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Abstract Photochemistry plays an important role in marine dissolved organic carbon (DOC) degradation,
but the mechanisms that convert DOC into volatile organic compounds (VOCs) remain poorly understood.
We irradiated carboxylic acids (C7–C9) on a simulated ocean surface with UV light (<320 nm) in a
photochemical flow reactor and transferred the VOC products into a dark ozone reactor. Glyoxal was
detected as a secondary product from heptanoic, octanoic, and nonanoic acid (NA) films, but not from
octanol. Primary glyoxal emissions were not observed, nor was glyoxal formed in the absence of ozone.
Addition of a photosensitizer had no noticeable effect. The concurrent detection of heptanal in the NA
system suggests that the ozonolysis of 2-nonenal is the primary chemical mechanism that produces glyoxal.
This source can potentially sustain tens of parts per trillion by volume (pptv) glyoxal over oceans, and helps to
explain why glyoxal fluxes in marine air are directed from the atmosphere into the ocean.

1. Introduction

Oceans are a major reservoir of dissolved organic carbon (DOC), but the processes by which DOC is liberated
to the gas phase remain poorly understood. In the past, it was thought that surfactants in the sea surface
microlayer (SML) acted primarily as physical barriers that inhibited air-sea exchange of organic gases [Liss
and Duce, 1997]. In waters near the surface, DOC is injected into the atmosphere as sea spray aerosol
[O’Dowd et al., 2004; Quinn et al., 2014]. Photochemistry in the surface ocean plays a key role in determining
the sources of primary marine aerosol (PMA) [Long et al., 2014]. Recent isotope data show that submicron
water-soluble organic aerosols over the Pacific Ocean derive around 40–90% of their carbon from oceanic
DOC [Turekian et al., 2003; Miyazaki et al., 2016]. PMA is enriched by a factor of 133� 10 compared to the
DOC content of seawater and deemed responsible for a primary organic aerosol source of 8–50 Tg C yr�1

[Spracklen et al., 2008; Gantt et al., 2009; Kieber et al., 2016]. Photochemical breakdown of DOC forms carbon
monoxide, carbonyl compounds, and α-keto acids in subsurface waters [Kieber et al., 1989, 1990, 2016;
Mopper et al., 1991; Moran and Zepp, 1997] and is responsible for a marine source of 31 TgC yr�1 acetalde-
hyde to the atmosphere [Millet et al., 2010]. Glyoxal, the simplest α-dicarbonyl compound, is widespread over
oceans [Wittrock et al., 2006; Lerot et al., 2010]. Its brief atmospheric lifetime (~2–4 h) limits transport from ter-
restrial sources and requires production from local sources to explain significant concentrations over the
remote oceans [Sinreich et al., 2010; Mahajan et al., 2014; Lawson et al., 2015; Volkamer et al., 2015]. DOC
photochemistry in subsurface waters cannot explain the missing marine source either, due to the high
glyoxal solubility (Heff = 4.2 × 105M atm�1) [Ip et al., 2009]. Eddy covariance flux measurements indicate that
the ocean is a net sink for glyoxal during most of the day [Coburn et al., 2014], raising questions about pos-
sible precursors. Atmospheric models currently cannot explain glyoxal over oceans for lack of a source
mechanism but estimate 20 Tg yr�1 glyoxal based on satellite observations [Myriokefalitakis et al., 2008],
which is probably a lower limit [Lerot et al., 2010]. Glyoxal forms oxalic acid in marine clouds [Rinaldi et al.,
2011], and uptake is enhanced by salts in aqueous aerosols (salting in) [Kampf et al., 2013; Waxman et al.,
2015] to form secondary organic aerosol [Waxman et al., 2013; Knote et al., 2014]. Oleic acid is an animal
and vegetable fat that has been observed in the ocean [Zahardis and Petrucci, 2007]. Other carboxylic acids
are also widespread in marine aerosols [Hawkins et al., 2010; Kawamura et al., 2012; Miyazaki et al., 2016].
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The reaction of ozone with oleic acid at a simulated ocean surface was found a source for oxygenated volatile
organic compounds (OVOCs) including glyoxal [Mopper et al., 1991; Zhou et al., 2014], but the surface flux can-
not explain field observations of glyoxal over oceans [Sinreich et al., 2010; Coburn et al., 2014]. Nonanoic acid
(NA) forms from the oxidation of oleic acid [King et al., 2009] and has been used as a proxy for SML carboxylic
acid chemistry more generally. Photosensitized interfacial chemistry of NA is a source of nonenal and other
OVOC [Ciuraru et al., 2015], but it is unclear which nonenal isomer forms, and whether it acts as a precursor for
glyoxal. Here we present a series of laboratory experiments investigating whether the irradiation of car-
boxylic acids at a simulated ocean surface is a source of glyoxal, in the presence and absence of a
photosensitizer.

2. Experimental Setup

The experimental setup is shown in the schematic in Figure 1. A cylindrical quartz cuvette with a path length
of 100mm and an internal diameter of 19mm was used as a photoreactor (internal volume 28mL). A xenon
arc lamp was placed at one end of the photoreactor flow cell. A 5 cm quartz cuvette filled with water was
placed between the xenon arc lamp and the photoreactor to filter out infrared light. A filter holder was placed
between the infrared filter and the photoreactor so that an optional UV filter could be introduced for some
experiments. All tubing used in the setup was made of Teflon. The inlet of the photoreactor was connected
to a supply of purified air. The outlet of the photoreactor was connected to an aluminum foil-wrapped 5 L
glass bottle which was used as an ozone reaction chamber. The aluminum foil ensured that only ozonolysis
took place inside the ozone reactor, rather than photolysis from stray UV light from the rest of the setup. A
separate piece of tubing was used to feed ozone into the ozone reactor from an ozone generator. The outlet
from the ozone reactor was connected to an aerosol filter, and from there to a Light Emitting Diode Cavity
Enhanced Differential Optical Absorption Spectroscopy (LED-CE-DOAS) instrument. During selected experi-
ments a selective reagent ionization time of flight mass spectrometer (SRI-TOFMS) was connected.

2.1. Aqueous Phase

In each experiment, 14mL of water was injected into the photoreactor, filling half of its volume. The pH was
varied between 1.2 (by adding HCl), 4 (potassium biphthalate, KHP), and 7 (pH buffer solution, Sigma Aldrich),
but pH effects were found to be small. The ionic strength of the aqueous phase was varied systematically
from absence of salts to seawater concentrations by adding 1mol L�1 NaCl, 1mmol L�1 NaBr, and
10μmol L�1 NaI (Sigma Aldrich, ≥99% pure). Table S1 in the supporting information provides further details
about the combination of freshwater, saltwater and pH conditions investigated. In two experiments, a com-
mercial KHP pH 4 buffer solution was used as the aqueous phase. KHP absorbs strongly at UV wavelengths
and effectively acts as an aqueous phase UV filter (Figure S1). In three experiments using NA as organic phase,
the aqueous phase was a solution of 40mg L�1 humic acid (Sigma Aldrich) used as photosensitizers.

2.2. Organic Phase

Three carboxylic acids were investigated: nonanoic, octanoic, and heptanoic acids; either octanol or pure
water were used as control blanks. Most experiments were conducted using NA unless otherwise noted, as
this acid was studied in the presence of photosensitizers [Ciuraru et al., 2015; Rossignol et al., 2016]. For

Figure 1. Diagram of the experimental setup. The xenon arc lamp, IR filter, flow cell, ozone reactor, and LED-CE-DOAS were
employed in all experiments. Dashed components indicate components that were not used in all experiments.
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experiments aimed at detecting glyoxal, 3.5mmol of the organic phase were injected onto the aqueous
phase, corresponding to 615μL, 555μL, 495μL, and 556μL for NA, octanoic acid, heptanoic acid, and octanol
respectively. If the organic compounds were fully dissolved in the aqueous phase, 3.5mmol would corre-
spond to 250mmol L�1 solutions. However, the solubility of the organic compounds limits their concentra-
tion in the aqueous phase to 2–5mmol L�1. The remainder floated above the aqueous phase as a film and
as distinct “islands.” It was necessary to use these elevated concentrations to convert enough glyoxal precur-
sors in the ozone reactor (see below), to ensure glyoxal detection. However, at these concentrations direct
OVOC emissions saturate the gas phase analytical devices at the outlet of the reactor, such as the SRI-
TOFMS. Therefore, experiments with the SRI-TOFMS used 5 and 10mmol L�1 solutions of the
corresponding acids.

2.3. Ozone Reactor

The ozone was generated by UV photolysis of oxygen (Stable Ozone Generator 1, Ultra-Violet Products Ltd.,
USA). The flow rate through the photoreactor into the ozone reactor was 300mLmin�1. Air from the ozone
generator added another 300mLmin�1 for a combined flow rate of 600mLmin�1 through the ozone reac-
tor. The residence time of gas in the ozone reactor was approximately 8min. Ozone concentrations were
measured by LED-CE-DOAS and were approximately 0.5 ppmv. The rate constant for the reaction between
trans-2-nonenal and ozone has been measured to be 2.05 × 10�18 cm3molecule�1 s�1 [Colmán et al.,
2015]. At an ozone concentration of 0.5 ppmv (1.25 × 1013molecule cm�3), the quasi first-order reaction rate
is 2.56 × 10�5 s�1; only about 1% of the 2-nonenal is expected to react.

2.4. Time Protocol

A time protocol was established and followed for each experiment. For the first 20min after the flow cell was
filled and connected, the system was flushed with the ozone generator switched off and light from the xenon
arc lamp blocked with a shutter. During this time, purified air continued to flow through the ozone generator
to maintain a constant rate of flow throughout the entire experiment. The ozone generator was then turned
on while the xenon arc lamp remained shuttered for 30min. The shutter was opened and the photoreactor
was irradiated for 2 h. Aluminum foil shielded the ozone reactor from UV irradiation. After the irradiation per-
iod, the shutter was closed on the xenon arc lamp while ozone continued to flow through the system for 1 h.
Finally, the ozone generator was switched off, and the flow through the generator was increased to flush out
the system for subsequent experiments.

2.5. Instrumentation and Detection
2.5.1. LED-CE-DOAS
Downstream of the ozone reactor, the air flowed through a T-connector to the LED-CE-DOAS, which was used
tomeasure glyoxal before the air was exhausted. SRI-TOFMS could sample air in parallel with the LED-CE-DOAS
from the T-connector. Briefly, a bright LED provides broadband light to an optical cavity. Mirror alignment was
characterized by filling the cavity with reference gases such as nitrogen and helium, and comparing the
observed scattering to thepredictedRayleigh scattering at different path lengths. The reflectivity of themirrors
at each wavelength could be measured and used to construct a reflectivity curve. Glyoxal was measured at a
wavelength of 455 nm as described in Coburn et al. [2014], and was calibrated using the UV-vis spectrum by
Volkamer et al. [2005]. At that wavelength, careful alignment of the mirrors provides path lengths of ~16 km,
allowing detection of glyoxal at concentrations as low as several parts per trillion by volume (1 pptv = 10�12

volume mixing ratio = 2.46 ×107 molec cm�3; 1 ppbv = 1000 pptv). Absorption by the O2-O2 (also termed O4)
collision complex allows for inherent calibration. For details of the operation of the University of Colorado
LED-CE-DOAS refer to Thalman and Volkamer [2010]. The time resolution of the data collected by
LED-CE-DOAS was approximately 1min. The data were then averaged over 5min.
2.5.2. SRI-TOFMS
A commercially available Selective Reagent Ionization Time-of-Flight Mass Spectrometer (SRI-TOFMS, Ionicon
Analytik GmbH) using both H3O

+ and NO+ ionization modes was used to characterize gas phase products.
The SRI-TOFMS system was mounted as shown Figure 1 to allow sampling both immediately downstream
of the photoreactor and after the ozone reactor. The SRI-TOFMS inlet was connected to the Teflon system
through 1.5m of 6mm ID PEEK tubing heated at 60°C. Measurements were performed at a drift voltage of
600 V, a drift temperature of 60°C and a drift pressure of 2.25mbar resulting in an E/N of about 130–135 Td
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(1 Td = 10�17 cm2 V�1). The resolu-
tion of the spectra was approxi-
mately 4000 at m/z 100. More
details concerning the different ioni-
zation modes are given in the
supporting information.

2.6. Absorption Spectrum of NA

The UV absorption spectrum of a bulk
solution of NA was measured using a
Cary 5000 UV-vis-NIR spectrophot-
ometer. Spectra were collected using
quartz cuvettes with internal path
lengths of 1.0, 4.0, 5.0, and 10.0mm.
The absorption spectrum was con-
verted to an absorption cross section,
and the four cross sections measured
in this way were averaged in spectral
ranges with sufficient signal-to-noise
ratio (see Figure S2). Absorption
spectra were also collected for solu-
tions containing potassium biphtha-

late. Both an aqueous solution of 50mmol kg�1 (buffer solution at pH= 4) and a saturated solution of
potassium biphtalate in pure NA were used.

3. Results and Discussion

Figure 2 shows time traces of Δ-glyoxal, the background-corrected glyoxal, measured in experiments con-
ducted with NA, octanoic acid, heptanoic acid, and octanol in the photoreactor. Figure 2 (top) shows a time
trace of ozone measured by LED-CE-DOAS in a typical experiment. No significant glyoxal was observed when
gas flows were started. Upon adding ozone in the dark some limited glyoxal (~50 pptv) was observed and is
attributed to a memory effect in the Teflon tubing from previous experiments. This glyoxal background was
characterized before and after each irradiation and typically varied by <10 pptv (see supporting information
Table S1). A pronounced change in the glyoxal concentration was observed only upon irradiation of the
photochemical reactor. Qualitatively similar results were observed for nonanoic, octanoic, and heptanoic
acids, but not for octanol. We conclude that the formation of glyoxal is tied to the carboxylic acid functional
group and is not observed for alcohols.

In the absence of ozone in the reaction chamber, the glyoxal concentrations were indistinguishable from zero
when the simulated SMLwas irradiated. Experiments with only water and no organic phase in the photo reac-
tor did not exhibit glyoxal production. These experiments had the ozone generator off for the entire time but
used otherwise similar experimental conditions.

For all compounds, the time traces of glyoxal production were qualitatively very similar between fresh and
saltwater. Therefore, the time traces for those compounds in Figure 2 display the averages of data from both
fresh and saltwater experiments. With NA, the system exhibited significant variability and individual NA
experiments are shown as thin pink lines, in addition to the 5min average over the pooled data from all
NA experiments. The Δ-glyoxal for individual experiments is given in Table S1 (supporting information).
We hypothesize that the observed variability (factor 2 from the average Δ-glyoxal) is due to the formation
of islands of excess fatty acid on the surface of the aqueous layer. A true monolayer of NA is expected to form
at a concentration of about 0.6mmol L�1 in our system. The unpredictable number, size, and location of such
islands within the flow cell can cause irregular irradiation and chemical reactivity of the simulated SML due to
scattering and refraction of the light and surface concentration effects. The partitioning of nonenal to tubing,
coupled with the low reactivity of 2-nonenal with ozone and a desire for low glyoxal backgrounds requires
elevated concentrations of NA to detect photochemical enhancements of glyoxal without limitations from
backgrounds in our setup.

Figure 2. Time series of (top) ozone, and (bottom) background corrected
glyoxal, both measured by LED-CE-DOAS. The traces are color coded for
different organic compounds. Octanol (black line) was used as a blank.
Each point is the average of all data collected using fresh and saltwater in a
5min window. Error bars represent the standard deviations of the individual
data points, and thin lines reflect individual experiments for NA. The
dashed line represents a saltwater experiment.
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Time traces of Δ-glyoxal with NA in
the presence of a UV filter with cutoff
below 400 nm are shown in Figure 3.
In the purple trace, a UV filter was
placed between the xenon arc lamp
and the photoreactor during the
entire experiment. The Δ-glyoxal
could not be distinguished from that
of the octanol blank in that experi-
ment. In the red trace, the UV glass fil-
ter was introduced only after 1 h of
irradiation. In that experiment, the
aqueous phase contained a
40mg L�1 solution of humic acid,
which has been used as a photosensi-
tizer in previous work [Ciuraru et al.,
2015]. However, no photosensitizing
effect was observed in our experi-
ments; indeed, glyoxal concentra-
tions in the presence of a

photosensitizer were at the lower end of the glyoxal concentrations during experiments without humic acids.
Glyoxal is initially produced, but after the glass filter is introduced, the glyoxal signal returns to the baseline,
while visible wavelengths (>400 nm) continued to be present throughout the experiment. Therefore, the
experiments using the UV glass filter indicate that the photoreactivity of the carboxylic acid can lead to
the secondary formation of glyoxal only when irradiated with UV light.

Also shown in Figure 3 is the average time trace of two experiments in which the aqueous phase was a KHP
pH4 buffer solution. Conveniently, a pH 4 buffer does not substantially alter the pH of the aqueous phase
below the floating NA; the pH of a NA-saturated subsurface aqueous phasewasmeasured to be 3.9 in absence
of pHbuffer. KHPexhibits strong absorbance atwavelengths shorter than 310 nmand can therefore beused as
an aqueous phaseUV filter. TheUV absorption spectrumof KHP is shown in Figure S1 (supporting information).
Also shown are the transmission curves of such a solution for path lengths of 1, 5, and 10 cm. The transmission
curves show that KHP prevents light<310 nm from reaching the vast majority the NA bulk phase or interface.
In the pH= 4 buffer experiments, Δ-glyoxal was indistinguishable from the blank. Figure S1 also shows the UV
absorption spectrum of NA (orange line) and NA saturated with KHP (green line). The increased absorption of
light <300 nm indicates that some of the KHP partitions into neat NA solutions. However, no substantial
change in the spectrum is observed at wavelengths >310 nm, indicating that the glyoxal suppression by
KHP is not due to a change in the nature of the chromophore but could be due to limited UV transmission,
or quenching of the excited state of NA. KHP is known to have a small quenching effect on fluorescence
[Williams and Bridges, 1964] and could therefore chemically interact with the excited carboxylic function.
However, such a quenching effect is likely of secondary importance here, because in our experiments the
UV light cannot reach the NA in the first place (Figure S2).

During the experiments when SRI-TOFMS was connected, air was sampled both before and after the ozone
reactor. In addition to using H3O

+ as a reagent ion, we also used NO+ to reduce fragmentation and obtain
more selective information about the structural composition of the reaction products. Nonenal was observed
to be the second most abundant unsaturated aldehyde present (the C8 alkenal being the most abundant)
before ozonolysis assigned based on the peak m/z 139.1117, corresponding to the C9H15O

+ ion in the NO+

ionization mode (more details in the supporting information). Net production of 6–7 ppbv of nonenal was
measured directly behind the photoreactor for experiments that use 5mmol L�1 NA films in the absence
of a photosensitizer, as shown Figure S3. This is broadly consistent with results described in [Ciuraru et al.,
2015], where a photosensitizer was present. The production rate of nonenal is 1–2 orders of magnitude larger
than that of glyoxal, as is expected due to the limited residence time in the ozone reaction vessel. Heptanal
was observed in small concentrations of 1–2 ppbv after the ozone reactor, although no significant concentra-
tion could be detected before ozonolysis. Broadly speaking, these results indicate that heptanal and glyoxal

Figure 3. Time traces showing background-corrected glyoxal concentra-
tions (Δ-glyoxal) in the LED-CE-DOAS as a function of time. The violet trace
is the experiment in which a UV filter was introduced at the beginning of
the experiment; the red trace has a UV filter introduced after 1 h. Error bars
represent the standard deviations of data points in each 5min average. For
comparison, the light pink trace shows the average all NA fresh and saltwater
experiments.
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likely form as coproducts from the ozonolysis of 2-nonenal. The SRI-TOFMS data qualitatively show the pro-
duction of other VOCs and OVOCs, confirming that the formation of 2-nonenal is only one branch of a rich
product distribution. This is illustrated in Figure S3 by the time traces for a saturated aldehyde (octanal)
and two unsaturated aldehydes (nonenal and propenal). Other unsaturated aldehydes could also contribute
to the formation of glyoxal, either directly if its double bond is situated on carbon 2, or indirectly through a
malondialdehyde intermediate if its double bond is situated on carbon 3 [Zhou et al., 2014]. We propose a
reaction mechanism whereby carboxylic acids photoexcitation by UV photons can eliminate water and form
unsaturated OVOC including 2-nonenal that volatilize from the surface film, see Figure 4, and subsequently
react with ozone in our system. The formation of 2-nonenal has been proposed to form OH radicals via a
homolytic cleavage initiation pathway [Rossignol et al., 2016]. Our results show that at least a fraction of
the nonenal forms as 2-nonenal and thus provide evidence that the homolytic cleavage pathway is operative.
Fatty acid films on the water interface absorb UV photons in the actinic flux region and undergo rapid photo-
chemistry that is a source of HOx radicals, unsaturated OVOC that form secondary glyoxal, and other alde-
hydes, even in the absence of a photosensitizer.

The action spectrum of NA was calculated as the product of the photon irradiance (photons cm�2 nm�1 s�1)
and the absorption cross section of NA (cm2molecule�1; see Figure S2 in the supporting information), with
the photochemically active wavelength range constrained to a very narrow region between 280 and 310 nm.
The integral from 280 to 310 nm gives a J value of 3 × 10�8 s�1 for NA in our experiments. The actual J value
may be lower, if islands of NA were casting a shadow. Indeed, the glyoxal increased by a factor of 2 when NA
islands were dispersed by shaking the photoreactor, though this effect could potentially also be explained by
outgassing or by an increase of the interfacial surface. At a representative glyoxal volume mixing ratio of
200 pptv observed by LED-CE-DOAS, and a flow rate of 600mLmin�1, the glyoxal production rate is
5 × 1010molecules s�1. The ratio of the glyoxal production rate to the NA photoexcitation rate is 8 × 10�4.
Considering further that only 1% of the nonenal will have time to react in the ozone reactor (see
section 2.3), this suggests a quantum yield leading to nonenal of 8%. This estimate of the quantum yield is
a lower limit, since the glyoxal yield from the ozonolysis could be smaller than unity, or because other reac-
tion pathways that follow the photoexcitation do not result in nonenal formation.

4. Atmospheric Implications

Carboxylic acids are considered to be relatively unreactive in the atmosphere. The primary pathway consists
of OH radical reactions that can give rise to decarboxylation [Jenkin et al., 2003; Saunders et al., 2003], or visible
light overtone pumping [Takahashi et al., 2008]. These processes are rather slow, resulting in atmospheric
lifetimes of several days to a week with respect to oxidation; deposition is a major removal pathway for acids
[Keene et al., 2015]. By contrast, unsaturated aldehydes, such as 2-nonenal, are highly reactive. The reaction
rate for the reaction of nonenal with OH radicals is 4.35 × 10�11 cm3molecule�1 s�1 [Gao et al., 2009],
2.05 × 10�18 cm3molecule�1 s�1 for O3 [Colmán et al., 2015], and the kinetics of bromine atoms and
photolysis remain unstudied (taken as that of methacrolein [Calvert et al., 2015] for further
discussion). Assuming concentrations of [OH] = 4 × 106molecules cm�3, [Br] = 2.5 × 106molecules cm�3,
[Cl] = 5 × 104molecules cm�3, J= 6.6 × 10�6 s�1, and [O3] = 20 ppbv (typical of the daytime remote marine
boundary layer, MBL, in the tropics) the atmospheric lifetime of 2-nonenal is ~1 h. The atmospheric fate of
2-nonenal is determined by reaction with OH (67%), Br (25%), Cl (5%), and to a lesser extent by photolysis
(2.6%) and O3 (0.4%). Not only are unsaturated OVOC glyoxal precursors, they also appear to be a significant
sinks forBr andClatoms in theMBL.Notably, airmassescontainingelevatedglyoxal concentrationsoveroceans
[Sinreich et al., 2010; Coburn et al., 2014; Volkamer et al., 2015] also contain low BrO (upper limits< 0.5 pptv)
[GómezMartín et al., 2013;Volkamer et al., 2015;Wang et al., 2015]. This is despite the fact that sea spray aerosols

Figure 4. Proposed mechanism for secondary glyoxal production from carboxylic acids. In the first step, the carboxylic
acid is transformed by photochemistry into 2-nonenal. In the second step, the 2-nonenal is cleaved by ozonolysis into
glyoxal, an aliphatic aldehyde, and other products.
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are acidic in the same air masses [Miyazaki et al., 2016]. This low BrO is incompatible with the fact that acidic
aerosols liberate bromide efficiently [Fickert et al., 1999], and models predict higher BrO [Long et al., 2014;
Sherwen et al., 2016]. A bromine sink from unsaturated OVOC in the marine MBL is currently not represented
in atmosphericmodels [Long et al., 2014; Sherwen et al., 2016], in part due to the lack of kinetic data andproduct
studiesof theOHandBr radical reactionsofunsaturatedOVOC larger thanC4 [Calvert etal., 2015]. The lackofour
understanding of marine OVOC emissions has the potential to bias our perception of halogen sources in the
remote MBL.

Our results help explain a key feature of the missing source of glyoxal over oceans, where eddy covariance
flux measurements indicate that the daytime flux is directed from the atmosphere into the ocean [Coburn
et al., 2014]. Photochemical processes of DOC at the ocean surface liberate relatively low solubility VOCs to
the atmosphere. Our results further indicate that photosensitizers [Ciuraru et al., 2015] are not needed to form
unsaturated VOCs of low solubility from a variety of fatty acids. The subsequent oxidation of these VOCs in
the marine atmosphere leads to secondary glyoxal. Due to the very high solubility of glyoxal and the vast
undersaturation of glyoxal at the surface ocean, the net air-sea glyoxal flux is typically directed from the
atmosphere into the ocean.

Previous field observations have reported widespread glyoxal in the MBL [Zhou and Mopper, 1990; Sinreich
et al., 2010; Mahajan et al., 2014; Coburn et al., 2014; Lawson et al., 2015; Volkamer et al., 2015], with typical
concentrations ranging from 7 to 80 pptv. Scaling our results to the atmosphere is subject to significant
uncertainty, e.g., assumes all nonenal forms as 2-nonenal. The production rate of nonenal is
3 × 109molecules cm�3 s�1 cm�2 in our setup (for 5mmol L�1 NA) and presents the rate limiting step for
the formation of secondary OVOCs. If we assume an effective yield of 10% or 100% glyoxal for all atmospheric
reactions of 2-nonenal, and ~3 h glyoxal lifetime, the surface source can explain 3 to 30 pptv glyoxal through-
out a 500m deep boundary layer. In principle, acids could provide a significant fraction of the missing glyoxal
source over oceans.

Future work is needed to establish the carbon balance, effective quantum yields, and molecular identify of
acid photochemical products in the gas and condensed phases [Rossignol et al., 2016]. Surprisingly, high
deposition fluxes of acids have been measured in the marine atmosphere [Keene et al., 2015], and their
sources and fate in remote air are currently not well understood. Further, the chemical kinetics and products
of the gas phase reaction of alkenals (larger C4) with OH, Br, and Cl radicals and ozone are currently unstudied
[Calvert et al., 2015]. The relative importance of these atmospheric oxidants is expected to vary between dif-
ferent isomers (e.g., 2- or 3-alkenals) and will be different in remote pristine and polluted marine air.
Laboratory studies need to establish the reaction mechanisms of acids at interfaces and understand the iden-
tity of products and their fates in order to include this novel chemistry into atmospheric models.

Analytical challenges for the atmospheric detection of alkenal-type precursors arise from chemical complex-
ity. Different acid molecules form a variety of precursor molecules that all contribute some glyoxal (and
different OVOC). Furthermore, the atmospheric lifetime of glyoxal is significantly longer (several hours)
compared to 2-alkenal-type species leading to the expectation of extremely low concentrations of individual
precursor molecules. This may be the reason that the glyoxal source over oceans remains elusive to date
[Mopper and Zhou, 1990; Sinreich et al., 2010; Lawson et al., 2015]. The relevance of acids as a secondary source
of glyoxal may not be limited to the marine atmosphere. Atmospheric models currently explain only about
50% of the global terrestrial source of glyoxal. The largest model-satellite mismatch is observed over biogenic
hot spots where acids and isoprene are abundant such as the Amazon rain forest [Stavrakou et al., 2009] and
over remote oceans [Myriokefalitakis et al., 2008]. The global glyoxal source (~128 Tg yr�1) warrants reexami-
nation. The presence of glyoxal in the free troposphere over the South Eastern U.S. [Lee et al., 1998], over Los
Angeles [Baidar et al., 2013], and over the tropical Eastern Pacific Ocean [Volkamer et al., 2015] is further sur-
prising and may point to shortcomings in our understanding of the biogeochemical cycle of organic carbon.
Acids are widespread over continents and oceans [Keene et al., 2015], and missing sources of glyoxal in atmo-
spheric models have implications for secondary organic aerosol formation [Volkamer et al., 2007; Fu et al.,
2008; Washenfelder et al., 2011; Rinaldi et al., 2011; Waxman et al., 2013; Knote et al., 2014].
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