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ARTICLE

Oceanic phytoplankton are a potentially important
source of benzenoids to the remote marine
atmosphere
Manon Rocco 1, Erin Dunne2, Maija Peltola1, Neill Barr3, Jonathan Williams 4, Aurélie Colomb1, Karl Safi3,

Alexia Saint-Macary 3,5, Andrew Marriner3, Stacy Deppeler3, James Harnwell2, Cliff Law3,5 & Karine Sellegri1✉

Benzene, toluene, ethylbenzene and xylenes can contribute to hydroxyl reactivity and sec-

ondary aerosol formation in the atmosphere. These aromatic hydrocarbons are typically

classified as anthropogenic air pollutants, but there is growing evidence of biogenic sources,

such as emissions from plants and phytoplankton. Here we use a series of shipborne mea-

surements of the remote marine atmosphere, seawater mesocosm incubation experiments

and phytoplankton laboratory cultures to investigate potential marine biogenic sources of

these compounds in the oceanic atmosphere. Laboratory culture experiments confirmed

marine phytoplankton are a source of benzene, toluene, ethylbenzene, xylenes and in

mesocosm experiments their sea-air fluxes varied between seawater samples containing

differing phytoplankton communities. These fluxes were of a similar magnitude or greater

than the fluxes of dimethyl sulfide, which is considered to be the key reactive organic species

in the marine atmosphere. Benzene, toluene, ethylbenzene, xylenes fluxes were observed to

increase under elevated headspace ozone concentration in the mesocosm incubation

experiments, indicating that phytoplankton produce these compounds in response to oxi-

dative stress. Our findings suggest that biogenic sources of these gases may be sufficiently

strong to influence atmospheric chemistry in some remote ocean regions.
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Current global and regional trace gas emission inventories
and chemistry-climate models generally include a limited
number of marine volatile organic compounds (VOCs)

emissions that are known to be important to particle formation,
remote OH reactivity and halogen-ozone chemistry. These
include dimethyl sulfide (DMS)1–4, isoprene5,6, C2-C3
hydrocarbons7, amines8, organohalogens, and monoterpenes6,9.
However, many known VOCs emissions from phytoplankton are
not taken into account, either to economize computational
resources, because quantitative information on fluxes from the
ocean are lacking or because of a perceived lack of impact.

For instance, Colomb et al.10 observed phytoplankton emis-
sions of organochlorines including chlorobenzene, typically
associated with anthropogenic emissions such as shipping and
offshore gas exploitation. More recently, previously unexplored
biological sources of benzenoid compounds were reported the
emission of which have previously been almost solely attributed
to anthropogenic and biomass burning emissions. Indeed, in
addition to emissions from terrestrial plants, Misztal et al.11

reported benzenoids emissions from marine phytoplankton from
a series of laboratory, mesocosm, and ship-borne experiments.

Importantly for their relevance to climate, marine emissions of
such aromatic compounds in remote ocean regions, may con-
tribute to local ozone photochemistry, OH reactivity, and sec-
ondary organic aerosol formation12. For instance, yields of SOA
from benzenoid compounds have been observed to be higher in
cleaner (low NOx) air masses, typical of remote marine atmo-
spheres, compared to polluted environments.

The composition and sources of marine organic compounds,
the processes that mediate their air-sea exchange, and their
atmospheric chemical transformations are complex and not
currently well understood13,14. To unravel some of these complex
systems requires multiscale studies from the laboratory to the
open ocean in order to understand their biological production
pathways and the drivers of their seasonal and spatial variations
for use in regional and global ocean-atmosphere models.

Here we report on a series of experiments measuring the fluxes
of the volatile monoaromatic compounds benzene, toluene,
ethylbenzene, and xylenes (BTEX) across scales, from a series of
controlled laboratory studies of marine phytoplankton mono-
cultures to ship-borne mesocosm experiments, as well as mea-
surements of the marine atmosphere of the South Pacific, South
Atlantic, and Southern Indian Oceans.

Results
Air-sea fluxes of BTEX in mesocosm studies of natural sea-
waters from the Southwest Pacific Ocean. As part of the 2020
Sea2Cloud campaign aboard the R/V Tangaroa15, experiments
were undertaken in which ~1m3 samples of surface seawaters
were collected in three distinct locations in the Southwest Pacific
east of New Zealand and studied in situ in two Air-Sea Interac-
tion Tanks (ASIT). Key elements of seawater biogeochemistry
and the headspace composition in the ASITs were continuously
monitored (Figure S.1) over the proceeding 1.5–3.5 days. Here we
report on measurements of the net sea-to-air fluxes of BTEX.
determined from the headspace concentrations using the method
described by Sinha et al.16—see Methods. Times series of BTEX
and DMS fluxes are shown in Fig. 1, the absence of bars indicates
a gap in the data due to instrument calibrations, instrument
failures, and data removed due to ship exhaust contamination.

In the open ocean, multiple complex physical parameters
influence the air-sea exchange of a given chemical species
including, light, temperature, wind speed, and turbulence. Due
to atmospheric transport, mixing, and chemistry, the mixing
ratios of trace gases at a given location in the atmosphere over the

open ocean are typically dislocated from their marine sources,
which limits our ability to directly observe air-sea interactions via
in situ shipborne observations of ambient air and seawater.

Thus while there are enclosure artefacts, which are not
representative of open ocean conditions (i.e., very low wind and
turbulence)17, the ASIT conditions were well suited to monitor
the changes in seawater biogeochemistry and plankton commu-
nity dynamics under natural light and temperature conditions,
and to explore their link with the air-sea fluxes of trace gases and
subsequent role in new particle formation16.

Air was continuously flushed through the ASITs (23 L min−1)
and the reported fluxes can be considered representative of
emission fluxes at very low winds (<1 m s−1).

The estimated lifetimes of benzene, toluene, and xylenes in
ambient air were 9 days, 2 days and 6 h, respectively (OH
~2.0 × 106 molecules cm−3)18, and it was assumed the net fluxes
of BTEX were not substantially affected by photochemistry within
the ~40 min residence time within the ASIT headspace but
instead were dominated by their production in seawater and sea-
air gas transfer rates.

The median fluxes [interquartile range] of benzene, toluene,
and the sum of ethylbenzene+ xylenes over the three experi-
ments were 0.09 [0.06–0.26], 0.19 [0.13–0.83], and 0.18
[0.09–0.47] ng m−2 s−1, respectively, with a median total BTEX
flux of 0.46 [0.28–1.56] ng m−2 s−1 (Table S.1). These BTEX
fluxes were of a similar magnitude or greater than the fluxes of
DMS considered the key reactive organic species in the marine
atmosphere (0.36 [0.26–1.02] ng m−2 s−1). Analysis of water
samples from the ASITs with gas chromatography (see Methods)
confirms the presence of BTEX compounds in the sampled
seawater, that were in close agreement to levels measured via
workboat sampling in the surrounding ocean.

Although relatively few data points (18.5% of data points) were
obtained during daytime, there were no significant difference
between daytime (0.18 ± 0.13 ng m−2 s−1 e.g., benzene flux) and
nighttime (0.17 ± 0.14 ng m−2 s−1 for benzene flux) emission
fluxes.

There was a consistent, strong linear relationship between the
fluxes of B and the sum of E+ X across the three experiments
(Slope= 0.67, r2= 0.94) and both B and E+ X were correlated
with the fluxes of the known biogenic compounds DMS (r² =
0.86 and 0.81, n= 444, p < 0.001) and monoterpenes (r² = 0.84
and 0.73, n= 444, p < 0.001), strongly indicating a common
biological origin for these VOCs (Table S.2). Conversely, the T/B
ratio varied up to a factor three within the course of an
experiment and by a factor of 10 from one experiment to the
other, indicating a different emission pathway for T than those of
B and E+ X (Fig S.2).

Toluene fluxes as a function of phytoplankton abundance. The
ASIT’s seawater wase analysed daily for Chlorophyll-a (Chl-a),
and small phytoplanktonic class cell abundances. None of the
BTEX species correlated with Chl-a, which is a broad nonspecific
indicator of phytoplankton biomass. Moderate linear correlations
were observed between toluene fluxes and Synechococcus (pico-
phytoplankton, <2 μm) cell abundance (R²=0.57), whereas ben-
zene and xylenes did not correlate with any of the planktonic
classes analysed (Table S.3). The toluene flux could be expressed
as a function of the Synechococcus cell abundance as:

FToluene ¼ 2:76:10�5½Synechococcus� � 0:55

The toluene fluxes reported here (average 1.16 ng m−2 s−1

during Exp. B) were within the range of those reported by Misztal
et al.11 (mean= 0.14 ng m−2 s−1; max ~1.38 ng m−2 s−1) from a
Norwegian fjord mesocosm experiment in which fluxes also
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showed significant relationships with the abundance of picophy-
toplankton, as well as the globally dominant coccolithophore
E. huxleyi. Further laboratory experiments are necessary to
directly verify BTEX emission from Synechococcus.

Laboratory studies of BTEX emissions from marine phyto-
plankton cultures. A series of laboratory studies were re-
examined in order to investigate whether direct biosynthesis of
BTEX by marine phytoplankton could have contributed to the
fluxes observed in the Sea2Cloud mesocosm studies. Laboratory
cultures of 5 marine phytoplankton species (two coccolitho-
phores, two diatoms, and a chlorophyte) were analysed for BTEX
by GC-MS. The initial concentration of each compound in the
culture was determined and normalized against the concentration
of Chlorophyll-a (Chl-a), used here as a proxy for phytoplankton
biomass; see Colomb et al.10 and Yassaa et al.19 and Figure S.3 for
the Method and details).

The normalized biomass concentrations of BTEX for each
phytoplankton species are shown in Fig. 2. E. huxleyi cultures
exhibited high levels of benzene, toluene, and ethylbenzene
concentrations, whereas toluene and xylenes were the dominant
BTEX compounds detected in C. neogracilis cultures and were
higher than its DMS emissions (0.53 ± 0.02 pmol/L/Chl-a). Only
minor amounts of BTEX were observed from other phytoplank-
ton cultures (C. leptoporous, P. tricornutum, and D. tertiolecta),
suggesting BTEX emissions are species specific, as has been found
for other biogenic VOC emitted from phytoplankton10 and
terrestrial plants11.

While the mechanisms responsible for biosynthesis of BTEX in
phytoplankton are not clear, studies of BTEX production
pathways in terrestrial plants implicate both the shikimate
pathway and the nonmevalonate pathway11,20, which is sup-
ported in this study by the observed correlations of BTEX
compounds with monoterpenes and isoprene in the ASITs
experiments (Table S.2).

Shipborne observations of BTEX in the atmosphere over the
remote Southern Oceans. Ambient mixing ratios of benzene,
toluene, and the sum of ethylbenzene+ xylenes were determined
for remote open ocean air masses East of New Zealand measured
during the Sea2Cloud campaign, and carefully filtered for ship
stack contamination and/or terrestrial influence (see Methods).
BTEX concentrations were found above the detection limit of the
instrument for 26.1, 47.6, and 41.5% of the time, with average
concentrations (and standard deviation) of 0.026 ± 0.023 ppb,
0.038 ± 0.042 ppb, and 0.026 ± 0.041 ppb for benzene, toluene,
and xylenes, respectively.

Ambient fluxes of BTEX were calculated from the Sea2Cloud
data via the nocturnal accumulation method21,22, which assumes
negligible nighttime photochemical losses and overnight accumula-
tion of sea surface emission within the well-mixed marine
boundary, with horizontally homogeneous fluxes and steady surface
layer height (see Methods). Benzenoid ambient fluxes during
Sea2Cloud were 1.2 ± 1.8, 3.7 ± 4.9, and 1.0 ± 8.3 ngm−2 s−1 for
benzene, toluene, and xylenes respectively. These fluxes were higher
than the BTEX fluxes measured in the ASITs (Fig. 1). Higher
seawater turbulence, as well as higher wind stress, are likely
responsible for higher fluxes than those measured in the ASITs.
Calculated ambient fluxes showed a higher variability, and were
occasionally negative, which might also be due to the processing
and dilution of these species within the marine boundary layer and
loss processes at the sea surface.

In situ observation of BTEX from four other voyages was re-
examined in order to explore the potential spatial and temporally
heterogeneity of atmospheric BTEX over the Southern Oceans. The

Fig. 1 Time series of BTEX sea-air fluxes. Times series of fluxes in ng m−2 s−1 of benzene, toluene, and the sum of ethylbenzene plus xylenes (yellow
bars) and Photosynthetically Active Radiation (PAR) in µmol m−2 s−1 in dark green. Gray areas are plotted to indicate when the ASITs are opened. The
absence of bars indicates gaps in the measurements.

Fig. 2 BTEX normalized concentration from marine phytoplankton
cultures. Concentration of benzene, toluene, ethylbenzene, and xylenes
after subtraction of the medium concentration, normalized by the
chlorophyll-a concentration (pmol L−1 /Chl-a) observed in the headspace
of monocultures of coccolithophore species (Emiliania huxleyi (4–5 µm),
Calcidiscus leptoporus (5–8 µm)), diatoms (Phaeodactylum tricornutum
(5–12 µm), Chaetoceros neogracilis (10–50 µm)), and chlorophyte (Dunaliella
tertiolecta (5–25 µm)). All cultures were kept at room temperature between
20– 25 °C and adapted to a 12–12 h light–dark cycle (light intensity of
~250 µE s−1 m−2). The samplings of VOC emissions were performed in the
middle of the light cycle (between 10:00 and 14:00) where all algae were in
the transition from the exponential to the stationary phase of growth.
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highest ambient atmospheric concentrations of benzene and toluene
were observed over a chlorophyll enriched upwelling zone IIa
(30–40 °S) in the Southern Indian Ocean during the MANCHOT
campaign23 with averaged concentrations of toluene and benzene of
0.278 ± 0.075 and 0.085 ± 0.036 ppb. Besides levels of BTEX
observed in ambient air during the Sea2Cloud campaign were of
the same order of magnitude as those reported from previous ship
campaigns in the Southern Ocean for which the datasets were
revisited in the framework of the present study.

The MANCHOT campaign took place during southern
hemispheric summer (December), in contrast to the other four
voyages (Drake Passage in 2009;24 SOAP in 2012;25 CAPRI-
CORN in 2016 and Sea2Cloud in 2020; Fig. 3 and S.4, Table S.4)
reported here which took place during the autumn season
(March-April), and the higher concentrations observed during
MANCHOT might point to a seasonal variation in phytoplank-
ton type and abundance and subsequent BTEX emissions. Indeed,
ambient BTEX levels were enhanced in zone II and III of the
MANCHOT voyage23 (Fig. 3) coinciding with seawaters
dominated by diatoms, such as C. neogracilis and haptophytes
coccolithophores E. huxleyi, which laboratory studies presented
here demonstrate were capable of producing BTEX.

Sensitivity of BTEX emissions to ozone in ambient air. In order
to investigate the sensitivity of VOC fluxes to ambient ozone
concentrations during the Sea2Cloud voyage, one ASIT was
simply flushed with ambient air containing on average 6.7 ± 1.5
ppb of ozone, while the second tank (ASIT-O3) was flushed with
ambient air enriched with an ozone concentration of 14.5 ± 2.9
ppb during the experiments. In comparison, ambient con-
centrations of ozone during the voyage were 14.6 ± 1.8 ppb. The
ASIT-control headspace contained lower levels of ozone com-
pared to ambient air, due to losses in lines and ASITs walls, and
reactions with other trace species in the headspace. For the three
experiments, the emission fluxes of benzene and xylenes were
166 ± 155 and 185 ± 155% higher in the ozone-enriched ASIT
(Fig. 4; Fig S.1). The toluene emission flux also increased under a
high ozone scenario but only in experiment B (39 ± 34%
increase). The effect of ozone on benzene and xylenes fluxes was
greater than that for DMS which showed a 39 ± 45% difference

between the ASIT-Control and the ASIT-O3 over the three
experiments.

Only minor differences in phytoplankton community cell
abundances were observed between the ASIT-Control and the
ASIT-Ozone during the course of each experiment (Fig. S.5), with
an increase of the cell abundances of Synechococcus (8.31% in
EXP C) and picoeukaryotic phytoplankton (4.47% in EXP B)
suggesting ozone did not influence phytoplankton community
composition.

Many VOC emissions are metabolically linked to
photosynthesis26,27 although also occur during nighttime28. The
observed changes in fluxes in response to ozone may be explained
by changes in biological production due to abiotic stressors, such
as oxidative stress which has been shown to influence the
metabolism of microorganisms and the regulation of photosyn-
thetic activity of seagrasses29,30 and alter VOCs production, for
terpenoids in plants in particular31–34 which are emitted in
reaction to ozone stress to prevent oxidative damage, protect
membrane integrity and quench ozone products31,35,36. In
addition, Ciuraru et al.37 showed that illumination initiated
degradation of organic surfactant in dissolved organic matter
(DOM) initiates degradation of organic surfactant at the sea-air

Fig. 3 Summary of ambient toluene concentration in the remote marine atmosphere. Toluene ambient concentrations (ppb) measured during five
voyages around the world over the Southern Ocean (2004–2020). Top inset for MANCHOT voyage shows enhanced toluene concentrations coinciding
with seawaters dominated by diatoms (e.g., C. neogracilis) and haptophyte coccolithophores (e.g., E. huxleyi), which laboratory studies demonstrated are
capable of producing BTEX.

Fig. 4 Influence of elevated ozone concentration on BTEX fluxes.
Comparison of toluene, benzene, and xylenes fluxes (ng m−2 s−1) over the
three experiments with boxplots. The bottom and top of each box are the
25th and 75th percentile, line in the middle of each box is the median and
whiskers are the maximum and minimum values.
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interface leading to the formation of benzene and toluene. During
the nighttime, changes in VOCs emission could also be due to the
heterogeneous reaction of ozone with organic compounds in and
on the seawater although ozonolysis is unlikely to be primarily
responsible for a change in emissions of primary compounds
such as BTEX13,38.

By analogy, BTEX emissions could be enhanced in ASIT-ozone
experiments as a response to the oxidative stress produced by
ozone to prevent damage to the microorganisms. Overall, even
for more conventional BVOCs, such as isoprene, the physiolo-
gical production and function of VOC in phytoplankton is not yet
fully understood, and further research is needed to elucidate the
underlying mechanisms.

Tropospheric ozone is strongly seasonal (±10 ppb) with
maxima in summer and is generally exhibiting a positive long-
term global trend39,40. The observed sensitivity of marine BTEX
fluxes to ambient ozone concentrations reported here may have
potentially important implications for understanding seasonal
and longer-term trends in the spatial and temporal variability of
marine BTEX emissions to the atmosphere.

Ambient ozone concentrations during Sea2Cloud were 14.6 ± 1.8
ppb compared to 14.5 ± 2.7 ppb during MANCHOT and 24.1 ± 7.0
ppb during the Drake Passage voyage. Indicating the higher BTEX
fluxes observed during MANCHOT cannot be directly linked to
higher ambient ozone levels, and are more likely to be dominated by
phytoplankton abundance and productivity which can be influenced
by seasonal variation in sunlight and temperature41.

Conclusion
Here we present several different lines of evidence for potentially
marine sources of BTEX that are not currently included in model
inventories and global budgets. The combined results of this and
other recent studies are revealing increasing diversity in biogenic
marine VOC emission profiles7,11,16,42,43, and complexity in
ocean-atmosphere interactions that mediate their production and
air-sea exchange13,38 as evidenced in the sensitivity of BTEX
fluxes to changes in ambient levels of ozone explored here.

Given the extent of the global oceans, the magnitude of the
marine BTEX fluxes reported in this study and their potential
contribution to the reactive chemistry of the remote marine atmo-
sphere (in particular OH chemistry and SOA formation)12,42,44,
further observation and modeling studies of marine benzenoids are
clearly warranted.

Methods
The Sea2Cloud voyage on the RV Tangaroa traversed a region in the Pacific Ocean
off the coast of New Zealand, next to Chatham Rise (44°S, 174–181°E). The
campaign took place from 17 to 27 March 2020. The regional context has been
developed in Law et al.25 from the Surface Ocean Aerosol Production (SOAP)
voyage 2012. Briefly, the Southern Pacific Ocean is an ideal area to study the impact
of marine emissions, such as and aerosols and the inorganic and organic and
precursors (e.g., VOCs) due to the presence of diverse and abundant phyto-
plankton populations in this region.

Air was sampled from four separate sampling points on the ship:

● Ambient air was sampled via a ~5 m stainless steel inlet (OD 100 mm) inlet
over the starboard-side of the boat.

● Two Air-Sea Interface Tanks (ASITs) located on the rear deck of the ship.
● ASITS headspace flush air was sampled upstream of the tanks (ASIT

bypass).

The sample streams converged in a four-way valve system, located in the rear
deck laboratory, which housed the trace gas-phase and aerosol monitoring
instruments. The valve switched between the two ASITs, ambient air, and bypass
every 20 min. After the valve, the sampled air was split between aerosol mea-
surements and gas-phase instruments using ¼ inch Teflon tubing.

The sampling sites and instrumental descriptions are given briefly in the fol-
lowing sections, and detailed in Sellegri et al.14 Relevant to this study, ambient,
ASIT, and ASIT bypass gas-phase species were continuously analysed by Proton-
Transfer-Reaction-Mass-Spectrometry for volatile organic compounds (II-1-2),
and for ozone and sulfur dioxide using a Thermo Fisher gas analysers (see II-1-4)

1 Instrumental description
1-1 Air-sea interface tanks (ASITs). Two cylindrical 1.82 m3 chambers were built to
capture and monitor aerosol and gases emissions of natural seawaters sampled
during the voyage. The walls of the ASITs were covered with a Teflon film, while
the lid was made out of PMMA that is chemically inert and UV transparent. The
Air-Sea Interface Tanks (ASITs) were half filled with seawater from the ocean
surface via an overside inlet and pump system. The ASITS headspace was con-
tinuously flushed with ambient air supplied from a common inlet located on the
“monkey island” at the top of the boat’ consisting of 400 mm ECOLO Polyurethane
Antistatic hose with a flow rate of 1000 L min−1). The ASITS was flushed with a
sub-sample of this flow (23 L min−1), which was then passed through a filter to
remove particles before entering the ASITs. Air was sampled from the ASITs via a
2.14 m, 3/8 inch OD stainless steel tube.

A four-way valve system was used to switch measurement between the two
ASITs, ambient air, and bypass every 20 min. After the valve, the sampled air was
split between aerosol measurements and gas-phase instruments using ¼ inch
Teflon tubing.

A concentration of about 100 ppb of ozone was generated (MGC101,
Environmental S.A., Poissy, France) and added continuously in one of the
two tanks.

From 17 to 27 March, four experiments were performed. Each experiment
lasted almost 2 days. Between experiments, the valve was switched to continuous
ambient measurement, the ASITs were emptied, flushed for several hours, and re-
filled and a steady state was established before sampling.

As an additional check, BTEX concentrations were also measured in three
samples of the seawater ASITs using an extraction method (see II-1-3) (Figure S.6).
The seawater concentrations observed in the ASITs agreed with the seawater
concentrations measured from workboat samples taken off the ship, indicating that
the ASIT’s seawater was similar to the surrounding natural seawater and was not
contaminated by the ASITs and seawater sampling systems themselves.

1-2 Sea2Cloud VOCs measurements via PTR-MS. A dedicated PTFE/PFA line of
about 5 m and ¼ inch linked the fou-way valve to the PTR-MS and other gas
measurements (ozone and sulfur dioxide) with a sample flow of 1.5 L min−1. A
Proton-Transfer Reaction-Mass Spectrometer (PTR-MS, Ionicon Analytik,
Innsbruck, Austria) was used to measure VOCs during the voyage. This on-line
technique is described in detail elsewhere45,46. Briefly, VOCs are chemically ionized
via proton transfer from H3O + and the charged products are separated according
to mass/charge (m/z) and detected with a quadrupole mass spectrometer. The raw
ion signals in count per second (cps) were normalized to 106 H3O + ions and
expressed as normalized count per second (ncps)47. The PTR-MS continuously
scanned 16 selected m/z with a 1 sec dwell time, which equates to about 6 mass
scans per 20 min valve switching cycle. The ion signals at m/z 79, m/z 93, and m/z
107 were selected to measure the protonated ion signals of benzene, toluene, and
the sum of ethylbenzene+ xylenes, respectively.

The instrument operating parameters were checked daily with an inlet
temperature of 60 °C, a 600 V drift tube voltage, and a 2.0 mbar drift tube pressure.
The ratio O2

+ /H3O + was always <3%. Zero measurements were performed daily
whereby the VOCS were removed from the sample air by passing it through a
platinum wool catalyst at 300 °C. The zero measurements were performed for each
ASITs, averaged, and subtracted from the ASITs sample ion signals. Daily
calibrations were made with a ~1 ppm gravimetrically prepared mixture of VOC in
nitrogen (acetaldehyde, methanol, acetonitrile, acetone, methacrolein (MACR),
methyl ethyl ketone (MEK), benzene, toluene, m-xylene, and α-pinene) and a
~1 ppm mixture in nitrogen of isoprene and dimethyl sulfide (DMS) (Apel-Riemer
Environmental, USA). For each cylinder the stated accuracy was ± 5%. Multipoint
calibrations were achieved by stepwise addition (5–20 mLmin−1) of the calibration
standard to a flow 1500 mLmin−1 of ambient air that had been passed through the
zero furnace.

The empirically derived calibration factors for benzene, toluene, and m-xylenes
were 7.6 ± 0.6, 7.1 ± 0.6, and 5.7 ± 0.4, ncps ppb−1, respectively. The minimal
detection limit (MDL) was calculated as the 95th percentile of deviations from the
mean zero. The detection limits for ASIT with and without ozone are summarized
in the Table 1.

Minimum detection limits of benzene, toluene, and xylenes concentrations in
ASITs were on average 0.060, 0.100, and 0.080 ppb, respectively. Table 1 provides
the fraction of observations detected above the MDL in the ASIT-control, ASIT-O3,
and ambient air data.

Identification and filtering of data impacted by ship exhaust. BTEX com-
pounds are enhanced in ship exhausts from diesel combustion, waste incineration,
and kitchens and must be carefully screened to ensure the quality of atmospheric
data collected from marine research vessels. PTR-MS data from the four voyages
reported in this study employed different exhaust screening methods as follows:

Sea2Cloud—Air masses impacted by ship and kitchen exhausts were identified
using SO2 and the PTR-MS signal at m/z 57. When a spike of these compounds
was observed in ambient and bypass air, data in the ASITs were excluded during
the peak period and the following 2 h (3 x residence time in the ASIT’s headspace).
In the ambient air, only spikes of high SO2 data were excluded, after it was checked
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that the BTEX concentrations decreased at the same rate as SO2, showing that no
slow inlet desorption was occurring after ship stack contamination.

SOAP—a “baseline wind switch” was employed in the SOAP campaign which
switched the PTR-MS sample to zero air when wind conditions made ingestion of
ship exhaust emission likely. The data were further screened using CO2, aerosol,
and VOC exhaust tracers to ensure complete removal of exhaust impacted air
masses21.

MANCHOT—a CO filter correction was applied to the ambient PTR-MS data
with time periods flagged for removal when a peak > 65 ppb of CO appeared.

CAPRICORN—the exhaust data filter described in Humphries et al.48 was
applied to the PTR-MS data from CAPRICORN. The data were further screened
using VOC exhaust tracers to ensure complete removal of exhaust impacted air
masses.

1-3 VOCs measurements via GC-MS. Sorbent tubes (TENAX TA, 250 mg) were
used to sample VOCs during the voyage principally in the ASIT without ozone.
After collection of 4 L ambient air, they were desorbed via an auto-sampler
Thermal Desorber (ATD TurboMatrix) and analysed with a gas chromatograph-
mass spectrometer instrument (Clarus 600, Perkin Elmer, Waltham, MA). Ben-
zene, Toluene, Ethylbenzene, (m+ p)-xylene, and o-xylenes have been calibrated
via a reference solution: MegaMix standard (200 μg/mL in methanol provided by
Restek, Bellefonte, PA). The method of analysis was as follows: the column tem-
perature was held at 35 °C for 5 min, increased at 5 °C/min to 160 °C, and then
increased at 45 °C/min to 300 °C where it was held for 5 min.

The limit of detection (LOD) for the compounds were 20, 47, 5, 15, and 436 ppt
for ethylbenzene, (m+ p)-xylenes, o-xylenes, toluene, and benzene respectively.
The precision is 5% and the accuracy 15%.

A good correlation was observed between PTR-MS and GC-MS BTEX
measurements (Fig. S.7). The coefficient of correlation (R²) for benzene, toluene,
and xylenes is 0.76, 0.98, 0.86 with a slope of 1.68, 1.69, and 0.81 (intercept= 441
ppt, −38 ppt and 18 ppt, respectively). Blank cartridge measurement (orange dot in
the Fig. S.7) shows that residuals of benzene are present in the cartridges and
explain the difference of benzene concentration measurement by PTR-MS and GC-
MS.

A Stir Bar Sorptive Extraction (SBSE) technique was used to characterize VOC
concentrations in seawater samples. This technique has previously been used to
determine VOCs concentration in clouds water49 and is described therein. Briefly,
the stir bar coated with polydimethylsiloxane (PDMS) was placed in 5 mL of
seawater sample and stirred for 1 h. Then, the stir bar was analysed by GC-MS
under the same conditions as mentioned for TENAX cartridges. Efficiencies of
extraction of 15, 22, 30, 31, and 32% were calculated for benzene, toluene,
ethylbenzene, (m+ p)-xylenes, and o-xylenes, respectively. Seawater
concentrations measured from the ASIT seawater were slightly lower than the
seawater concentration measured in open water from the workboat on the same
day, indicating that no contamination of these compounds occurred during the
ASIT filling procedure or within the course of the experiment from the ASITs
themselves.

The concentrations were on average 2.33 μg L−1
(water) (B), 2.73 μg L−1

(water)

(T), 0.36 μg L−1
(water) (E) and 0.46 μg L−1

(water) (X) (Figure S.6), confirming that
measured fluxes originate from BTEX in the seawater. These seawater
concentrations agreed with the seawater concentrations measured from workboat
samples taken outside the ship, indicating that the ASIT’s seawater was not
contaminated by the ASITs themselves or the headspace.

1-4 Additional measurements. Ozone and sulfur dioxide (SO2) have been con-
tinuously measured with a UV photometric analyser (TEI49i, Thermo Fisher
Scientific, Waltham, MA USA) and a SO2 analyser using pulsed fluorescence
(TEI43i, Thermo Fisher Scientific, Waltham, MA USA).

Meteorological parameters were recorded on the boat by an automatic weather
station (AWS) mounted on top of the crow’s nest above the bridge.

2 Quantification of VOC concentrations and fluxes
2-1 PTR-MS quantification of VOCs. In the PTR-MS, the raw ion signals (counts
per second, cps) are normalized to 106 cps (ncps) of the primary reagent ion
(H3O + ) at measured at m/z 19. The concentrations of VOCs were calculated using
the calibrated compound sensitivity (S) and the zero-corrected calibration signals
(ncps). The sensitivity is derived from measurements of certified calibration gas

mixtures diluted with VOC-free ambient air and have been calculated as follows:

SðXÞcalðncps=ppbÞ ¼
IðXÞzero:corr:calðncpsÞ

½X�calðppbÞ
ð1Þ

Where I(X)zero.corr.cal is the zero-corrected ion signal in normalized count
per second (ncps) at m/z = X during the calibration measurement, calculated as:

IðXÞzero:corr:calðncpsÞ ¼ IðXÞcalðncpsÞ � IðXÞzeroðncpsÞ ð2Þ
The concentration is obtained with the Eq. 3:

½X�ðppbÞ ¼ IðxÞzero:corr:sampðncpsÞ
SðXÞcalðncps=ppbÞ

ð3Þ

Where I(x)zero.corr.samp is the zero-corrected sample signal (in ncps) at m/z = X.
Zero correction is performed by analogous procedure to Eq. 2 above.

2-2 ASIT Fluxes calculations. Calculation of the net sea-air flux in the ASITs
experiments were performed as per Sinha et al.15 with the following equation:

FVOC ¼ Q
A

´Δ½X�ASITSðppbÞ ´
MVOC

Vm
ð4Þ

Where FVOC is the flux of VOCs in the ASITs in μg m−2 s−1, Q is the flow rate of
the bypass air into the mesocosm, A is the surface area of the seawater enclosed in
the ASITs in m2, MVOC is the molecular weight of X compound in g mol−1, Vm is
the molar gas volume in m3 kmol−1 (= 23.233 at 1015.25 hPa and 283 K) and
[X]ASITS (ppb) = [X]ASITS (ppb) - [X]bypass (ppb), where [X]ASITS (ppb) is the
concentration in the ASITs and [X]bypass (ppb) the concentration in the bypass.

2-3 Ambient air fluxes calculations using nocturnal boundary layer height. Ambient
air fluxes calculation were performed via the following equation, described by Mar-
andino et al. and employed in a previous cruise in this region in Lawson et al:21,22.

FambientVOC ¼ d½C�
dt

´ hMBL ð5Þ

Where C is the concentration in ng/m3, dt difference of time between the measure-
ment of the highest and the lowest concentration of DMS and hMBL the nocturnal
Mixed Boundary layer (MBL) in m deduced from radiosonde measurements (range
between 670m and 1450m for the whole campaign). Fambient VOC is the flux of VOCs
in ambient air in ng m−2 s−1 deduced from nocturnal VOC measurements. These
fluxes can be estimated based on the reasonable assumption of minimal oxidation of
VOCs during the nighttime, which favors the nocturnal accumulation of primary
VOCs. The highest level of VOC concentrations were observed at ~06h00 LT and the
lowest at ~17h00 LT22.

Three nights without terrestrial influence were selected for the calculation: from
21 March 21 h LT to 22 March 06 h LT, from 22 March 20 h LT to 23 March 0 h
LT and from 23 March 20 h LT to 6 h LT. For each night, the MBL was 1200 m,
670 m and 770 m, respectively.

These nights were selected as linear increase in BTEX concentration were
observed over several hours.

Data availability
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repository at https://sea2cloud.data-terra.org/en/catalogue/ or https://en.aeris-data.fr/
metadata/?8d5b9e0e-1b0d-5208-afc1-fd0212ea97cd.
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