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Abstract The oceans hold a massive quantity of organic carbon, nearly all of which is dissolved and more
than 95% is refractory, cycling through the oceans several times before complete removal. The vast reservoir
of refractory dissolved organic carbon (RDOC) is a critical component of the global carbon cycle that is
relevant to our understanding of fundamental marine biogeochemical processes and the role of the oceans
in climate change with respect to long-term storage and sequestration of atmospheric carbon dioxide. Here
we show that RDOC includes surface-active organic matter that can be incorporated into primary marine
aerosol produced by bursting bubbles at the sea surface. We propose that this process will deliver RDOC from
the sea surface to the atmosphere wherein its photochemical oxidation corresponds to a potentially
important and hitherto unknown removal mechanism for marine RDOC.

1. Introduction

Primary marine aerosol (PMA) emitted from the ocean surface by breaking waves and bursting bubbles is
highly enriched in marine organic matter (OM) relative to seawater [Keene et al., 2007; Facchini et al., 2008;
Quinn et al., 2014]. This sea-to-air flux is also the major source of aerosol mass and an important source of
aerosol number (mass and number, respectively, of particles per unit volume of air) in Earth’s troposphere
[Andreae and Rosenfeld, 2008]. It is widely assumed that PMA OM originates from recent biological activity
in the photic zone, based on correlations between field or satellite-derived chlorophyll a (Chl a) and organic
carbon concentrations in ambient aerosol measured downwind of bloom regions [e.g.,O’Dowd and de Leeuw,
2007; Sciare et al., 2009; Spracklen et al., 2008; Vignati et al., 2010; Fuentes et al., 2011; Gantt et al., 2011; Rinaldi
et al., 2013]. This supposition was recently challenged byQuinn et al. [2014] who found no positive correlation
between Chl a and organic carbon enrichments in freshly formed PMA produced from biologically produc-
tive and oligotrophic seawater.

Long et al. [2014] hypothesized that at least two distinct reservoirs of organic surfactants in the ocean mod-
ulate PMA production. One reservoir is generated during the day in biologically productive waters and a sec-
ond background reservoir is present in both productive and oligotrophic waters. For a given detrainment rate
of bubble air, number production fluxes of PMA (number of particles produced per unit area per unit time),
modulated by the background reservoir in oligotrophic waters, were statistically indistinguishable from those
in biologically productive waters during late night [Long et al., 2014].

Together, the Long et al. [2014] and Quinn et al. [2014] results suggest that the OM enrichment of most PMA
produced globally is controlled by a large background reservoir of organic surfactants that is decoupled from
OM generated by recent biological activity in the photic zone. One potential source of this background reser-
voir of organic surfactants is refractory dissolved organic carbon (RDOC). RDOC comprises most of the dis-
solved organic carbon in the oceans and has an estimated lifetime of 16,000 years [Hansell et al., 2012;
Hansell, 2013], cycling through the oceans several times before its complete removal [Williams and Druffel,
1987]. Little is known regarding production and removal mechanisms of RDOC. Recent findings suggest
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microbial and sedimentary sources for this carbon [Guo and Santschi, 2000; Jiao et al., 2010], and several
removal mechanisms have been proposed [Mopper et al., 1991; Lang et al., 2006], although large uncertainties
persist [Hansell, 2013; Repeta, 2015]. As part of the Western Atlantic Climate Study (WACS), we investigated
the surface-active properties of RDOC, its incorporation into PMA, and the potential importance of its removal
from the surface ocean via PMA production and atmospheric processing. Although some results generated
during WACS have been reported by Quinn et al. [2014] and Long et al. [2014], all information presented
herein without attribution has not been published previously.

2. Methods

PMA production from productive waters on Georges Bank, approximately 170 km east of Boston (~41.9°N,
67.4°W, Station 1), oligotrophic waters in the Sargasso Sea (~36.3°N, 64.7°W, Station 2), and North Atlantic
Deep Water (NADW) sampled at a depth of 2505m in the Sargasso Sea (~36.3°N, 64.7°W) was investigated
during a cruise on the R/V Ronald H. Brown in the western North Atlantic Ocean from 19 to 27 August
2012 [Long et al., 2014; Quinn et al., 2014]. Relevant supporting data were generated using the same techni-
ques as part of the California Nexus (CalNex) Experiment during a cruise on the R/V Atlantis in the eastern
North Pacific Ocean off the California coast from 15 May to 6 June 2010 [Quinn et al., 2014].

2.1. Marine Aerosol Generator

Model PMA (mPMA) were produced from seawater in a high-capacity generator fabricated from Pyrex and PTFE
Teflon [Keene et al., 2007; Long et al., 2014]. The diameter of the generator was 20 cm and consisted of a 122 cm
deep seawater reservoir underlying a 97 cm deep atmosphere. For characterization of mPMA produced from
near-surface waters, fresh seawater from the ship’s clean seawater line flowed at 4 Lmin�1 into the base of
the seawater reservoir and drained evenly over the top annular rim, continuously replacing the seawater surface
and minimizing formation of standing bubble rafts. For characterization of mPMA produced from NADW,
approximately 200 L were collected at a depth of 2505m in 24 Niskin bottles attached to a sampling rosette.
NADW was transferred to precleaned 20 L Teflon-lined, high-density polyethylene (HDPE) carboys, allowed to
warm to ambient temperature (~24°C), and pumped into the generator with a peristaltic pump configured with
silicone tubing. Given the finite volume of NADW available for characterization of mPMA production, the sea-
water flow was reduced to 2.6 Lmin�1 thereby extending the duration of the observation period.
Characterization of the generator’s performance during prior deployments on Bermuda [Keene et al., 2007]
and at sea during CalNex [Long et al., 2014] demonstrated that mPMA number production fluxes did not vary
significantly over seawater flow rates through the generator ranging from 2 to 5 Lmin�1.

For all experiments, bubble plumes were generated by pumping ultrapure air [Keene et al., 2007] through
either a coarse-porosity sintered glass frit (45mm diameter, 145 to 174μm pore size) or a bank of 11 fine-
porosity sintered glass frits (90mm diameter, 10 to 20μm pore size) positioned at an average depth of
84 cm below the air-seawater interface. mPMA were produced when the bubbles rose to and burst at the
air-seawater interface. Bubble sizes within 2 to 4 cm of the air-water interface in the aerosol generator were
quantified via computer-enhanced camera images and ImageJ software (http://rsb.info.nih.gov/ij/index.
html). Ultrapure air hydrated to a relative humidity (RH) of 80 ± 2% flowed at 70 Lmin�1 through the head
space above the seawater reservoir. mPMAwere sampled for physical and chemical characterization through
isokinetic ports at the top of the generator.

For a given set of conditions, number production efficiencies (PEnum, number of particles produced per unit
volume of air detrained in units of L�1) varied as a function of frit porosities (coarse or fine) from which PMA
were generated [Long et al., 2014]. Since mPMAwere produced from NADW using the coarse-porosity frit at a
bubble flow rate of 4.4 Lmin�1, to minimize sources of variability, results reported herein focus primarily on
data for the subset of periods during which mPMA were produced from near-surface seawater using these
same conditions (bubble flow rate of 4.4 Lmin�1 through the coarse frit).

Like all other models (both physical and numerical) of PMA production at the ocean surface, the aerosol
generator used for this study does not perfectly mimic all aspects of PMA production in the ambient
environment. Steady state void fractions (volume of bubble air in the water column divided by the volume
of the water column) integrated over depth within the generator using the coarse frit (0.003 to
0.005 Lair Lsw

�1) and fine frits (0.015 to 0.020 Lair Lsw
�1) at typical bubble rates employed for this study fell
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within or near the lower limits of reported ranges produced by breaking waves on the ocean surface (e.g.,
0.03 to 0.11 Lair Lw

�1 at 10 cm depth [Bezzabotnov, 1985]; 0.007 to 0.065 Lair Lw
�1 at 30 cm depth [Deane

and Stokes, 2002]) and in wave-tank experiments (0.012 to 0.37 Lair Lw
�1) [Rojas and Loewen, 2010]. The depth

of bubble plumes within the generator also overlaps the depth range of ambient bubble clouds produced by
breaking waves on the open ocean surface [Thorpe, 1982; Thorpe et al., 1982; Thorpe and Hall, 1983]. We
recognize that size distributions of bubbles and associated mPMA generated by frits may be shifted some-
what toward smaller sizes relative to those produced by water jets or breaking waves [e.g., Prather et al.,
2013]. However, the objective of this study was to evaluate, under controlled conditions (e.g., air-detrainment
rates), variability in nascent PMA properties introduced by major physical, chemical, and biological drivers in
seawater. For such studies, the physical scale, control features, and mobility of our generator provide a
unique capability to examine the fundamental processes that modulate this major and as yet poorly con-
strained pathway in the Earth system.

2.2. Seawater Characteristics

Measurement techniques for seawater salinity, temperature, and solar radiation are reported by Long et al.
[2014]. Chlorophyll a was quantified by filtering seawater through premuffled (550°C, 8 h) Whatman
25mm diameter GF/F glass fiber filters and extracting the filtered Chl a with 90% acetone for 24 h at �20°
C in the dark. Samples were analyzed using a model TD-10 AU digital fluorometer (Turner Designs).
Dissolved organic carbon (DOC) was measured in seawater samples following gravity filtration through a pre-
cleaned [Toole et al., 2003], 0.2μm Whatman POLYCAP 75 AS filter capsule. DOC was quantified with a
ShimadzuModel TOC-V CSH high-temperature carbon analyzer at 680°C using a combustion column contain-
ing quartz beads and platinum catalyst [Keene et al., 2007]. The chemical and physical characteristics of sea-
water from which mPMA were produced are summarized in supporting information Table S1.

The dynamic bubble surface tension of seawater was measured within 2 h of collection with a Sensadyne
Model QC-6000 maximum bubble pressure method surface tensiometer calibrated with low-organic-carbon
Type 1 deionized water (>18.3MΩ cm, DIW) and reagent grade isopropyl alcohol as described in detail by
Long et al. [2014]. Briefly, bubbles were generated using dual quartz capillary tubes, with radii of 0.25 and
2mm, and ultrahigh purity dry air at 35 psi. Capillaries were submerged approximately 4 cm into 50mL ali-
quots of unfiltered seawater samples in acid-cleaned fluorinated HDPE bottles at room temperature. The
ship’s motion limited measurements to bubble surface ages ranging from 0.1 to 4 s. The surface tension
depression relative to water of identical salinity and temperature but devoid of surfactant material was cal-
culated based on the Krümmel equation [Sharqawy et al., 2010].

2.3. mPMA Physical Characterization

mPMA number concentrations from 0.01 to 15μm dry diameter in the generator head space were quantified
continuously with a Scanning Electrical Mobility Spectrometer (SEMS, Brechtel Manufacturing, Inc.) and a TSI
Model 3321 Aerodynamic Particle Sizer (APS) using a 5min integration time. Measurements were processed
with the manufacturer’s software for standard operating conditions, and the algorithms included corrections
for flow rates measured below the set point. Between 2030 and 2110 on 26 August 2012, plumbing issues
resulted in the need for additional corrections and higher uncertainties. The lower sample flow resulted in
a one-bin (~5 s) offset error in both upscans and downscans that was corrected by shifting the sizing bins,
resulting in a <10 nm correction to the peak size [Russell et al., 1995]. Corrections were applied to remove
a 0.05 V offset in the averaged SEMS sample flow rate (0.31 Lmin�1 was corrected to recorded flow of
0.36 Lmin�1) that was associated with electrical interference in the data acquisition board during this same
period. Concentration spikes at sizes above 500 nm were recorded during this same 40min period, likely
because the instrument reached RH> 40% producing electrical arcing. Consequently, during this period,
SEMS results for size bins larger than 500 nm were not used and mPMA sizes larger than 600 nm were quan-
tified with the APS. We estimate the electrical interference caused additional uncertainty in the corrected
number concentration of ±7% between 2030 and 2110 on 26 August 2012.

2.4. mPMA Chemical Characteristics

Size-resolved mPMA was sampled at 30 Lmin�1 for chemical characterization with two nonrotating multior-
ifice uniform deposit impactors [Marple et al., 1991] deployed in parallel and configured with precombusted
47mm diameter aluminum substrates and a 37mm diameter quartz backup filter. The 50% aerodynamic cut
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diameters for the impactor stages
were 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56,
0.32, and 0.18μm diameter at the
RH of the generator head space.
mPMA was also sampled in bulk
(upper size limit of approximately
20μm diameter at the RH within the
head space) [Keene et al., 2007] at
30 Lmin�1 on two precombusted
47mm diameter quartz filters
deployed in parallel. Size-resolved
and bulk samples for analysis of Na+

(and other inorganic ions) were trans-
ferred to precleaned 10mL HDPE
tubes and stored at �20°C. Samples
were extracted in 5mL of DIW and
analyzed by high-performance ion
chromatography at the University of
Virginia. Size-segregated and bulk
samples for analysis of water-
extractable OC (OCwe) [Keene et al.,
2007] were transferred to precom-
busted 10mL Pyrex centrifuge tubes,
extracted immediately with 5mL
DIW, stored at �20°C, and analyzed

at the State University of New York, College of Environmental Science and Forestry using a Shimadzu
Model TOC-V CSH carbon analyzer.

The chemical composition of mPMA was characterized and interpreted based on enrichment in organic car-
bon relative to seawater. The enrichment factor (EF) was calculated as the ratio of OCwe to Na+ (a chemically
conservative tracer of inorganic sea salt) concentrations measured in sampled mPMA divided by the
corresponding ratio of DOC to Na+ concentrations in the seawater from which the particles were produced
(see Sander et al. [2003] for additional details regarding the calculation and interpretation of EFs).

3. Results and Discussion

Despite large differences in the contribution of RDOC to DOC in surface Sargasso Sea water relative to NADW
[Hansell, 2013], the range in size-resolved PEnum values for NADW overlapped those for near-surface seawater
sampled at Stations 1 during late night and at Station 2 (Figure 1). In contrast, average size-resolved PEnum
values for near-surface seawater at Station 1 during the day were significantly greater (Figure 1), which is con-
sistent with enhanced mPMA production associated with surfactants produced in biologically productive
waters during the day as reported previously [Long et al., 2014]. These results suggest that the reservoirs of sur-
factants that modulatemPMA production from oligotrophic waters, biologically productive waters at night, and
NADWhave similar properties. NADWDOC is primarily composed of RDOC and is essentially devoid of labile OM
originating from recent biological activity and of OM associated with older semilabile and semirefractory DOC
pools, whereas in the surface ocean, RDOC varies spatially and temporally from 50% to nearly 100% of DOC
[Carlson, 2002; Hansell, 2013; Repeta, 2015; Carlson and Hansell, 2015]. It follows that the background reservoir
of surfactants that modulates mPMA production in the surface ocean may contain RDOC.

mPMA generated from NADW and sampled in bulk was highly enriched in RDOC. The corresponding EF
(133 ± 10) fell within the relatively wide range of those for mPMA OM produced from near-surface seawater
during WACS summed overall size fractions (Figure S1) and from Sargasso seawater during a prior genera-
tor deployment at Bermuda (median EF 387) [Keene et al., 2007]. These observations coupled with the
ubiquitous presence of RDOC in the surface ocean demonstrate that PMA highly enriched in RDOC can
be produced from bursting bubbles at the ocean surface.

Figure 1. Average size-resolved number production efficiencies, PEnum, for
near-surface seawater at Station 1 during the daytime (4 h following sunrise
through 2 h following sunset, n= 54, red) and late night (6 h preceding sunrise,
n= 66, blue), near-surface seawater at Station 2 (n= 133, green), and NADW
(n= 7, black). Size-resolved PEnum values during daytime and nighttime at
Station 2 were statistically indistinguishable [Long et al., 2014] and, thus, are
depicted as a single, combined distribution. n represents the number of
size-resolved scans from which the average distributions were calculated;
GMD refers to the dry geometric mean diameter. Errors bars depict stan-
dard deviations.
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mPMA number production fluxes from surface seawater are dominated by particles with dry diameters in the
range of 60 to 90 nm and nonwater masses mainly comprised of OM [Keene et al., 2007; Facchini et al., 2008;
Quinn et al., 2014]. The finite sample volume of NADW limited the duration of associated PMA production,
and consequently, the sampled aerosol mass was insufficient for reliable quantification of size-resolved
EFs. However, EFs for mPMA produced from the surface ocean increased with decreasing size to substan-
tially higher values ranging from 104 to 106 for the smallest size fraction (Figure S1). The high EF for bulk
mPMA produced from NADW coupled with the size-resolved EFs for mPMA produced from near-surface
seawater (Figure S1) and the similarity among size-resolved PEnum values for NADW and near-surface
waters in both oligotrophic regions and biologically productive regions at night (Figure 1) implies that
the size-resolved EFs for mPMA produced from all water types including NADW will also be similar, sup-
porting the hypothesis that OM in the form of RDOC is a major component of submicron PMA emitted from
the NADW.

Organic matter decreases the surface tension at interfaces including bubble surfaces, and the magnitude of
this decrease varies as a function of the composition and quantity of OM present and interface age [Sharqawy
et al., 2010]. The average decrease in the dynamic bubble surface tension at a mean surface age of 2.2 s mea-
sured during aeration of NADW was 1.1 ± 0.2mNm�1 indicating that surface-active OM associated with
RDOC in NADWwas present at concentrations sufficient to quickly (seconds) coat bubble surfaces. As a refer-
ence, the surface tension of surfactant-free seawater at 35.00 ppt is 72.99mNm�1 at 25°C. The decrease
in the bubble surface tension for NADW was within the range of those for surface waters during WACS
(0.4 to 1.2 mNm�1) [Long et al., 2014]. The similarity in surfactant activity associated with RDOC in
NADW and with OM in surface waters implies that RDOC in surface waters contributes to the background
reservoir of surfactants that coat bubbles in the surface ocean and to the PMA OM produced when those
bubbles burst at the sea surface.

Differences in OM-mediated surface tensions among the different water types also contributed to variability
in the corresponding bubble volume distributions (Table S1). The Mann-Whitney test indicates that the
bubble volume distributions in biologically productive waters at Station 1 differed significantly from those
in oligotrophic waters at Station 2 (p< 0.001) and in the NADW (p< 0.001). The relatively smaller bubble
volumes at Station 1 are consistent with expectations for influences on bubble size of surfactants that were
produced during daytime in biologically productive waters (see Long et al. [2014] for additional details
regarding the effect of surfactant OM on bubble volumes). Although bubble volume distributions for
Station 2 and in the NADW did not differ significantly (p=0.297), the wider range for Station 2 (Table S1)
reflects a relatively small number (~15%) of bubbles volumes that were greater than the range of those in
the NADW. These results imply that bubble plume dynamics in near-surface oligotrophic waters and in
NADW are controlled by reservoirs of surfactant OM that have similar although not identical properties.
Taken together, the above results support the hypothesis that the background reservoir of organic surfac-
tants in the surface ocean that modulates PMA production and the associated emission of particulate OM
to the atmosphere is partly comprised of RDOC.

Our results have important implications not only for understanding sources, composition, and influences of
particulate OM in the marine atmosphere but also for the cycling of RDOC in the oceans. Once injected into
the atmosphere in association with PMA, RDOC is expected to undergo photochemical oxidation over the
lifetime of the aerosol, which for submicron-diameter size fractions ranges from several days to a week or
more [Warneck, 2000]. Since RDOC is photoreactive in seawater [Mopper et al., 1991], it is expected to also
be photoreactive in PMA but at rates that are greatly amplified owing to acidic conditions (pH≈ 2 to 5)
[Keene et al., 2002; Pszenny et al., 2004] and to the presence of three to ten orders of magnitude higher
aqueous-phase concentrations of oxidants including the OH radical, hydrogen peroxide (100μM, based on a
Henry’s Law constant of 1 × 105Matm�1 and an average marine tropospheric concentration of 1 ppbv
[Jackson and Hewitt, 1999]), nitrate ion (e.g., ~0.4MNO3

�) [Keene et al., 2002], and ozone. Zhou et al. [2008] mea-
suredmidday rates of photochemical formation of the OH radical and hydroperoxides in mPMA produced from
surface Sargasso seawater that were factors of 103 to 104 higher than production rates in seawater.

Photochemical processing and chemical evolution of PMA in response to rapid acidification (seconds tominutes)
[Chameides and Stelson, 1992; Erickson et al., 1999], exposure to full spectral solar radiation, and production and
incorporation of photochemically reactive oxidants including the nitrate ion [Prospero and Savoie, 1989] will
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markedly modify the organic compo-
sition, resulting in the formation of
reaction products including volatile
inorganic species (CO and CO2) and
low-molecular-weight organic com-
pounds (e.g., acetone and carboxylic
acids) (Figure 2). Therefore, it is rea-
sonable to assume that at low pH
and under highly oxidizing atmo-
spheric conditions in the presence
of sunlight, some fraction of PMA
RDOC will be photochemically oxi-
dized over the atmospheric lifetime
of the aerosol, particularly in the
longer-lived submicron-diameter size
fractions with which 70 to 80% of
PMA OM is typically associated
[Keene et al., 2007; Facchini et al.,
2008; Quinn et al., 2014].

To evaluate the potential importance
of this pathway, we calculated a
range in residence times for marine
RDOC in response to atmospheric
processing based on (1) several pub-
lished estimates for the global pro-
duction flux of OM associated with
PMA at the sea surface that span the
range of published fluxes and (2) a
range in fractional contributions of
RDOC to the PMA OM flux (Table 1).
If global PMA OM emissions fall
within the middle to upper end of
the range in published estimates
and most PMA OM is comprised of
RDOC that is subsequently oxidized
in the atmosphere, then the range
of residence times for marine RDOC
due to this coupled ocean-
atmosphere process would be com-
parable to the estimated 12,700 to
13,300 years residence time of
RDOC in the oceans based on a
reservoir size of 630 ± 32 Pg and a
loss rate of 0.003 μmol C kg�1 yr�1

[Hansell, 2013]. However, this is con-
sidered an upper limit since some
RDOC is undoubtedly processed in
the oceans [Repeta, 2015]. A more
likely scenario is that RDOC com-
prises a smaller fraction of PMA OM
that is roughly proportional to its
fractional contribution to OM in the
surface mixed layer [Hansell, 2013],

Figure 2. Conceptual model for the loss of RDOC through adsorption onto
rising bubbles that burst at the sea surface injecting RDOC into the tropo-
sphere in association with PMA. Rapid adsorption of inorganic and organic
acids from the gas phase will acidify PMA within minutes of production from
an initial pH of approximately 8 to pHs typically in the range of 2 to 4
[Chameides and Stelson, 1992; Erickson et al., 1999]. PMA will also become
highly oxidizing through the in situ photochemical production and adsorp-
tion of reactive species including hydrogen peroxide, ozone, reactive halo-
gens, and the OH radical [Zhou et al., 2008]. In acidic and highly oxidizing
PMA, RDOC reacts to form volatile inorganic carbon (VIC) products including
CO and CO2, and low molecular weight organic-carbon (LOC) products
including aldehydes, ketones, and organic acids. LOC products that deposit
back into the sea via wet and dry deposition will be readily assimilated and
respired by the marine food web.

Table 1. Estimated Residence Time of RDOCa Based on Several Published
Estimates for the Global Production Flux of PMA OM and the Fractional
Contribution of RDOC to the PMA OM Fluxb

Flux (Tg C yr�1) Fraction of RDOC Associated
With PMA OM Flux

τsea-air (yr)
c

29d 0.1 220,000
0.5 43,000
1.0 22,000

22.3e 1.0 28,000
35–50f 1.0 13,000–18,000
8g 1.0 79,000

aResidence time calculation implicitly assumes RDOC steady state,
which is a reasonable assumption for the proof of concept calculation
done here. However, RDOC production rates and losses are poorly
constrained and RDOC may not be in steady state.

bThese calculations assume that RDOC is oxidized in the atmosphere to
forming products that are not recalcitrant.

cτsea-air is the residence time equal to the total RDOC reservoir in the
oceans (630 Pg C) [Hansell, 2013] divided by the flux of PMA OM into the
atmosphere times the fractional contribution of RDOC to the OM flux.

d[Long et al., 2011].
e[Gantt et al., 2009].
f[Roelofs, 2008].
g[Spracklen et al., 2008].
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and only a portion of the RDOC is oxidized in the atmosphere to form volatile or biologically labile products. In this
case, atmospheric processing would result in a longer residence time and constitute a smaller but potentially still
significant fraction of RDOC loss, as noted in Table 1. Several outstanding questions must be addressed to
resolve the overall importance of this pathway as a removal mechanism for RDOC: (1) what is the global pro-
duction flux of PMA OM, (2) what is the fractional contribution of RDOC to the PMA OM production flux, and (3)
what fraction of RDOC is oxidized in the atmospheric over the lifetime of the aerosol and thereby removed by
this process? Question one will be perhaps the most difficult to resolve, since reported fluxes vary nearly an
order of magnitude and the major factors that modulate PMA OM emissions are highly uncertain.

In conclusion, our results suggest that the largest reservoir of dissolved OM in the oceans, RDOC, includes
surface-active constituents that associate with bubble surfaces produced by wind waves thereby modulat-
ing surface tension, bubble plume dynamics, PMA production, and PMA composition. Findings reported
herein together with previous measurements of mPMA EFs and the photochemical evolution of associated
OM by our group and others support the hypothesis that removal of RDOC from the oceans via PMA pro-
duction and its subsequent oxidation in the atmosphere is a potentially important recycling mechanism for
marine RDOC. Oxidized organic reaction products would include formic, acetic, and oxalic acids that are
ubiquitous gas- and particulate-phase chemical constituents of marine air [Turekian et al., 2003; Keene
et al., 2015]. Indeed, significant production of short-lived organic reaction products via this pathway could
help account for the high concentrations of carboxylic acids [Keene et al., 2015] and glyoxal [Sinreich et al.,
2010] over the remote ocean that are difficult to reconcile with known sources of marine-derived organic
precursors. Although this work focused on carbon, the proposed ocean-atmosphere coupled pathway may
also represent an important mechanism whereby recalcitrant forms of marine nitrogen [Aluwihare et al.,
2005] are recycled in the atmosphere and subsequently resupplied to the oceans in nutrient forms via
wet and dry deposition.
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