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Abstract The ocean is a large but uncertain sink of tropospheric ozone. Ozone deposition is controlled
partly by its reactions with marine substances, but in situ evidence of this marine biogeochemical control
remains sparse. Here we report a novel measurement of ozone uptake efficiency (OUE) from a trans-Atlantic
cruise (50°N to 45°S). Observed OUE for surface waters varied two-fold and the implied chemical deposition
velocity varied from 0.012 to 0.034 cm s™". Todide accounted for on average 2/3 of total OUE, with generally
higher contributions in tropical waters. The residual OUE, generally higher in temperate waters and positively
correlated with biological proxies, was likely due to marine organics. OUE was also measured for 1,000 m
waters, which were likely devoid of iodide but contained biologically refractory organics. Unexpectedly, these
waters were rather reactive toward ozone, suggesting that surface organics that affect ozone uptake are not all
freshly produced by marine biota.

Plain Language Summary Ozone in the lower atmosphere is a key air pollutant and a strong
greenhouse gas. Deposition to the ocean represents a large removal mechanism for ozone but the processes
driving this removal remain poorly understood. The rate of ozone deposition to the ocean is thought to be
controlled by its reactions with marine substances and by surface ocean turbulence. However, in situ evidence of
marine biogeochemical control on ozone deposition is sparse, hampering the mechanistic description of this
process. Here we employ a novel technique to measure the chemical uptake of ozone on a research cruise in the
Atlantic Ocean that spans 95° latitude. We found that iodide and organics in surface seawater are both important
reactants toward ozone deposition, with different relative contributions at different latitudes. Surprisingly, we
found that deep waters also have substantial reactivity toward ozone, suggesting that when these waters are
mixed to the surface, the nominally biologically inert organics are oxidized by reactions with ozone.

1. Introduction

Ozone in the troposphere is a key oxidant, pollutant, and greenhouse gas (e.g., Monks et al., 2015). Deposition to
the ocean surface is a large but poorly quantified sink for tropospheric ozone, accounting for approximately a third
of the global ozone deposition (100-600 Tg ozone yr~'; Ganzeveld et al., 2009; Hardacre et al., 2015; Luhar
et al., 2018; Pound et al., 2020). The ozone deposition flux is parametrized as -V, [ozone], where V, is the
deposition velocity and typically assumed to be constant (e.g., 0.05 cm s~') in most chemistry and climate models
(Ganzeveld & Lelieveld, 1995). However, theory suggests that ozone deposition velocity is governed by both its
reactions with marine substances as well as by surface ocean turbulence (e.g., Fairall et al., 2007). Direct V,
measurements of ozone to the ocean vary by more than an order of magnitude and show marked regional vari-
ability, with typically higher V, in coastal or warmer waters (Bariteau et al., 2010; Helmig et al., 2012; Loades
et al., 2020). A large part of the variability in V, is postulated to be due to the variability of biogeochemical
reactants in seawater.

Marine iodide reacts rapidly with ozone and exists at sufficiently high concentrations to be a key reactant (Garland
et al., 1980). Organics in seawater may be another important reactant (e.g., Ganzeveld et al., 2009; Sarwar
etal., 2016), as ozone is known to react with a range of functional groups including carbon-carbon double bonds,
activated aromatic rings (e.g., phenols), amines and thiols (Lim et al., 2022). However, due to the complexity in
organic composition it remains unclear which fraction of marine organics are most important toward ozone
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reactivity. In laboratory experiments, Martino et al. (2012) showed that NOM (natural organic material,
Suwannee River standard) and iodide are of similar importance toward ozone deposition velocity. Given the fact
that Suwannee River NOM is considerably more unsaturated and possibly reacts with ozone faster than marine
dissolved organic carbon (DOC), the representativeness of their results for the real ocean is unclear. Marine
Chlorophyll a (Clifford et al., 2008) and dimethyl sulfide (DMS, Gershenzon et al., 2001) may also contribute to
enhanced ozone deposition, but these are only small fractions of marine organics. Clearly, understanding the
distributions of the key reactants will help to improve the mechanistic understanding and parameterization of
ozone deposition to the ocean.

This work presents novel observations of the ozone uptake by seawater during a transect of the Atlantic Ocean in
October-November 2019 from Southampton, UK to Punta Arenas, Chile on the Atlantic Meridional Transect
(AMT) 29 cruise. A new measurement method was developed to continuously measure the ozone uptake effi-
ciency (OUE) by seawater. Observations of seawater iodide concentration, coupled with laboratory rate exper-
iments using iodide standards, were used to determine the contribution of iodide toward ozone uptake. We assess
how the residual OUE varies with widely observed organic proxies including Chlorophyll a and colored dissolved
organic matter (CDOM). Measurements of OUE on seawater from 1,000 m depth are further used to explore the
reactivity of deep water toward ozone.

2. Experimental
2.1. Description of the OUE Method

OUE is a relative measure of the fraction of ozone taken up by a water sample. In the OUE system, ozone
produced by an ozone generator was diluted by zero air, resulting in a total gas flow rate of 200 standard
cm® min™" (controlled by two mass flow controllers, Bronkhorst EL-FLOW Select). This flow of diluted ozone
was mixed with a flow of water driven by a peristaltic pump (Watson Marlow 120S/DV) at a flow of
100 mL min~" in a segmented flow coil equilibrator (SFCE, as described by Wohl et al., 2019). This naturally
leads to the formation of many cm-scale, alternating water/air segments that transit through the SFCE coil (2 m
long, 4 mm inner diameter Teflon tube). Gas exchange and ozone reactions occur at the interfaces of water/air
segments as well as on the wetted tubing wall within a transit time of 4.8 s. Gas and water phases separate after
passing through the SFCE coil, with the gas phase measured continuously for the ozone mixing ratio using an
ozone monitor (2B Technologies model 205, output every 10 s) and the sampled water drained away. A schematic
of the OUE system is provided in the Supplement (Figure S1 in Supporting Information S1), where further details
about the method can also be found.

During the AMT?29 cruise, fresh, unfiltered seawater from ~5.5 m below the surface and at the bow of the ship
was continuously pumped into the ship. This underway seawater was flushed into an overflowing, narrow-necked
glass sample bottle. Occasional discrete water samples from 1,000 m depth were also collected into 2 L glass
bottles from the polypropylene Niskins attached to a conductivity, temperature, and depth rosette (CTD). The
choice of sampling the underway water or discrete water was achieved by manually moving the Teflon water inlet
tube for the peristaltic pump. In this paper, we refer to the underway water as “surface,” with the implicit un-
derstanding that this is distinct from the <1 mm thick skin of the ocean (surface microlayer, SML). Underway
water sampling is much easier logistically than SML sampling, especially for continuous measurements. Recent
observations also suggest a high correlation in DOC concentration between the SML and underlying water (e.g.,
Mustaffa et al., 2018). Possible biases from using underway water to infer ozone deposition to the ocean surface
are discussed in Section 4.

A bypass in the OUE system enabled the periodic monitoring of the ozone input mixing ratio. A three-way
solenoid valve (Takasago Electric, Inc. MLV-3T-1/8NG) was used to alternate the sampling of ozone through
or bypassing the SFCE every 5 min. OUE is determined from adjacent periods of SFCE and bypass:

OUE =1 - (0zonegpcg/0Z0N€yypygs) (1)

Here ozonegpcg and 0zoney,y,,, represent the averages of the last 2.5 min of respective periods, where the signals
were stable. The length and the inner diameter of the SFCE coil were chosen such that roughly half of the ozone
remains after passing through the SFCE for a typical seawater sample (i.e., OUE = 0.5). Underway OUE
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measurements every 10 min were averaged into 1 hr bins to reduce noise. The hourly standard deviation (¢) was
0.01 or ~2% of the mean OUE. Compared to previous discrete methods of measuring ozone uptake such as
stirred-flask (Martino et al., 2012) and wetted-wall flow tube (Barcellos da Rosa et al., 2003; Clifford et al., 2008),
this system can be operated continuously and is thus suitable for measurements over a large spatial/temporal scale
at a high resolution. In addition, the turbulent conditions within the SFCE (generated by passing air/water seg-
ments) means that the system is insensitive to platform motion, which is a clear advantage for shipboard de-
ployments relative to more quiescent methods.

2.2. Calibration of the OUE Measurement

OUE in the SFCE is measured at a fixed level of turbulence and thus represents the combined contribution from
chemical reactivity and physical uptake. Repeated measurements of high purity water (18.2 MQ; MilliPore Milli-
Q) yielded a blank (OUE,,;) of 0.15 (£0.01), which was found to be independent of the ozone input mixing
ratio. This blank was likely due to a combination of physical uptake of ozone via air—water exchange, aero-
dynamic resistance, and any wall losses within the SFCE. Assuming the physical and chemical contributions to
ozone exchange are parallel and additive (e.g., Helmig et al., 2012), in Section 3 we subtract OUE,,,,, from the
measured OUE. The blank-corrected OUE should approximate chemically mediated ozone uptake, with a higher
OUE indicating greater chemical reactivity.

A rather high ozone input mixing ratio (1.2 + 0.4 ppmv) was used in the SFCE system during AMT29 to ensure a
high signal:noise ratio. This equates to a theoretical equilibrium dissolved ozone concentration (in the absence of
any chemical reactions) of ~12 nM, which is still several times less than the typical iodide concentration in
surface water across the majority of the ocean surface (Chance et al., 2014, 2019). Post-cruise laboratory ex-
periments show that OUE varies linearly with the ozone input mixing ratio, with higher OUE at a lower input
(Figure S2 in Supporting Information S1). Based on this empirical relationship, we adjust field OUE data to the
mean input of 1.2 ppmv in this section to account for variations in the ozone input from the generator.

Surface iodide concentration was measured using cathodic stripping square wave voltammetry (following
Campos, 1997; Chance, Tinel, et al., 2020). The analysis was performed post-cruise on discrete daily water
samples (50 mL) taken from the ship's underway system, filtered (through GF/F filter paper using a glass syringe),
and frozen (—20°C) during the cruise. The sensitivity of OUE toward iodide was determined in post-cruise ex-
periments by measuring iodide standards at different concentrations (Figure S3 in Supporting Information S1).
The iodide contribution to observed OUE on the cruise was then estimated by combining this empirical rela-
tionship with the ambient iodide concentrations. Laboratory OUE measurements using Milli-Q water, 100 nM
iodide standard, and the same batch of seawater samples at different temperatures (5-35°C) did not reveal any
clear temperature dependency. The lack of temperature sensitivity in the iodide measurements is consistent with
recent, independent laboratory results from Brown et al. (2024). DOC concentration was not measured during
AMT?29, and so we make use of modeled DOC from Roshan and DeVries (2017) for the surface and previous
measurements (Hansell et al., 2021; Ogawa & Tanoue, 2003; Romera-Castillo et al., 2016) for the deep ocean for
interpretation. The cruise track for the AMT29 cruise is shown Figure S4 in Supporting Information S1.

3. Spatial Distributions in Surface OUE and Relationships With Biogeochemical
Proxies

As shown in Figure 1, surface OUE during AMT?29 varied from about 0.30 to 0.60 during the cruise, with a mean
(standard deviation) of 0.44 (0.06). Higher OUE values were broadly observed in the tropics, especially the
tropical North Atlantic, where surface iodide concentrations were elevated. Some spikes in OUE were also
observed in temperate waters at around 50°N and 45°S, which broadly corresponded to elevated Chlorophyll a
concentration (measured from underway water by absorption following Dall’Olmo et al., 2012) and CDOM
absorption (extracted from MODIS satellite data and measured underway following Dall’Olmo et al., 2017).

Surface seawater iodide concentration ranged from 26 to 174 nM (mean of 98 nM), in good agreement with
previous measurements (Chance et al., 2014). OUE clearly shows correspondence with iodide concentration, but
the modest correlation (+* = 0.28; Figure 2a) suggests that iodide is not the only control for OUE. The estimated
contribution from iodide toward OUE follows the distributions of iodide concentration, amounting to on average
two thirds of the surface OUE for the entire transect and over 80% for the tropics (Figure 1b). In contrast, the
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Figure 1. Latitudinal distributions of (a) surface ozone uptake efficiency (OUE) and iodide (b) residual OUE and percent contribution from iodide toward total OUE; and
(c) Chlorophyll a concentration and CDOM absorption (from both MODIS satellite and from in situ). Observed OUE contains contributions from both iodide (which
dominate in the tropics) and organics (which becomes more important in temperate waters).

residual OUE (total OUE minus iodide contribution) mostly peaks in temperate waters (e.g., 50°N and 45°S), and
is broadly higher in the North Atlantic than the South Atlantic.

The relationship between OUE and underway sea surface temperature (SST) clearly shows two distinct groupings
(Figure 2b) between cooler temperate waters and warmer tropical waters. Consistent with post-cruise laboratory
experiments, at a constant iodide concentration (e.g., 80 nM), OUE during AMT?29 does not obviously vary with
SST (Figure 2a). Thus, the apparent relationship between OUE and SST in warm waters is likely due to the higher
iodide concentration in the tropics, rather than due to a temperature dependence in the ozone reaction kinetics.
Once the iodide contribution has been subtracted, the residual OUE correlates positively with CDOM and
Chlorophyll a (Figures 2c and 2d), two proxies of biological activity. This strongly implies that the residual OUE
is in part due to biologically derived organic reactivity. The slope in the CDOM spectra between 420 and 490 nm
is indicative of the extent of photodegradation of organic matter (e.g., Helms et al., 2008). There is a subtle hint
from Figure 2c that at a constant CDOM absorption, a higher CDOM slope (i.e., more photodegraded, or smaller
organic molecules) corresponds to a lower residual OUE, implying that photodegradation may reduce the organic
reactivity toward ozone. This is qualitatively consistent with the observations that for temperate waters, the mean
OUE is significantly higher at night (0.432 with standard error of 0.005) than during the day (0.410 with standard
error 0.005).

4. Ozone Chemical Deposition Velocity and Reactivities

In this section, following previous laboratory approaches (Brown et al., 2024; Martino et al., 2012) we convert the
OUE data into a chemical deposition velocity (V,.):

Vdc == (Ln(l - OUEcorr) - Lll(l - OUEblank)) (Va/S)/tSFCE (2)
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Figure 2. Correlations between (a) surface ozone uptake efficiency (OUE) and iodide, color-coded by sea surface temperature
(SST); (b) OUE and SST, color-coded by Chlorophyll a concentration; (c) residual OUE versus colored dissolved organic
material (CDOM)), log-scaled and color-coded by the CDOM slope; and (d) residual OUE versus Chlorophyll a, log-scaled.
Total OUE shows some relationship with iodide concentration and SST, while the residual OUE broadly correlates with
biological proxies including CDOM and Chlorophyll (a).

Here OUE
et al., 2015) following the empirical relationship (Figure S2 in Supporting Information S1), but not yet blank

<orr Nas been adjusted to a typical marine atmospheric ozone mixing ratio of 30 ppbv (Monks
subtracted. V, is the volume of an individual air segment (0.38 cm®). The surface area for exchange/reaction (S) is
taken to be the total surface area of a cylindrical air segment (4.0 cm?). We note that the ratio between V,, and S is
fairly insensitive to the length of the air segments. The transit time within the SFCE system (¢ggcg) is estimated as
the interior volume divided by the combined water and air flow rates (4.8 s). Equation 2 assumes that within the
timescale of fgpcg, the change in log-transformed ozone mixing ratio within the SFCE is linear. Note that the total
ozone deposition velocity (V,), including the effect of turbulence, will be higher than V. (see e.g., Equation 6
from Helmig et al., 2012).

The estimated V. from OUE ranges from 0.012 to 0.034 cm s~' (mean of 0.020 cm s~'; Figure 3a). These values,
representing the chemical contribution to uptake only, are understandably on the lower end of most field ob-
servations of V, (e.g., Helmig et al., 2012; Loades et al., 2020). Analogously, from Equation 2 and laboratory
iodide uptake experiments (Figure S3 in Supporting Information S1) we can estimate V. due to iodide based on
its contribution toward OUE. V,,, due to iodide averages 0.012 cm s, which amounts to 62% of total V,,, in the
mean.
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Figure 3. Latitudinal distributions of (a) chemical deposition velocity of ozone: total as well as contributions from iodide and
organics (latter by difference); (b) reactivities toward ozone: total as well as iodide. Two approaches were used to estimate
the iodide reactivities: (1) from measured chemical deposition velocity and (2) from iodide concentration and published
reaction rate constants (Garland et al., 1980, abbreviated as G80, and Magi et al., 1997, abbreviated as M97).

The reactivity of iodide toward ozone (4,giqe, i S_') can be estimated with two separate approaches. First,
knowing the iodide concentration [I"] and assuming a reaction rate constant between ozone and iodide (kj,gigc)»
we can calculate Aiggige as [I7] Kiggige- TWO sources of k44, are tested here: the temperature-independent form
from (Garland et al., 1980) (G80), as well as the temperature-dependent form (Magi et al., 1997) (M97). The two
rate constants yield similar iodide reactivity at room temperature. However, in tropical waters the iodide reactivity
computed using M97 is nearly three times higher than using G80.

Second, Garland et al. (1980) formulated the chemical uptake of ozone in bulk seawater as:
Vi = a(AD)* ©)

Here « and D are the dimensionless solubility and diffusivity of ozone in seawater (here computed following
Johnson, 2010). We then rearrange Equation 3 to solve for 4;,4q. from V. that is due to iodide. As shown in
Figure 3b, 4;4iqe derived from V. is in good agreement with the computed 4, ;4. using the G80 k ;~, whereas the
computed ;44 Using the M97 k;,4;q. sSeems unreasonably high in warm waters. This is consistent with our
observed lack of temperature dependence in the ozone-iodide reaction as well as findings from Brown
et al. (2024). We can further estimate V. due to organics (mean of 0.008 cm s™1) from the difference between
total and iodide-driven V. This leads to the highest organic-driven V,. in temperate waters and lower
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contributions in the tropics, qualitatively similar to residual OUE. As with residual OUE (Figures 2c and 2d),
organic-driven V. broadly correlates positively with Chlorophyll a concentration and CDOM (Figure S5 in
Supporting Information S1).

It is tempting to estimate total A from total V. via Equation 3, but this approach comes with a significant caveat.
While ozone primarily reacts with iodide in bulk water within a reacto-diffusive depth scale of a few micron
(Garland et al., 1980), reactions between ozone and organics may largely occur at the air—water interface (e.g.,
following Langmuir—Hinshelwood kinetics, Clifford et al., 2008), rendering the application of Equation 3
questionable. Bearing this caveat in mind, the estimated total A using Equation 3 ranges between 121 and 972 s~
(mean of 411 s™") for water from 5.5 m depth, with the highest reactivity in the tropics. In contrast to V. that
varies by a factor of ~3 across the AMT?209 track, total 4 estimated this way varies by a factor ~8. Since organics
account for about one third of observed V., we can simplistically approximate that the mean organic reactivity on
the AMT29 is on the order of 137 s~ (411 s~'/3). The surface ocean DOC in the Atlantic was previously
determined to be 67 pM (Hansell et al., 2021; Ogawa & Tanoue, 2003; Romera-Castillo et al., 2016). This implies
a bulk rate constant between ozone and DOC (kpoe) of 2.0 s~ pM ™", which is of the same order of magnitude but
lower than previous kpoc estimates of 3.4—4.0 s pM_] from Coleman et al. (2012) and Sarwar et al. (2016)
based on the Martino et al. (2012) measurements. Note that our derivation of total reactivity and partitioning
between iodide and organic contributions above are rather crude. The combined uptake coefficient approach
proposed by Moreno et al. (2018) may be more suitable, but its application to the AMT29 data set is beyond the
scope of this paper. Our calculation also assumes that the ozone-organics reaction is temperature-independent and
neglects any potential competition between the different reactants for ozone (see Martino et al., 2012).

Over the real ocean, ozone is deposited and absorbed at/near the sea surface. Previous measurements indicate that
organics are enriched within the SML relative to the underlying water by ~50% (e.g., Mustaffa et al., 2018; Wurl
et al., 2011). Neglecting details about the enrichment of specific reactants, our OUE measurements using un-
derway seawater at ~5.5 m depth could be underestimating the importance of organics toward oceanic ozone
uptake by ~50%. Since organics account for about one third of total chemical uptake of ozone in 5.5 m water, the
underestimation in total OUE compared to the SML can be approximated to be ~14% (=100% x (1 — 1/(2/
3 + 1.5 X 1/3))). Indeed, measurements of concurrently taken samples from the SML and underlying water from
the CONNECT cruise in the Equatorial Atlantic (N = 6) as well as from near the Plymouth coast (N = 2) suggest
that the enhancement in ozone uptake in the SML relative to the underlying water is ~17% (Brown, 2024).

5. Ozone Reactivity of Deep Ocean DOC

The sources of organics that react with ozone in surface waters are not well understood but generally presumed to
be related to recent biological activity. Blank-corrected OUE in discrete, 1,000 m water samples (N = 12) had a
mean (standard deviation) of 0.21 (0.05), with lower values further south where the Antarctic Intermediate Water
dominates. This surprising and substantial reactivity is qualitatively similar to the trend in DOC concentration at
1,000 m (Hansell et al., 2021). The deep OUEs convert to a mean equivalent V,;. of 0.0086 cm s~ (“equivalent”
because these deep waters are not in direct contact with the atmosphere). This amounts to about 44% of the total
V,. at the surface and is largely comparable in magnitude to organic-driven V. there (Figure 4a). The concen-
tration of iodide at 1,000 m was not measured during AMT29 but is expected to be <5 nM (Chance et al., 2014),
implying that the ability for deep water to take up ozone is essentially due to biologically refractory organics only.
The substantial reactivity toward ozone in deep waters may be due to the abundance of highly unsaturated
compounds that favor ozonolysis reactions, including aromatic compounds, in biologically refractory organics
(Jiao et al., 2018).

For the 1,000 m samples, there is a clear positive correlation between V. and DOC concentration measured by
Hansell et al. (2021) (Figure 4b). In contrast, no correlation is observed between organic-driven V. and DOC at
the surface (Figure 4¢), despite the much larger range in surface DOC. We speculate that a significant fraction of
organic reactivity toward ozone in surface waters is due to aged, biologically refractory DOC. Recently produced
organic matter from biological activity (as approximated by Chlorophyll a and CDOM, but not DOC) accounts
for the rest of the surface organic reactivity. That biologically refractory DOC can also react with ozone rather
efficiently is an important consideration for parametrizing surface organic reactivity toward ozone on a large
scale.
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Figure 4. (a) Latitudinal distributions of organic-driven chemical deposition velocity at 1,000 m and at the surface, as well as
dissolved organic carbon (DOC) concentration (b) Organic-driven chemical deposition velocity versus DOC concentration at
1,000 m, which shows a high degree of correlation; (c) Organic-driven chemical deposition velocity versus DOC
concentration at the surface, which shows no correlation.

6. Implications and Conclusions

Our OUE measurements spanning 95 degrees of latitude across the Atlantic Ocean suggest that much of the
variability in previous field observations of ozone deposition velocity at a given wind speed (e.g., Helmig
et al., 2012; Loades et al., 2020) may well be due to the distributions of biogeochemically derived reactants in
surface seawater. lodide dominates ozone uptake in the tropics, while iodide and organics are of comparable
importance in temperate waters. This partitioning is roughly consistent with earlier laboratory results from
Martino et al. (2012). Among estimates of global ozone deposition to the ocean, the two lowest estimates (on the
order of 100 Tg yr™' from Luhar et al., 2018; Pound et al., 2020) only considered iodide as the reactant. By
neglecting organics, their estimates of ozone deposition may be underestimated. The higher deposition estimate
(300 Tg yr~ ") of Ganzeveld et al. (2009) considered iodide, DMS, alkene and Chlorophyll a as a proxy for organic
reactants. The correlations we observe between residual OUE and organic proxies (CDOM and Chlorophyll @)
suggest that their approach has some merit. Parametrization of surface iodide concentration based on commonly
observed ocean variables already exist (e.g., Chance et al., 2014; Sherwen et al., 2019). Observed relationships
versus Chlorophyll @ and CDOM (Figures 2c and 2d; Figures S5 in Supporting Information S1) suggest that the
organic contribution to ozone uptake could also be approximated based on those satellite-observable parameters.
Given the large seasonal variations in biological activity in temperate oceans, we expect to see large variations in
ozone deposition in those waters.
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Reactions between ozone and organics at the sea surface have recently been suggested to be a source of volatile
organic compounds (VOCs) to the marine atmosphere (e.g., Chiu et al., 2017; Zhou et al., 2014). The magnitude
of this chemically-mediated source globally is unknown, but our measurements provide a rough constraint. We
assume the global ozone deposition to the ocean is 2—6 Tmol yr~' (100-300 Tg yr™') and one third of the ozone
reacts with organics in seawater. If VOCs are outgassed with a unity yield, this would imply a likely upper limit
ozone-mediated VOC emission of 0.7-2.1 Tmol yr~". This converts to 42—-126 Tg C yr~" if the VOCs average
five carbons (Novak & Bertram, 2020). Our simplified estimate is of the same order of magnitude compared to
other recent estimates of this source of 18-87 Tg C yr™" from Novak and Bertram (2020), 11-167 Tg C yr™" from
Kilgour et al. (2024), and 13-136 Tg C yr™' from Schneider et al. (2024). It is also comparable in magnitude to the
estimate of photochemical VOC production of 23-92 Tg C yr™' from Briiggemann et al. (2018).

Data Availability Statement

Observations from this paper are archived and freely accessible at the British Oceanographic Data Centre (Yang
& Phillips, 2024).

References

Barcellos da Rosa, M., Behnke, W., & Zetzsch, C. (2003). Study of the heterogeneous reaction of ozone with CH,SCH, using the wetted-wall
flowtube technique. Atmospheric Chemistry and Physics, 3(5), 1665—-1673. https://doi.org/10.5194/acp-3-1665-2003

Bariteau, L., Helmig, D., Fairall, C. W., Hare, J. E., Hueber, J., & Lang, E. K. (2010). Determination of oceanic ozone deposition by ship-borne
eddy covariance flux measurements. Atmospheric Measurement Techniques, 3(2), 441-455. https://doi.org/10.5194/amt-3-441-2010

Brown, L. V. (2024). Chemical controls on the uptake of ozone to the ocean (PhD thesis).

Brown, L. V., Pound, R. J., Ives, L. S., Jones, M. R., Andrews, S.J., & Carpenter, L. J. (2024). Negligible temperature dependence of the ozone-
iodide reaction and implications for oceanic emissions of iodine. Atmospheric Chemistry and Physics, 24(7), 3905-3923. https://doi.org/10.
5194/acp-24-3905-2024

Briiggemann, M., Hayeck, N., & George, C. (2018). Interfacial photochemistry at the ocean surface is a global source of organic vapors and
aerosols. Nature Communications, 9(1), 2101. https://doi.org/10.1038/s41467-018-04528-7

Campos, M. L. A. M. (1997). New approach to evaluating dissolved iodine speciation in natural waters using cathodic stripping voltammetry and a
storage study for preserving iodine species. Marine Chemistry, 57(1-2), 107-117. https://doi.org/10.1016/S0304-4203(96)00093-X

Chance, R., Baker, A. R., Carpenter, L.J., & Jickells, T. D. (2014). The distribution of iodide at the sea surface. Environmental Science: Processes
& Impacts, 16(8), 1841-1859. https://doi.org/10.1039/C4EM00139G

Chance, R., Tinel, L., Sarkar, A., Sinha, A. K., Mahajan, A. S., Chacko, R., et al. (2020). Surface inorganic iodine speciation in the Indian and
southern oceans from 12 N to 70 S. Frontiers in Marine Science, 7, 621. https://doi.org/10.3389/fmars.2020.00621

Chance, R. J., Tinel, L., Sherwen, T., Baker, A. R., Bell, T. G., Brindle, J., et al. (2019). Global sea-surface iodide observations, 1967-2018.
Scientific Data, 6(1), 286. https://doi.org/10.1038/s41597-019-0288-y

Chiu, R, Tinel, L., Gonzalez, L., Ciuraru, R., Bernard, F., George, C., & Volkamer, R. (2017). UV photochemistry of carboxylic acids at the air-
sea boundary: A relevant source of glyoxal and other oxygenated VOC in the marine atmosphere. Geophysical Research Letters, 44(2), 1079—
1087. https://doi.org/10.1002/2016GL0O71240

Clifford, D., Donaldson, D. J., Brigante, M., D’Anna, B., & George, C. (2008). Reactive uptake of ozone by Chlorophyll at aqueous surfaces.
Environmental Science & Technology, 42(4), 1138-1143. https://doi.org/10.1021/es0718220

Coleman, L., McVeigh, P., Berresheim, H., Martino, M., & O’ Dowd, C. D. (2012). Photochemical impact on ozone fluxes in Coastal Waters.
Advances in Meteorology, 2012(1), 943785-943786. https://doi.org/10.1155/2012/943785

Dall’Olmo, G., Boss, E., Behrenfeld, M. J., & Westberry, T. K. (2012). Particulate optical scattering coefficients along an Atlantic Meridional
transect. Optics Express, 20(19), 21532-21551. https://doi.org/10.1364/0e.20.021532

Dall’Olmo, G., Brewin, R. J. W., Nencioli, F., Organelli, E., Lefering, I., McKee, D., et al. (2017). Determination of the absorption coefficient of
chromophoric dissolved organic matter from underway spectrophotometry. Optics Express, 25(24), A1079-A1095. https://doi.org/10.1364/o0e.
25.0a1079

Fairall, C. W., Helmig, D., Ganzeveld, L., & Hare, J. (2007). Water-side turbulence enhancement of ozone deposition to the ocean. Atmospheric
Chemistry and Physics, 7(2), 443-451. https://doi.org/10.5194/acp-7-443-2007

Ganzeveld, L., Helmig, D., Fairall, C. W., Hare, J., & Pozzer, A. (2009). Atmosphere-ocean ozone exchange: A global modeling study of
biogeochemical, atmospheric, and waterside turbulence dependencies. Global Biogeochemical Cycles, 23(4), 1-16. https://doi.org/10.1029/
2008GB003301

Ganzeveld, L., & Lelieveld, J. (1995). Dry deposition parameterization in a chemistry general circulation model and its influence on the dis-
tribution of reactive trace gases. Journal of Geophysical Research, 100(D10), 20999-21012. https://doi.org/10.1029/95JD02266

Garland, J. A., Elzerman, A. W., & Penkett, S. A. (1980). The mechanism for dry deposition of ozone to seawater surfaces. Journal of Geophysical
Research: Oceans, 85(C12), 7488-7492. https://doi.org/10.1029/JC085iC12p07488

Gershenzon, M., Davidovits, P., Jayne, J. T., Kolb, C. E., & Worsnop, D. R. (2001). Simultaneous uptake of DMS and ozone on water. Journal of
Physical Chemistry A, 105(29), 7031-7036. https://doi.org/10.1021/jp010696y

Hansell, D. A., Carlson, C. A., Amon, R. M. W, Alvarez—Salgado, X. A., Yamashita, Y., Romera- Castillo, C., & Bif, M. B. (2021). Compilation
of dissolved organic matter (DOM) data obtained from global ocean observations from 1994 to 2020. https://doi.org/10.25921/s4f4-ye35

Hardacre, C., Wild, O., & Emberson, L. (2015). An evaluation of ozone dry deposition in global scale chemistry climate models. Atmospheric
Chemistry and Physics, 15(11), 6419-6436. https://doi.org/10.5194/acp-15-6419-2015

Helmig, D., Lang, E. K., Bariteau, L., Boylan, P., Fairall, C. W., Ganzeveld, L., et al. (2012). Atmosphere-ocean ozone fluxes during the TexAQS
2006, STRATUS 2006, GOMECC 2007, GasEx 2008, and AMMA 2008 cruises. Journal of Geophysical Research, 117(4), 1-15. https://doi.
org/10.1029/2011JD015955

YANG ET AL.

9 of 10

U901 SUOWILLOD) BANIER.D) 3|eolddke ) Ad paURAOB 8.8 a1 YO ‘35N JO Sa|NJ 10} AReiq 1T BUIIUO AB]IA UO (SUO1HIPUOD-PUE-SLLLBIALI0D"AB | IW ALR1c]PUIIUO//Sc1Y) SUONIPUOD U SW 1 au) 885 *[5202/20/20] U AreiqiTauiuo A|im 83 L Ad Z8TETT 19V202/620T OT/I0p/L0Y A 1w AreiqipuljuosgndnBe/sdny wou pepeojumod ‘2T 'SZ0Z ‘2008r6T


https://doi.org/10.5194/acp-3-1665-2003
https://doi.org/10.5194/amt-3-441-2010
https://doi.org/10.5194/acp-24-3905-2024
https://doi.org/10.5194/acp-24-3905-2024
https://doi.org/10.1038/s41467-018-04528-7
https://doi.org/10.1016/S0304-4203(96)00093-X
https://doi.org/10.1039/C4EM00139G
https://doi.org/10.3389/fmars.2020.00621
https://doi.org/10.1038/s41597-019-0288-y
https://doi.org/10.1002/2016GL071240
https://doi.org/10.1021/es0718220
https://doi.org/10.1155/2012/943785
https://doi.org/10.1364/oe.20.021532
https://doi.org/10.1364/oe.25.0a1079
https://doi.org/10.1364/oe.25.0a1079
https://doi.org/10.5194/acp-7-443-2007
https://doi.org/10.1029/2008GB003301
https://doi.org/10.1029/2008GB003301
https://doi.org/10.1029/95JD02266
https://doi.org/10.1029/JC085iC12p07488
https://doi.org/10.1021/jp010696y
https://doi.org/10.25921/s4f4-ye35
https://doi.org/10.5194/acp-15-6419-2015
https://doi.org/10.1029/2011JD015955
https://doi.org/10.1029/2011JD015955

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113187

Helms, J. R., Stubbins, A., Ritchie, J. D., Minor, E. C., Kieber, D. J., & Mopper, K. (2008). Absorption spectral slopes and slope ratios as indicators
of molecular weight, source, and photobleaching of chromophoric dissolved organic matter. Limnology & Oceanography, 53(3), 955-969.
https://doi.org/10.4319/10.2008.53.3.0955

Jiao, N., Cai, R., Zheng, Q., Tang, K., Liu, J., Jiao, F., et al. (2018). Unveiling the enigma of refractory carbon in the ocean. National Science
Review, 5(4), 459-463. https://doi.org/10.1093/nsr/nwy020

Johnson, M. T. (2010). A numerical scheme to calculate temperature and salinity dependent air—water transfer velocities for any gas. Ocean
Science, 6(4), 913-932. https://doi.org/10.5194/0s-6-913-2010

Kilgour, D. B., Novak, G. A., Claflin, M. S., Lerner, B. M., & Bertram, T. H. (2024). Production of oxygenated volatile organic compounds from
the ozonolysis of coastal seawater. Atmospheric Chemistry and Physics, 24(6), 3729-3742. https://doi.org/10.5194/acp-24-3729-2024

Lim, S., Shi, J. L., von Gunten, U., & McCurry, D. L. (2022). Ozonation of organic compounds in water and wastewater: A critical review. Water
Research, 213, 118053. https://doi.org/10.1016/j.watres.2022.118053

Loades, D. C., Yang, M., Bell, T. G., Vaughan, A. R., Pound, R. J., Metzger, S., et al. (2020). Ozone deposition to a coastal sea: Comparison of
eddy covariance observations with reactive air—sea exchange models. Atmospheric Measurement Techniques, 13(12), 6915-6931. https://doi.
org/10.5194/amt-13-6915-2020

Luhar, A. K., Woodhouse, M. T., & Galbally, I. E. (2018). A revised global ozone dry deposition estimate based on a new two-layer parame-
terisation for air-sea exchange and the multi-year MACC composition reanalysis. Atmospheric Chemistry and Physics, 18(6), 4329-4348.
https://doi.org/10.5194/acp-18-4329-2018

Magi, L., Schweitzer, F., Pallares, C., Cherif, S., Mirabel, P., & George, C. (1997). Investigation of the uptake rate of ozone and methyl hy-
droperoxide by water surfaces. Journal of Physical Chemistry A, 101(27), 4943-4949. https://doi.org/10.1021/jp970646m

Martino, M., Léz¢, B., Baker, A. R., & Liss, P. S. (2012). Chemical controls on ozone deposition to water. Geophysical Research Letters, 39(5),
39-43. https://doi.org/10.1029/2011GL050282

Monks, P. S., Archibald, A. T., Colette, A., Cooper, O., Coyle, M., Derwent, R., et al. (2015). Tropospheric ozone and its precursors from the
urban to the global scale from air quality to short-lived climate forcer. Atmospheric Chemistry and Physics, 15, 8889-8973. https://doi.org/10.
5194/acp-15-8889-2015

Moreno, C. G., Gilvez, O., Lépez-Arza Moreno, V., Espildora-Garcia, E. M., & Baeza-Romero, M. T. (2018). A revisit of the interaction of
gaseous ozone with aqueous iodide. Estimating the contributions of the surface and bulk reactions. Physical Chemistry Chemical Physics,
20(43), 27571-27584. https://doi.org/10.1039/c8cp04394a

Mustaffa, N. I. H., Badewien, T. H., Ribas-Ribas, M., & Wurl, O. (2018). High-resolution observations on enrichment processes in the sea-surface
microlayer. Scientific Reports, 8(1), 1-12. https://doi.org/10.1038/s41598-018-31465-8

Novak, G. A., & Bertram, T. H. (2020). Reactive VOC production from photochemical and heterogeneous reactions occurring at the air-ocean
interface. Accounts of Chemical Research, 53(5), 1014-1023. https://doi.org/10.1021/acs.accounts.0c00095

Ogawa, H., & Tanoue, E. (2003). Dissolved organic matter in oceanic waters. Journal of Oceanography, 59, 139-147. https://doi.org/10.1023/A:
1025528919771

Pound, R. J., Sherwen, T., Helmig, D., Carpenter, L. J., & Evans, M. J. (2020). Influences of oceanic ozone deposition on tropospheric photo-
chemistry. Atmospheric Chemistry and Physics, 20(7), 4227-4239. https://doi.org/10.5194/acp-20-4227-2020

Romera-Castillo, C., Letscher, R. T., & Hansell, D. A. (2016). New nutrients exert fundamental control on dissolved organic carbon accumulation
in the surface Atlantic Ocean. Proceedings of the National Academy of Sciences, 113(38), 10497-10502. https://doi.org/10.1073/pnas.
1605344113

Roshan, S., & DeVries, T. (2017). Efficient dissolved organic carbon production and export in the oligotrophic ocean. Nature Communications,
8(1), 2036. https://doi.org/10.1038/s41467-017-02227-3

Sarwar, G., Kang, D., Foley, K., Schwede, D., Gantt, B., & Mathur, R. (2016). Technical note: Examining ozone deposition over seawater.
Atmospheric Environment, 141, 255-262. https://doi.org/10.1016/j.atmosenv.2016.06.072

Schneider, S. R., Collins, D. B., Boyer, M., Chang, R. Y. W., Gosselin, M., Irish, V. E., et al. (2024). Abiotic emission of volatile organic
compounds from the ocean surface: Relationship to seawater composition. ACS Earth and Space Chemistry, 8(9), 1913-1923. https://doi.org/
10.1021/acsearthspacechem.4c00163

Sherwen, T., Chance, R. J., Tinel, L., Ellis, D., Evans, M. J., & Carpenter, L. J. (2019). A machine-learning-based global sea-surface iodide
distribution. Earth System Science Data, 11(3), 1239-1262. https://doi.org/10.5194/essd-11-1239-2019

Wohl, C., Capelle, D., Jones, A., Sturges, W. T., Nightingale, P. D., Else, B. G. T., & Yang, M. (2019). Segmented flow coil equilibrator coupled
to a proton-transfer-reaction mass spectrometer for measurements of a broad range of volatile organic compounds in seawater. Ocean Science,
15(4), 925-940. https://doi.org/10.5194/0s-15-925-2019

Waurl, O., Wurl, E., Miller, L., Johnson, K., & Vagle, S. (2011). Formation and global distribution of sea-surface microlayers. Biogeosciences,
8(1), 121-135. https://doi.org/10.5194/bg-8-121-2011

Yang, M., & Phillips, D. P. (2024). Ozone and iodide measurements from the Atlantic Meridional transect cruise AMT29 (DY110) between the
13th october 2019 and the 23rd November 2019 [Dataset]. NERC EDS British Oceanographic Data Centre NOC. https://doi.org/10.5285/
259fef7b-0ffe-eb3e-e063-7086abc0978a

Zhou, S., Gonzalez, L., Leithead, A., Finewax, Z., Thalman, R., Vlasenko, A., et al. (2014). Formation of gas-phase carbonyls from heterogeneous
oxidation of polyunsaturated fatty acids at the air—water interface and of the sea surface microlayer. Atmospheric Chemistry and Physics, 14(3),
1371-1384. https://doi.org/10.5194/acp-14-1371-2014

YANG ET AL.

10 of 10

5101 SUOWILLIOD A TER1D 3[geatdde Uy Ad pauanob ake SOILE VO ‘35N J0'SaINI 10) ARIGIT BUIIUQ AB|IM UO (SUONIPUOO-PUE-SWLB}LICD"AB| 1M ARe.q U UO//SAIL) SUOIPUOD) PUe S | au) 885 *[5202/20/20] UO ARIqITauluo A81iMm 521 Aq /8TETT 19¥Z02/620T OT/10pAw0a"Aa| i Aeiqipuluo'sandnBe//sdny Wwoiy papeojumoq ‘ZT ‘SZ0Z *L008r6T


https://doi.org/10.4319/lo.2008.53.3.0955
https://doi.org/10.1093/nsr/nwy020
https://doi.org/10.5194/os-6-913-2010
https://doi.org/10.5194/acp-24-3729-2024
https://doi.org/10.1016/j.watres.2022.118053
https://doi.org/10.5194/amt-13-6915-2020
https://doi.org/10.5194/amt-13-6915-2020
https://doi.org/10.5194/acp-18-4329-2018
https://doi.org/10.1021/jp970646m
https://doi.org/10.1029/2011GL050282
https://doi.org/10.5194/acp-15-8889-2015
https://doi.org/10.5194/acp-15-8889-2015
https://doi.org/10.1039/c8cp04394a
https://doi.org/10.1038/s41598-018-31465-8
https://doi.org/10.1021/acs.accounts.0c00095
https://doi.org/10.1023/A:1025528919771
https://doi.org/10.1023/A:1025528919771
https://doi.org/10.5194/acp-20-4227-2020
https://doi.org/10.1073/pnas.1605344113
https://doi.org/10.1073/pnas.1605344113
https://doi.org/10.1038/s41467-017-02227-3
https://doi.org/10.1016/j.atmosenv.2016.06.072
https://doi.org/10.1021/acsearthspacechem.4c00163
https://doi.org/10.1021/acsearthspacechem.4c00163
https://doi.org/10.5194/essd-11-1239-2019
https://doi.org/10.5194/os-15-925-2019
https://doi.org/10.5194/bg-8-121-2011
https://doi.org/10.5285/259fef7b-0ffe-eb3e-e063-7086abc0978a
https://doi.org/10.5285/259fef7b-0ffe-eb3e-e063-7086abc0978a
https://doi.org/10.5194/acp-14-1371-2014

	description
	Marine Biogeochemical Control on Ozone Deposition Over the Ocean
	1. Introduction
	2. Experimental
	2.1. Description of the OUE Method
	2.2. Calibration of the OUE Measurement

	3. Spatial Distributions in Surface OUE and Relationships With Biogeochemical Proxies
	4. Ozone Chemical Deposition Velocity and Reactivities
	5. Ozone Reactivity of Deep Ocean DOC
	6. Implications and Conclusions
	Data Availability Statement



