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Sea spray aerosol is the largest natural source of aerosol to Earth's atmosphere with significant impacts on

climate. Despite this, estimates of the impact of sea spray aerosol on Earth's radiation budget are highly

uncertain due to an overall lack of understanding of the physical and chemical factors controlling its

composition. Critically, results from studies probing the importance of oceanic biological activity on the

amount and type of organic matter present in nascent sea spray aerosol have been ambiguous. Some

field studies have shown a relationship between the organic fraction of sea spray aerosol and oceanic

primary productivity while others have reported no such relationships. Given this, we have probed the

composition of seawater and nascent sea spray aerosol during a phytoplankton bloom in the North

Atlantic using a novel liquid chromatography-mass spectrometry method. We observed that the

composition of dissolved organic matter present in seawater changed as the phytoplankton bloom

progressed over an 18 day period. Further, we observed changes to both the chemical composition of

the organic matter present in seawater and the chemical composition of the organic matter present in

the sea spray aerosol despite the organic matter mass fraction of the aerosol remaining unchanged.

More specifically, we observed that the nascent sea spray aerosol became progressively more enriched

in surface-active organic substances as the bloom progressed and that the sea spray aerosol had

a distinct organic matter composition compared to the seawater. Thus, our work provides additional

insight into the biological dependence of nascent sea spray aerosol composition.
Environmental signicance

How sea spray aerosol (SSA) impacts Earth's radiation budget is uncertain due to a lack of understanding of the physical and chemical factors controlling its
composition. Critically, while some studies nd a relationship between the organic fraction of SSA and oceanic primary productivity others do not. Here, we have
used a novel liquid chromatography-mass spectrometry method to probe changes to the composition of the organic matter present in nascent SSA during
a natural phytoplankton bloom. Interestingly, despite the organic matter mass fraction of the aerosol remaining unchanged during the sampling period we
observed measurable changes in the composition of the organic matter present. This highlights the potential for biological activity in the oceans to impact the
chemical composition of nascent SSA with potential implications for the role of SSA in regulating Earth's climate.
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1 Introduction

Sea spray aerosol (SSA) particles dominate the mass fraction of
natural particulate matter present in the global atmosphere1

and exert a strong inuence on radiation transfer,2 cloud
formation,3 and atmospheric chemistry in remote marine
regions.4 SSA is formed during the process of bubble bursting
following wave breaking5 and decades of research have enabled
a detailed description of the bubble-bursting process [e.g. ref.
5–10]. In short, hundreds of droplets are formed from a single
bubble when the so-called bubble lm-cap ruptures.8 As such,
these droplets are commonly referred to as lm droplets7 and
the chemical composition of these droplets reects the
composition of the lm-cap that the droplets were born from
© 2022 The Author(s). Published by the Royal Society of Chemistry
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ref. 11. Given this, the chemical composition of these droplets is
oen assumed to be similar to that of the air-sea interface or so-
called “sea surface microlayer” [e.g. ref. 12 and 13]. The retrac-
tion of the bubble lm-cap following rupture exposes a cavity
and results in the formation of a jet which originates at the base
of the cavity.14 Destabilization of this jet results in the formation
of droplets which are commonly referred to as jet droplets.15

The consensus view is that these jet droplets are fewer in
number concentration and much larger (i.e. >1 mm) than lm
droplets.7,16 However, this view has recently been challenged by
measurements which indicate that jet droplet production can
produce large number concentrations of submicron particles.17

With regards to their chemical composition, the conventional
view is that jet droplets reect the composition of the
bulk surface ocean, rather than the interfacial region [e.g. ref. 11
and 17].

That nascent SSA is a complex mixture of sea salt and organic
matter has also been known for decades [e.g. ref. 7]. Under
certain conditions, organic matter has been shown to comprise
a substantial fraction of the total particle mass, especially for
those particles with diameters less than 1 mm, and, on a global
scale, upwards of 8 Tg y�1 of primary submicrometer organic
aerosol is estimated to originate as SSA18,19 which can be
compared to global emission estimates of 34–144 Tg y�1 of total
primary organic aerosol.20 Indeed, it is well established that the
organic mass fraction of SSA and aerosol diameter are inversely
proportional [e.g. ref. 21–24] with observations of organic
carbon mass fractions of upwards of 0.9 for dried SSA particles
of around 100 nm in diameter.24 Given that oceanic surface
waters usually have organic mass fractions of far less than
0.0001 (ref. 25) it is clear that organic matter is signicantly
enriched in these smaller particles and it is likely that the
formation process of lm droplets is responsible for this
enrichment.12,13

Understanding the temporal and spatial variability in the
amount and type of organic matter present in nascent SSA is
critical if efforts to reduce the current uncertainty in estimates of
the impact of SSA on the Earth's radiation budget are to be
successful. For example, the amount of organic matter in SSA
may impact its radiative properties [e.g. ref. 26]. The organic
mass fraction as well as the chemical composition, morphology
and phase state [e.g. ref. 27] of SSA affects its ability to act as
cloud condensation nuclei [e.g. ref. 28] and ice nuclei [e.g. ref. 29].

Ever since the initial studies concerned with the enrichment
of organic matter in nascent SSA, the role of biological activity
in oceanic surface waters on the quantity and composition of
organic matter in SSA has been an important question [e.g. ref.
30]. Numerous studies investigating the impact of the biogeo-
chemical state of the ocean on nascent SSA have been con-
ducted (see for example the recent review by Bertram et al.31 and
their Table 1) and the conclusions of these works can generally
be characterised as falling into two camps. Firstly, a series of
studies have observed that the organic carbon (OC)/Na+ ratios of
either ambient marine aerosol [e.g. ref. 24] or nascent SSA [e.g.
ref. 32 and 33] are highly dependent on the level of biological
activity (e.g. the amount of phytoplankton present in the ocean)
with lower OC/Na+ ratios during periods of low biological
© 2022 The Author(s). Published by the Royal Society of Chemistry
activity compared to periods of high biological activity. In
support of the argument that much of the organic matter
present in nascent SSA results from recent biological activity,
O'Dowd et al.24 observed that the water-insoluble organic matter
(WIOM) fraction of ambient aerosol obtained at Mace Head in
the Eastern North Atlantic increased signicantly during
periods inuenced by phytoplankton blooms relative to the
water-soluble organic matter (WSOM) fraction. Similarly, Van
Pinxteren et al.34 observed the highest concentration of WIOM
in submicron ambient marine aerosols over the North Atlantic
during high chlorophyll-a conditions. In contrast, the second
group of studies have observed little difference in the OC/Na+

ratio of nascent SSA when comparing oligotrophic and
productive oceanic regions [e.g. ref. 35 and 36] or during mes-
ocosm phytoplankton experiments.37 Instead, these studies
generally argue that the ubiquitous reservoir of organic carbon
in surface seawater is responsible for the organic carbon
enrichment of nascent SSA, overwhelming any inuence of local
biological activity.

Numerous studies have investigated the impact of ocean
biology on the SSA organic composition of SSA. Gerard et al.38

observed a correlation between the concentration of both
anionic and cationic surfactants in ambient coastal Baltic SSA
with chlorophyll-a – levels, which was indicative of their marine
and biogenic origin. These surfactants were shown to modulate
the surface tension of the SSA, and it was assumed this may
impact their CCN properties. Frossard et al.39 found that
a higher concentration of naturally occurring surfactants in the
SSA that was generated from productive seawater compared to
oligotrophic water, indicating biological impact on SSA chem-
ical properties. Studying the temporal trends in SSA generated
from microcosm plankton blooms, Santander et al.,40

concluded that sea-to-air transfer of different chemical species
did not correlate with plankton growth and chlorophyll-a levels
but it is more likely related to more complex processes such as
bacterial transformation and degradation of plankton primary
products.

Carbon isotope measurements have also been used to
investigate links between oceanic primary productivity and the
composition of SSA. For example, Ceburnis et al.41 found that
most organic enrichment in marine aerosol over the southern
Indian Ocean was attributable to fresh particulate organic
matter. In line with these ndings Crocker et al.42 observed that
the carbon isotopic composition of nascent laboratory-
generated SSA reected changes in seawater composition
during mesocosm phytoplankton blooms while Beaupré et al.43

recently reported that highly aged dissolved organic matter
(DOM) carbon could account for 19–40% of the organic carbon
in articially generated sea spray using seawater from the
northwest Atlantic suggesting that younger, recently produced
carbon could account for the majority.

A series of studies have characterised the organic matter in
SSA, oen with a focus on specic organic fractions or specic
classes of compounds [e.g. Table 2 in ref. 44]. NMR (nuclear
magnetic resonance) analysis of ambient aerosol obtained at
Mace Head revealed that the majority of the WSOM was
comprised of humic-like compounds that contain keto and
Environ. Sci.: Atmos., 2022, 2, 1152–1169 | 1153
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carboxyl functional groups combined with aliphatic moieties.45

Containing both polar groups and aliphatic chains, these
structures are assumed to possess surface-active properties that
enable them to be enriched in SSA. By using Raman micro-
spectroscopy (RMS), Deng et al.46 observed the prevalence of
long-chain aliphatic organic compounds with different func-
tional groups in SSA collected across the Pacic Ocean during
both spring and autumn seasons. Facchini et al.32 probed the
chemical properties of nascent SSA produced via articial
bubble bursting experiments with oceanic waters obtained
during a phytoplankton bloom in the North Atlantic. During
these experiments the authors observed a prevalence of WIOM
with characteristic lipopolysaccharide compounds, which likely
originated from phytoplankton exudates. During the same
experiments the WIOM and WSOM showed similar composi-
tion based on NMR proles, with WIOM having more long
hydrophobic chain lipids and sugars compared to the WSOM.
Russell et al.35 analysed the chemical composition of aerosols
obtained over the North Atlantic and observed a strong carbo-
hydrate FTIR (Fourier transform infrared spectroscopy) signa-
ture characteristic of saccharides which are known to be highly
abundant in surface seawater. Utilising the same FTIR analysis
of functional groups, Frossard et al.44 observed a higher abun-
dance of alkane functional groups in nascent laboratory-
generated SSA using biologically productive water compared
to less biologically productive water.

High-resolution mass spectrometry facilitates the analysis of
all the ionisable compounds within DOM simultaneously, with
typical mass spectra consisting of thousands of molecular ions,
each being assigned with a different molecular formula.47–49

However, the number of structural isomers behind every
molecular formula is still undened50–52 to the extent that
analysis of these compounds remains extremely challenging. A
typical analytical workow includes solid-phase extraction of
marine DOM [e.g. ref. 53], followed by direct infusion of the
extracts into a Fourier-transform ion cyclotron resonance mass
spectrometer (FT-ICR-MS) [e.g. ref. 48 and 54]. More recently,
characterisation of DOM has been performed using Orbitrap
mass spectrometry.55,56 Analysis of DOM by coupling of mass
spectrometry with liquid chromatography has been performed
with Orbitrap57,58 and more recently also with FT-ICR-MS [e.g.
ref. 59 and 60].

Although high-resolution electrospray ionisation mass
spectrometry has previously been used to characterise water-
soluble organic compounds in nascent laboratory-generated
SSA61,62 and ambient marine aerosols,63 the number of studies
is limited. The studies by both Schmitt-Kopplin et al.61 and
Willoughby et al.63 revealed that CHO molecular formulas with
low O/C and high H/C molecular ratios were most abundant
which is indicative of biological input of lipid-like compounds
suggesting that changes in the composition of seawater due to
biological activity may be reected in nascent SSA.

In the current study we have used high-resolution mass
spectroscopy to examine compositional changes in the DOM
present in subsurface water, sea surface microlayer and nascent
SSA during the spring phytoplankton bloom in the North
Atlantic with a view to furthering our understanding of the role
1154 | Environ. Sci.: Atmos., 2022, 2, 1152–1169
marine primary productivity plays in shaping the chemical
composition of nascent SSA. Further details of the campaign
can be found in Christiansen et al.64
2 Experimental

The samples used in this study were collected during a 3 week
eld campaign on the Faroe Islands in June 2019 (June 4th–June
23rd 2019). The campaign is described in detail by Christiansen
et al.64 and the conditions are summarised only briey here.

Situated between Scotland and Iceland, the Faroe Islands
(62�N, 7�W) are an archipelago with a shelf ecosystem, sur-
rounded by open ocean (Fig. S1†). Given that the areas
surrounding the Faroe Islands are dominated by North Atlantic
seawater, the sampling location is considered representative of
the region as a whole with a homogeneous water mass without
summer stratication.65 The seawater inlet used during the
campaign has been used in numerous studies to obtain samples
for the analysis of temporal trends in zoo- and phytoplankton
on the Faroes shelf.66–69 The seawater inlet used during the
campaign is situated within a sound characterised by strong
tidal currents which represents the oceanic conditions on the
Faroe Island central shelf well.67 As such, minimal variation in
both temperature and chlorophyll-a values occur down to 50 m
depth.66

The timing of the sampling campaign was chosen to match
the North Atlantic spring bloom when net primary productivity
exceeds the loss of phytoplankton biomass to grazing and
mortality, leading to transient net biomass accumulation and
a peak in phytoplankton abundance.
2.1 Generation of nascent sea spray aerosol

SSA was generated using the Aegor sea spray simulation
chamber developed by Christiansen et al.70 which was contin-
uously fed with fresh seawater between June 4th and June 23rd
2019 as presented in ref. 64. Seawater was fed from 18 m depth
into a well which forms part of a sh broodstock facility.66 From
the water well, which stands on the seawater level below the
facility, the seawater was pumped into the large indoor water
pool from which seawater was passively directed to the lower
level of the facility where SSA experiments were conducted. The
sea spray chamber was supplied with that seawater through
a reservoir tank with a centrifugal pump which supplied
a continuous ow of 4 Lmin�1 through a jet ow nozzle into the
sea spray chamber (Fig. S2†). The Aegor sea spray chamber is
a stainless steel, cylindrical 36 L (29 cm inner diameter) tank,
with a jet ow nozzle (4 mm in diameter) placed in the center of
the top lid.70 The sea spray chamber contained a seawater
overow outlet which was positioned to keep a constant water
volume of 20 L (29 cm depth) and a headspace volume of 13.9 L
(21 cm depth). All ttings were stainless steel and, where
required, only silicon O-rings were used to minimise potential
for chemical contamination. Particle-free sweep-air was
continuously added into the headspace at a ow rate of 26–27
L min�1 which was slightly higher than the rate at which the
aerosol sampling instruments withdrew air from the chamber.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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This excess was vented through an overow outlet in the
headspace of the chamber and prevented potential contami-
nation by ambient air in the factory facility where experiments
were conducted.

2.2 Aerosol sampling

Aerosol-laden air from the sea spray chamber was directed to
a 14-stage cascade impactor (DLPI+, Dekati) at 10 L min�1

through 50 cm of 10 mm stainless steel tubing. The aerosol was
not dried and the average and standard deviation of the relative
humidity measured in the headspace of the sea spray chamber
was 71.4 � 3.1% during impactor sampling. Humidity can
inuence the size distribution of the SSA that is being sampled
on different stages of the impactor, but since we pooled all 14
stages in just 2 size fractions this probably didn't have much
effect on our results. The cutoff sizes (d50) of the stages, which
were calibrated by the provider (Dekati) of the impactor based
on Järvinen et al.71 ranged from 0.015 to 9.91 mm (d50s: stage 2 –
0.0150, stage 3 – 0.0306, stage 4 – 0.0548, stage 5 – 0.0944, stage
6 – 0.154, stage 7 – 0.256, stage 8 – 0.383, stage 9 – 0.605, stage 10
– 0.951, stage 11 – 1.64, stage 12 – 2.48, stage 13 – 3.67, stage 14 –
5.38, stage 15 – 9.91 mm). Each stage was loaded with a poly-
carbonate membrane (Nuclepore TrackEtch Membrane, What-
man), that were not pre-cleaned prior to the sampling. Due to
the low mass of aerosol expected on the lower stages of the
impactor the stages were pooled into two samples following
each sampling period – a submicron sample which contained
stages 2–10 (d50s: 0.0150–0.951 mm) and a supermicron sample
which contained stages 11–15 (d50s: 1.64–9.91 mm). Preparation
of the impactor for the chamber experiments and transfer of the
polycarbonate membranes into precombusted total organic
carbon (TOC) vials aer the experiments were conducted in
a glove box to avoid ambient air contamination. Handling
blanks for SSA samples were obtained in the eld by placing
polycarbonate membranes on random impactor stages. In total,
three handling blanks were collected and analysed (from the
start, end and middle of the campaign), each containing four
polycarbonate membranes from four different impactor stages.
Once unloaded from the impactor, these membranes were
treated in exactly the same fashion as the membranes exposed
to the aerosol sample. Table S1† summarises the experiments
conducted.

2.3 Seawater sampling

Subsurface water (SS) was sampled into 40 mL precombusted
glass vials (450 �C for 4 h), through a tap located on the bottom
of the chamber. In order to obtain samples from the air–water
interface of the seawater used to generate sea spray aerosol we
have used the glass plate method that is traditionally used to
obtain sea surface microlayer samples.72 Given this, we refer to
these samples as sea surface microlayer (SML) samples
throughout this study. However, it should be noted that the
design of the sea spray chamber precluded the collection of sea
surface microlayer (SML) samples from within the sea spray
chamber using the glass plate method. Therefore, to enable
sample collection these samples were collected from an open-
© 2022 The Author(s). Published by the Royal Society of Chemistry
top polyethylene container (380 L) that was lled continuously
with seawater from the same well which supplied the sea spray
chamber. The water ow of �58 L min�1 was directed vertically
to the water surface in the form of a plunging jet from the
opening of the hose that was xed at a height of approximately
20 cm above the water level. The plunging jet ow resulted in
the entrainment of a signicant amount of air followed by rising
bubbles and a certain amount of foam on the water surface. The
residence time of the seawater in the container was estimated to
be 5–6 min so that excess seawater drained evenly over the top
rim of the container. The SML sampling was done in proximity
to the plunging jet and rising bubbles. A PTFE scraper was used
to remove SML adhering to the glass plate and both the glass
plate and the scraper were precleaned using HPLC-grade
methanol. Foam was collected from the surface of the large
indoor water pool from which water was withdrawn to supply
the sea spray chamber. This foam likely formed as a result of
strong turbulence occurring as the water was pumped from the
well into the pool. In addition to this, a certain amount of foam
was also observed in the headspace of the SSA chamber and
during SML sampling. The moist upper layer of the foam was
removed prior to sampling and fresh foam was sampled using
a pre-cleaned 500 mL glass beaker. Following collection the
beaker was covered with aluminum foil while the foam was le
to settle. Aer approximately 10 min the foam sample was
gently agitated by hand so that the foam and the small layer of
surface water that was sampled together with the foam became
homogeneous. Next the contents of the beaker were transferred
into 40 mL precombusted glass vials. All three types of samples
were acidied with concentrated HCl to 0.01 M immediately
aer sampling in order to increase the extraction efficiency and
improve the recovery rate of the DOM present during subse-
quent solid phase extraction (SPE).53
2.4 Sample preparation

Each set of pooled polycarbonate impactor membranes were
ultrasonicated for 20 min in 40 mL ultrapure water and the
extracts were further acidied using 0.01 M HCl to approxi-
mately pH 2. From this point onwards the SS, SML and foam
samples along with the aerosol extracts were all treated identi-
cally. Organic matter was extracted using an established solid
phase extraction (SPE) procedure.53 The procedure uses Bond
Elut PPL cartridges (Agilent), containing styrene–divinylben-
zene polymer sorbent which retains on average 62% of DOM
from seawater [Dittmar et al., 2008]. While it is known that PPL
overall retains a similar range of compounds as C18 sorbent, it
exhibits overall higher recovery and improved retention of N-
containing compounds that potentially represent plankton-
origin amines [Dittmar et al., 2008]. 30 mL of the acidied
subsurface water, SML samples, foam samples or the aerosol
extracts were passed through the cartridges. The cartridges were
then rinsed with 20 mL of acidied ultrapure water (0.01 MHCl)
to remove salts which may interfere with the analysis, and dried
with nitrogen gas. Organic matter was eluted from the dry
sorbent with 2 mL of HPLC Chromasolv grade methanol
(Honeywell Riedel-de Haen). Extracts were then reduced to
Environ. Sci.: Atmos., 2022, 2, 1152–1169 | 1155
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dryness by gently blowing off the solvent with dry nitrogen gas
and then reconstituted in 300 mL of a 1 : 1 (v/v) mixture of
methanol and ultrapure water. Parallel with extraction of the
samples, procedural blanks were also obtained by following the
same SPE procedure without applying the sample. None of the
samples were ltered prior to sample preparation in order to
avoid the risk of potential adsorption of surface-active
compounds to the lter material. SS and SML samples didn't
contain any visible particulate or colloidal particles. Any
particulate material is likely to stay on the top of sorbent
material but we cannot rule out the possibility that some
organic compounds from the particulate phase were dissolved
during the elution with methanol.
2.5 Organic matter characterisation using ultra-high-
resolution mass spectrometry

Chromatographic separation was carried out on a Dionex Ulti-
Mate 3000 Ultrahigh performance LC (Thermo Scientic). 20 mL
of the samples were injected onto a C18 Hypersil GOLD Polar
Endcapped column (100 � 2.1) mm with a 1.9 mm bed size and
175 Å pore size (Thermo Scientic). Stepwise elution was per-
formed using a mobile phase (0.3 mL min�1

ow) which
changed from ultrapure water with 0.1% formic acid (mobile
phase A) to 100% acetonitrile (mobile phase B), with the
gradient prole described in Table S3.† The ultra performance
liquid chromatography system was coupled to a Q Exactive HF
hybrid Quadrupole-Orbitrap MS (Thermo Scientic). Negative
ions were produced using an electrospray ionisation source
using a �3 kV spray voltage, 320 �C capillary temperature,
a sheath gas ow rate of 30 mL min�1 and a S-lens radio
frequency level of 55%. Approximately 1700 high-resolution
scans were collected over a period of 18 min for each LC-MS
run, using an instrumental resolution of 240 000 (at m/z ¼
200) and a mass range from 150–1000 m/z.

2.5.1 Formula assignment and data analysis. Collected
spectra were grouped into three retention time bins corre-
sponding to three main polarity fractions: fraction A ¼ 3–6 min,
fraction B¼ 6.3–9 min and fraction C ¼ 10–13 min. In reversed-
phase liquid chromatography, the order of elution mostly
depends on the affinity of the compound to the non-polar
stationary phase. As such, fraction A, which elutes rst, repre-
sents the most polar fraction while fraction C, which elutes last,
represents the least polar fraction. The assignment of molecular
formulas to m/z peaks was carried out using the R soware
package MFAssignR49 which consists of several main functions.
Removal of background noise peaks was carried out using the
“KMDNoise” function, which is a modied method of Riedel
and Dittmar.73 Only analyte peaks with a signal-to-noise ratio
greater than ve were considered. The next step included
preliminary assignments of the most abundant molecular
formula containing C, H and O from which the ten most “reli-
able” homolog series were chosen as recalibration candidates.
Recalibration candidates are optimised for each type of sample
individually. The “Recal” function was set with the two most
abundant recalibration candidates within each 10 m/z window,
aer which they were grouped in to 50 m/z windows across the
1156 | Environ. Sci.: Atmos., 2022, 2, 1152–1169
entire m/z range. For each 50 m/z window the function calcu-
lated individual recalibration values based on a polynomial
central moving average, using a method modied from Savory
et al.74 and Kozhinov et al.75 Aer recalibration of the entire m/z
set nal formula assignment was conducted, allowing only
CHO, CHON and CHOS formulas, with the maximum allowable
error ¼ 1 ppm, maximum allowable O/C ¼ 1, and minimum
allowable H/C ¼ 0.3. CHO, CHON and CHOS formulas repre-
sent the most abundant fraction of formulas that can be iden-
tied in common marine DOM samples.48 These peaks can be
resolved with the maximum resolution offered by Orbitrap
instruments while resolving molecular formulas that contain
more heteroatoms (for example phosphorus or multiple S
atoms) would require stronger resolving power.55,56 For the
compounds above 600 Da, formula assignment was only
allowed if the formula belonged to the homolog series identi-
ed below 600 Da. Contamination ions were identied using
the procedural and handling blanks as all ions higher than
0.1% of the intensity of the highest intensity blank peak. All
contamination ions were removed from the nal dataset. For
each ion in the mass spectra that is assigned with a molecular
formula we use the term “compound” although each peak likely
represents the sum of different structural isomers which cannot
be separated during chromatographic fractionation.50,51,57,58

Aer formula assignment, ion intensities were normalised
by the sum of intensities of all identied ions in order to correct
for instrumental dri or variations in SPE recovery. The
repeatability of the measurements was estimated by injecting
one SS sample ve times throughout the LC-MS run and
subsequent calculation of the Bray–Curtis Dissimilarity (BCD)
between replicates as well as the relative standard deviation
(RSD) of the relative abundances of the ions identied. Due to
signicantly different sampling times for the SSA experiments
(from 20 to 36 h), we evaluated the repeatability of these
samples by injecting different volumes (5–20 mL) of the samples
(Table S4†). Of the different polarity fractions, those that were
the most abundant for each sample type had the highest
repeatability. For example, the SS samples exhibited the highest
repeatability for fractions A and B (mean BCD coefficients 1–2%)
while the SSA samples exhibited better repeatability for fraction
C with a mean BCD coefficient between replicates of 3.1%
(Table S5†).

Replicate measurements of supermicron SSA samples were
also used to strengthen the molecular formula assignment;
assignments were only accepted if they were achieved in at least
two (or three) of the different volumes injected when three
(four) discrete volumes were injected.

In order to explore whether the bloom had any impact on the
composition of the DOM present in our samples we have used
Spearman correlation rank to investigate the relationship
between sum-normalised ion intensities and seawater chl-
a level for each polarity fraction of each sample type. The ion
intensity for each molecular formula in a given fraction was
normalised relative to the sum of ion intensities of all identied
ions in that fraction. For both SS and SML samples, relative ion
intensities and chl-a concentrations from 11 different samples
were correlated (Table S2†). For supermicron SSA samples,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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relative ion intensities measured from 18 replicate injections
from 6 different chamber experiments were used, while for
submicron SSA samples that were analysed with no replicate
injections, 6 data points were used (Table S4†). Since the
chamber experiments usually covered 2 or 3 consecutive days
(Table S1†), the chlorophyll concentration used in the correla-
tion of SSA data was the average value for the given period.

2.5.2 Mass spectrometric fragmentation experiments. In
order to probe the functional groups present we conducted
mass spectrometric fragmentation experiments. To do so a m/z
range from 395.00–412.40 was isolated via quadrupole and then
fragmented via higher energy collision dissociation (HCD) with
35 V collision energy in the C-trap of the Orbitrap. The MS2
spectra from 50–440 m/z were then recorded with an instru-
mental resolution of 240 000. The mass range around 400 Da
was chosen because it contains ions with high abundances for
all polarity fractions (Fig. S8†), and the exact range of 17.4 Da
was chosen so that neutral loss of water (18.01056 Da) for the
compounds at the higher end of the m/z range would not
overlap with some of the precursor ions at the lower end of the
m/z range. For a givenmass range (395.0–412.4 Da) there are 441
theoretical molecular masses of CHO compounds with the
following criteria: H/C ¼ 0.3–2, O/C < 1, double-bond equiva-
lents (DBE; number of rings plus double bonds to carbon)
minus oxygen (DBE-O)¼�10 to 10. N and S containing formula
were not considered in the data analysis due to their lower
abundances compared to CHO compounds. For each precursor,
17 potential neutral losses were considered: losses of H2O,
losses of 1–6CO2, losses of 1–6CO2 + 1H2O and losses of 1–3CO2

+ 1CH3OH. In total, the theoretical mass list of 10 404 masses
(441 precursors + 17 � 441 fragments) were matched with
a mass list from the recorded MS2 spectra, which was collected
separately for the same 3 retention time bins that correspond to
the polarity fractions A, B and C, with a maximum error devia-
tion of 3 ppm from the theoretical mass. Only fragments that
were detected inmore than 50% of the SS samples (minimum in
6 out of 11 samples), and in at least 75% of injected SSA samples
(minimum in 3 out of 4 samples from sea spray chamber
experiments 3–6), and whose intensity was at least ve times
higher than the estimated noise level and ten times higher than
the blank intensity were evaluated further.
3 Results and discussion
3.1 Differences in DOM composition between subsurface
seawater, sea surface microlayer, foam and nascent sea spray
aerosol samples

Fig. 1 presents a comparison of compounds classied as DOM
identied for each polarity fraction in the SS, SML, foam and
SSA samples collected on the 21st of June 2019. Here, the top
panel presents the total ion chromatograms which represent
the sum of all detected ions' intensities, including both
assigned and unassigned sample compounds, while the van
Krevelen diagrams in the lower part of the gure include only
those compounds whose molecular formula has been assigned
according to the criteria described in Section 2.5.1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Comparing across the three polarity fractions, there are clear
differences between the sample types. In the SS and SML
samples the highest number of assigned ions were observed in
the more polar fractions A and B where the relative intensities
are some 100 times higher than in the least polar fraction C. In
contrast, the least polar fraction, C, was much more abundant
than the more polar fractions A and B in the foam as well as the
submicron and supermicron SSA samples, both in terms of the
number of assigned ions and their relative intensities.

Although this comparison is just for a single day of the
campaign the differences between the samples are representa-
tive of the campaign as a whole. This is shown in the Fig. S5,†
where average van Krevelen diagrams for all samples are shown
(only compounds that were present in 10 out of 11 SS and SML
samples and in 5 out 6 SSA samples are included). Here
a similar pattern to that observed on June 21st is also observed.
Notably while those compounds presented in Fig. S5† (those
compounds present in 10 out of 11 SS and SML samples and in
5 out 6 SSA samples) only represent approximately 2/3 of the
total number of ions assigned with molecular formula, they
account for a high percentage (82–99%) of the total ion intensity
(Table S6†).

The SS and SML samples appear very similar in relative
abundances of different polarity fractions and are clearly
distinct in comparison to the foam and SSA samples. However,
there are slightly more least polar compounds (fraction C) and
slightly fewer polar and intermediate-polarity compounds
(fraction A and B) in the SML samples compared to the SS
samples. An explanation for the similarity of the SS and SML
samples is dilution of the SML with underlying subsurface
water. However, it may also be due to the fact that the water
from which the SML was sampled originated at 18 m depth.

The composition of the foam sample is intermediate
between the SML and SSA. The intermediate polarity fraction B
is more abundant in the foam sample than in the SSA sample
while the least polar fraction C is more abundant in the foam
sample compared to the SML sample. Since the foam was
scooped from the surface of the seawater it is unsurprising that
it contains both intermediate polarity substances originating
from subsurface seawater as well as an abundance of surface-
active compounds that we think are concentrated in fraction
C (explained further in this section). Indeed, the presence of
more surface-active substances in the foam sample compared to
the SML sample supports the idea that the foam is a concen-
trated SML.76 Formation of foam is common during phyto-
plankton blooms, due to the large amount of surface-active
substances originating from phytoplankton exudates, marine
bacteria and organic detritus. This surface-active material is
likely to be a complex mixture of biogenic lipids, poly-
saccharides and proteinaceous material.77,78

The submicron and the supermicron SSA samples,
compared to all other samples, contain the highest number of
compounds in the least polar fraction C, which we think is the
polarity fraction with the most expressed surface-active prop-
erties. Comparison of the two SSA fractions reveal that the
submicron size fraction of the SSA exhibited much lower ion
abundances and fewer assigned formulas compared to the
Environ. Sci.: Atmos., 2022, 2, 1152–1169 | 1157
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Fig. 1 The top panel presents a comparison of example normalised total ion chromatograms by mass spectrometry for SS, SML, foam and the
sub- and supermicron SSA samples obtained on June 21st with polarity fractions divided in silico as indicated by the shaded areas (fraction A,
fraction B and fraction C). Assigned ions for each polarity fraction were plotted in van Krevelen diagrams using their H/C and O/C atomic ratios.
The colour scale represents ion intensities that have been normalised to the sum of the assigned ions from all 3 polarity fractions. “N” represents
total number of assigned ions plotted for each fraction. Pie charts represent percentages of sums of all assigned ions' intensities for 3 polarity
fractions.
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supermicron fraction. For the least polar fraction C, which was
the most abundant of the three fractions for both the submi-
cron and the supermicron SSA, only 349 formulas were assigned
in 5 out of 6 submicron SSA samples, compared to 1677
formulas assigned in 5 out of 6 supermicron samples (Fig. S5†).
The average sum of all assigned ions in fraction C was 89 times
lower for the submicron fraction compared to the supermicron
fraction. Due to the very low ion abundancies, formulas were
not assigned for polar fraction A and B in submicron SSA.
Notably, the supermicron and submicron SSA exhibited similar
1158 | Environ. Sci.: Atmos., 2022, 2, 1152–1169
molecular composition, with 73% of the compounds found in
the submicron fraction also present in the supermicron frac-
tion. That the overall signal was much lower for the submicron
fraction than the supermicron fraction is unsurprising given
that supermicron particles dominate the mass size distribution
of nascent SSA [see e.g. ref. 1]. However, it is interesting that the
submicron and supermicron fractions appeared so similar in
terms of their composition given that smaller SSA have previ-
ously been shown to contain more surface-active compounds
compared to larger SSA [ref. 79, e.g.]. Most likely, splitting the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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SSA into only two fractions averaged out compositional differ-
ences with particle size.

That the abundance of the different fractions varied so much
across the different sample types highlights the importance of
fractionating the DOM prior to MS detection. Given that behind
every detected molecular formula of DOM there is a complex
mixture of structural isomers,50–52 fractionation allows the
partial separation of these mixtures into polarity fractions,
improving the characterisation of samples. Further, this frac-
tionation likely improved the sensitivity for compounds with
lower abundance through decreased ion suppression inside the
electrospray ionisation source.57,59

Compounds containing carboxylic acid functional groups
are known to be abundant in marine DOM48,51,80 and their
retention on the C18 column is controlled by the low pH of the
mobile phase A (0.1% formic acid) which keeps carboxylic acids
in unionised form. As such, the gradual elution of the
compounds observed in Fig. 1 is a result of the different number
of carboxyl groups present, which is indicated by the changes in
the average O/C and H/C values for each fraction (Table S7†).
Themost polar fraction, A, exhibited the highest O/C (0.54–0.56)
and lowest H/C (1.2–1.4) ratios and likely consisted of highly
unsaturated, carboxyl rich compounds. In contrast, the least
polar fraction C had the lowest O/C (0.3–0.35) and highest H/C
(1.4–1.5) ratios and was likely rich in more saturated
compounds with a lower number of carboxyl groups. Compar-
ison of the H/C ratios of the different sample types shows clearly
that the weighted averages were lowest in the SS samples,
increasing in the SML and foam samples to a maximum in the
SSA samples. In contrast, the weighted average O/C ratios were
at their maximum in the SS samples, decreasing in the foam
and SML samples to a minimum in the SSA samples (Table S7†).

The most abundant compounds found in the SS and SML
samples were spread over the more polar fractions A and B and
had H/C ratios between 1–1.5 and O/C ratios between 0.3–0.7,
which is in agreement with previous studies of marine DOM.47,81

The majority of the compounds present in both the submicron
and supermicron SSA samples had higher H/C and lower O/C
values. The weighted average H/C and O/C values for the
submicron SSA samples were 0.311 � 0.007 and 1.508 � 0.008
(mean � SD) which was within the range obtained for the C
fraction of supermicron SSA samples (Table S7†).

Previous studies probing the composition of the organic
matter present in SSA have observed that it has higher H/C and
lower O/C values61,63 compared to subsurface seawater and this
is in line with the results presented here showing a high
abundance of the least polar fraction C in the SSA samples.
Although the average H/C and O/C values we present here (Table
S7†) are not directly comparable with studies that do not frac-
tionate prior to MS identication, the average H/C and O/C
values we observe for fraction C correspond remarkably well
with the values observed in ambient marine aerosol collected
over the Atlantic Ocean.63

The differences between the relative abundances in the three
polarity fractions as well as the differences in the average H/C
and O/C values between the different sample types highlight
that it is the number of carboxyl groups that is the most
© 2022 The Author(s). Published by the Royal Society of Chemistry
signicant factor in controlling the partitioning of DOM
between the different sample types. A high abundance of
polarity fractions A and B in the water samples is caused by
a higher number of carboxyl groups (lower H/C and higher O/C)
which more likely results in overall hydrophilic structure,
decreasing the likelihood of a given molecular formula
becoming enriched in SSA particles. On the other hand, a high
abundance of polarity fraction C in the foam and SSA samples is
the consequence of having less oxygenated molecules with
fewer carboxyl groups which can result in a more surfactant-like
structure: a part of the molecule that contains a hydrophilic
functional group(s) and the rest of the molecule that is hydro-
phobic. Fatty acids and lipid-like molecules that are charac-
terised by low O/C and high H/C ratios would be a proxy for this
type of structure.82 In addition to this, we can be almost certain
that a higher abundance of non-polar moieties in these mole-
cules makes them elute later, in the least polar fraction C, which
makes this fraction representative for foam and SSA samples.
This can be related to the study by Cavalli et al.45 where
a decrease in the surface tension measured in water extracts of
SSA was linked to the structural properties of the identied
organic molecules. These authors concluded that the presence
of polar carbonyl functional groups (keto and carboxyl) together
with hydrophobic aliphatic moieties probably results in
a structure with surface-active properties that allows these
molecules to be abundant in SSA.

For all four types of samples (SS, SML, foam and super-
micron SSA) a trend of increasing weighted-average molecular
weight with increasing retention time is apparent (Table S7†),
which indicates that the non-polar character of compounds that
elute later and are preferably transferred to SSA (fraction C) are
not only inuenced by the lower number of carboxyl groups, but
also due to increasedmolecular weight. This is supported by the
observation that it is fraction C of the supermicron SSA samples
which has the highest average molecular weight (around 500
Da) with a much higher abundance of ions above 600 Da
compared to fraction C of the SS and SML samples. Considering
that compounds in fraction C have fewer carboxyl groups, this
effect may be explained by the increased size of the non-polar
fraction of the molecule which enhances its surface-active
properties. This effect has been shown previously for different
classes of surfactants with one functional group e.g. per-
uoroalkyl acids (PFAAs) where increasing the chain length
increases enrichment in SSA [e.g. ref. 83 and 84]. However,
somewhat surprisingly, this contradicts the work of Schmitt-
Kopplin et al.61 who observed that the range of molecular
weights in nascent SSA was lower compared to the subsurface
water the aerosols were generated from. While the range of
molecular weights observed in supermicron SSA in our study
where generally higher than the range of molecular weights in
the subsurface water we observed the opposite for submicron
SSA where the range of molecular weights were lower than in the
supermicron SSA (Fig. S8†). However, given the low mass of
submicron SSA sampled we cannot rule out that this was an
artefact of the sampling and analysis. Interestingly the range of
molecular weights in fraction C of the supermicron aerosol is
most similar to the range of molecular weights in fraction C of
Environ. Sci.: Atmos., 2022, 2, 1152–1169 | 1159
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the foam sample which again implies that the foam is a transi-
tion between the SML and SSA (Fig. S8†).

The extreme complexity of DOM precludes the use of
authentic analytical standards and obtaining quantitative
information about specic analytes, which is the main limita-
tion of non-target approaches in general. However, many
strategies are available to estimate the ionisation efficiency of
the different compounds assigned using non-target LC-MS from
which it is possible to draw certain quantitative conclusions.85 It
has been shown that the increasing chain length of carboxylic
acids86 and the decreasing area in the carboxylic acid molecule
that is accessible to the polar solvent87 improves their response
in ESI sources. This is explained by their increased affinity to the
surface of the electrospray droplets where nonpolar sections of
the charged ions are already desolvated in the air which
enhances their transfer to the gas phase, compared to overall
hydrophilic ions that have more affinity towards the interior of
the electrospray droplets. Improved ESI response was also
found for the compounds that elute later in reversed-phase
liquid chromatography88 and have a higher logarithm of parti-
tion and distribution coefficient between octanol and water
(log P and log D)89,90 which all corresponds to the increased non-
polar character of charged ions. However, some studies have
failed to nd a correlation between log P and negative ESI
response.91,92 Based on studies that found a correlation between
molecular properties and ESI response, we could assume that
compounds in the least polar fraction C, that are characteristic
of SSA, and for which we presume stronger surface-active
properties, will exhibit higher ionisation efficiencies
compared to compounds in fractions A and B. Given this, the
low relative abundance of compounds in fraction C of the SS
and SML samples could suggest that the actual concentration of
these compounds in these samples were also low.

The instrumental response of the same compound in the
different types of samples obtained in this study can also be
impacted by compounds which co-elute, something oen
referred to asmatrix effects. Typically internal standards are used
to quantify the impact of matrix effects on ESI response.
However, the use of internal standards in non-targeted analysis,
such as that utilised in the current study, is extremely compli-
cated since organicmatter is comprised of thousands of different
compounds which can elute across a wide range of polarity
fractions. Surface-active compounds are expected to produce
more signicant matrix effects since they will likely suppress the
signal of the analytes through competitive mechanisms on
charged ESI droplets.87 Based upon this it is logical to conclude
that the fraction of samples most impacted by this effect in the
current study would be fraction C of the SSA samples. However,
fractionC of the SSA samples exhibited amuch higher number of
assigned peaks compared to fraction C of the SS and SML
samples. This supports the conclusion that the differences
observed between the sample types are due to actual differences
in concentrations rather than matrix effects. Another approach
used to minimise and evaluate the impact of matrix effects is
dilution of samples or injection of smaller sample volumes since
this should decrease the concentration of compounds whichmay
interfere with the analysis.93,94 In the current study, injection of
1160 | Environ. Sci.: Atmos., 2022, 2, 1152–1169
different volumes of the SSA samples (5–20 mL) did not result in
higher variability than replicate injection with the same injection
volume (BCD ¼ 3–5% vs. BCD ¼ 1–5%). Further, the standard
deviation of the weighted average H/C and O/C values for
different injection volumes of the SSA samples was 15 and 50
times lower than the standard deviation between different SSA
samples for the H/C and the O/C values, respectively.

Although PPL has proven to be the most efficient sorbent for
marine DOM extraction,53 retention on the sorbent is shown to
be weak for very polar compounds such as sugars and
biopolymers, while some very non-polar compounds potentially
remain on the column.95 In addition to this, ESI is less efficient
for very polar compounds like sugars and proteins.96 For these
reasons these classes of compounds are most probably under-
estimated in our results. For the SS and SML samples (polarity
fraction A and B) the fraction of the total ion intensity that was
assigned with unique molecular formulas was on average 70%.
This is in line with the analysis of different humic substances
with Orbitrap instruments that have the same or similar
resolving power as the instrument used in this study.56 For
supermicron SSA samples (polarity fraction C) the fraction of
peaks that were assigned was lower, representing 58% of total
ion intensity. A signicant number of unassigned peaks in all
fractions were present in the lower mass range (<250 Da) and
had relatively higher Kendric mass defects. These ions are
common background contaminant ions and they represented
themajority of ions in the blank samples. However, a signicant
number of unassigned peaks in SSA supermicron samples
(polarity fraction C) were not present in blank samples and were
characteristic for a mass range between 750–1000 Da, with
Kendric mass defect > 0.5. These peaks were not assigned
potentially due to poorer resolution in this mass range or
because they potentially represent organic compounds with
a higher number of heteroatoms that were not included in the
formula assignment procedure.
3.2 Temporal trends in organic matter composition during
a phytoplankton bloom

During the period of measurements the seawater chlorophyll-
a (chl-a) concentration increased three-fold from approxi-
mately 1 mg L�1 to approximately 3 mg L�1 indicating that
a phytoplankton bloom was underway. In fact this was only the
beginning of the spring bloom which peaked at approximately 7
mg L�1 on July 2nd. This bloom was dominated by diatoms and
notably the species Guignardia delicatula which increased in
abundance and dominance as the bloom progressed (see
Christiansen et al.64 for further details). This is consistent with
previous studies focused on spring and summer phytoplankton
blooms on the Faroes shelf where a dominance of diatom
species, with a gradual shi from larger to smaller and non-
siliceous diatom species is usually observed.65,67 Interestingly
the progression of the bloom exhibited little impact on the
organic matter fraction of the nascent SSA which ranged
between 0.08 and 0.22 and between 0.005 and 0.008 for the
submicron and the supermicron SSA, respectively with no clear
trend during the campaign (see Christiansen et al.64).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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It is immediately evident that more saturated (higher H/C
values) and less oxygenated compounds (lower O/C values)
were positively correlated with chl-a levels and that these
compounds became more abundant as a result of the bloom
(Fig. 2). In contrast, compounds with lower H/C and higher O/C
values did not (they were negatively correlated with chl-a). This
trend was apparent in all three polarity fractions but the highest
percentage of correlated compounds with chl-a (78–85%) was
observed for the least polar fraction C of the SML and SSA (Table
S6†). The majority of the sum-normalised intensities in the
submicron SSA were positively correlated with chl-a along with
the presence of ions with H/C < 1 and ions with O/C > 0.5 which
Fig. 2 Van Krevelen diagrams of molecular formulas plotted by their H/C
(Spearman's coefficient) between their sum-normalised intensities and
cients >0.3 or #0.3 are plotted, “N” representing their total number.

© 2022 The Author(s). Published by the Royal Society of Chemistry
were not present in the supermicron aerosol (Fig. S5†). By
removing these ions from the data set and normalising the ion
intensities using only those ions that were present in both the
sub- and super-micron aerosol fractions, the correlation
between the remaining ions and chl-a in the submicron fraction
suggests a similar molecular ngerprint pattern to the super-
micron fraction (Fig. S4†). Temporal changes in the weighted
average H/C and O/C values for the submicron samples also
suggest that the signicant increase in H/C and decrease in the
O/C values occurred aer the chl-a levels increased over 1.5 mg
L�1. That the relative abundance of compounds with the high-
est H/C and lowest O/C values (i.e. the lowest number of
and O/C atomic ratios, where the colour scale represents correlations
chl-a concentrations. Only compounds that show Spearman's coeffi-
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carboxyl groups) increased during the bloom suggests that
a signicant amount of surface-active compounds were gener-
ated. This conclusion is further supported by the fact that the
highest correlation between the weighted averaged H/C and O/C
values and chl-a was found in the least polar fraction C of both
the SML and SSA samples (Fig. S6 and S7†). Notably, although
a high number of compounds that correlated with chl-a were
also observed in the more polar fractions A and B in the SS and
SML these changes were not reected in the weighted average
H/C and O/C values. This is most likely due to the fact that there
was a high abundance of compounds in the more polar frac-
tions of these samples that were unaffected by the bloom.

No molecular ngerprint pattern was observed for the
compounds that are present in less than 10 of the SS and SML
samples and less than 5 of the SSA samples. These compounds
account for a very small percentage of total ion intensity (Table
S6†) and are likely to be much more affected by instrumental
noise. This is reected in the lower repeatability of these
compounds (Fig. S5†) and it probably resulted in higher
uncertainty of the quantitative comparison for these
compounds between different samples.

Since marine DOM is the product of various autochthonous
and allochthonous sources it represents one of the most hetero-
geneous organic mixtures.97 Although a large amount of fresh
organic carbon is produced by photosynthesizing microorgan-
isms most of this organic matter is rapidly consumed and
modied so that DOM represents a mixture of different forms of
labile and recalcitrant compounds.98 By visualising the complex
nature of DOM mass spectra using van Krevelen diagrams it is
possible to assign certain regions of the diagram to a specic
class of compounds.82,99,100 The majority of the molecular
formulas present in the most polar fraction A and a signicant
part of molecular formulas from polarity fraction B fall in the
central part of the van Krevelen diagram that is attributed to
carboxyl-rich alicyclic molecules (CRAM).47,48 CRAM represents
a signicant portion of refractory organic matter and it is
assumed that it contains microbially processed constituents of
marine microbes' cell membranes.47 Formulas with the highest
H/C and lowest O/C values in the least polar fraction C are within
the lipid-like region of the van Krevelen diagram, while the
formulas with lowerH/C and higher O/C ratios in polarity fraction
C are spread over the protein-like and CRAM region.47,48,54,82,100 For
example, it has been shown that more labile, microbially derived
compounds can be linked to lipid-, protein- and amino sugar-like
regions of van Krevelen diagrams, with relatively high H/C (>1.5)
and low O/C (<0.7) ratios.99,101 In line with this previous work, our
data show that it was the compounds with the highest H/C and
lowest O/C values for each polar fraction which were positively
correlated with biological activity. Most of these positively corre-
lated compounds have H/C > 1.25, and O/C < 0.7.
3.3 Fragmentation and structural analysis of DOM
compounds

In order to probe the composition of our samples more deeply
we have conducted a series of fragmentation experiments. This
analysis revealed an abundance of ions in the chosen mass
1162 | Environ. Sci.: Atmos., 2022, 2, 1152–1169
range (m/z from 395 to 412.4) that exhibit neutral losses of 1–
4CO2 (decarboxylation) indicating the presence of signicant
amounts of carboxyl functional groups (Fig. 3). Following the
neutral losses of CO2, combined neutral losses of CO2 with H2O
(Fig. S9†) and CH3OH (Fig. S10†) are also identied. While the
neutral loss of water is not specic and can originate from
either alcohol or carboxylic functional group, loss of methanol
most likely originates from the carboxylic ester functional
group. Neutral losses of water and methanol could not be
distinguished for some precursors given that the mass range of
the precursors (17 Da) contained homologs (CH2 mass differ-
ence) which correspond to the mass difference between the
CH3OH and H2O neutral losses. Those fragments that could not
be assigned to a unique precursor ion were removed from the
data set.

That we observe an abundance of carboxyl groups and other
neutral losses is in agreement with previous fragmentation
studies of DOM compounds, including analysis of river fulvic
acids, refractory deep ocean OM and microbially derived
OM.51,80,102 Indeed, a similar fragmentation pattern has been
observed across studies of the DOM present in natural waters,
despite diverse OM sources and the use of different precursor
ions. This uniformity of DOM compounds is probably a conse-
quence of the similar microbial and photochemical processes
involved in the degradation of organic matter which results in
a complex mixture containing compounds with very similar
functionality albeit with different structural isomers.51

The fragmentation experiment showed that the maximum
observed number of CO2 neutral losses per one molecular
formula ranges from 1–4 in all three polarity fractions across all
sample matrices (e.g. SS, SML and supermicron SSA). Based on
the proposed fragmentation mechanism of fulvic acid,102

neutral loss of nCO2 molecules would result in a fragment
where negative charge is located on the remaining carboxyl or
alcohol group, meaning that the number of carboxyl groups
could be therefore n or n + 1. This would indicate that for the
range of 1–4CO2 neutral losses, the number of carboxyl func-
tional groups per molecular formula would be between 1–5. As
the polarity decreased, the composition of the acids identied
in all three types of samples shied towards compounds with
fewer carboxyl groups which is indicated by a lower number of
observed CO2 losses. This shi reects the changes in the O/C
and H/C values for each polarity fraction (Table S7†). Overall,
all three types of sample showed a very similar range of
molecular formulas, with the same functional groups. This
indicates the SS, SML and supermicron SSA contain a similar
set of compounds albeit with very different relative abundances
(e.g. Fig. 1).

Through comparison of the full scan analysis with the frag-
mentation experiment, it becomes clear that the fragmentation
method achieved better sensitivity for compounds with higher
O/C and lower H/C values, especially in fraction C of the SSA
samples (e.g. Fig. 1 and 3). This was most likely because
detection of these compounds is more difficult in full-scan
mode due to their lower abundance. In addition, fewer molec-
ular formulas with one or two CO2 neutral losses were observed
in the intermediate and high polarity fractions of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Van Krevelen diagrams (H/C vs. O/C of identified molecular formulas) of DOM compounds assigned based on their detected fragment
ions. The colours represent different types of neutral losses (from one to four CO2 losses) that were observed for each molecular formula. When
a molecular formula showed more than one type of neutral loss, data points were overlapped so that the colour shows the highest number of
CO2 losses observed. Results are based on the fragmentation of compounds in the mass range of m/z 395–412.
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supermicron SSA samples. This was most likely due to the lower
abundance of these fractions along with the improved sensi-
tivity for compounds with more carboxyl groups.

The number of CO2 losses we observed agreed well with the
average O/C and H/C values (Fig. 3 and S9, S10†). Put simply, as
the number of carboxyl groups increased, the molecule became
more oxygen-rich (i.e. higher O/C) and the number of double
bonds increased (i.e. lower H/C). This suggests that the assigned
molecular formulas were a good predictor of the number of
carboxyl groups for all three types of samples, which has been
seen previously for deep-sea DOM compounds which represent
the refractory fraction of DOM.50
3.4 The atmospheric relevance of our ndings

Since the composition of the organic component of marine
aerosol can inuence aerosol direct and indirect effects on
© 2022 The Author(s). Published by the Royal Society of Chemistry
Earth's radiative budget characterising the composition of the
organic matter present in nascent SSA is likely to be important
for improved modeling of aerosol-climate effects in the marine
environment. Although it is well established that biological
activity in the ocean measurably impacts the organic composi-
tion of seawater103,104 it remains unclear whether these changes
are reected in the composition of nascent SSA. Our ndings
suggest that the organic composition of nascent SSA does
indeed reect the organic composition of seawater as a result of
changing biological activity in the water. Interestingly, while the
composition of the organic fraction of the nascent SSA changed
notably during the course of the measurements the enrichment
of TOC in the aerosol was essentially unchanged during the
bloom similar to previous studies [e.g. ref. 35 and 36].

The changes in the O/C and H/C ratios we observed during
the bloom indicate a decrease in the abundance of carboxyl
Environ. Sci.: Atmos., 2022, 2, 1152–1169 | 1163
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groups. Although we have not measured the volatility, viscosity
and light-absorbing properties of the aerosol, previous studies
suggest that changes in the abundance of carboxyl groups can
be linked to changes in these properties of aerosols.105–107

Further, the increased abundance of oxygenated functional
groups, detected as an increase of the O/C ratio or an increased
abundance of COO fragments has previously been shown to
increase the hygroscopicity of secondary aerosols particles.108–110

As such, our observations of a decrease in the O/C ratio, or more
specically, an increase in the relative abundances of
compounds with fewer carboxyl groups in nascent SSA during
the phytoplankton bloom indicates the potential for the
hygroscopicity of the aerosol to be reduced during phyto-
plankton blooms. However, it should be noted that previous
laboratory studies suggest that the impact of biological activity
on SSA hygroscopicity is relatively weak [e.g. ref. 111 and 112].

4 Conclusions

We have probed the composition of seawater and nascent SSA
during the spring phytoplankton bloom in the North Atlantic
using a novel liquid chromatography-mass spectrometry
method. Our analysis revealed that the composition of DOM
present in the seawater changed as the phytoplankton bloom
progressed and that these changes were reected in the
composition of the organic matter present in the SSA. Further,
the number and relative intensity of the compounds detected in
the least polar fraction were both greater for SSA than in the
seawater from which they were generated which highlights the
selective nature of aerosolisation due to bubble-bursting.

The diatom bloom that occurred during our experiments
resulted in the chl-a concentration increasing three-fold from
approximately 1 mg L�1 to approximately 3 mg L�1. As this bloom
progressed more saturated and less oxygenated compounds
became signicantly more abundant in the seawater. Although
we observed this phenomena in all three of the polarity frac-
tions we probed, this increase was clearly most abundant in the
least polar fraction of the organic matter. This suggests that
surface-active organic substances such as biogenic mono- and
polycarboxylic acids and other biogenic organic substances
were produced during the bloom. Importantly, the fact that
these compositional changes were reected in the nascent SSA
we sampled provides strong evidence that the phytoplankton
bloom which occurred had the potential to impact the compo-
sition of the SSA in the region with potential implications for its
physicochemical properties and climate impact (e.g. cloud
formation and cloud droplet stability). The agreement between
the molecular O/C and H/C ratios with the identied number of
carboxyl groups not only conrms their abundance in both
seawater and aerosolised organic matter but also highlights
their effect on the surface-active properties of the molecules, so
that the compounds with fewer carboxyl groups (and other
oxygen-containing functional groups) are selectively enriched in
nascent SSA. The changes in the O/C and H/C ratios we observed
during the bloom indicate a decrease in the abundance of
carboxyl groups with potential impacts on the hygroscopicity,
volatility, viscosity and light-absorbing properties of the aerosol.
1164 | Environ. Sci.: Atmos., 2022, 2, 1152–1169
Very few studies have used high-resolution mass spectrom-
etry to investigate the composition of nascent SSA. As such, this
study highlights the utility of this approach, both for charac-
terising the composition of nascent SSA in general and for
probing the impact of biogeochemical changes in seawater
composition on SSA composition. Future work using this
approach should aim at (i) increasing the size-resolution of the
sampling such that the size-dependent composition of nascent
SSA can be probed and (ii) probing the composition of ambient
marine aerosol simultaneous to nascent SSA to determine
whether changes in the biogeochemical state of the ocean are
reected in the ambient atmosphere and the extent to which
nascent SSA may be driving these changes.
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M. Pósfai, D. S. Thomson and P. R. Buseck, Inuence of
sea-salt on aerosol radiative properties in the southern
ocean marine boundary layer, Nature, 1998, 392(6671), 62–
65.

3 A.-I. Partanen, E. M. Dunne, T. Bergman, A. Laakso,
H. Kokkola, J. Ovadnevaite, L. Sogacheva, D. Baisnée,
J. Sciare, A. Manders, et al., Global modelling of direct
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1029/2010RG000349
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00028h


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
10

:1
1:

49
 P

M
. 

 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
and indirect effects of sea spray aerosol using a source
function encapsulating wave state, Atmos. Chem. Phys.
Discuss., 2014, 14(4), DOI: 10.5194/acpd-14-4537-2014.

4 B. J. Finlayson-Pitts, The tropospheric chemistry of sea salt:
A molecular-level view of the chemistry of nacl and nabr,
Chem. Rev., 2003, 103(12), 4801–4822. ISSN 00092665.

5 A. H. Woodcock, Salt nuclei in marine air as a function of
altitude and wind force, J. Meteorol., 1953, 10, 362–371.

6 F. Knelman, N. Dombrowski and D. M. Newitt, Mechanism
of the bursting of bubbles, Nature, 1954, 173, 261.

7 D. C. Blanchard, The electrication of the atmosphere by
particles from bubbles in the sea, Prog. Oceanogr., 1963, 1,
73–112, DOI: 10.1016/0079-6611(63)90004-1.

8 D. E. Spiel, On the births of lm drops from bubbles
bursting on seawater surfaces, J. Geophys. Res., 1998, 103,
24907–24918, DOI: 10.1029/98JC02233.

9 J. C. Bird, R. De Ruiter, L. Courbin and H. A. Stone,
Daughter bubble cascades produced by folding of
ruptured thin lms, Nature, 2010, 465(7299), 759–762.

10 X. Jiang, L. Rotily, E. Villermaux and X. Wang, Submicron
drops from apping bursting bubbles, Proc. Natl. Acad.
Sci. U. S. A., 2022, 119(1), e2112924119, DOI: 10.1073/
pnas.2112924119. ISSN 0027-8424.

11 S. M. Burrows, O. Ogunro, A. A. Frossard, L. M. Russell,
P. J. Rasch and S. M. Elliott, A physically based framework
for modeling the organic fractionation of sea spray
aerosol from bubble lm langmuir equilibria, Atmos.
Chem. Phys., 2014, 14(24), 13601–13629.

12 F. Macintyre, Geochemical fractionation during mass
transfer from sea to air by breaking bubbles, Tellus, 1970,
22(4), 451–462.

13 D. C. Blanchard, The ejection of drops from the sea and
their enrichment with bacteria and other materials: A
review, Estuaries, 1989, 12, 127–137, DOI: 10.2307/1351816.

14 J. S. Lee, B. M. Weon, S. J. Park, J. H. Je, K. Fezzaa and
W.-K. Lee, Size limits the formation of liquid jets during
bubble bursting, Nat. Commun., 2011, 2(1), 367, DOI:
10.1038/ncomms1369. ISSN 2041-1723.

15 L. Duchemin, S. Popinet, C. Josserand and S. Zaleski, Jet
formation in bubbles bursting at a free surface, Phys.
Fluids, 2002, 14(9), 3000–3008, DOI: 10.1063/1.1494072.

16 D. E. Spiel, The sizes of the jet drops produced by air
bubbles bursting on sea- and fresh-water surfaces, Tellus
B, 1994, 46(4), 325–338, DOI: 10.3402/tellusb.v46i4.15808.

17 X. Wang, G. B. Deane, K. A. Moore, O. S. Ryder, M. Dale
Stokes, C. M. Beall, D. B. Collins, M. V. Santander,
S. M. Burrows, C. M. Sultana, et al., The role of jet and
lm drops in controlling the mixing state of submicron
sea spray aerosol particles, Proc. Natl. Acad. Sci. U. S. A.,
2017, 114(27), 6978–6983.

18 D. V. Spracklen, S. R. Arnold, J. Sciare, K. S. Carslaw and
C. Pio, Globally signicant oceanic source of organic
carbon aerosol, Geophys. Res. Lett., 2008, 35, DOI: 10.1029/
2008GL033359.

19 E. Vignati, M. C. Facchini, M. Rinaldi, C. Scannell,
D. Ceburnis, J. Sciare, M. Kanakidou, S. Myriokefalitakis,
F. Dentener and C. D. O'Dowd, Global scale emission and
© 2022 The Author(s). Published by the Royal Society of Chemistry
distribution of sea-spray aerosol: Sea-salt and organic
enrichment, Atmos. Environ., 2010, 44(5), 670–677.

20 K. Tsigaridis, N. Daskalakis, M. Kanakidou, P. J. Adams,
P. Artaxo, R. Bahadur, Y. Balkanski, S. E. Bauer,
N. Bellouin, A. Benedetti, T. Bergman, T. K. Berntsen,
J. P. Beukes, H. Bian, K. S. Carslaw, M. Chin, G. Curci,
T. Diehl, R. C. Easter, S. J. Ghan, S. L. Gong, A. Hodzic,
C. R. Hoyle, T. Iversen, S. Jathar, J. L. Jimenez,
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N. Hertkorn and I. Gebefügi, Dissolved organic matter in
sea spray: a transfer study from marine surface water to
aerosols, Biogeosciences, 2012, 9(4), 1571–1582.

62 R. E. Cochran, O. Laskina, T. Jayarathne, A. Laskin,
J. Laskin, P. Lin, C. Sultana, C. Lee, K. A. Moore,
© 2022 The Author(s). Published by the Royal Society of Chemistry
C. D. Cappa, et al., Analysis of organic anionic surfactants
in ne and coarse fractions of freshly emitted sea spray
aerosol, Environ. Sci. Technol., 2016, 50(5), 2477–2486.

63 A. S. Willoughby, A. S. Wozniak and P. G. Hatcher, Detailed
source-specic molecular composition of ambient aerosol
organic matter using ultrahigh resolution mass
spectrometry and 1h nmr, Atmosphere, 2016, 7(6), 79.

64 S. Christiansen, N. Radoman, J. Johanson, I. Salter,
S. Jacobson, H. B. Pedersen, T. Šantl Temkiv, I. Cousins,
M. E. Salter and M. Bilde, Properties of sea spray aerosols
during a spring phytoplankton bloom on the faroe shelf
in the north atlantic, Environ. Sci.: Atmos., in prep.

65 E. Gaard, B. Hansen and S. P. Heinesen, Phytoplankton
variability on the Faroe Shelf, ICES J. Mar. Sci., 8 1998,
55(4), 688–696, DOI: 10.1006/jmsc.1998.0373. ISSN
10543139.

66 H. H. Debes and K. Eliasen, Seasonal abundance,
reproduction and development of four key copepod
species on the faroe shelf, Mar. Biol. Res., 2006, 2(4), 249–
259, DOI: 10.1080/17451000600798787.

67 H. Debes, E. Gaard and B. Hansen, Primary production on
the Faroe shelf: Temporal variability and environmental
inuences, J. Mar. Syst., 2008, 74(1–2), 686–697, DOI:
10.1016/j.jmarsys.2008.07.004.

68 B. Hansen, S. K. Eliasen, E. Gaard and K. M. H. Larsen,
Climatic effects on plankton and productivity on the
Faroe Shelf, ICES J. Mar. Sci., 2005, 62(7), 1224–1232, DOI:
10.1016/j.icesjms.2005.04.014.

69 E. Gaard and B. Hansen, Variations in the advection of
Calanus nmarchicus onto the Faroe Shelf, ICES J. Mar.
Sci., 2000, 57(6), 1612–1618, DOI: 10.1006/jmsc.2000.0962.

70 S. Christiansen, M. E. Salter, E. Gorokhova, Q. T. Nguyen
and M. Bilde, Sea spray aerosol formation: Laboratory
results on the role of air entrainment, water temperature,
and phytoplankton biomass, Environ. Sci. Technol., 2019,
53(22), 13107–13116.

71 A. Järvinen, M. Aitomaa, A. Rostedt, J. Keskinen and J. Yli-
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106 Y. Li, U. Pöschl and M. Shiraiwa, Molecular corridors and
parameterizations of volatility in the chemical evolution
of organic aerosols, Atmos. Chem. Phys., 2016, 16(5), 3327–
3344, DOI: 10.5194/acp-16-3327-2016. https://
acp.copernicus.org/articles/16/3327/2016/.

107 S. M. Phillips and G. D. Smith, Light absorption by charge
transfer complexes in brown carbon aerosols, Environ. Sci.
Technol. Lett., 2014, 1(10), 382–386, DOI: 10.1021/
ez500263j.

108 P. Massoli, A. T. Lambe, A. T. Ahern, L. R. Williams, M. Ehn,
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