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Abstract

Natural processes in the polar oceans lead to emission of a variety of reactive gases contributing
to atmospheric chemistry and aerosol formation. The identity and air—sea fluxes of most of these
gases are poorly characterized, bringing uncertainty to the assessment of pre-industrial aerosol
sources. Here we present seawater and atmospheric measurements of benzene and toluene in
the open Southern Ocean and the Arctic marginal ice zone. Our data suggest a marine biogenic
source for these two compounds, which have typically been associated with anthropogenic
pollution. Calculated average emission fluxes were 0.024 and 0.037 pmol m2 d* for benzene and
toluene, respectively. Including the observed emissions in a chemistry—climate model increased
secondary organic aerosol mass concentrations only by 0.1-1.2 % over the Arctic but by 7.7—
77.3 % over the Southern Ocean far from continental sources. Climate models must consider
the hitherto overlooked emissions of biogenic benzene and toluene from pristine oceanic
regions.

Teaser

Biogenic benzene and toluene emissions from the polar oceans enhance atmospheric secondary
organic aerosol mass.
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Introduction

The microbiota of the world’s oceans produce a plethora of organic gases leading to ocean emissions (1-4). Such
emissions are particularly important for atmospheric chemistry in the polar regions which are relatively pristine and far
away from terrestrial sources (5, 6). Among organic gases, non-methane hydrocarbons can act as a sink for OH in
marine air (7, 8) and can contribute substantially to aerosol (9-11) as well as new particle formation (5). Accurately
quantifying natural marine aerosol particularly in the polar regions is crucial to estimate aerosol climate forcing (9, 12,
13), especially since secondary organic aerosols (SOA) have been suggested to exert a strong effect on cloud formation
(14). The term SOA refers to the organic fraction of aerosol derived from atmospherically oxidised organic precursor
compounds. Global models currently hugely underestimate marine aerosol (15, 16) and parameters such as aerosol
optical depth (17) or aerosol concentrations (18) in regions where anthropogenic influence is lowest. Studying the
pristine ocean atmosphere allows understanding and setting of the pre-industrial (i.e. pristine) baseline of SOA

precursors, which is critical for modelling assessments of anthropogenic forcing (19, 20).

Solving the aerosol underestimate by models requires to accurately quantify the total marine emissions of aerosol-
forming organic gases and predict their paths to SOA formation. Revealing the identity of these gases is crucial as well
because the efficiency with which organic gases are oxidised into SOA components varies largely across compounds.
Chamber studies generally show that the aerosol forming yield of to date well-studied marine biological gases is rather
low; 2-7 % for dimethylsulfide (DMS) (21), around 2 % for isoprene (22) and 1-68 % for monoterpenes depending on
the species (23). In contrast, the SOA forming yield is much higher for benzene (36 %) and toluene (30 %), especially
in low-NOxy regimes (24). Benzene and toluene are traditionally associated with anthropogenic emissions - the largest
sources being coal or petroleum combustion, crude oil processing and solvent use followed by biomass burning (25).
Their largest sink in the atmosphere is the oxidation by rapid reaction with OH (25). Benzene and toluene have been
measured in the atmosphere of the remote polar and temperate oceans (26, 27), suggesting that they are common and
pervasive organic species in the atmosphere. It is unclear whether the oceans act as a source or a sink of benzene and
toluene, especially in natural environments. If occurring, sea-to-air fluxes (ocean source) of benzene and toluene to the
remote marine atmosphere would be particularly important owing to their high SOA formation potential and rapid
reaction rate with OH. Guo et al. (28) found traces of aromatic (i.e. benzene and toluene) oxidation products in marine

organic aerosol in the northwest Pacific.

Recently, Rocco et al. (29) suggested a phytoplankton source of benzene and toluene in the surface ocean. They used
mesocosm and phytoplankton culture experiments to show that phytoplankton species produce benzene and toluene at
variable rates. Misztal et al. (30) also used mesocosm experiments to suggest a diurnally varying source of toluene from
the coccolithophore microalga Emiliania huxleyi. There also exists some evidence for toluene production by the coral
microalgal symbionts Symbiodiniaceae and two members of its core bacterial microbiome (31). Toluene has been found
to be produced by 20 bacterial genera (32) and by bacteria isolated from surface seawater in Antarctica (33). This set
of evidence suggests that both phytoplankton and marine bacteria play a role in producing toluene in seawater. While
experiments show that benzene and toluene can be produced by marine biota, in situ measurements are needed to

quantify the magnitude of their air—sea flux and the atmospheric importance thereof.
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Air-sea benzene and toluene fluxes can be estimated using the bulk two-layer model (34), which requires
concentrations of benzene and toluene in the surface ocean and lower atmosphere. Ambient air measurements of
benzene and toluene have become very common, especially since the introduction of Proton Transfer Reaction-Mass
Spectrometers (26, 27, 35, 36). However, to our knowledge, there have been very few reported concentrations of
benzene and toluene in seawater. Only Sauer (37) reported 64-192 pmol dm= benzene and 32-108 pmol dm toluene
in unpolluted surface seawater of the gulf of Mexico. There are no measurements alongside biological proxies in the
water column at different depths, which could give important clues to their sources and sinks in the ocean. With
anthropogenic activity likely to increase in the changing polar regions, seawater measurements of benzene and toluene
are timely and represent a useful benchmark. Rocco et al. (29) performed benzene and toluene flux observations in the
Southern Ocean, however their flux estimates were restricted to a few episodes and relied upon the indirect nocturnal
accumulation method (29, 38). Such observations of episodic outgassing from the ocean are not sufficient to ascertain

if the ocean is a pervasive net source of benzene and toluene, given the variety of other sources to the global atmosphere.

Here we present benzene and toluene measurements in seawater and ambient air in the open Southern Ocean and the
Arctic marginal sea ice zone. Our novel seawater measurements from both polar oceans include high-resolution surface
underway measurements and depth profiles, which are compared to chlorophyll fluorescence and density profiles to
explore the possible marine sources of benzene and toluene. The high-resolution measurements at both sides of the air—
sea interface are used to calculate the oceanic saturation and the net fluxes at high resolution using the two-layer bulk
flux method. These oceanic emission fluxes are incorporated in a global chemistry—climate model, the Community
Atmospheric Model with Chemistry (CAM-Chem (39)), to assess the atmospheric implications of ocean benzene and
toluene outgassing over the polar oceans. We find that benzene and toluene emission fluxes significantly increase the

modelled SOA, especially over the remote Southern Ocean.

Results
Southern Ocean observations
Depth Profiles

A total of 28 CTD (Conductivity/Temperature/Depth) stations were vertically profiled for benzene and toluene in the
Southern Ocean. For the ease of visualisation and analysis, the CTD stations were classified by surface Chl a
(Chlorophyll a) concentration; low Chl a 0-0.2 mg m, medium Chl a 0.2-0.5 mg m= and high Chl a 0.5-1 mg m™,
Higher Chl a concentrations are indicative of high phytoplankton activity. These thresholds were chosen as they
corresponded to patterns in benzene and toluene depth profile distributions, and reflect the distribution of Chl a in the
Southern Ocean (40). The highest surface concentration measured during the cruise was 1 mg m-. Grouped stations
were averaged in depth bins to help tease out patterns (Figure 1). Cruise track with CTD sampling locations (Figure
S1) and individual vertical profiles of benzene, toluene, Chl a and seawater density are shown in the supplement (Figure
S2 and S3), while additional details regarding the Chl a data, analytical chemistry and measurement uncertainty are

provided in the supplementary text.

The depth profiles reveal that benzene concentrations were generally higher in the top 75 m, along with elevated Chl a

concentrations. The benzene profiles displayed concentrations of around 10 pmol dm in the upper 200 m in low Chl
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a casts, and on average around 20 pmol dm and 30 pmol dm in the upper 75 m in the medium and high Chl a casts,
respectively. Chl a and benzene depth profiles showed remarkable co-variation with depth across Chl a regimes.
Conversely, toluene concentrations were not always highest in the top 75 m, and their profile shape and mean
concentrations did not always follow the distribution of Chl a. Yet, higher toluene concentrations near the surface were
commonly observed in casts with high Chl a. The absence of a clear pattern with depth is probably due to toluene origin
not only in phytoplankton but also in bacteria (32, 33) which are not related to Chl a, as well as toluene’s short lifetime
(41, 42) that prevents accumulation. These depth profiles support distinct biological sources of benzene and toluene in

seawater.

Underway surface concentrations and flux estimates

Ambient air, underway surface seawater measurements and calculated air—sea fluxes of benzene and toluene are shown
in Figure 2. Positive fluxes indicate oceanic outgassing, i.e. sea-to-air flux. Interruptions in the air measurements were
largely due to ship stack contamination. Fluxes were computed in two ways, using either measured air mole fractions
or interpolated air measurements. Both sets of fluxes are weighted by the number of data points to avoid bias in the

reported cruise means.

Figure 2 shows that measurements from the 5 m discrete samples and the underway inlet compared well within
measurement noise, which confirms that the ship’s underway inlet did not contaminate our measurements. Mean
underway surface seawater benzene and toluene concentrations were very similar (cruise mean + standard deviation,
benzene 17 + 11 pmol dm3, toluene 17 + 9 pmol dm-3) and both displayed a large range: for benzene from the limit of
detection (LOD) to 73 pmol dm, and for toluene from 5 pmol dm to 72 pmol dm. Previous mesocosm experiments
(30) have suggested a diurnally varying source of benzene and toluene in the ocean (43). However, diurnal variability
is not obvious in our data (Figure S4). Instead, we observed sporadic episodes of very high seawater benzene and
toluene concentrations on top of relatively constant background levels. This is a very characteristic distribution for
compounds produced by biological processes, as is the case for example for DMS (2) and isoprene (44). The median
seawater concentration of benzene (13 pmol dm-®) and toluene (15 pmol dm=) were lower than the mean which
illustrates a greater skewness for benzene than for toluene. Despite similar mean concentrations, benzene and toluene
usually did not peak at the same time. For example, benzene concentrations in seawater were very high in an area of
high Chl a concentration sampled around 13/3/19, while toluene concentrations in this area were near the cruise
average. Consequently, benzene and toluene underway seawater concentrations correlated significantly, but weakly
during this cruise track (R = 0.07; P<0.001; N=885), suggesting different source and sink strengths for the two
compounds. Benzene correlated significantly but weakly with Chl a (R=0.34; P<0.001; N=859) and strongly with DMS
(R=0.70; P<0.001; N=868), while toluene did not correlate with either. The correlation of benzene with Chl a is
consistent with the findings from the depth profiles. Toluene did correlate weakly with isoprene (R=0.08; P<0.001;
N=825). Overall, significant correlations with a phytoplankton proxy (Chl a) and/or other biogenic trace gases (DMS,

isoprene) support a biological source for benzene and toluene in seawater.

Cruise mean ambient air benzene mole fractions were lower than typically observed at terrestrial sites (benzene 14 +
17 pmol mol?) (25), while toluene mole fractions were essentially near zero and below the limit of detection for most

of the cruise track. Such low ambient air mole fractions over the Southern Ocean are similar to observations by Guérette
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et al. (36) and Rocco et al. (29), who also observed less than 20 pmol mol* benzene and toluene on average over the
Southern Ocean. Our observations of higher concentrations of benzene compared to toluene are likely related to the
faster reaction with OH and shorter atmospheric lifetime of toluene (24). Low and homogenous mole fractions as well
as the absence of a significant correlation (R=0.01; P=0.1; N=237) between benzene and toluene mole fractions suggest
that the concentrations measured during this cruise were largely produced by local and diffuse sources, e.g. many

episodes of oceanic outgassing rapidly mixed by winds, and not by transport of polluted air masses.

During this cruise, the fluxes of benzene and toluene were almost always from the ocean to the atmosphere. The cruise
mean saturation (an indication of the thermodynamic forcing and direction of the flux, here a saturation above 100 %
indicates outgassing) was 192 + 121 % for benzene and 173 £ 106 % for toluene, while the cruise mean fluxes were
0.023 + 0.030 pmol m2 d* for benzene and 0.039 + 0.036 pmol m2 d* for toluene. There was a large range in the
benzene and toluene fluxes, with a maximum of 0.358 pmol m2 d for benzene and 0.158 pmol m2 d* for toluene. To
put these emissions into context, the mean benzene and toluene fluxes out of the ocean were comparable (i.e. within
0.007 pmol m2 d*) to the mean isoprene flux measured during the same cruise (45). These benzene and toluene fluxes
are also in the same order of magnitude (i.e. within 0.012 umol m d't) as mean monoterpene fluxes reported from the
northwest Atlantic (46). This illustrates that, on a molar per area basis, benzene and toluene fluxes rival emissions by
other hitherto better known marine biological gases. We observe lower median fluxes of benzene (0.012 pmol m2 d?)
and toluene (0.034 pmol m? d) compared to the mean, which illustrates skewedness of the data distribution and larger
outgassing events influencing the mean. Rocco et al. (29) calculated emissions of 1.3 pmol m2 d* (= 1.2 ng m?2 s
benzene and 3.5 pmol m2 d* (= 3.7 ng m? s?) toluene. This is more than sixty times larger than our mean and 3
(benzene) and 22 (toluene) times larger than our highest outgassing fluxes. It is worth noting that the flux estimates
from Rocco et al. (29) are based on three nights only and were calculated using the nocturnal accumulation method.
This method assumes that night-time losses from reaction with OH are negligible and that ocean emissions accumulate
overnight in a well-mixed marine boundary layer. Any night-time increase (which have only been detected reliably for
three nights in their works (29)) is assumed to be due to ocean outgassing (which is not necessarily a given for
atmospheric benzene and toluene due to the existence of continental sources of these compounds). This method can
only be applied to nights when there was substantial outgassing, which could lead to an overestimate of the true mean
flux. The nocturnal accumulation method has thus far only been used for DMS (38) and methanethiol (47), and only
validated for DMS, two gases that are well known to be consistently supersaturated in the ocean and have essentially

only marine sources.

Canadian Arctic observations
Depth profiles

A total of 24 depth profiles were measured during this deployment. In the marginal ice zone in summer and spring, the
sea ice cover controls the biogeochemistry and the physical structure of the water column, including the distribution of
Chl a and density (48) as well as bacterial activity (49). Thus, exactly as in Wohl et al. (50), vertical profiles were
classified by sea ice cover (SIC) at the time of sampling (Figure 3). Details of the Chl a measurements, the analytical

chemistry, measurement noise and the cruise track are presented in the supplementary text.
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The individual depth profiles of benzene and toluene showed less identifiable patterns than those in the Southern Ocean
(Figure S5 and S6). Hence, we use depth bin averaging to make the trends visually clearer (Figure 3). Within the 75 to
90 % SIC bin (near-full sea ice cover), benzene and toluene concentrations gradually decreased from the surface to 20—
30 m. At partial sea ice cover (20-50 % SIC), benzene and toluene were mixed more homogenously within the 40 m
near the surface. In ice-free conditions (0 % SIC), subsurface peaks in benzene and toluene occurred which were often
situated around a subsurface peak in Chl a concentration. In the Arctic, a substantial amount of biological activity
occurs below the surface at this Chl a peak (51). Thus, subsurface peaks of benzene and toluene co-located with Chl a
support a biological source. Other biogenic gases, such as DMS and isoprene also displayed higher concentrations at
the depth of peak Chl a concentration compared to 5 m below the surface (50). About 20 % of the stations displayed
higher concentrations at 30 cm than at 2 m. The concentration increase often coincided with lower seawater density
(Figure S5 and S6) and suggests fine scale vertical variability in the processes controlling concentrations of benzene
and toluene, similar to other biogenic gases during this cruise (50). Overall, these measurements support distinct
biological sources for benzene and toluene in the Arctic Ocean related to Chl a, though the precise factors controlling

their distribution are far from clear.

Underway concentrations and flux estimates

Underway concentration measurements and air-sea flux estimates of benzene and toluene in the Canadian Arctic
marginal sea ice zone during boreal summer are shown in Figure 4. Underway and 5 m discrete measurements agreed
well within measurement uncertainty. Mean seawater concentrations were two times for benzene (37 = 24 pmol dm)
and three times for toluene (46 + 24 pmol dm3) higher than those in the Southern Ocean cruise. This could be due to
either higher biological activity (it was earlier in the productive season) or larger anthropogenic influence and thus
higher contribution of anthropogenic benzene and toluene to observed seawater concentrations. Due to the short
residence times of benzene and toluene in unpolluted seawater (less than 1 day (42)), we expect any anthropogenic
influence to be due to local sources. Similar to the cruise in the Southern Ocean, concentrations displayed a wide range
from near the LOD to up to 131 pmol dm-3 and 139 pmol dm for benzene and toluene respectively. Also, similar to
the Southern Ocean, the median benzene concentration (30 pmol dm) was lower than the mean, though in contrast,
toluene median concentration was the same as the mean. Skewed data distribution of peak concentrations amongst an
apparently constant background is typical for biologically produced compounds. There was no significant correlation
between Chl a and benzene (0<R<0.01; P=0.53; N=219) or toluene (0<R<0.02; P=0.058; N=223). The depth profiles
suggest that the lack of a correlation with Chl a is probably because much of the biological activity and production of
benzene and toluene occurred at depths below 5 m while the underway measurements were taken at 3—4 m. Benzene
and toluene also did not correlate with isoprene or sea ice cover. In contrast to the Southern Ocean, here there was a
weak yet significant correlation between benzene and toluene (R=0.21; P<0.001; N=245). Both benzene and toluene
correlated positively with seawater DMS (R=0.18; P<0.001; N=239; and R=0.10; P<0.001; N=239, respectively).
Overall, the underway surface ocean measurements further support that at least part of the benzene and toluene had a

biological origin, potentially with contributions of local pollution.

Atmospheric mole fractions of benzene and toluene were not measured on the Arctic cruise. To estimate air—sea flux
and mean saturation, we used previous air measurements of these compounds at a similar location (western Canadian

Arctic) and similar time of year (August-September) by Sjostedt et al. (35) (13 pmol mol* benzene and 4 pmol mol*
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toluene). This is comparable to a more recent study by Pernov et al. (52), who measured 27 pmol mol benzene near
the coast in Northeast Greenland. Using the measurements from Sjostedt et al. (35), saturation and fluxes were
calculated and are presented in Figure 4. The ocean was highly supersaturated in benzene (610 + 386 %) and toluene
(2335 + 1175 %) and thus uncertainty in the air mole fractions should not affect the flux very much, similarly to isoprene
(53). In the supplement Table S1, we show that alternative fluxes and saturations calculated with air mole fractions in
the Arctic modelled by Cabrera-Perez et al. (25), which are higher than those of Sjostedt et al. (35). The results illustrate
that the choice of the air mole fraction does not change the conclusion that the Arctic ocean was consistently outgassing
benzene and toluene. Cruise mean fluxes were 0.023 + 0.028 umol m d-* for benzene and 0.034 + 0.041 pmol m-2 d*!
for toluene. Surface ocean concentrations and supersaturations were much higher in the Arctic than in the Southern
Ocean. However, the mean fluxes from the two cruises were similar. This is due to the lower estimated air—sea transfer
velocities in the Arctic, which resulted from lower wind speeds as well as sea ice acting as a barrier to air—sea exchange
in our calculation. Benzene and toluene fluxes displayed a lower median than mean flux (benzene median flux 0.014
umol m2 d, toluene median flux 0.020 pmol m2 d?). Therefore, reported mean fluxes were influenced by strong
outgassing episodes that coincided with above-average seawater concentrations, high winds and low sea ice cover, e.g.
on 31/07 and 01/08. The highest hourly measured outgassing flux was 0.158 pmol m-2 d* for benzene and 0.268 pmol
m-2 d* for toluene. Similar to the cruise in the Southern Ocean, the mean emissions of benzene and toluene from this
cruise in the Arctic marginal ice zone are comparable (within 0.024 umol m?2 d') to the isoprene flux from the same

deployment (50).

Even though our flux calculations were not very sensitive to a range of realistic atmospheric mole fractions, could
increased anthropogenic activity in the Arctic reverse the direction of the benzene and toluene fluxes? If we assumed
around 50 pmol mol benzene and 30 pmol mol* toluene in the marine atmosphere as modelled for the busy shipping
corridors of the North Atlantic and North Pacific (25), the estimated mean saturations would be 159 and 311 %, and
the mean fluxes would be 0.011 and 0.026 pmol m-2 d-* for benzene and toluene, respectively. Assuming that seawater
concentrations remain unaffected by shipping, this suggests that even if anthropogenic activity largely increased in the
Acrctic, benzene and toluene are likely still to be emitted to the atmosphere from the ocean. Ambient air mole fractions
above 79 pmol mol* benzene and 91 pmol mol toluene would be required to lead to ocean uptake in the Arctic summer
(considering the seawater solubilities and the mean benzene and toluene seawater concentrations from this cruise).

Such high atmospheric mole fractions are only predicted for densely populated areas (25).

Atmospheric effects of oceanic benzene and toluene emissions

The effects of these ocean emissions of biogenic benzene and toluene on atmospheric chemistry were assessed using a
global chemistry—climate model (CAM-Chem (39)). Table 1 shows simulated atmospheric mole fractions of benzene,
toluene, and OH in the three simulation cases (noBT, avgBT, and maxBT; Table S2), along with the changes between
cases. Adding our mean measured benzene and toluene ocean flux to the model increased benzene and toluene
atmospheric mole fractions by 1.7-3.2 pmol mol* with respect to the noBT case where there is no oceanic efflux and
polar airborne benzene and toluene result from long-distance transport alone. Due to the low simulated background
concentrations, the contribution of oceanic emissions represents a 12 % (benzene) and 100 % (toluene) increase in the
Acrctic, and as much as a 3- (benzene) and 30- (toluene) fold increase in the Southern Ocean. The model results compare

well with our Southern Ocean observations of 14 + 17 pmol mol* benzene, while toluene mole fractions were below
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the LOD. The air mole fractions modelled for the Arctic in the noBT case were within 7 pmol mol* of the ones used

to compute the flux and saturations, which is reassuring.

Despite their rapid reaction with OH, due to their low atmospheric concentrations the oceanic benzene and toluene
emissions do not significantly impact on model OH concentrations, which only decreased by less than 0.02 % even
when the cruise-maximum emissions were considered. Thus, OH sinks other than benzene and toluene prevail (7, 8).
A better assessment of the overall impact of benzene and toluene on OH would require a more complete emission
inventory of aromatics in the model. For example, using a comprehensive list of annual anthropogenic and biomass
burning emissions, Taraborrelli et al. (54) found that aromatics decrease model OH concentrations over the ocean by
2-5 %. However, the inclusion of our mean emission fluxes increased the amount of SOA that is formed from benzene
and toluene by ~1 and 6.3 % in the Arctic, respectively. In the Southern Ocean, the increases in benzene and toluene-
derived SOA due to including oceanic emissions are 12.8 % and 139.8 % (Figure 5). Note that the simulated background
SOA mass concentrations in the Arctic are more than 25 times those in the Southern Ocean. The majority of benzene
and toluene in the Arctic that forms SOA comes from terrestrial emissions, which dwarf the oceanic benzene and
toluene emissions. As such, adding our mean and maximum calculated Arctic ocean emission flux to the CAM-Chem
model increases SOA concentration by 0.1 and 1.2 % respectively. In contrast, over the pristine Southern Ocean, farther
away from continental influence, the impact of oceanic benzene and toluene emission on SOA is far greater: our cruise-
average fluxes increased total SOA mass concentration by 7.7 % and total organic (primary + secondary) aerosol by
6.7 % (Figure 9). Therefore, ocean biological emissions of benzene and toluene probably contribute to the observed
summertime increase in total organic aerosol and SOA over the Southern Ocean (15, 55). In comparison, Arnold et al.
(22) estimated that ocean isoprene emissions contribute only 0.2 to 1.3 % to SOA and organic aerosol mass
concentrations over the Southern Ocean. Thus, marine benzene and toluene can be more important SOA (and, by
extension, organic aerosol) precursors than marine isoprene, at least in the Southern Ocean. Running the model with
the cruise-maximum Southern Ocean fluxes instead of the cruise-mean emission fluxes, the mass concentration of
benzene and toluene derived SOA increased by 298.0 and 748.2 %, respectively (Figure 5). This results in an increase
in total SOA of 77.3 % and an increase of the total organic aerosol by 67.4 % and indicates that episodes of high ocean

emissions of benzene and toluene may have a large local impact on SOA.

The model also estimated the concentration of non-sea-salt sulfate aerosol (derived from oceanic DMS emissions and
anthropogenic SO transport) to be 0.323 pg m= in the Arctic and 0.059 pg m in the Antarctic in all model runs.
Comparison with SOA mass concentrations reveals that, despite the addition of marine benzene and toluene emissions
to the model, sulfate dominates the secondary aerosol composition in both polar regions. Indeed, the calculated
emission fluxes of DMS were 20-fold those of benzene and toluene during both cruises (45, 50). Consequently, cruise-
mean and cruise-maximum benzene and toluene emissions increased total secondary aerosol (SOA + non-sea-salt
sulfate aerosol) by less than 2 % in all model runs and for both polar oceans. Even though benzene and toluene do not
contribute as much to aerosol mass compared to DMS, they are a source of highly oxygenated organic molecules (56)
that condense onto existing particles and contribute to aerosol growth (57). Oxidised aromatics alter particle properties

and may help explain the lower-than-expected particle hygroscopicity over the Southern Ocean (58).
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Overall, our modelling results show that ocean benzene and toluene emissions enhance SOA in the polar regions,
especially over the pristine Southern Ocean, where episodic localized emissions have a disproportionate contribution
to SOA mass.

Discussion

In this manuscript, we present seawater concentrations and atmospheric measurements of benzene and toluene from
two cruises in the polar oceans. Benzene and toluene concentrations were measured in surface seawater and in a large
number of depth profiles. This unique combination of measurements points towards a biological source for these two
compounds previously thought to be predominantly released to the environment from anthropogenic activity.
Concurrent high-resolution measurements in the surface seawater and the overlying atmosphere showed that both the
Acrctic and the Southern Ocean were highly supersaturated in benzene and toluene, and their emission fluxes rivalled
those of other atmospherically relevant marine trace gases, such as isoprene or monoterpenes. Implementing these
emission fluxes in a global chemistry—climate model, we estimated that ocean-leaving benzene and toluene made
significant contributions to SOA mass concentration in the polar regions, with the largest effect over the pristine
Southern Ocean (7.7 % increase in SOA as the average effect, and up to 77.3 % increase using the highest measured
emission flux). Even though a note of caution must be sound on the limited spatial and temporal coverage of our cruises,
these results indicate that the inclusion of natural oceanic emissions of benzene and toluene in global models will help
to reduce the current underestimates in naturally produced total (16) and cloud-forming (18) aerosols over the oceans.
Our findings also call for expanding both the measurements and the model representations of other, hitherto overlooked,

gas precursors of SOA in the marine atmosphere.

We note that our modelling focuses on aerosol mass concentrations, whereas benzene and toluene emissions are likely
to also impact aerosol hygroscopicity and thus the ability of aerosol to form clouds. Further studies that track the fate
of these aromatic compounds on marine aerosols should be conducted if we are to reduce the uncertainty of climate
predictions due to aerosol direct and indirect forcing (14). Overall, this work provides new insights on the connections
between polar ocean biological processes and climate through the identification and quantification of new natural
sources of marine aerosol. This will help to define the pre-industrial baseline in aerosol precursors and aid modelling

assessments of the subsequent anthropogenic forcing (19, 20).

Materials and Methods
Benzene and Toluene air and seawater measurements and fluxes

Benzene and toluene were measured on both cruises using a Proton Transfer Reaction Mass Spectrometer (lonicon
PTR-MS, high sensitivity with a quadrupole) coupled to a Segmented Flow Coil Equilibrator (SFCE). Details on the
installation on board for each cruise are provided elsewhere (45, 50, 59). Briefly, the PTR-MS and the SFCE were
installed on the ship in a laboratory near an underway water tap. During the cruise in the Southern Ocean, an air pump
was used to rapidly draw ambient air from about 16 m above sea level to the laboratory, where the PTR-MS sub-
sampled from a tee piece upstream of the pump. Solenoids were used to set up an hourly cycle of measuring SFCE

headspace, ambient air and ambient air passed through a Pt-catalyst, which acts as a blank measurement. During the
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Acrctic cruise, SFCE headspace was sampled continuously. The SFCE sampled seawater from the underway water
supply (Southern Ocean cruise: 4-7 m depth, Arctic cruise: 3—4 m depth) via an overflowing glass bottle. To make
vertical profile measurements, waters were collected from CTD rosette into 900 cm? glass bottles and sampled with the
SFCE.

In the PTR-MS, m/Q 79 and m/Q 93 were taken to be benzene and toluene respectively in accordance with previous
mass assignments (52, 60). During both cruises, the PTR-MS was calibrated using a multi-component gas standard
containing benzene and toluene (supplementary text). During the Southern Ocean cruise, the hourly measurement of
outside air scrubbed by the Pt-catalyst was used as a blank for the benzene air measurements, while daily measurements
of zero air from a gas standard were used as a blank for toluene air measurements. The air measurements were carefully

filtered for ship stack contamination as laid out in Wohl et al. (45).

Dissolved concentrations of benzene and toluene were computed based on solubility from a set of equations presented
in Wohl et al. (59). A detailed discussion of the measurement background and the limit of detection and measurement

uncertainty are provided in the supplementary text.

Our specific equations to calculate air—sea fluxes are laid out in detail in Wohl et al. (45). Here we provide a brief recap
and additional details specific to benzene and toluene. Air—sea fluxes are calculated using the Liss and Slater (61) two-
layer framework. Benzene and toluene fluxes are computed using the waterside transfer velocity from Nightingale et
al. (62) and the airside transfer velocity from Yang et al. (63). Freshwater solubilities (dimensionless water over air)
for benzene and toluene listed in Wohl et al. (59) were converted to seawater solubilities at the temperature of ambient
seawater as described in Johnson (64). The Schmidt number for toluene was calculated using the supplementary R code
from Johnson (64). The Schmidt number for benzene was calculated from the diffusivity of benzene and assuming the
same temperature dependence as toluene. Saturations (see equation 1 in Wohl et al. (45)) were not computed if the
hourly air mole fraction is near or below zero (defined as less than one measurement noise) to avoid unrealistic values.
Calculated fluxes were scaled linearly to the open water fraction as recommended by Prytherch et al. (65). To do this,

the underway SIC was used as derived from AMSR2 satellite.

DMS and isoprene concentrations and fluxes were also measured during both deployments. Their concentrations are

shown elsewhere (45, 50) and used here to test for correlations with benzene and toluene.

CAM-Chem simulations

We used a global chemistry—climate model, the Community Atmosphere Model with Chemistry (CAM-Chem;
Lamarque et al. (39) and Saiz-Lopez et al. (66)) to quantify the potential effects of the derived oceanic flux of benzene
and toluene on atmospheric composition. CAM-Chem is designed to perform both, climate simulations (with online
simulation of climate system) and simulations with specified dynamics (nudged to offline meteorology fields). The
implementation of SOA formation embedded in CAM-Chem is described in Lamarque et al. (39) and Lack et al. (67).
Briefly, the CAM-Chem model applies the 2-product parameterization (68) to simulate the SOA formation, considers
SOA formations from the oxidation of VOCs (monoterpenes, isoprene, benzene, toluene, and xylene), and includes

reactions with key oxidants (OH, Os, NO3). The formed quantity of SOA at each time step depends on the gas-phase
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oxidation rate of VOCs (calculated in the gaseous chemistry module) and the production yield (estimated online based
on the existing organic aerosol and the relative abundance of NO versus HO, the so-called high NOx and low NOy
conditions (69). The produced SOA increases the total burden of organic aerosol, either via condensing onto the existing
aerosol or forming new aerosols. Here we further update the model to include alkanes and alkenes as the additional
SOA precursors following Mahmud and Barsanti (70) and to include Cl and Br atoms as the additional oxidants
following Choi et al. (71) and Li et al. (72).

The CAM-Chem simulations were conducted in specified dynamic mode (nudged to GEOS5 meteorological data) so
that we can isolate the chemical impacts of the additional oceanic emissions of benzene and toluene on the atmospheric
levels of benzene, toluene, oxidants (OH), and SOA. The simulations were run from Jan 2017 to Dec 2019 and the
results in the first 6 months were discarded as spin-up. For the anthropogenic and biomass burning sources of air
pollutants, including NOy, SO,, CO, NH3, VOCs (e.g. benzene, toluene and many others), we used the emission
inventories compiled for the ongoing CMIP6 project (73). The terrestrial biological emissions of VOCs (e.g. isoprene,
monoterpenes) are calculated online using MEGAN2 (74). It is worth mentioning that being a global chemistry-climate
model, CAM-Chem includes the transport of terrestrial emissions of VOCs to the marine atmosphere. A climatology
of oceanic emission of DMS, used in previous CESM simulations (e.g. Tilmes et al. (75) and Veres et al. (76)), is also

included, which is the only oceanic emission of reactive gas considered in this model.

In total, we have conducted three simulation cases (Table S2), coined the noBT, avgBT, and maxBT cases. The noBT
case contains no oceanic emissions of benzene and toluene; the avgBT case includes the average oceanic emission
fluxes of benzene and toluene for both polar oceans (all oceanic regions > 60 °N and < -55 °S) taken from the cruise
measurements; the maxBT case applies the maximum oceanic fluxes for the polar oceans (i.e. the highest hourly
measured/calculated oceanic outgassing flux). The difference in the atmospheric compositions (benzene and toluene
mole fractions, OH, and SOA) between avgBT and noBT cases represent the effects of the average oceanic flux of
benzene and toluene in the atmosphere. The difference between maxBT and noBT illustrates the impact of the
maximum fluxes. Note that all modelling results have been averaged by sampling CAM-Chem grid points at the exact
location and time (month) of each cruise. By designing these cases, we attempt to capture the most probable effects of
the additional oceanic aromatic emissions (noBT v.s. avgBT) as well as the possible range of such effects (noBT v.s.
maxBT). The CAM-Chem simulation results are described in the section “Atmopsheric effects of oceanic benzene and

toluene emissions”.
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Figure 1 Overview plot displaying depth bin averaged casts of benzene (A, D G), toluene (B, E, H) and Chl a (G, F, I) from
the Southern Ocean cruise. The casts are grouped by surface Chl a concentration (low, medium and high Chl a) and depth bin
averaged. The grey shaded area indicates the standard error of each depth bin. Depth bins containing less than 2 data points are not
shown to avoid bias. The number of individual casts in each Chl a group is 11 for low Chl a, 10 for medium Chl a and 7 for high
Chl a.

18 of 31



739

740
741
742
743
744

745
746
747
748
749
750

®  seawaler ynsenay
Ld

. s
A 0] % SCAWAIENs o B gg =
2’e ® . a‘el atmosphere 3
§ G40 5.. 7 A ot et x ..................... N 2=~ atmosphere i fusisiss r ;g %
= - . sl ¥ Anat R T e Qo vy dai s s o o o M < -
& By A, AR " --- o f’*ﬁ "800 @ o " v - . B
° g 4 I Aagrlon 2 Minssmten,, UL Ay ot nsapadin ol )
4 L-20
0 T T T T T T T T T T T T T T T T T T
B - - 100_
e e 50 3
§ - g P o YO Y 7 W Ve SRS, Yy S W Peu R ETTe) L iLRe A T 3 PP T S SR
=2 5404 DR - WIRRCEE S PR s r s A n e s ns sa TS0 TWTE o 2
s E % » - 50 2.
g, e . SR S e g el Py (Ve amdg v,
: T . T T . T ! r . : : ; ;
C 034 ® Flux
- Fluxmemmea
2o 02+
g E01
B = - "y o b
T e T e X A e e i v i . FOTLPRpRss
24 : ; : ; . : : ; . T T T T T ! " T T T T T T |
D_045-y
25081 A
2005 5 .
% S0 () g..a.°0 Beos - .3 D'y > VRS im0 giiie. oY 8l e 0 . e
L]
= %05— . . ] .
.10
T T T T T T T T T T T .x T T T T T L) T 1
E e
T 20 Y N ~ A N
* g1 e M o S 8 B o S~ 11 e i s e it Bt
r . : ; ! : ! ! : ; . T T . ; . ¢ . Y r . ; .
F 12
ggj 83w
8 R A B AP i SR }_J
" r T . T r . - . - T . r . T r T T . T - - ;
1) 0w e 1
25157 - Chl @ undes 330 §
o ey
388, ‘ , : | : J\'T\MWW : : : T W 20

T T
25/02/12019 01/03/2019 05/03/2019 09/03/2019 13/03/2019 17/03/2019 21/03/2019 25/03/2019 29/03/2019 02/04/2019 06/04/2019 10/04/2019

Figure 2 Benzene and toluene underway surface seawater concentrations, atmospheric mole fractions ((A) and
(B)), and air—sea fluxes ((C) and (D)) from the Southern Ocean cruise. Positive fluxes indicate ocean outgassing
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auanjo}

i.e. sea-to-air fluxes. Other panels show the wind speed (WS) (E), underway sea surface temperature (SST) (F) as

well as Chl a and surface seawater salinity (SSS) (G).
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Figure 3 Depth bin averaged casts of benzene (A, D,G), toluene (B, E, H) and Chl a (C, F, 1), grouped by sea ice cover

(SIC), from the Arctic cruise. The casts are grouped by sea ice cover and depth bin averaged. The grey shaded area indicates the

standard error of each depth bin. Depth bins containing less than 2 data points are not shown to avoid bias. The number of
individual casts in each SIC group is 4 for 75—90 %, 7 for 20—50 % and 13 for 0 % SIC.
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758 Figure 5 Impact of benzene and toluene ocean emission fluxes on secondary organic aerosol mass concentrations in (A) the
759 Arctic (Jul-Aug 2017) and (B) the Southern Ocean (Feb-Apr 2019). Three model runs are presented that differ by their ocean
760 benzene and toluene ocean emissions; “no BT” = no ocean benzene/toluene fluxes, “avg BT” = mean benzene/toluene ocean fluxes,
761 “max BT” = highest measured benzene/toluene fluxes.
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Table 1 Modelling results showing the impact of benzene and toluene emissions on atmospheric benzene, toluene and OH
mole fractions in the polar regions. Sampling months were Feb—Mar 2019 for the Southern Ocean and Jul—Aug 2017 for the
Acrctic. Three model runs were; “no BT” = no ocean benzene/toluene fluxes, “avg BT” = mean benzene/toluene ocean fluxes,

“max BT” = highest measured benzene/toluene fluxes (See Supplement S2). “absdiff” = absolute difference, “reldiff” = relative
difference or relative change.

no BT avg BT max BT
Mole fractions | Mole fractions Absdiff Reldiff | Mole fractions Absdiff Reldiff
(pmol mol?) (pmol mol?) (pmol mol?) (%) (pmol mol?) (pmol mol?) (%)
Benzene 19.7 22.1 2.4 12 34.8 15.1 77
Arctic Toluene 17 3.4 1.7 100 15.7 14.0 824
OH 0.06 0.06 0 <0.01 0.06 0 <0.02
Benzene 0.9 4.1 3.2 355 48.3 47.4 5059
Antarctic Toluene 0.1 3.1 3.0 3000 12.1 12.0 12000
OH 0.008 0.008 0 <0.01 0.008 0 <0.01
762
763
764
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Supplementary Materials

Supplementary Text

Chl a data from both cruises in depth profiles and underway are from fluorescence sensors. The underway Chl a data

from the Antarctic cruise are relatively uncertain due to large sensor drift, but the data has been corrected using the
sensor mounted on the CTD frame. For the Arctic cruise, Chl a measured from CTD frame and underway agree within
0.1 mg m™. Thus, our Chl a data does not explicitly account for quenching of fluorescence and is not proportional to
phytoplankton biomass. It is of value to compare Chl a with benzene and toluene distributions in depth profiles and
underway data to obtain information on the possible biological source, though it is not possible to derive from this how

benzene and toluene concentrations correlate with phytoplankton biomass.

Details on the computation of benzene and toluene seawater and ambient air concentrations as

well as fluxes
During the Antarctic cruise, the PTR-MS was calibrated weekly using a certified gas standard (Apel-Riemer Inc.).

During the Arctic cruise, benzene was calibrated using a certified gas standard during installation before the campaign.
A post-cruise calibration with a certified gas standard was applied to toluene. These calibration curves were used to
calculate equilibrator headspace gas phase mole fractions and ambient air mole fractions. During the Arctic cruise, this
gas calibration displayed a humidity dependence for benzene and toluene, which was not observed during the Antarctic

deployment due to the higher drift tube voltage.

To calculate ambient air measurements, hourly measurement of outside air scrubbed by a 450°C Pt-catalyst is used as
a blank for toluene. Daily measurements of zero air carrier gas are used as a blank for benzene. Measurement of zero
air from a gas canister are used as a blank for benzene because it seemed that during episodes of high benzene air mole
fractions from sampling ship exhaust the Pt-catalyst does not fully remove benzene. For most of the deployment, the

Pt-catalyst agrees with the zero air.

For both cruises, benzene and toluene seawater concentrations were calculated using the equations and solubilities laid
out in Wohl et al. (59). As laid out elsewhere (Supplement of Wohl et al. (45) and Wohl et al. (50)), the choice of
measurement background is critical. Here we lay out what blanks are used to compute seawater concentrations for both
deployments. Please see the supplements of Wohl et al. (45) and Wohl et al. (50) for detailed definitions of the blanks
cited here. For the Antarctic deployment, zero air measurement was used as a blank for benzene seawater measurement.
Due to the humidity dependence of the toluene background, we used humid air (air of the same humidity as equilibrator
headspace scrubbed by a Pt-catalyst) as a blank for the seawater measurement. Similarly, the Arctic measurements are
presented with zero air as a blank for benzene and the wet equilibrator air (zero air which has passed through the empty
wet equilibrator) as a blank for toluene. Small differences in the cruise mean concentration presented here and in Wohl
et al. (59) are due to different choices of background. Concentrations shown here should be cited in the future as they
incorporate an improved understanding of the SFCE-PTR-MS system. We thus use zero air as a background for benzene
and a measurement of air of similar humidity as equilibrator headspace as a background for toluene on both cruises.

For both cruises, CTD measurements at 5m and underway measurements agree very well suggesting no contamination

from either sampling technique. In Wohl et al. (59), we discuss that average concentrations of toluene measured from
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the underway inlet are slightly higher than those measured from the underway inlet. In this manuscript, we display
measurements from both sampling techniques which show no obvious bias. It is possible that mean underway
concentrations are slightly higher as they by chance capture episodes of higher concentrations during this cruise. We
note that for the Antarctic cruise, benzene and toluene seawater measurements did not appear to be affected by

photochemical production within the SFCE.

The measurement noise (Table S1) is calculated as the standard deviation of the residual of the interpolation of the
measurement background (as laid out in Wohl et al. (45)). The limit of detection is defined as three times the
measurement noise. Measurement noise was calculated to be 8 and 10 pmol mol™* for benzene and toluene in the air.
The measurement noise in seawater for the Southern Ocean cruise was 1 and 4 pmol dm- for benzene and toluene
while it was 5 and 10 pmol dm-® for benzene and toluene during the Arctic cruise.

The seawater measurement noise is slightly higher in the Arctic compared to the Southern Ocean cruise due to less
frequent blanks and different PTR-MS quadrupole data collection settings. Measurement noise and LOD are low

enough to detect these gases in seawater while air mole fractions were often close to the LOD.
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822  Fig. S1.
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825 Figure S1 Map illustrating the cruise sampling tracks in red in the Southern Ocean (A) and the Arctic (B). Location of the
826 CTD stations is indicated by a filled circle coloured by the order of sampling. Hollow squares and date labels (DD/MM/YYY) are
827 used to give an indication of the sampling date. Interruptions in the cruise track and underway auxiliary data (B) are due to

828 interruptions in the ship underway logging system (77). All the map data were created from public domain GIS data found on the
829 Natural Earth website (http://www.naturalearthdata.com, last access: 15 April 2021). They were read into Igor using the Igor GIS
830 XOP beta. The sea-ice-covered area during the Arctic cruise (B) is approximately indicated for illustration purposes as a shaded
831 area due to the dynamic nature of sea ice and difficulties in conveying this information for a month-long deployment. The

832 approximate location of the sea ice edge is based on the average sea ice cover for the whole cruise duration using AMSR?2 satellite
833 data.

834
835  The cruise sampling tracks of the two cruises in the polar oceans are presented in Figure S1. One of the cruises focussed

836  on sampling the remote Southern Ocean during austral summer and autumn from 21 February to 15 April 2019 on
837  board the RRS James Clark Ross. The vessel transited south from the Falkland Islands to the Antarctic Peninsula. For
838  most of the cruise, it then followed approximately 60° S in latitude eastwards, while sampling a large number of CTD
839 (Conductivity/Temperature/Depth) stations, until reaching 30° E. Then the vessel made the return journey and
840  completed a few more CTD stations on its transit back. Essentially no sea ice was encountered during this cruise, only
841 icebergs. The second cruise focused on sampling the marginal sea ice zone in the Canadian Arctic during boreal summer
842  from 17 July until 8 August 2017 on board the icebreaker CCGS Amundsen. The research vessel travelled northwards
843  through Davis Straight to Baffin Bay to reach Smith Sound, where more intense depth profile sampling was undertaken.
844  From there the vessel transited east into the Canadian Arctic Archipelago. Further details of the cruise sampling track
845  and strategy are presented in Wohl et al. (45, 50).

846
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850
851  Figure S2 Overview plot displaying the shape of all benzene and Chl a depth profiles from the Southern

852 Ocean. The casts are grouped in panels by surface Chl a concentration (low, medium and high Chl a) and staggered
853  along the x-axis for ease of viewing. The scale bars for benzene and Chl a in panel (A) also apply to panels (B) and

854 (C). Date labels indicate sampling dates (DD/MM).
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860 Figure S3 Overview plot displaying the shape of all toluene and density depth profiles from the Southern
861 Ocean. The casts are grouped in panels by surface Chl a concentration (low, medium and high Chl a) and staggered
862  along the x-axis for ease of viewing. The scale bars for toluene and Chl a in panel (A) also apply to panels (B) and
863 (C). Date labels indicate sampling dates (DD/MM).
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Figure S4 Diurnal changes in seawater concentrations of (A) benzene and (B) toluene in underway surface seawater. Light
blue shaded area indicates the standard deviation of each hourly bin and the pink shaded area indicates the standard error of each
bin.

We test for diurnal variability in the measured seawater concentrations from the Southern Ocean by using
the local solar time to remove the influence of the ship track crossing multiple time zones. The measured
seawater concentrations were binned in 24 hourly bins and the standard deviation and standard error was
calculated for each bin (Figure S2). Figure S2 shows that measurements of benzene and toluene during
solar zenith are generally a little higher than the other measurements, but there is no substantial diurnal
variability in seawater benzene and toluene concentrations and this variability is not statistically
significant. The Arctic data was not tested for diurnal variability due to 24 h light during the sampling
period and the relatively smaller dumber of data points compared to the Southern Ocean cruise.
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Figure S5 Overview plot displaying the shape of all benzene and Chl a depth profiles, grouped by SIC. Panel labels

indicate the SIC bin. The scale bars for benzene and Chl a in panel (A) apply also to panels (B) and (C). One of the Chl a profiles

is cut

off in panel (C) for scale purposes.
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896 Figure S6 Overview plot displaying the shape of all toluene and density depth profiles, grouped by SIC. Panel labels

897 indicate the SIC bin. The scale bars for toluene and density in panel (A) apply also to panels (B) and (C).
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Table S1.

Table S1 Fluxes and saturations calculated for the Arctic deployment using higher air mole fractions as
modelled by Cabrera-Perez et al. (25). For this calculation, all other parameters were kept the same and only the air
mole fractions were increased to the values indicated in the table.

benzene toluene
Air mole fraction (pmol mol*) 50 30
Saturation (%) 159 311
Flux (umol m2d1) 0.011 0.025

Table S1 shows that using higher air mole fractions in the Arctic does not change the conclusion of oceanic
outgassing of benzene and toluene in the Arctic. Using higher air mole fractions, decreases the estimated benzene
saturation by 74 % and the flux by 52 %. Similarly, using higher toluene mole fractions decreases the saturation by
87 % and the flux by 26 %. This calculation gives an appreciation of the potential uncertainty of the fluxes reported
for the Arctic deployment due to the choice in air mole fraction.
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914  Table S2.

915 Table S2 CAM-Chem simulation cases

Cases

Oceanic emission of Benzene in Polar regions

Oceanic emission of Toluene in Polar regions

noBT

avgBT

Arctic, >60°N: 0.0244 pmol m™ d*
Antarctic, <-55°S: 0.0236 umol m? d*

Arctic, >60°N: 0.0341 pmol m d-!
Antarctic, <-55°S: 0.0390 umol m? d*

maxBT

916

Arctic, >60°N: 0.158 pmol m d-*
Antarctic, <-55°S: 0.358 umol m? d!

Arctic, >60°N: 0.268 pmol m d-*
Antarctic, <-55°S: 0.158 pmol m? d!
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