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ABSTRACT: An important goal in marine atmospheric chemistry is to determine
the impact of the surface ocean on the overlying marine boundary layer in terms of
the ocean’s potential to release volatile organic compounds (VOCs) that may
impact atmospheric oxidizing capacity and aerosol growth. In addition to direct
biogenic production of VOCs that are eventually emitted to the atmosphere,
abiotic mechanisms that produce VOCs include direct or sensitized photo-
chemistry and oxidation reactions initiated by gas phase oxidants. In this laboratory
study, we use proton-transfer-reaction mass spectrometry to measure the emission
fluxes resulting from both UV irradiation and ozone oxidation of Arctic surface
microlayer water and the underlying bulk seawater. Under our experimental
conditions, both mechanisms lead to comparable VOC emission fluxes, which scale
closely with the total and dissolved organic carbon content of the sample.
However, the composition of the seawater sample can strongly affect the emission
fluxes of specific molecules. For example, nonanal fluxes from oxidation correlate closely with the phytoplankton abundance in the
samples, indicating that unsaturated lipids may be the substrate. Conversely, the best predictor for the nitrogenated VOC flux under
irradiation conditions is photosynthetic prokaryotes (i.e., cyanobacteria) abundance. Similar studies in a wider range of
environments, ideally conducted in the field, will better constrain the importance of these abiotic processes to global ocean-to-
atmosphere fluxes.
KEYWORDS: volatile organic compounds, photochemistry, multiphase oxidation, Arctic ocean, proton-transfer-reaction mass spectrometry,
sea-surface microlayer

■ INTRODUCTION
The surface ocean is an important interface to the atmosphere,
representing 70% of Earth’s surface. The first few microns of
the ocean surface in direct contact with the atmosphere are
defined by a chemically distinct layer called the surface
microlayer (SML). The composition of the SML can differ
relative to underlying water when semisoluble or insoluble
compounds move to the surface via physical processes like
mixing, diffusion, or scavenging by bubbles.1,2 Additionally,
atmospheric deposition can alter the SML composition relative
to underlying water.1,3−5 The unique composition of the SML
can change biological activity relative to the underlying water,
which can further drive changes to the chemical composi-
tion.6,7 The depth of the SML is operationally defined by the
method used to sample it and typically ranges from 1 to 1000
μm.1,8,9

The surface ocean is a recognized source of volatile organic
compounds (VOCs) to the marine atmosphere, but the role of
the SML is still largely unclear. VOCs arising from biotic and
abiotic sources in the SML can impact climate and air quality,
since the VOCs can potentially be oxidized to contribute to
secondary organic aerosol mass10−12 and affect the oxidative

budget of the marine atmosphere.13−17 The SML can also
physically affect the emission of VOCs into the atmosphere by
damping turbulence.18−20

While there is no doubt that abiotic mechanisms contribute
to the emission of VOCs from the SML, open questions
remain about their speciation and yield, with past studies
having mostly focused on the production of VOCs from
photochemical mechanisms.21 Early work found the produc-
tion of low molecular weight carbonyls was enhanced in
collected SML samples compared to subsurface waters.13

Formation rates of low molecular weight carbonyls were
correlated with increasing chromophoric dissolved organic
matter (CDOM) in the SML, and thus photosensitizers are
thought to be important.16,22,23 Conversely, laboratory studies
show that marine-derived dissolved organic matter (DOM) is a
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less efficient photosensitizer than terrestrial and single-
component photosensitizers, highlighting the need for
marine-relevant photosensitizers during laboratory experi-
ments.24 Experiments using the surfactant nonanoic acid, a
common single-component SML proxy, found that it could act
as its own photosensitizer.22 Recent progress suggests that
contaminants in commercial nonanoic acid are responsible for
instigating the photosensitized chemistry, but the results
nevertheless support the idea that photosensitized chemistry
can be a source of VOCs at the ocean interface.25 These
studies highlight the potential role of the SML on the
production of VOCs. However, there are only a few studies
that have characterized a wide range of VOCs emitted from the
irradiation of authentic SML samples.

Compared to photochemical studies, there have been fewer
studies investigating the production of VOCs via heteroge-
neous oxidation with ozone of SML samples collected from the
environment.17,26,27 The VOCs formed from the heteroge-
neous ozonolysis of the SML collected from both the eastern
equatorial Pacific ocean and the west coast of Canada were
similar to those formed from the oxidation of a linoleic acid
SML proxy, suggesting that unsaturated fatty acids in the SML
are the major reactive component.17 Riverine SML samples
collected in the Pearl River (China) emitted nitrogenated
VOCs when oxidized heterogeneously with ozone, indicating
other, unknown organic precursors distinct from fatty acids.28

Ozone also reacts quickly with dissolved iodide, which is
thought to be the primary driver for ozone marine dry
deposition.29−32 The reacto-diffusive depth of ozone with
respect to environmentally relevant concentrations of iodide is
only a few microns, and thus the organic composition of the
first few microns of the ocean is vital in determining VOC
speciation and yield.33 In the case of iodide, concentrations
near the interface are reduced upon reaction with ozone
without sufficient upward mixing.33 It remains unclear how
VOC production from heterogeneous ozonolysis of collected
SML samples depends on waterside replenishment pathways.

Understanding abiotic emissions requires an understanding
of the chemically complex and dynamic environment of the
SML. Previous studies have typically represented the SML with
a single model compound, such as 1-octanol, linoleic acid, or
nonanoic acid.17,22,34 Use of single component SML proxies
has led to an improved understanding of the underlying
chemical mechanisms which form VOCs, but such studies do
not accurately represent the biological processes that play a
role in determining the composition of the Arctic SML.1,14,20

Mesocosm studies can capture the biological complexity of the
Arctic SML, but it is still challenging to disentangle abiotic
sources of VOCs from biotic sources.35 Other studies have
used biological cultures (e.g., phytoplankton or biofilms) to
create reproducible, biologically relevant, and chemically
complex SML proxies.12,36 These proxies can bridge the gap
between single component SML proxies and real seawater
experiments. Work using biological systems to represent the
SML show that biological life stage impact VOC yield from
both heterogeneous ozonolysis and photosensitized chemistry,
indicating a dependence on specific reactive precursors.12,36

Ultimately, studying the role of the SML on VOC emission
requires an interdisciplinary approach that combines ocean
science, atmospheric science, biology, and chemistry.

The overarching goal of this study is to investigate the
properties of seawater that affect the formation of VOCs from
photosensitized chemistry and heterogeneous ozonolysis

(hereafter referred to as “oxidation” in the context of these
experiments) from seawater collected in the Canadian Arctic.
The VOCs produced from paired bulk Arctic seawater and
Arctic SML samples are compared to examine the specific role
played by the Arctic SML. To our knowledge, this is the first
study where the emissions from the two abiotic VOC
production mechanisms are compared using the same
seawater. To help with our mechanistic understanding, we
compare the results from the natural Arctic samples to those
from an Arctic SML proxy generated by the centric marine
diatom Thalassiosira pseudonana.

■ METHODS & MATERIALS
T. pseudonana Cultures and Synthetic Seawater. T.

pseudonana (CCMP1335) were grown in axenic conditions, as
described previously.12 Briefly, the cultures were grown in 75
mL of L1 growth media with a 12 h light/dark cycle. Aliquots
of the T. pseudonana cultures were tested for bacterial
contamination using the f/2 Freshwater Medium and Test
Medium provided by the Bigelow National Center and
compared to a positive control. Cultures were used between
20 and 24 days of growth.

The synthetic seawater solution consisted of 0.55 M of NaCl
(>99.0%, Sigma-Aldrich) and 0.84 mM of KBr (>99%, Sigma-
Aldrich), which was mixed with a 0.1 M phosphate buffer
(sodium phosphate monobasic, ≥99.0%, Sigma-Aldrich &
sodium phosphate dibasic, ≥99.0%, Sigma-Aldrich) solution to
give a final pH of 8.0 ± 0.1.

For experiments, 30 mL of the T. pseudonana cultures (or L1
growth media) were mixed with the synthetic inorganic
seawater solution, to reach environmentally relevant concen-
trations of organic matter.37 KI (>99.99%, Sigma-Aldrich) was
added to the final solution of T. pseudonana and synthetic
seawater to give a final iodide concentration of 390 nM.
Arctic Sample Collection & Auxiliary Analysis of

Arctic Samples. Arctic surface water was collected using a
surface skimmer catamaran deployed from the CCGS
Amundsen in July and August as part of the 2016 NETCARE
cruise in Smith Sound (station 9), the North Water (station 7)
and Southern Baffin Bay (station 2) in the Canadian Arctic
(Figure S1). Bulk water samples from 0.2 m were collected
through Teflon tubing deployed beneath the skimmer while
SML samples were collected on surface-mounted rotating glass
plates, which were manually turned between 11 and 18
rotations per minute, over a period of about 20 min, for an
average collected SML volume of 3 L and thickness of 80 μm.
Samples were transferred from HDPE Nalgene bottles
mounted on the skimmer into glass bottles and were kept
frozen (−20 °C) until the irradiation and oxidation experi-
ments were conducted in June (sample 9) and November
(sample 2 and 7) 2022. For the VOC production experiments,
the samples were removed from the freezer and thawed in a 4
°C refrigerator for 24 h, then divided into two aliquots (i.e.,
one-half of the volume for oxidation and one-half for
irradiation). More details about the sampling procedures and
conditions are provided elsewhere.38 A summary of the
samples is presented in Table S1. Measurement details for
total organic carbon (TOC), dissolved organic carbon (DOC),
total nitrogen (TN), total dissolved nitrogen (TDN),
chlorophyll a (an index of phytoplankton biomass),
phytoplankton abundance (including photosynthetic prokar-
yotes and eukaryotes), heterotrophic bacterial abundance, and
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surfactants are detailed in the Supporting Information in
Section 1.
Experimental Configuration. The oxidation experiments

were performed in a similar setup to one used previously
(Figure 1A).33,37 Briefly, the water samples sit in a quartz

“boat” within a glass flow reactor through which gases flow at
atmospheric pressure with an average residence time of 1.4
min. The largest difference from past experiments was that the
ozone in this experiment was maintained at a mixing ratio of 45
± 2 ppb, as measured with a UV photometric ozone analyzer
(Thermo model 49i). The ozone mixing ratio was measured
for 15 min at the beginning of each experimental day from the
exhaust line with a small additional flow of clean air to meet
the flow requirements of the UV ozone analyzer.

The system was adapted for the irradiation experiments with
four 15 W UVB T8 fluorescent lights (Zilla 13991) added to
surround the flow tube (Figure 1B). Figure 1C shows the
photon flux in the experimental setup, compared to the station
2 location (Figure S1) as calculated with the TUV calculator
for July 28th, 2016 at 12:00, for a latitude of 67.2869 and
longitude of −63.3696 with no cloud cover (https://www.
acom.ucar.edu/Models/TUV/Interactive_TUV/, last accessed
May 2023). We note that the air temperature inside the tube
did not increase more than 1 °C over a 90 min irradiation
experiment.

For each experiment, 200 mL of sample (either a T.
pseudonana extract in artificial seawater or an Arctic water
sample) was introduced into the flow tube and left to
equilibrate 1 h before starting the oxidation or illumination
process. The samples were oxidized or irradiated for a
minimum of 25 min, and a maximum of 90 min. After the
lights were turned off, or the ozone was switched to bypass the
flow tube, the decay of the VOC signal was monitored for 15
min. To validate this experimental approach, we reproduced
experiments on nonanoic acid from the literature (Figure S2),

as discussed in Section 2 of the Supporting Information.
Background measurements were made in triplicate on the
empty flow tube (for Arctic samples) or the L1 growth media
(for T. pseudonana experiments).
VOC Measurements. The VOCs were measured using a

proton transfer reaction time-of-flight mass spectrometer
(PTR-ToF-MS, ToFWerk, hereby referred to as “PTR-MS”),
which has a mass resolution of about 8000 at m/z 200. A
sample flow into the PTR-MS of 100 cubic centimeters per
minute (ccm) was maintained throughout the experiment.
Average spectra were acquired from the instrument every 6 s
between m/z 40 to 500 and analyzed using Tofware v3.2.3.
Peaks were given molecular formulas based on the peak
assignment function in Tofware (using C, H, N, O, S, I, Cl and
Br atoms), looking for both protonated molecular ions ([M +
H]+) or water clusters of protonated molecules ([M + H3O]+).
Molecular assignments were evaluated using existing molecular
formula conventions and known fragments present in the PTR
library.39,40 If no reasonable molecular formula was generated
using the peak assignment function, the mass spectral feature
was left unassigned and referred to by its observed mass-to-
charge ratio. The VOCs emitted from the natural Arctic bulk
seawater and SML samples were identified using a nontargeted
approach (Figure S3A). Importantly, to ensure an identical
comparison, all the ions identified across all samples (both
natural and cultured) were included in the high-resolution
fitting of the mass spectra of each sample, even if certain ions
were not initially captured by the nontargeted analysis filters in
an individual experiment.

The PTR-MS was calibrated with a mixture of VOCs,
including acetaldehyde, acrylonitrile, acetone, isoprene, 2-
butanone and α-pinene using a standard gas cylinder (Apel-
Reimer Inc.). To correct for different sensitivities of the
instrument on different days, the average sensitivity of a subset
of calibrant ions was taken within 2 days of each individual
experiment (listed in Table S2) and applied to all the ions for
the total VOC measurements, and any ions which were not
directly calibrated. For the specific study of acetone and
acetaldehyde below, the sensitivities of the corresponding ions
were used instead of the average sensitivity.
Data Analysis. An illustrated description of the analysis

workflow is described in Figure S3, which summarizes the
generation of the data and plots presented in this manuscript.
The signal present for the first 10 min at the start of each
experiment, before exposure to light or ozone, was corrected to
zero by fitting the time period before irradiation/oxidation for
each individual ion to a linear function, whose extrapolation
was subtracted from the entire experimental data set (Figure
S3B). The remaining increase in signal is then attributed to
exposure to light/ozone alone. In rare cases with poor fits, an
exponential decay function was applied instead. This process
was repeated for all experiments and for the background
controls of an empty flow tube (for Arctic samples) or the L1
growth media (for T. pseudonana experiments).

The increase in signal measured between 10 and 25 min of
irradiation/oxidation during the background experiments (i.e.,
an empty tube or L1 growth media) was subtracted from the
increase in signal measured between 10 and 25 min after the
irradiation/oxidation of the sample (i.e., natural Arctic samples
or T. pseudonana cultures, Figure S3C). If the difference
between the two signals was more than one standard deviation
above zero (see eq 1 in the Supporting Information), then it
was flagged as being an observed product during the

Figure 1. Summary of the experimental setup for both the ozone
oxidation and the irradiation experiments. Panel A illustrates the flow
system, which was used for both experiments. For the irradiation
experiments, the ozone generation lamp was off, and the flow was
consistently flowing through the tube, even for background
measurements. Panel B shows an end-on view of the modifications
for the irradiation experiments, with the addition of four UVB lamps
(orange circles) around the flow tube. Panel C compares the
measured spectra in the flow tube (blue) to the modeled Arctic solar
flux (yellow) to represent the Arctic summer when measurements
were made.
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experiment. The ions produced during each Arctic seawater
experiment are summarized in Table S3, and the ions
produced during the T. pseudonana experiments are
summarized in Table S4.

As the emission yield depended on time, and the temporal
trend differed between oxidized and irradiated samples,
averaged ion signals measured between 20 and 35 min after
the start of the experiment (i.e., 10 to 25 min after the start of
irradiation/oxidation) were chosen as the consistent time to
compare the VOC yields between experiments.

■ RESULTS & DISCUSSION
Figure 2 presents the total VOC flux of identified ions from
irradiation and oxidation of both the bulk and SML seawater
samples. The periods highlighted in gray starting at 10 min
represent the exposure of the samples to either light or ozone.
The signals prior to 10 min have been zeroed and the
background control has been subtracted, using the approach
described above and in Figure S3.

The overall VOC yield was higher in the SML than the bulk
samples for stations 2 and 7 (Figure 2A,B, respectively), but
not for station 9 (Figure 2C). This trend held for both the
irradiated and the oxidized samples. One possible explanation
for this behavior is found in the surfactant and TOC
measurements for each sample. At stations 2 and 7, surfactant
and TOC concentrations were larger in the SML than in the

bulk samples (although we note that the surfactant measure-
ments were extremely variable; Table S1). At station 9,
surfactant and TOC concentrations were higher in the bulk
than in the SML samples. It is not uncommon for organic
matter (including TOC and surfactants) to be depleted in the
SML, and the degree of organic matter enrichment vs
depletion in the SML is a result of variable environmental
conditions and processes.2,18 SML depletions are more often
seen at lower windspeeds than under higher winds, which are
thought to foster organic matter transport to the surface with
bubble scavenging.41,42 Without sufficient replenishment of
organic matter in the SML, and with increased degradation or
dilution processes (i.e., bacterial consumption, oxidation,
rainfall), organic matter can be depleted in the SML.43

Parameterizing Total VOC Emissions. Oxidation experi-
ments show an initial surge in VOC signal upon ozone
exposure, which declines over time (Figure 2). When the
ozone is switched off, the VOC signal rapidly drops. We
hypothesize that the time-dependent VOC emissions are due
to the consumption of reactive organics near the gas−liquid
interface. Previous work, which used the same experimental
setup to explore the reaction of gaseous ozone and aqueous
iodide, showed the rapid consumption of iodide within the
short reacto-diffusive depth of ozone, which is estimated to be
approximately 2 μm with 390 nM iodide present in solution.33

Similar behavior with the ozone-organic reaction is expected
and has been observed in comparable flow tube experiments

Figure 2. VOC emission profiles for each set of Arctic samples, for both irradiation and oxidation experiments. The vertical axis presents an
estimate of the total VOC flux using the average sensitivity of the instrument. The three panels (A−C) represent the Arctic samples at stations 2, 7
and 9, respectively. The gray box represents the approximate time for which the samples were irradiated or oxidized. The start times for each
experiment are identical within each plot, but the end times differ. The green traces represent the irradiation experiments, and the blue shades
represent the oxidation experiments. The darker shades represent the Arctic SML sample, and the lighter shades represent the bulk water samples.
The black box represents the time period used to calculate the average flux which is discussed in the following sections.
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oxidizing real seawater,27 signifying that the reaction is likely
sensitive to the replenishment of organic reactive precursors
within the reacto-diffusive depth of ozone. It is also possible
that the reaction occurs only at the gas−liquid interface, in
which case, a supply of reactive precursors would also need to
be maintained.

In contrast, the VOC signal from the irradiation experiments
increases more slowly, to reach a steady-state production rate
that is sustained over the length of the experiment. When the
lights are turned off, the VOC signal is slower to return to
baseline than in the oxidation experiments. For the irradiation
experiments, the background production of VOCs from the
empty glass tube is high with a similar temporal profile, making
the interpretation of the results more challenging (Figure S4).
Initially, the oxidation experiments produced more VOCs than
the irradiation experiments, but over longer time periods (here,
up to a maximum of 90 min, Figure 2B) the signals converged
to reach similar, steady emission rates between the two
mechanisms.

UV−visible light can penetrate meters into the ocean,
deeper than the underlying seawater collected here at 0.2
m.44,45 Release of VOCs that form deeper in the water column
would depend on their aqueous lifetime and the rate of upward
ocean mixing. A water-side transport limitation is supported by
the emission profile of the total VOCs produced from
irradiation, which suggested that the VOCs were formed
throughout the solutions, leading them to be more slowly
emitted over time relative to oxidation. Laboratory irradiation
studies using surfactants to represent the SML (e.g., nonanoic
acid) have demonstrated greater VOC emissions than from
systems without surfactants, but those yields depended on the
presence of photosensitizing material.24,46−50

The variability in total VOC yield from irradiation and
oxidation processes presents a challenge in understanding the
overall impact of these emissions on the marine atmosphere.
To understand this variability, with a view to developing VOC
emission parametrizations that could be used in numerical
models (with caution, the caveats are discussed below in the
Environmental Implications section), the total VOC yield was
compared with seawater composition. Figure 3 illustrates the
total VOC emissions from both irradiation and oxidation of
the Arctic SML and bulk seawater samples as a function of the
TOC and DOC concentrations, which we found to be the best
available predictors of the total VOC emissions from these
samples. This result is consistent with field measurements of
atmospheric VOCs during the summer of 2014 in the same
region where our samples were collected in 2016. Those 2014
measurements identified a marine source of oxygenated-VOCs
measured via HR-ToF-CIMS with acetate as a reagent ion
which correlated well with DOC concentrations of the bulk
seawater collected at a depth of 2−5 m deep (r2 = 0.82).51 As
DOC is usually the dominant component of TOC, it is likely
that the VOC emission patterns are mostly driven by DOC.
The linear correlation parameters for the relationships between
total VOC emissions vs TOC and DOC, as well as chlorophyll
a, heterotrophic bacteria, total phytoplankton (photosynthetic
prokaryotes and eukaryotes), photosynthetic prokaryotes, TN,
and TDN are presented in Table S5.
Parameterizing the Emissions of Individual Oxy-

genated VOCs. The dominant ion signal emitted from the
SML samples for all oxidation and irradiation experiments (but
for only one bulk sample, from station 9 in the oxidation
experiment), was [C3H7O]+ (Table S3). In PTR-MS spectra,

[C3H7O]+ is usually attributed to acetone or propanal, which
are structural isomers.39 The acetone/propanal signal from
irradiation is very well correlated with TOC (r2 = 0.997, Figure
4A) and heterotrophic bacteria (r2 = 0.999, Table S5). The
emission of both acetone and propanal from the ocean is
thought to be mostly due to photochemistry, and is well
correlated with CDOM, which was not measured in our
samples.52,53 Previous measurements in the Arctic ocean have
found CDOM absorbance is often linearly correlated with
DOC.51,54 Other observations of photochemical acetone
emissions correlated well with cryptophyte and eukaryotic
phytoplankton,55 but we see no such correlation with
phytoplankton abundances (r2 = 0.22, Table S5).

Acetone/propanal emissions from the oxidation of ocean
water are well parametrized by TOC (r2 = 0.92, Figure 4A).
The flux of acetone and propanal was previously measured in a
similar setup using ocean water from the South China sea
exposed to 100 ppbv of ozone.26 The combined acetone and
propanal fluxes from that study (on the order of 109 to 1010

molecules cm−2 s−1) were comparable to our observations,

Figure 3. Total VOC flux from the Arctic SML and bulk water
samples as functions of their (A) TOC and (B) DOC concentrations
for both the irradiated (yellow stars) and oxidized (red circles)
experiments. SML samples are marked with filled symbols, and bulk
water samples are marked with empty symbols. The error bars
represent the propagated 1σ uncertainty calculated from the
difference of a 15 min measurement average of the experiment
relative to background.
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especially when considering the lower ozone mixing ratio of 45
ppbv used here. Previous measurements of acetone/propanal
are observed during the oxidation of T. pseudonana cultures
with ozone,12 and from the oxidation of SML samples
collected from the Canadian west coast and the eastern
equatorial Pacific ocean.17 On the other hand, neither propanal
nor acetone emission was observed in oxidation experiments
with ozone using seawater collected from Scripps Pier, in San
Diego, California.27

The [C2H5O]+ ion (commonly attributed to acetaldehyde)
was the most abundant ion produced from the irradiation of
the bulk water from station 9 (Table S3). We find that the
emission of acetaldehyde can be roughly parametrized using
the TOC content in the seawater (Figure 4B). For photo-
sensitized chemistry, acetaldehyde emission can be well
parametrized by the CDOM content of seawater, which was
not measured in our samples.16,53 Here, we found comparable
emission rates of acetaldehyde from oxidation and irradiation.
Previous work in our laboratory investigating indoor aldehyde
emissions and behavior found that about 11% of the C2H5O+

ion signal resulted from the fragmentation of larger ions,
including [C3H7O]+ (only propanal), [C5H11O]+ (pentanal

and 2-pentanone), [C6H13O]+ (hexanal and 2-hexanone),
[C7H15O]+ (2-heptanone), and [C8H17O]+ (octanal). All of
these ions were observed in our oxidation experiments of
Arctic ocean waters and are thus likely contributing to some
degree to the [C2H5O]+ signal we found in these samples.
Kilgour et al. also noted a lack of acetaldehyde from the
oxidation of the Scripps Pier seawater samples and used gas-
chromatography which would separate the contribution of
acetaldehyde to the [C2H5O]+ ion from the fragmentation of
larger ions.27 Similar to this study, Wang et al. observed
acetaldehyde with the PTR-ToF-MS from the oxidation of
seawater from the South China sea, and positively identified it
using an offline DNPH-derivation method.26 Therefore,
differences in observations are most likely related to the
composition of the seawater.

Notably, there are high-intensity ions whose signals do not
follow the same trends as the total VOC signal, i.e., TOC/
DOC are not always the best predictors for the emissions of
individual molecules. Consider the emission behavior of the
[C9H19O]+ ion, which is likely nonanal. This ion has been
previously observed in SML oxidation experiments and has a
relatively high m/z value compared to other observed ions,
which reduces the likelihood that it results from the
fragmentation of a heavier ion.26,27 Additionally, the
[C9H19O]+ ion was the dominant ion emitted from the
irradiation of station 2 bulk seawater (Table S3). Figure 5
illustrates the emission flux of nonanal as a function of TOC
(Figure 5A) and phytoplankton abundance (Figure 5B). TOC
is a poor predictor of nonanal emission for the oxidation
experiments (r2 = 0.09) but is the best predictor for the
irradiation experiments (r2 = 0.84), followed closely by
heterotrophic bacteria (r2 = 0.81). Conversely, phytoplankton
abundance is the best predictor for nonanal emission from
oxidation (r2 = 0.72) but is a poor predictor of nonanal
emission from irradiation (r2 = 0.000002). Emission rates of
nonanal from oxidation of seawater collected from the South
China sea with 100 ppbv of ozone were slightly lower but
similar to those observed from our experiments.26

Nonanal is the expected product arising from the reaction of
ozone with a free- or triglyceride-containing 18:1ω9 fatty acid
(i.e., oleic acid), which is commonly produced by T.
pseudonana and oceanic phytoplankton species.56 To confirm
this, we oxidized T. pseudonana cultures to form the C9H19O+

ion, which indicates that a phytoplankton exudate is a
precursor to this ion (Figure S5). From this we infer that
biological activity is an important driver of nonanal emission
via oxidation of Arctic ocean waters. Conversely, we show that
the T. pseudonana cultures result in very low nonanal emission
during irradiation (Figure S5).

The dominant ion produced from oxidation of the bulk
seawater samples from stations 2 and 7, was [C7H13]+ (Table
S3), which is commonly attributed to heptanal. Recent work
found the [C7H13]+ ion was also produced by the
fragmentation of decanal ([C10H21O]+) and [C11H23O]+

ions,27 both of which are found in all of our samples from
both oxidation and irradiation experiments (Table S3) and
could complicate our effort to parametrize heptanal emissions.
[C7H13]+ emission from oxidation is not well correlated with
phytoplankton abundance (r2 = 0.17) but is best correlated
with chlorophyll α concentration (r2 = 0.55), which suggests a
photosynthetic connection. Similar to nonanal, [C7H13]+

produced by irradiation is best described by TOC (r2 =
0.95), but also has a better correlation with chlorophyll α

Figure 4. (A) Acetone/propanal (measured as C3H7O+) flux and (B)
acetaldehyde (measured as C2H5O+) flux as functions of TOC for
both the irradiated (yellow stars) and oxidized (red circles)
experiments. SML samples are marked with filled symbols, and bulk
water samples are marked with empty symbols. The error bars
represent the propagated 1σ uncertainty calculated from the
difference of a 15 min measurement average of the experiment
relative to background. Note that in panel A, only four samples
emitted the C3H7O+ ion above the background when irradiated. In
panel B, only five samples emitted the C2H5O+ ion above the
background when irradiated.
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concentration (r2 = 0.57) than oxidation. During the oxidation
of the T. pseudonana cultures, the [C7H13]+ ion was readily
produced (Figure S5), which likely arose from the oxidation of
16:1ω7 fatty acid as a free fatty acid or in its triglyceride form,
which is abundantly produced by this culture.56 The
abundance of unsaturated fatty acids is known to be tied to
the chlorophyll levels in Arctic waters.57 Emission rates of
heptanal from oxidation of seawater collected from the South
China sea with 100 ppbv of ozone were an order of magnitude
higher than what is reported in this study.63 This could be due
in part to the lower ozone mixing ratios used in our work, from
the different water samples, or perhaps from different
calibration procedures.
Parameterizing the Emission of Nitrogenated Com-

pounds. In total, 14 nitrogenated ions were identified, as
highlighted in yellow in Table S3. Figure 6A illustrates the sum
of the identified nitrogenated ion fluxes as a function of TOC,
which was a good predictor of nitrogenated VOC production
from oxidation (r2 = 0.93; Table S5), as is DOC (r2 = 0.97,
Table S5). TDN and TN were poor predictors (Table S5) of
emitted nitrogenated VOCs from oxidation (r2 = 0.12 and r2 =
0.08, respectively), as were photosynthetic prokaryotes and
total phytoplankton (photosynthetic prokaryotes and eukar-
yotes) abundances (r2 = 0.003 and r2 = 0.08, respectively).

In contrast, TOC was a poor predictor for nitrogenated
VOC emission from irradiation (r2 = 0.03), whereas photo-
synthetic prokaryotes abundance was the best (r2 = 0.79).
Photosynthetic prokaryotes, specifically cyanobacteria, are
known for their ability to fix nitrogen and generate organic
nitrogen.58,5964 TDN and TN were fair predictors of
nitrogenated VOC emission from irradiation (r2 = 0.24 and
r2 = 0.18, respectively).

Recently, measurements of nitrogenated compounds have
been observed from the oxidation of samples from the Chinese
Pearl river and the SML in the South China sea.26,28,60 In the
gas phase, these compounds were identified by PTR-MS as
being “azole-like”, and were tentatively identified as
[C4H6NO]+ and [C5H8NO]+ at unit mass resolution.26 In
our work, [C4H6NO]+ was produced via oxidation of the
station 2 SML sample, and both samples from station 9 (Table
S3), but no [C5H8NO]+ was observed above the background.
However, the [C4H6NO]+ ion was not the most abundant
nitrogenated ion produced during oxidation in any of our
samples; rather [C5H12NO]+ dominated in the SML sample
from station 2 and [C2H6NO]+ in all the other samples.
[C2H6NO]+ was also the highest intensity nitrogenated ion for
all irradiation experiments except again for the station 2 SML
sample (which was dominated by [C5H12NO]+) and the
station 9 bulk water sample (dominated by [C4H6NO2]+). For
the station 2 SML sample, the [C5H12NO]+ ion likely arose

Figure 5. Estimated nonanal flux (measured as C9H19O+) as functions
of (A) TOC and (B) total phytoplankton abundance (including
prokaryotes and eukaryotes (0.2−20 μm)) for both the irradiated
(yellow stars) and oxidized (red circles) experiments. SML samples
are marked with filled symbols, and bulk water samples are marked
with empty symbols. The error bars represent the propagated 1σ
uncertainty calculated from the difference of a 15 min measurement
average of the experiment relative to background. Only five samples
emitted the C9H19O+ ion above the background when irradiated.

Figure 6. Estimated flux of the sum of all identified ions containing a
N atom as functions of (A) TOC and (B) photosynthetic prokaryotes
abundance for both the irradiated (yellow stars) and oxidized (red
circles) experiments. SML samples are marked with filled symbols,
and bulk water samples are marked with empty symbols. The error
bars represent the propagated 1σ uncertainty calculated from the
difference of a 15 min measurement average of the experiment relative
to background.
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from acetamide, but fragmentation from a larger ion cannot be
ruled out.

Overall, our results point to photosynthetic prokaryotes as
important for the formation of nitrogenated VOCs from
irradiation. To our knowledge, the emission of nitrogenated
VOCs from the irradiation of seawater has not been previously
observed. The precursors for nitrogenated VOCs from
photosensitized chemistry and oxidation appear to originate
from different sources, related more directly to photosynthetic
prokaryote abundance versus the TOC pool, respectively.
Role of the SML. Lipids, carbohydrates, proteins, free

amino acids, microgels and polysaccharides have all been
measured in the SML in enriched concentrations and all have a
biological origin.7,18,61−63 The variability in enrichment factors
for all these compounds is dependent on season, temperature,
wind speed and location, making it difficult to generalize for
the full ocean.63 Enrichment of TOC and DOC has been
sparsely measured in different regions, with factors ranging
from 0.3 to 2.64 The enrichment factors for the emissions of
VOCs from our Arctic samples ranged from 0.04 to 25 (Figure
S6), from strongly depleted to strongly enriched. There were
also unique ions measured solely over the SML and not the
bulk, which are highlighted in blue in Table S3. In total,
irradiation produced 36, 45, and 4 characteristic SML ions (i.e.,
ions not observed in the bulk), and oxidation produced 19, 56,
and 15 characteristic SML ions at stations 2, 7 and 9,
respectively.

Enrichment factors that deviate from 1 emphasize the
potential importance of Arctic SML composition on the yield
of specific VOCs emitted to the atmosphere from irradiation
and oxidation. Figures 3−6 illustrate how seawater composi-
tion can influence the emissions, highlighting the need to
understand how the composition of the SML differs from the
underlying water. The composition of the SML and
particularly its variability remain uncertain, in part due to the
uncertainty in formation and replenishment of species within
the SML.
Environmental Implications. The results of the present

study show that the oxidation and irradiation of Arctic SML
and bulk waters lead to the emission of a similar suite of VOCs,
which are dependent on water composition. The similar
emission rates of total VOCs from oxidation and irradiation
demonstrate that both mechanisms need to be evaluated to
arrive at atmospherically relevant total VOC emission rates.
The temporal profiles of VOC emissions are different for the
two mechanisms (Figure 2), peaking early for oxidation,
indicative of chemistry within a few microns of the interface,
and later for photochemistry, which indicates chemistry
occurring within the aqueous volume. The diminishing
emissions rate in our oxidation experiments indicates that
emission rates are likely controlled by the rate at which organic
precursors are replenished in the actively exchanging surface
volumes by both mass transfer and in situ production
processes.

Beyond using field-collected Arctic seawater and SML
samples, a novel aspect of this study is that we conducted
both oxidation and irradiation experiments on the same
samples, allowing us to determine the relative importance of
the two emission mechanisms. Moreover, we examine
correlations between VOC emissions and common measure-
ments of oceanic composition. Among our findings, most
prominent is that the intensity of the total VOC emissions
correlates most tightly with organic matter concentrations in

the samples. Importantly, this correlation is irrespective of
whether the samples were from the SML or the bulk waters.
Indeed, one of the three samples had higher TOC values in the
bulk than in the SML, which led to higher emissions from the
bulk sample than from the SML sample. This speaks to the
need to understand the composition of not only the SML, but
also the underlying bulk water. Whereas the bulk seawater
feeds the Arctic SML, so that their compositions are linked to
some degree, differences between the two may nevertheless
play a role in the specific character of VOCs released (as
illustrated in Figure S6).

The reacto-diffusive depth of ozone in the presence of
ambient seawater concentrations of iodide is only a few
microns,33 substantially smaller than the estimated 80 μm
thickness of the SML samples collected in this campaign. Thus,
the material in our SML samples contained everything which
would have been available for reaction with ozone in the
natural environment. Currently, our ability to measure the
composition of that narrower ozone reactive layer is still
severely limited. Open questions also remain about the
physical mixing and replenishment of species within the
SML in relation to underlying water.

Phenomena such as secondary organic aerosol formation
and the effects of VOCs on the oxidation capacity of the
atmosphere in marine regions will be highly sensitive to the
specific VOCs emitted, not only on the total VOC flux. To that
end, this paper illustrates that the fluxes of specific molecules,
such as nonanal and nitrogen-containing compounds, may
depend on the specific character of the substrate. For example,
the oxidation fluxes of the C9 and C7 aldehydes ([C9H19O]+

and [C7H13]+) are most strongly associated with the
phytoplankton abundance and chlorophyll a concentration in
the ocean, very likely because of the high associated
unsaturated lipid content that can be oxidized with ozone.
As a second example, the emission of nitrogenated VOCs via
irradiation is best predicted by the photosynthetic prokaryote
abundance of the seawater samples, which is likely from their
role in nitrogen fixation.52

To verify the biological connections in this work, we used T.
pseudonana as a model planktonic algae to elucidate how some
precursors may be formed. Specifically, the T. pseudonana
cultures produced both nonanal and heptanal (i.e., [C9H19O]+

and [C7H13]+) during oxidation, very likely via oxidation of
biolipids produced by the phytoplankton. On the other hand,
we observed no such fluxes during irradiation. This use of
relatively well-understood model organisms complements the
measurements made on the more complex Arctic seawater
samples. The cultures were axenic (bacteria free), so they did
not provide insight into the impacts of bacterial metabolism.
Additionally, they are monocultures, which do not represent
the full diversity of plankton producing lipids.

While there are very large uncertainties in extrapolating
laboratory studies of a small number of collected samples from
one specific environment to the global scale, a rough estimate
can provide insight into the potential significance of the
emission mechanisms studied in this work to global VOC
budgets. In particular, by extrapolating the results of our six
samples (i.e., both SML and bulk waters) to scale with the
global area of the ocean, we can roughly estimate an annual
VOC emission budget, assuming the number of carbon atoms
in identified molecular formulas, or in the cases without an
identified formula, by assuming a molecular structure with 5
carbons as was previously done by Novak and Bertram.21 With
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this approach, we calculate an emission range of 45−450 Tg C
year−1 from oxidation, based on our lowest and highest yield
experiments. This range of emissions is comparable to, but
higher than, that of Novak and Bertram, who estimated
emissions between 17.5 and 87.3 Tg C year−1.21 Measurements
of VOC emission and ozone deposition rates from Scripps Pier
resulted in annual estimate of VOC emission via oxidation
between 12.6 and 136 Tg C year−1.27 In their discussion,
Kilgour et al. suggested that laboratory experiments may
overestimate VOC emission yields from heterogeneous
ozonolysis, since laboratory experiments lack VOC loss
pathways in the condensed phase, or because a stable
microlayer may arise in the lab which is more enriched than
in the environment.27 Moreover, the small number of samples
used in this study are spatially and temporally isolated to
summer Arctic coastal waters, which may be more productive
than the open ocean. These factors, combined with the
relatively high mixing ratio of ozone (45 ppbv) we used in this
study, relative to typical marine boundary layer ozone mixing
ratios, suggest the range we measured is an upper-end estimate.

Using the same approach as above for oxidation, we
calculate an annual emission by irradiation (assuming 50% of
the day is irradiated) of 5−140 Tg C year−1. This range is
wider than, but similar to, an estimate of 23.2−91.9 Tg C
year−1 derived from a global modeling study which para-
metrized VOC emissions using laboratory photochemical
studies, wind speed, and global SML coverage.65

Scaling our acetaldehyde fluxes to the global ocean surface
results in estimated emission rates between 0.4 and 30 Tg
year−1 from irradiation and 2 to 40 Tg year−1 from oxidation.
In comparison, a modeled total annual acetaldehyde oceanic
emission rate of 19−31 Tg from the ocean, accounted for UV
photolysis, but not oxidation.66,67 Photosensitized production
is thought to account for the majority (∼68%) of acetaldehyde
emission into the atmosphere from the ocean.52

It is important to re-emphasize that the merit of these global
flux extrapolations is simply to show the extent to which
specific VOC emission mechanisms may be of significance to
the gas phase organic carbon budget in the marine boundary
layer; these values should be used in global models with
extreme caution. More accurate assessments of total global
VOC emission rates require field measurements at many
locations and times across the globe. Our assessment is limited
by the very small number of samples that were collected over a
3 week period in a small area of the eastern Canadian Arctic,
which most certainly had a different oceanic organic
composition and biological community than other times or
other regions. Indeed, these kinds of measurements should be
conducted in both oligotrophic and eutrophic regions. As well,
our laboratory conditions do not fully match those in the
environment with respect to ozone and light levels, and the
issue of organic precursor replenishment can only be addressed
in a field or, potentially, a mesocosm setting. However, the
correlations we observed with specific measures of seawater
composition, in particular for the total VOC fluxes and those
of individual molecules, should be conceptually useful and may
be generally applicable.
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