering 500 mL tank water onto
polycarbonate lter (Whatman, 0.22 mm, 47 mm). Aerosolized
bacteria were collected from the headspace of the sea spray
simulation chamber. To do so, a pump-generated air-ow (1.6
lpm) was guided through a ltering device, holding a poly-
carbonate lter (Whatman, 0.22 mm, 47 mm). Filters were
exchanged every 8 hours. Aer ltration (water samples) or
collection (aerosol samples), all lters were frozen in liquid N2

and stored at�80 �C until further processing. Extraction of DNA
from the lters was done by a phenol/chloroform extraction
method modied from Weinbauer et al.39 All DNA-extracts were
quantied using the Quant-iTTM PicoGreenTM dsDNA assay
(Thermo Fisher Scientic, Darmstadt, Germany). The bacterial
16S rRNA gene was amplied using primers covering the V3–V4
region, modied from Herlemann et al.40 Amplicon PCR, Index
PCR, quantity and quality control and sequencing of the indi-
vidual libraries as pool in one Illumina MiSeq run was per-
formed by an external provider (LGC Genomics, Berlin,
Germany). The sequences were quality checked using Trim-
momatic (V0.36) to remove illumina-specic sequences and
regions with low-sequence quality (average quality score < Q20).
In addition, PCR primers were removed using cutadapt (V2.3).
The reads were paired (16 bp overlap, minimum length 300 bp)
and quality trimmed using the VSEARCH tool.41 These were
then taxonomically assigned using the SILVA next-generation
sequencing (ngs) pipeline42 based on SILVAngs analysis plat-
form release version 138.43 SILVAngs analysis platform
performs additional quality checks according to SINA-based
alignments44 with a curated seed database in which PCR
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Contribution of highly fluorescent particle classes vs. optical
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artifacts or non-SSU reads are excluded. SILVAngs analysis
platform was able to classify a total of 4 488 410 sequences.
Non-bacterial sequences such as chloroplasts, mitochondria,
eukaryotes, and archaea were excluded because the primer set
employed in the analysis only has very limited coverage of these
groups (3 320 422 sequences). The raw reads supporting this
study are openly available at the European Nucleotide Archive
Project PRJEB49421 (Accession number ERA7898138).

Among all the analyzed samples the SILVAngs analysis
platform classied the sequences to 864 operational taxonomic
units (OTUs) on genus level. The number of reads per sample
varied between 173048–9165 sequences per sample. Given the
large variation in the data it was normalized by cumulative sum
scaling (CSS) using the R package metagenomeSeq.45 Variations
in bacterial community structure were characterized by non-
metric multidimensional scaling using the Bray–Curtis
dissimilarity in the PAST soware package version 3.22.46 The
one-way permutational multivariate analysis of variance (PER-
MANOVA test) with Bray–Curtis dissimilarity and sequential
Bonferroni signicance was used to calculate differences
between bacterial community composition among analyzed
sample groups.
diameter measured during the entire campaign. The results for the
corresponding time series and the different periods are shown in the
Fig. S6 and S7.†
3 Results and discussion

3.1 Classication of uorescent particles

Throughout the campaign a constant ux of large FP (optical
diameter > 0.8 mm) was observed. Not all FP should be consid-
ered as having primary biological origin since interference can
come from e.g. SSA enriched in organic matter.25 To further
differentiate the classes of FP detected by the MBS, a classica-
tion similar to Perring et al.47 was performed. According to Table
1, a particle that exceeded the 9g uorescence threshold at one
or more channels, was labelled by the corresponding letter(s).
For example, a particle that exceeded this threshold at channels
2 and 3 was classied as a BC particle. This approach follows the
work by Savage et al.,48 who showed that a 9g threshold is useful
to distinguish PBAP from interfering low uorescent particles.
Particles that exhibited uorescence lower than 9g at all chan-
nels were collectively classied as uorescent sea spray aerosol
(FSSA). The most abundant classes of particles present during
the campaign are shown in Fig. 1 and their corresponding mean
Table 1 Description of the detector channels names, numbers, center
wavelength (Cl) and letters assigned to particles that exceed the 9g
fluorescence threshold at each channel

Channel Number Cl (nm) Letter

XE1_1 1 315 A
XE1_2 2 364 B
XE1_3 3 414 C
XE1_4 4 461 D
XE1_5 5 508 E
XE1_6 6 552 F
XE1_7 7 595 G
XE1_8 8 640 H

© 2022 The Author(s). Published by the Royal Society of Chemistry
uorescence signal are given in Fig. S5† along with a timeline
and period contribution of classes throughout the cruise in
Fig. S6 and S7.† In Fig. 1, it is shown that most of the highly
uorescent particle classes within the size range of 0.8–6 mm
were class B particles, whereas the larger particles were domi-
nated by particle classes that exceeded the 9g threshold in more
than one channel.

Laboratory sea spray experiments were performed aer the
campaign to evaluate which classes could potentially contain
PBAP. SSA produced from Baltic seawater, a culture medium
prepared from ltered Baltic seawater and a pure inorganic sea
salt solution were analyzed (see ESI† for a more detailed
description of the experiments). No highly uorescent classes
with more than 5 particles were observed in the SSA generated
from the inorganic sea salt solution, while some were found for
the SSA generated from the culture medium and the Baltic
seawater (Fig. S8 and S9†). Strikingly, classes whose highest
uorescence signal was observed in the B channel were only
present in the aerosol generated from the Baltic seawater, which
is the only aerosol sample where PBAP are expected to be found.
Other particle classes (mainly with signals in the C, D, E and F
channels) were found in both the seawater and the ltered
seawater, showing that those particles were probably sea spray
particles coated with water soluble organics.

These laboratory ndings are in line with results by Santander
et al.30 and justify our approach that highly uorescent particle
classes with a maximum signal in the B channel were grouped as
PBAP, and the remaining particles, as highly uorescent sea spray
aerosol (HFSSA). A visualization of this decision tree is given in
Fig. 2. The FSSA group generally showed very weak uorescence
Environ. Sci.: Atmos., 2022, 2, 1170–1182 | 1173
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Fig. 2 Decision tree for classification of fluorescent particles. Particles
with diameters larger than 0.8 mm and with a fluorescent signal
exceeding the 3g-threshold at any detector channel are labelled as
fluorescent particles (FP). FP whose fluorescent signal exceeds 3g but
not the 9g-threshold are grouped as fluorescent sea spray aerosol
(FSSA). Those that exceed the 9g threshold are grouped as highly
fluorescent sea spray aerosol (HFSSA) or as primary biological aerosol
particles (PBAP) if their maximum fluorescent signal is observed in the
B channel.

Fig. 3 Result of decision tree classification of all fluorescent particles.
(a) Fluorescence spectra of the different fluorescent particle groups.
(b) Integral-normalized size distributions with their overall contribution
to the measured coarse particles and fluorescent particles given in the
legend, respectively. The black line denotes the normalized size
distribution of all coarse particles (CP). (c) The asymmetry and peak-
to-mean ratio of fluorescent groups and all CP.
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in all channels (Fig. 3a) since they fall below the 9g-threshold.
They also shared a similar size distribution (Fig. 3b) and shape
parameters (Fig. 3c) as the non-uorescent CP, while comprising
10.4% of all CP and up to 98.8% of the FP. The dominance of
faintly uorescing particles has been observed previously by
Crawford et al.,49 where 97.7% of the FP exhibited such uores-
cence behavior. The uorescence spectra of the HFSSAmost likely
resembles that of water-soluble organic compounds excited at
280 nm,50 although the emission wavelengths of these uo-
rophores can depend on other parameters such as pH.50 HFSSA is
represented by large particles (mean size, 5.9 mm, see Fig. 3b)
which are oen more asymmetrical and elongated than FSSA
(mean asymmetry and peak-to-mean ratio of 30.8 and 3.1,
respectively, see Fig. 3c). It is probable that these particles are
larger SSA particles coated with increased amounts of uorescent
organic molecules leading to a very broad and high uorescence
emission signal with no particular dened peak and diverse
morphology. Santander et al.30 used excitation emission matrix
spectroscopy (EEMS) to show that SSA particles emitted from
ltered seawater retain this characteristic emission, further
strengthening our classication.

PBAP are characterized by a very distinctive uorescence
signal which closely resembles the tryptophan uorescence
emission spectra at the excitation wavelength of 280 nm25. This
clearly suggests that these particles may have a biological
origin. Furthermore, the corresponding size distribution is
centered at 5 � 2 mm which is similar to the size of bacteria
agglomerates previously identied in both ambient coastal
aerosol51 and nascent SSA generated in laboratory experi-
ments.18,30 Interestingly, a number of recent studies suggest that
1174 | Environ. Sci.: Atmos., 2022, 2, 1170–1182
PBAP constitutes only a small portion of the FP over or close to
marine environments27,49 and our data would appear to
corroborate this: the PBAP contribution to the total FP was only
0.46% (0.04% of all CP).

A comparison of our identied groups with the excitation
emission matrix spectroscopy (EEMS) spectra with a 280 nm
excitation wavelength of SSA extracts by Santander et al.30 is
shown in Fig. S10.† The characteristics of the PBAP group we
have identied resemble that of the bacterial isolates measured
by Santander et al.30 Further, this group exhibits a peak in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Normalized concentration of the fluorescent particle groups along with key parameters from the seawater and the solar radiation. The
normalized concentration is calculated by subtracting the minimum value from the 1 hour mean values (s � smin) and dividing by the new
maximum value (s � smin)max. The corresponding range (max/min-values) are given in Table 2. At the top, the main periods are indicated and
timestamps of interest are given in roman numerals (see text). Period 0 refers to MBS measurements within the SSSC prior to the collection of
particle filters. Period A indicates a period when the MBS was not connected to the SSSC, while period 1 and 2 are times when the MBS was
sampling from the SSSC. See Fig. S11† in the ESI for individual curves.
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uorescence at around 360 nm which is similar to the nascent
SSA measured by the same authors with a peak at around
330 nm. Santander et al.30 observed that this peak becamemuch
less prominent in the SSA produced from ltered seawater
suggesting that the particles within this group are much more
likely to be large PBAP than SSA containing predominantly
uorescent dissolved organic matter. The observed spectral
shi in comparison to Santander et al.30 could be explained by
differences in the instrumental spectral resolution and the
general variability of the analyzed biological uorophores.25,52

3.2 Changes in seawater and aerosol properties during the
campaign

An overview of the main parameters of the campaign is shown
in Fig. 4 as a normalized timeline achieved by subtracting the
minimum value (smin) and then dividing by the new maximum
value (s � smin)max. The corresponding minimum and
maximum values together with further average statistical values
are given in Table 2. Timelines showing the evolution of each
individual parameter in an absolute scale is given in Fig. S11.†

Since the MBS is based on single-particle detection, re-
sampling of the data to retrieve particle concentrations was
required (see ESI†). Parameters from the SSSC sensors (oxygen,
temperature and salinity of the seawater within the chamber),
ship's weather station and SMBmodule were also re-sampled to
hourly mean values.

Comparison of the MBS and seawater data allowed the
identication of three distinct periods throughout the
campaign (Fig. 4) along with 3 points of interest (I, II and III). At
the beginning of the campaign (Period 0, P0) the MBSmeasured
© 2022 The Author(s). Published by the Royal Society of Chemistry
aerosols generated in the SSSC prior to the collection of particle
lters. During period A the MBS was not connected to the SSSC.
During period 1 (P1) and period 2 (P2) continuous lter and
water samples were taken from the SSSC in parallel with the
MBS measurements. P1 and P2 showed distinct differences in
lter, water and MBS data, as will be described below.

The interplay between dissolved oxygen and the water
salinity and temperature can be seen in Fig. 4. This was ex-
pected, as oxygen solubility is dependent on these factors.53

There was also an inverse relation between solar radiation and
chlorophyll-a content of the water due to diurnal depth uctu-
ations of microorganisms.54 Chlorophyll-a is oen regarded as
a proxy for biological activity, and consequently, biological
emission from ocean surfaces. However, recent ndings suggest
this may not be the case.55 Indeed, during the campaign,
chlorophyll-a was not correlated to MBS-based estimates of
PBAP emissions for the entire period (correlation coefficient or
r-value of 0.22). However, past point III, there is a slight increase
in the correlation between PBAP and chlorophyll-a (r-value of
0.63) along with an increase in correlation between PBAP and
turbidity (r-value of 0.71).

There is a clear difference between P1 and P2 in the PBAP
concentration (5.6 and 14.6� 10�3 cm�3, respectively; see green
curve in Fig. 5). An abrupt morphology change of the FP was
observed (point II in Fig. 4) with more asymmetrical and rough
surfaced particles in P1 and more elongated particles in P2
compared to P1. Interestingly, there is a clear difference in
particle classes composition between these two periods, as
shown in Fig. S6 and S7† in the ESI, further illustrating this
differentiation. This sudden change in particle shape could
Environ. Sci.: Atmos., 2022, 2, 1170–1182 | 1175
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Table 2 Overview of fluorescent and coarse mode particle properties (MBS retrieval), seawater parameters and solar radiation measured
throughout the entire experiment. The minimum (Min), first quartile (Q1), median, mean, third quartile (Q3) and maximum (Max) values are
calculated for hourly re-sampled geometric mean values

Parameter Min Q1 Median Mean Q3 Max Unit

Coarse particles (CP) conc. 8.98 21.7 24.9 25.0 28.5 40.2 cm�3

Contribution of uorescent particles (FP)
to CP

8 9.71 10.5 10.7 11.1 15.6 %

Fluorescent sea spray (FSSA)
concentration

0.8 2.2 2.6 2.6 2.9 4.1 cm�3

Highly uorescent sea spray (HFSSA)
conc.

1.7 7.9 13.1 16.4 18.5 64 10�3 cm�3

Contribution of HFSSA to CP 0.01 0.03 0.05 0.08 0.07 0.44 %
Primary biological aerosol particles
(PBAP) conc.

1.9 6.1 11.8 11.8 16 30 10�3 cm�3

Contribution of PBAP to CP <0.01 0.02 0.05 0.05 0.07 0.22 %
Asymmetry factora 16 18.2 19.7 20 22 25 —
Peak-to-mean ratioa 1.88 1.95 2.07 2.05 2.12 2.30 —
Mean sizea 1.79 1.96 2.01 2.0 2.09 2.62 mm
Mean FL signala 37.4 50.3 57.4 63.4 67.1 148 a.u.
Salinityb 6.62 6.87 7.04 7.01 7.12 7.45 gsalt per kgwater
Water temperatureb 12.7 13.75 14.4 14.5 15.4 16.8 �C
Temperature$salinityb 87 94 102 102 109 123 �C$gsalt per kgwater
Oxygenb 258 274 281 279 285 292 mM l�1

Solar irradiationc <0.1 14.7 1242 1193 2258 2706 W m�2

Chlorophyll-ad 0.45 0.91 1.18 1.29 1.55 2.96 mgChl-a m
�3
water

Turbidityd 0.42 0.45 0.48 0.49 0.5 0.715 NTU

a Of all uorescent particles. b Measured within the sea spray simulation chamber. c Measured by ship's weather station. d Measured by the ship
SMB module.

Fig. 5 Time series of the concentration of fluorescent particles and the PBAP group. Blue curve: concentration of all fluorescent particles
(particles >0.8 mm in optical diameter and fluorescence signal larger than 3g of the background). Green curve: concentration of PBAP. Red curve:
relative contribution of fluorescent particles to all detected particles with >0.8 mm (in %). The periods of filter sampling for microbial community
analysis are shown on top of the graph (length corresponds to the filter sampling time) along with the separation between the two morphology
periods.
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have been due to changes in the water composition leading to
differences in the chemical and biological sea spray composi-
tion. Such relation has been previously reported by Kaluar-
achchi et al.56 This change occurred aer an abrupt gradient in
the temperature times salinity (T*S) curve (point I) which
suggests a change in water mass. A particularly high
chlorophyll-a concentration peak is present right before the
morphology transition occurred (point II) on the rst day in
which this concentration remained high even during high
radiation periods. Also noteworthy was that past point III a new
1176 | Environ. Sci.: Atmos., 2022, 2, 1170–1182
water mass was observed (T*S curve) along with a peak in FSSA
concentrations, while chlorophyll-a, PBAP, turbidity and mean
size reached very low levels.

As shown in Fig. S1,† P1 represents a time-span when the
ship was close to the island of Gotland while P2 experienced
more open waters in the middle of the Gotland-Latvia strait.
Such geographical differences might explain the differences in
physical and chemical properties of the sampled seawater.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3 Concentration and contribution dynamics of uorescent
and primary biological particles

The concentration of FP (retrieved using eqn (1)† given in the
ESI, see blue curve Fig. 5) had an almost constant level of
around 2.2 cm�3 for most of the campaign. With only slightly
notable lower concentrations at the beginning and a distinct
peak during lter 16 in P2. The contribution of FP to the entire
CP population was around 9.71–11.1% (interquartile range, see
red curve Fig. 5), which in relative terms increased with particle
size (see Fig. S12a† in SI, e.g., at around 5.5 mm, 50% of the
particles were classied as FP). This size dependency for the
contribution of FP to CP could be explained by the fact that as
SSA particles get larger, they are more likely to contain enough
uorophore material to surpass the 3g uorescence threshold.
The continuous ux of SSA particles generated by the SSSC had
an almost constant particle size distribution where only the
concentration is inversely proportional to water temperature,
see Fig. S4† in ESI and Salter et al.57 for further details.

The concentration of PBAP (see green curve in Fig. 5) does
not strictly follow the same time dependency as the FP (which
mostly consists of FSSA), indicating that their rate of emission
could have been governed by different factors such as the
microbial community composition and their dispersion
through the water column inside the SSSC. Generally, the
concentration ranged between 6.1 and 16 � 10�3 cm�3 (inter-
quartile range). Interestingly, during P2 the PBAP concentration
followed closely the percentage of FP within CP, even when FP
concentrations were high and the percentage is low (Filter 16,
P2). This may suggest that the amount of PBAP (e.g. bacteria) in
the water can inuence the availability of organic uorophores
that coat and cause uorescent SSA particles.

The herein calculated concentrations are experiment specic
and characteristic of a combination of seawater physio-
chemical properties, such as temperature and dissolved
matter. Although the biogeochemical properties of the SML
inside the SSSC might differ from the SML present at the air-sea
interface, our experiment is still likely to provide a reasonably
Fig. 6 Non-metric multidimensional scaling (NMDS) analysis of the ae
bacterial community data of the aerosol filter samples (stress: 0.171). (b)
samples (stress: 0.156). For (a) and (b), samples are color-coded chronolo
Combined NMDS analysis of the bacterial community composition of the
code as in panel a and b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
good model for the emission of PBAP from fresh seawater. The
entrainment of air within the SSSC has been characterized and
shown to reect natural entrainment and bubble area density
due to wind sheer.34 The PBAP concentrations presented here
are a rst estimation but are in a similar range as PBAP emis-
sions found within SSA using lter based methods.58 Further-
more, it is estimated that INP constitute approximately 1 in
every 105–106 particles in the atmosphere.5,59 Given that we
expect PBAP to be efficient INP,3–5 we also expect PBAP pop-
ulations to be present at similar concentrations. Indeed, with
our experiment we identied PBAP to be approximately 1 in
every 104 particles above 0.8 mmwhich lies in the same range as
expected INP concentrations in marine environments (keeping
in mind that the number size distribution of SSA particles is
dominated by sub-micron particles which are not detected by
the MBS, see Fig. S4†).

It is difficult to directly determine the PBAP emission ux
from our observations due to the general challenge of up-
scaling laboratory sea spray chamber experiments. However, it
is possible to give a rst estimate of the PBAP ux using
a selected sea spray source function (see e.g. Salter et al.57 or
Grythe et al.60) in combination with the size-resolved contribu-
tion of PBAP (or HFSSA) to coarse mode aerosol that we present
here (see Fig. S12 and Table S1† in the ESI).
3.4 Bacterial community composition

Along the top of Fig. 5 the collection of 17 aerosol lter samples
(AFS) within the SSSC is shown. In addition, chamber water
samples (CWS) were collected at 8 hours intervals and the
collection times are provided in Table S2.†

The most abundant operational taxonomic units (OTU) in
the aerosol and water samples belonged to the classes Gam-
maproteobacteria, Alphaproteobacteria, Bacteroidia, Actino-
bacteria and Oxyphotobacteria in order (Fig. S13 and S14†). On
this phylogenetic level the following differences between AFS
and CWS communities were minor: the relative contribution of
Alphaproteobacteria were higher in the CWS, whereas the
rosol filter and chamber water samples. (a) NMDS performed on the
NMDS analysis on the bacterial community data of the chamber water
gically within period P1 (red colors) and P2 (blue colors, see Fig. 5). (c)
aerosol (squares) and water (circles) samples (stress 0.110; same color-
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Fig. 7 Indicator organism (IO) analysis of the aerosol filter samples. Organisms pointed out by the LEfSe analysis as characterizing either the first
(red indicator organism (IO) numbers) or the second period (blue IO numbers) have their contribution per filter signal shown. For full taxonomy
classification refer to Table S3† in the ESI.
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relative contribution of Gammaproteobacteria were higher in
the AFS. This was also reected in the mean ratio between
Gammaproteobacteria and Alphaproteobacteria which was 1.01
and 1.47 for CWS and AFS, respectively. The dynamics of the
community composition on class level between periods P1 and
P2 was only small. The mean ratio between Gammaproteobac-
teria and Alphaproteobacteria during P1 was 1.14 for CWS and
1.80 for AFS. During P2, this decreased to 0.98 and 1.28 for CWS
and AFS, respectively.

In order to compare CWS and AFS in more detail at the OTU-
level, the bacterial community composition was visualized using
non-metric multidimensional scaling (NMDS). Communities in
aerosol and water samples showed differences between the two
periods (i.e., P1 and P2), which, however, were statistically
signicant only for the CWS community (PERMANOVA, p < 0.01).
Nevertheless, these differences between P1 and P2, especially in
the CWS bacterial community, reect the observed changes in
most parameters throughout the campaign (Fig. 6a and b).
Furthermore, at the OTU-level, the community compositions of
water and aerosol were consistently different (Fig. 6c, PERMA-
NOVA p < 0.01). Implying a selective aerosolization of seawater
microorganisms which has been observed previously.15,16

A LEfSe analysis61 was performed on the AFS data to identify
potential indicator organisms (IO) that would represent periods
P1 or P2 (Fig. 7, Table S3†), that is, organisms that would be
prominently present in either period and could be enhanced or
depleted due to differences in seawater mass and/or organic
content of the SSA. Interestingly, some of the IO in our study have
also been previously reported in aerosolized seawater or atmo-
spheric samples during experimental or eld studies. SomeOTUs
from P1 were phylogenetically related to Burkholderiaceae (IO
824), Flavobacteriaceae (IO 212), or Chthoniobacteriaceae (IO
1071), which were also found in atmospheric samples from the
Baltic Sea coast close to our study site15 as well as in aerosols
generated from seawater.32 Likewise, one OTU from P2 was
phylogenetically related to Rhodobacteraceae (IO 621), which
were also found in aerosol samples from the Western Baltic Sea62
1178 | Environ. Sci.: Atmos., 2022, 2, 1170–1182
and in aerosols generated from natural seawater.16,32 All IO
accounted only little to the overall community, with a maximum
relative abundance of 2% for one OTU phylogenetically related to
the Burkholderiaceae (IO 830 - RS62 marine group).
4 Summary and conclusions

We have shown that the MBS is able to distinguish PBAP from
uorescent and non-uorescent SSA particles above 0.8 mm
(optical diameter). Since not all bioaerosols are expected to be
uorescent at the excitation wavelength used by the MBS, the
PBAP concentrations found (ranging between 10�3–10�2 cm�3)
should be treated as a lower limit. Nonetheless, our ndings are
in good agreement with previous estimates58 of atmospheric
prokaryotic concentration over oceans which range between
10�3 to 10�2 cm�3.

PBAP were estimated to constitute only 0.46% of the entire
uorescent particle population. Thus, special care should be
taken when using the uorescence signal to determine
concentrations or emissions of marine PBAP. Other UV-LIF
instruments with lower spectral resolution might be limited
in differentiating between PBAP and uorescent SSA particles
potentially inducing errors when using their data as a proxy for
PBAP. We have shown that the MBS spectral resolution of 8
emission channels is especially useful when classifying parti-
cles using the 9g threshold. This method has the advantage of
circumventing the use of UV-LIF libraries of known uorescent
particles needed for supervised learning. The diversity in tech-
nical details between the used instrumentation, differences in
the particle production and treatment (e.g. drying) and the lack
of a proper calibration material make the creation of the
libraries needed for supervised learning methods difficult.52

Clear particle morphology changes were observed
throughout the experiment that coincided with changes in
sampling locations and differences in the physical and chem-
ical properties of the sampled seawater. In agreement with
previous studies, our results imply that the changes in seawater
© 2022 The Author(s). Published by the Royal Society of Chemistry
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composition lead to differences in the biological and organic
composition of the emitted SSA particles63 with potential
impacts on the particle morphology56 that in turn could
potentially inuence their ice nucleating propensity.64

A distinction into two discrete sampling periods was made
based upon changes in the uorescent particle classes detected
by the MBS and this distinction was supported through offline
analysis of the bacterial community composition of particle and
seawater samples. For the offline analysis, this differentiation
was more pronounced in the community composition of the
water samples, but was slightly (although not signicantly) re-
ected in the aerosolized community. The aerosolized bacterial
community generally differed from its source community in the
seawater, supporting previous ndings that bacterial aero-
solization is a selective process.15,16 However, the exact under-
lying mechanism warrants further studies. In addition, the
distinction between the two periods allowed the identication
of aerosolized bacterial taxa, which were specically abundant
in one of these periods. The low abundance of these indicator
organisms hinders a clear link to the dynamics observed in the
MBS data and points towards the need for further study details
such as the identication of aerosolized bacteria, the degree of
their selective transfer, their fate and metabolic activity in the
atmosphere.

Overall, our results demonstrate the strength of the MBS in
identifying and characterizing individual particles of biological
origin, making it a valuable asset for deployment in future
experiments to better comprehend and quantify the emission of
PBAP across different marine and continental environments.
One promising future experiment would be to link single-
particle PBAP measurements from the MBS to online INP
measurements65 to shed further light on the interplay between
different seawater masses, PBAP, ice nucleating propensity, SSA
emissions and their morphology.
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S. M. Kreidenweis, Biological aerosol particles as a key
determinant of ice nuclei populations in a forest
ecosystem, J. Geophys. Res.: Atmos., 2013, 118, 100–110.

4 T. W. Wilson, L. A. Ladino, P. A. Alpert, M. N. Breckels,
I. M. Brooks, J. Browse, S. M. Burrows, K. S. Carslaw,
J. A. Huffman, C. Judd, W. P. Kilthau, R. H. Mason,
G. McFiggans, L. A. Miller, J. J. Najera, E. Polishchuk,
S. Rae, C. L. Schiller, M. Si, J. V. Temprado, T. F. Whale,
J. P. Wong, O. Wurl, J. D. Yakobi-Hancock, J. P. Abbatt,
J. Y. Aller, A. K. Bertram, D. A. Knopf and B. J. Murray, A
marine biogenic source of atmospheric ice-nucleating
particles, Nature, 2015, 525, 234–238.

5 P. J. DeMott, T. C. Hill, C. S. McCluskey, K. A. Prather,
D. B. Collins, R. C. Sullivan, M. J. Ruppel, R. H. Mason,
V. E. Irish, T. Lee, C. Y. Hwang, T. S. Rhee, J. R. Snider,
G. R. McMeeking, S. Dhaniyala, E. R. Lewis, J. J. Wentzell,
J. Abbatt, C. Lee, C. M. Sultana, A. P. Ault, J. L. Axson,
M. D. Martinez, I. Venero, G. Santos-Figueroa,
M. D. Stokes, G. B. Deane, O. L. Mayol-Bracero,
V. H. Grassian, T. H. Bertram, A. K. Bertram, B. F. Moffett
and G. D. Franc, Sea spray aerosol as a unique source of
ice nucleating particles, Proc. Natl. Acad. Sci. U. S. A., 2016,
113, 5797–5803.

6 B. J. Murray, D. O’sullivan, J. D. Atkinson andM. E.Webb, Ice
nucleation by particles immersed in supercooled cloud
droplets, Chem. Soc. Rev., 2012, 41, 6519–6554.

7 D. C. Blanchard, Air-Sea Exchange of Gases and Particles,
Springer Netherlands, Dordrecht, 1983, pp. 407–454.

8 N. S. Holmes, A review of particle formation events and
growth in the atmosphere in the various environments and
Environ. Sci.: Atmos., 2022, 2, 1170–1182 | 1179

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00047d


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

gu
st

us
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

1/
02

/2
02

6 
15

.5
1.

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
discussion of mechanistic implications, Atmos. Environ.,
2007, 41, 2183–2201.

9 D. C. Blanchard, The electrication of the atmosphere by
particles from bubbles in the sea, Prog. Oceanogr., 1963, 1,
73–202.

10 E. R. Lewis and S. E. Schwartz, Sea Salt Aerosol Production:
Mechanisms, Methods, Measurements and Models, American
Geophysical Union (AGU), 2004, ch. 2, pp. 9–99.

11 M. Cunliffe, R. C. Upstill-Goddard and J. C. Murrell,
Microbiology of aquatic surface microlayers, FEMS
Microbiol. Rev., 2011, 35, 233–246.

12 A. Engel, H. W. Bange, M. Cunliffe, S. M. Burrows,
G. Friedrichs, L. Galgani, H. Herrmann, N. Hertkorn,
M. Johnson, P. S. Liss, P. K. Quinn, M. Schartau,
A. Soloviev, C. Stolle, R. C. Upstill-Goddard, M. van
Pinxteren and B. Zäncker, The Ocean’s Vital Skin: toward
an Integrated Understanding of the Sea Surface Microlayer,
Front. Mar. Sci., 2017, 4, 165.

13 J. Y. Aller, M. R. Kuznetsova, C. J. Jahns and P. F. Kemp, The
sea surface microlayer as a source of viral and bacterial
enrichment in marine aerosols, J. Aerosol Sci., 2005, 36,
801–812.

14 T. B. Robinson, O. Wurl, E. Bahlmann, K. Jürgens and
C. Stolle, Rising bubbles enhance the gelatinous nature of
the air-sea interface, Limnol. Oceanogr., 2019, 64, 2358–2372.
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