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Abstract

The presence of a large fraction of organic matter in primary sea spray aerosol (SSA)
can strongly affect its cloud condensation nuclei activity and interactions with marine
clouds. Global climate models require new parameterizations of the SSA composition
in order to improve the representation of these processes. Existing proposals for such5

a parameterization use remotely-sensed chlorophyll a concentrations as a proxy for
the biogenic contribution to the aerosol. However, both observations and theoretical
considerations suggest that existing relationships with chlorophyll a, derived from ob-
servations at only a few locations, may not be representative for all ocean regions.

We introduce a novel framework for parameterizing the fractionation of marine or-10

ganic matter into SSA based on a competitive Langmuir adsorption equilibrium at bub-
ble surfaces. Marine organic matter is partitioned into classes with differing molec-
ular weights, surface excesses, and Langmuir adsorption parameters. The classes
include a lipid-like mixture associated with labile dissolved organic carbon (DOC),
a polysaccharide-like mixture associated primarily with semi-labile DOC, a protein-like15

mixture with concentrations intermediate between lipids and polysaccharides, a pro-
cessed mixture associated with recalcitrant surface DOC, and a deep abyssal humic-
like mixture.

Box model calculations have been performed for several cases of organic adsorp-
tion to illustrate the underlying concepts. We then apply the framework to output from20

a global marine biogeochemistry model, by partitioning total dissolved organic carbon
into several classes of macromolecules. Each class is represented by model com-
pounds with physical and chemical properties based on existing laboratory data. This
allows us to globally map the predicted organic mass fraction of the nascent submicron
sea spray aerosol.25

Predicted relationships between chlorophyll a and organic fraction are similar to ex-
isting empirical parameterizations, but can vary between biologically productive and
non-productive regions, and seasonally within a given region. Major uncertainties

5377

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/5375/2014/acpd-14-5375-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/5375/2014/acpd-14-5375-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 5375–5443, 2014

Modelling framework
for organic

fractionation of sea
spray

S. M. Burrows et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

include the bubble film thickness at bursting and the variability of organic surfactant ac-
tivity in the ocean, which is poorly constrained. In addition, polysaccharides may enter
the aerosol more efficiently than Langmuir adsorption would suggest. Potential mecha-
nisms for include the formation of marine colloidal particles that may be more efficiently
swept up by rising particles, and cooperative adsorption of polysaccharides with pro-5

teins or lipids. These processes may make important contributions to the aerosol, but
are not included here.

This organic fractionation framework is an initial step towards a closer linking of
ocean biogeochemistry and aerosol chemical composition in Earth system models.
Future work should focus on improving constraints on model parameters through new10

laboratory experiments or through empirical fitting to observed relationships in the real
ocean and atmosphere, as well as on atmospheric implications of the variable compo-
sition of organic matter in sea spray.

1 Introduction

A growing body of observational evidence shows that the submicron sea-spray aerosol15

is frequently dominated by organic material, attributable to a primary marine source
from sea spray aerosol (SSA) (O’Dowd and de Leeuw, 2007; Facchini et al., 2008;
Hawkins and Russell, 2010; Russell et al., 2010). The presence of organic matter in
SSA may affect the atmospheric concentrations of cloud condensation nuclei (CCN)
in marine air, which in turn affect the radiative properties of clouds, and thereby also20

climate (Meskhidze and Nenes, 2006). A detailed review of the current state of research
on marine organic aerosols can be found in Gantt and Meskhidze (2013).

Analysis of global climate model sensitivities shows that over remote ocean re-
gions, cloud droplet number concentrations and cloud albedo can depend strongly
on the simulated sea salt aerosol number concentration and hygroscopicity (Kary-25

dis et al., 2012; Moore et al., 2013). Several parameterizations for marine organic
aerosol emissions have been proposed, all of which rely on empirical relationships with
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ocean chlorophyll a concentrations (Chl a) (O’Dowd et al., 2008; Fuentes et al., 2010b;
Vignati et al., 2010; Gantt et al., 2011; Long et al., 2011). Thus, a key challenge in mod-
elling the climate impacts of natural aerosols is the development of a process-based
model to quantify the organic fraction of SSA (Carslaw et al., 2010). A process-based
model will foster advances in understanding of the underlying drivers of marine POA5

emissions and their interactions with changes in global climate.
Chl a has been used as a basis for global atmospheric model parameterizations pri-

marily because it is moderately predictive of the organic aerosol fraction at sites such
as Mace Head, Ireland; Point Reyes, California; and Amsterdam Island (in the Southern
Ocean; Sciare et al., 2009), and more reliably so than other satellite-retrieved ocean10

color products such as dissolved organic carbon (DOC), particulate organic carbon
(POC), and colored dissolved and detrital organic material (Gantt et al., 2011; Wester-
velt et al., 2012; Rinaldi et al., 2013). However, Chl a makes up only a tiny fraction of
the available organic matter: estimates from satellite observations suggest that chloro-
phyll mass as a percentage of POC ranges from < 0.1% in ocean gyres to > 0.4%15

in biologically productive open ocean regions and reaches a maximum of about two
percent in coastal waters (Gardner et al., 2006). We use the terms “productive” and
“non-productive” to distinguish between ocean regions with and without currently active
biological primary production, i.e. phytoplankton blooms, and the term “oligotrophic” to
refer to regions where low nutrient availability results in low biological productivity for20

the entire year. Almost all of the marine OC mass is dissolved organic matter (DOM),
i.e., it will pass through a filter, typically with a pore size of 0.7 µm. The mass ratio
of DOM : detritus : plankton in surface water is approximately 200 : 10 : 1 (Verity et al.,
2000; Nagata, 2008). It has been hypothesized that surface-active materials related to
phytoplankton primary production drive the relationship between satellite-derived Chl a25

and sea spray OM (Long et al., 2011); this is supported by a correlation between marine
Chl a and surfactant concentrations having been observed in situ during phytoplankton
blooms as well as in laboratory phytoplankton cultures (Vojvodić and Ćosović, 1996;
Gašparović and Ćosović, 2001; Gašparović and Ćosović, 2003).

5379

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/5375/2014/acpd-14-5375-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/5375/2014/acpd-14-5375-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 5375–5443, 2014

Modelling framework
for organic

fractionation of sea
spray

S. M. Burrows et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Nevertheless, other evidence suggests that the relationship between Chl a and ma-
rine aerosol fraction observed in mid-latitude bloom regions or at coastal sites may not
be representative for the global ocean, in particular, for oligotrophic and polar open
oceans. For example, in shipborne measurements in the North Atlantic, Russell et al.
(2010) found a strong positive correlation (0.91) of the submicron OM : Na ratio with5

wind speed at 18 meters, and a moderate positive correlation (0.46) with Chl a. How-
ever, in the Arctic, while they again found a strong positive correlation with wind speed
(0.90), they found only a moderate negative correlation with Chl a (−0.63). In another
field study, during a cruise off the California coast, in spray aerosol artificially generated
from natural waters, the organic aerosol mass fraction correlated positively with ocean10

dimethyl sulfide (DMS), which is an indicator of phytoplanktonic stress, but not with
Chl a (Bates et al., 2012). In a recent laboratory experiment, aerosol organic matter
fractions in spray generated from breaking waves in a simulated phytoplankton bloom
remained relatively constant despite large changes in Chl a concentrations, although
SSA hygroscopicity declined dramatically, indicating a change in the chemical compo-15

sition or mixing state of the aerosol organic matter over the course of the experiment
(Collins et al., 2013; Prather et al., 2013).

These results suggest that empirical relationships with Chl a in seasonal blooms are
not adequate to predict the OM fraction of SSA, particularly outside of strong seasonal
blooms. Indeed, a recent inter-comparison of different parameterizations of the sub-20

micron marine organic aerosol found that parameterizations diverged most strongly in
their simulation of the organic fraction in chlorophyll-poor regions, yet these regions,
because of their large area, contributed the most to total global marine organic sea
spray emissions (Albert et al., 2012). A careful reanalysis of the Mace Head mea-
surements recently indicated that while Chl a is a better predictor of OM fraction than25

satellite-derived DOM or POM, a time lag is observed between Chl a concentrations
and OM enrichment in aerosol, suggesting that the timescales of biological processes
in ocean surface waters should be taken into account in order to improve prediction
(Rinaldi et al., 2013).
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The challenge remains to develop a model framework capable of describing organic
SSA enrichment both in regions of active phytoplankton primary production, and in
less-productive waters, and to explain the mechanism by which ocean chemistry affects
enrichment. In this paper, we model the organic fraction of submicron sea spray aerosol
as driven by the adsorption of macromolecules on bubble surfaces, mediated by molec-5

ular surface activity. At some times and locations, these functional relationships pro-
duce strong correlations with Chl a, but under other circumstances the underlying bio-
geochemistry may differ so that the correlation with Chl a is much weaker, absent, or
even negative. These differences highlight the need for incorporating a process-based
model of ocean biota rather than relying on a single parameter such as Chl a.10

In Sect. 2, we outline our aims and approach, and review observed patterns and
broad trends in the chemical composition and size distribution of sea spray aerosol.
In Sect. 3, we introduce a novel framework for modelling the enrichment of organic
matter in the submicron spray aerosol as a Langmuir adsorption process, and dis-
cuss possible chemical analogs for marine organic matter. In Sect. 4, we illustrate the15

aerosol enrichment predicted by the framework for single model compounds and for
two-component mixtures. In Sect. 5, we combine the framework with distributions of
marine organic macromolecules estimated from an ocean biogeochemistry model to
generate an emission parameterization that can be applied in GCMs. In Sect. 6, we
further discuss our results, as well as the uncertainties and limitations inherent in this20

approach. In Sect. 7, we summarize our main findings and discuss implications for the
further development of organic sea spray parameterizations.

2 Effect of chemistry and particle size on enrichment

2.1 Aims and approach

Our aim is to develop a process-based model that can capture broad trends in the25

geographic and chemical variation of the organic fraction of marine aerosol. To this
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end, it is necessary to partition the marine organic matter into several classes of com-
pounds which may differ in their physical and chemical characteristics. We have chosen
five broad classes of macromolecules: a lipid-like mixture associated with labile DOC,
a polysaccharide-like mixture associated primarily with semi-labile DOC, a protein-like
mixture with concentrations intermediate between lipids and polysaccharides, a pro-5

cessed mixture associated with recalcitrant surface DOC (Hansell, 2013), and a deep
abyssal humic-like mixture that is brought to the surface by convective overturning. For
brevity, we will refer to these classes as lipids (Lip), polysaccharides (Poly), proteins
(Prot), processed (Proc), and humics (Hum), but we recognize that this usage is not
a precise classification and further clarification of the chemical nature of the classes10

will be the subject of future work. For each class of macromolecules, we adopt a single
organic molecule as a proxy for the adsorption behavior of each group at the air–water
interface. This allows an approximation of the changes in chemical composition that
occur as freshly injected DOC is gradually biologically and chemically modified.

Empirical studies of fresh phytoplankton blooms suggest that the approximate distri-15

bution of carbon mass in the phytoplankton is 60 : 20 : 20 between proteins, polysac-
charides and lipids respectively, and this is reflected upon injection (Parsons et al.,
1983; Wakeham et al., 1997; Benner, 2002). Because lipids are more quickly removed
or altered by chemical and biological processes, their ocean concentrations are much
smaller, yet their surface affinity and enrichment is higher than the other groups. Pro-20

teins are present in higher concentrations, but are somewhat less strongly enriched
than lipids. Polysaccharide concentrations are higher than those of proteins and lipids,
but have the lowest surface affinity. Humics represent abyssal compounds that are
mixed into the ocean surface layer during deep overturning. Processed compounds
correspond to the recalcitrant portion of DOC, including molecules that have under-25

gone chemical degradation and recombination. However, less emphasis will be placed
on these classes, because their surface concentrations are generally low.

These macromolecule classes are then implemented into a modelling framework that
predicts the submicron SSA organic mass fraction by assuming that multiple classes of
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compounds may compete for bubble surface area and establish equilibrium according
to the Langmuir adsorption isotherm. We stress that this framework could equally be
applied to a different formulation of the DOC classes, and further development will
be required to refine the approach. Nevertheless, we will show that this approach –
applying a well-established basic surface chemistry theory to marine biogeochemistry5

model output – is capable of reproducing important features of the observed patterns
in the SSA organic mass fraction. In particular, it reproduces the increased OM fraction
during strong seasonal blooms associated with high Chl a, e.g., in the North Atlantic. In
addition, it predicts differences between the organic aerosol composition in the different
regions, and may provide an explanation for observed differences between the organic10

aerosol composition in the Arctic and the North Atlantic.
In drawing ties between ocean biogeochemistry and atmospheric aerosol chemistry,

we utilize notation common in each field. In particular, we draw the reader’s attention
to the fact that we will express quantities of organic matter (OM) and organic carbon
(OC) in different units depending on the context. In the atmospheric context, we will15

generally use units of mass or mass concentration, which is how organic mass quanti-
ties are typically reported in the atmospheric chemistry literature. In the ocean context,
we will generally use the molar concentration of carbon atoms in the organic matter
(µmol OC L−1 or similar), which is the convention of most ocean biogeochemistry ob-
servations and models. Mass of OM can be converted to moles of OC by multiplication20

with the factor (mOM
mOC

)i ·
MC
Mi

, where (mOM
mOC

)i is the assigned OM:OC mass ratio and MC
Mi

is
the ratio of the atomic weight of carbon to the assigned molecular weight for the i th
compound class.

2.2 Conceptual overview

In the open ocean, sea spray particles are produced primarily by bursting of bubbles25

produced from wave-breaking (Lewis and Schwartz, 2004). As bubbles rise through
the water column, surface-active dissolved and particulate materials accumulate on
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the bubble surface (Blanchard, 1975). Adsorption equilibrium is reached quickly, e.g.,
in less than 0.05 ms for a sample of algal exudate (Fuentes et al., 2011).

The deposition of collected material at the air–water interface contributes to the for-
mation of the sea-surface microlayer (SML), a chemically distinct film that is enriched
in surface-active organic matter relative to the underlying bulk water (Wurl and Holmes,5

2008; Wurl et al., 2011; Cunliffe et al., 2012). Bubbles rest on the SML for a period of up
to a few seconds or more before bursting, which can be prolonged by the presence of
soluble surfactant compounds (Garrett, 1967; Johnson and Wangersky, 1987; Modini
et al., 2013).

Upon bursting, the film disintegrates into film drops (typically up to ca. 20 drops,10

but potentially many dozens, depending on bubble size; Blanchard and Syzdek, 1982,
1988; Resch and Afeti, 1992; Spiel, 1995). The film drops make up the majority of the
submicron spray aerosol, and because they are drawn from the bubble film, they are
enriched in surface-active organic matter (Macintyre, 1970; Blanchard, 1989). A burst-
ing bubble also produces up to about seven larger jet drops (Spiel, 1994, 1997), the15

material for which is drawn primarily from the underlying bulk water; jet drops are there-
fore far less strongly enriched with the organics that coat the bubble surface. A con-
ceptual overview of the processes leading to enrichment of organic matter in aerosol
is shown in Fig. 1. In the remainder of this paper, we will consider only the composition
of the freshly formed film drops, which roughly corresponds to the composition of the20

submicron sea spray.
The enrichment of organics in the SML and bubble film also will depend on the

thickness of the film. SML sampling thicknesses range from 20–400 µm depending on
the sampling method used (Cunliffe et al., 2012), while bubble film thicknesses range
from 0.01–1 µm (Modini et al., 2013). In a simple conceptual model in which all organics25

are partitioned to the surface of a “slab” of saltwater or to both the inner and outer
surfaces of a bubble film, the organic enrichment would be significantly higher for the
thinner bubble films than for the thicker SML sample. This would provide a mechanism
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that would explain the observations indicating that the OC : Na mass ratio is 102–103

higher in the submicron MBL aerosol than in the SML (Russell et al., 2010).

2.3 Enrichment factor

In this paper, we define the enrichment factor Fi ,j of the i th chemical component in the
j th mode (SML or bubble film) as:5

Fi ,j =
mi ,j/mNa,j

mi ,blk/mNa,blk

≈
mi ,j/mNaCl,j

mi ,blk/mNaCl,blk

(1)

where the mi ,j [kgkg−1] are the mass mixing ratios of the respective solution con-
stituents, and the subscript “blk” denotes the bulk water. We assume that the bubble
film fraction is predictive of the organic fraction in submicron nascent spray. Note that
due to chlorine depletion by acid substitution in MBL aerosol, the ratio of Na : Cl mass10

in marine aerosol can be several times higher than in seawater (Pszenny et al., 1993;
Keene et al., 1998; Buseck and Posfai, 1999; Lewis and Schwartz, 2004), but the equal-
ity should hold for nascent spray.

Reported enrichment factors for organic matter in marine aerosol vary over a range
greater than 10–1000 (Burrows et al., 2013) and are generally not directly comparable,15

due to the lack of a standardized definition. However, a few general trends can be
observed:

1. Surfactants that are enriched in the SML are also further enriched in the aerosol
(Kuznetsova et al., 2004, 2005; Russell et al., 2010). This suggests that the same
chemicophysical properties underlie both enrichment steps.20

2. SML enrichment is strongest when bulk surfactant concentrations are low; when
bulk surfactant concentrations are comparatively high, additional increases in
bulk concentrations result in proportionally smaller increases in surface coverage
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(Marty et al., 1988; Wurl et al., 2011). This is consistent with a surface saturation
effect: as concentrations increase, more molecules compete for a smaller avail-
able surface area.

3. Enrichment is chemically specific; at high enrichment, adsorbing molecules com-
pete for surface area at the air–water interface, with the most surface-active com-5

pounds crowding out less surface-active molecules (Jarvis et al., 1967; Garrett,
1968; Harper and Allen, 2007; Schmitt-Kopplin et al., 2012).

4. Within a single homologous chemical group, enrichment of the particulate frac-
tion is typically stronger than enrichment of the dissolved fraction (Marty et al.,
1988; Kuznetsova and Lee, 2002; Kuznetsova et al., 2005). This is likely because10

bubbles more efficiently scavenge larger particles due to their larger radius and
inertia (Sutherland, 1948; Weber et al., 1983; Dai et al., 1998, 2000).

3 Competitive Langmuir adsorption model

3.1 Model equations

To represent the saturation effect and the chemical and physical specificity of en-15

richment, we model the enrichment as a competitive Langmuir adsorption equilibrium
(Langmuir, 1918):

θi =
Γi ,eq

Γi ,∞
=

αiCi

1+
∑

i ′ αi ′Ci ′
, (2)

where the subscript i indicates the i th component of the mixture, θi is the fractional
surface coverage, Ci is the molar concentration, αi is the Langmuir coefficient, Γi ,eq is20

the equilibrium surface excess and Γi ,∞ is the saturation surface excess.
Substantial experimental evidence supports the application of the Langmuir isotherm

to the adsorption of surfactants onto the surface of bubbles ascending through the
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water column, and at the air–water interface (e.g., Skop et al., 1994; Giribabu and
Ghosh, 2007; Schmitt-Kopplin et al., 2012). Fuentes et al. (2010a) have applied the
Langmuir isotherm to fit laboratory measurements of surface-area tension relationships
for phytoplankton exudate samples used to generate laboratory aerosol. Long et al.
(2011) used a Langmuir-based equation in a global model parameterization of the5

organic fractionation of sea spray, but with a different formulation than we propose
here, and using Chl a as the driving variable.

Potential interactions between molecules at the surface, e.g., cooperative adsorption
with proteins or lipids (Baeza et al., 2005; Parra-Barraza et al., 2005), are neglected.
Importantly, this implies that Langmuir coefficients can be linearly combined: we can10

define an effective bulk Langmuir coefficient, αeff, as a concentration-weighted average
of the αi :∑
i

θi =
αeffCtot

1+αeffCtot
, (3)

Ctot =
∑
i

Ci , (4)

αeff =

∑
i αiCi

Ctot
. (5)15

In other words, if the enrichment of each member of a group of compounds is de-
scribed by the competitive Langmuir isotherm (Eq. 2), it follows that the enrichment
of the entire group can also be described by the Langmuir isotherm (Eqs. 3–5). This
justifies the simplification of representing a complex mixture of compounds as a single20

class.
The Langmuir isotherm allows for three of the effects observed in enrichment of the

SML and aerosol (Sect. 2.3): stronger enrichment of more surface-active molecules,
saturation, and competition between constituents. The fourth effect, stronger particu-
late enrichment can be added as a simple extension by using a higher value of αi for25

particulates than for dissolved matter.
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To calculate the organic mass fraction of the SML and the bubble film, we treat the
surface as a slab of seawater of thickness lbub or lSML, respectively, which is partially
coated with surfactants with fractional surface coverage θi with molar mass Mi and
specific area ai (Fig. 2). The mass enrichment factor is then:

Fi ,j ,mass =

 nj
θi ,jMi
ai

ρSW · lj · s

[ s
mi ,blk

]
, (6)5

where nj represents the number of surfaces covered, s = 0.035 kgkg−1 is the ocean

salinity, and ρSW = 1.025 kgL−1 is the approximate density of seawater. We use nSML =
1 and nbub = 2 to account for the two coated surfaces of the bubble film (interior and
exterior; Fig. 2). We have further assumed that the concentration of the organic material
in the bulk is negligible, and neglected effects of bubble curvature.10

The dry mass fraction in the nascent aerosol is given by:

( mi ,j

mi ,j +mNaCl

)
=

nj
θi ,jMi
ai

nj
θi ,jMi
ai

+ρSW · lj · s
. (7)

For the SML, the layer thickness is the sampling thickness, which ranges between
20 and 400 µm for sampling devices in use today (Cunliffe et al., 2012). For the bubble
film, we take the mean film thickness to be 0.5 µm. This is likely an overestimate for15

bubbles that have significant surfactant coverage: soluble surfactants can stabilize the
bubble cap (Garrett, 1967; Johnson and Wangersky, 1987), such that bubbles persist
longer and more drainage occurs before bursting. Stabilized bubbles can be as thin as
0.1 µm, while clean bubbles can have thicknesses of up to a few microns, depending
on bubble diameter (Spiel, 1995; Modini et al., 2013).20

This slab model can account to a large extent for the fact that enrichment factors
observed in the atmospheric aerosol are typically 5–20 times higher than in the SML
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(Kuznetsova et al., 2004, 2005). It may also account in part for the size distribution of
the organic mass fraction: if smaller particles are more often produced from thinner
bubble films, then they would be expected to have a higher organic enrichment than
larger particles produced from thicker films (Oppo et al., 1999; Facchini et al., 2008;
Gantt et al., 2011).5

We illustrate the relationship between the organic mass fraction and enrichment ratio
in Fig. 3, which shows the organic mass fractions in the nascent film drop aerosol (after
subtracting water mass), calculated as a function of marine bulk OC concentrations and
bulk : MBL OC enrichment factors.

Bulk OC : NaCl ratios of 10−4 to 10−3 (Ittekkot, 1982; Carlson et al., 2000; Lomas10

et al., 2001), combined with organic mass fractions of ca. 0.2–0.3 in the submicron
aerosol over the remote open ocean, imply that enrichment factors for the submicron
SSA are about 102 to over 103 (Russell et al., 2010). Much higher organic mass frac-
tions (up to ca. 0.8) have been observed for the smallest particle sizes at Mace Head
during seasonal blooms (O’Dowd et al., 2004; Facchini et al., 2008; Gantt et al., 2011).15

However, the enrichment factor is highly sensitive to the size fraction selected: integrat-
ing the size distribution of the organic fraction from artificially-generated aerosol (Gantt
et al., 2011) across a canonical sea spray size distribution (Lewis and Schwartz, 2004)
results in an organic mass fraction of ca. 60 % for Dp < 0.5 µm, but only ca. 15 % for
Dp < 1 µm and 3 % for Dp < 2 µm.20

The model requires that the following physical parameters be specified for each of
the components: Langmuir coefficient αi , specific area ai , and molecular mass Mi . In
addition, it requires specification of the bubble film thickness lbub for the calculation
of the enrichment ratio. These parameters can be either estimated from laboratory
experiments on individual model compounds or empirically fitted to observations of25

observed organic mass fractions.
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3.2 Selected model compounds and their chemical properties

3.2.1 Overview of data reviewed

The physical chemistry literature contains a range of organic and polymer adsorption
data at the air–water interface under a variety of conditions (e.g., Adamson and Gast,
1997). Most reported data are from experiments conducted at room temperature, which5

may not be representative for remote situations, particularly for cold temperatures in po-
lar regions. Salinity varies between experiments but is lower than the seawater salinity
in most cases. Nevertheless, a substantial number of studies report adsorption be-
havior of organic macromolecules under conditions approximating the marine surface
environment, which we have collected in Table 1.10

For each of the organic classes in our study, we have selected analogs on the basis of
their representativeness as well as the quality of available measurements of adsorption
behavior at the air–water interface. For each analog, we report order-of-magnitude
estimates of the Langmuir half-saturation and surface excess parameters based on
the reviewed literature (Table 1).15

Nonlinear curve fitting to the Langmuir–Szyskowski relation (Lan et al., 2001; Sven-
ningsson et al., 2006) additionally permits the derivation of Gibbsian Γmax, the upper
limiting surface excess, which can be approximately understood as the inverse of the
area occupied per unit of substance, when the surface is saturated. Surface excess
is less variable than the Langmuir adsorption parameter, for our model compounds.20

Although the geometric arrangement and orientation of molecules on the surface can
differ widely between molecules, variations in Γmax rarely exceed an order of mag-
nitude within a homologous series (Graham and Phillips, 1979a, b; Damodaran and
Razumovsky, 2003; Tuckermann, 2007).

We now discuss in detail the adsorption property recommendations for each class25

of macromolecule.
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3.2.2 Proteins

We include two example proteins: a globular protein, lysozyme, composed of 100
amino acid residues, and casein, as example of a disordered protein that is highly
surface-active (Adamson and Gast, 1997; Damodaran and Razumovsky, 2003). These
model compounds are representative of a range of surface activities that are observed5

in marine phytoplankton blooms (Ẑutić et al., 1981; Barger and Means, 1985). We
consider lysozyme and BSA to represent freshly released enzymes, which should
temporarily retain their structure after injection into the water column. Casein, on the
other hand, is taken to be representative of the surface behavior of a denatured pro-
tein (Lehninger, 1975; Benner, 2002). The proteins adsorb by training monomeric se-10

quences along the interface with hydrophobic groups rotated into the vapor phase, then
looping as necessary, with the result that disordered and denatured proteins tend to
have a stronger surface affinity than structured, globular proteins (Graham and Phillips,
1979a; Adamson and Gast, 1997; Baeza et al., 2005).

3.2.3 Polysaccharides15

Soluble starches are traditionally considered the representative model for carbohy-
drates emerging from phytoplanktonic cells (Van Vleet and Williams, 1983; Frew, 1997).
Naturally-occurring polysaccharides are typically water-soluble and not surface active
(Stephen, 1995). We adopt pectin as the primary polysaccharide model compound.
A structural component of cell walls in fruit, it provides a well-studied example of nat-20

ural, intermediate amphiphilicity (Nilsson and Bergenståhl, 2006; Perez et al., 2011).
As a second model polysaccharide, we consider the marine derivative alginate, which
may be purified from brown algae such as Macrocystis. It is commercially available
and although it is actually a coastal derivative, its surface activity is similar to that of
pectin (Babak et al., 2000). As a third and final analog, we select the synthetic oligomer25

maltodextrin (Shogren and Biresaw, 2007). It consists of only about 10–20 glucose
subunits linked by regular glycosidic bonds and has very limited surface activity.
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3.2.4 Lipids

Atmospheric aerosol chemists have frequently used sodium dodecyl sulfate (SDS) as
a proxy for natural lipids. However, SDS is more soluble and has lower affinity for the
air–water interface than representative lipids found in the environment, such as the
analogs we have selected: stearic acid, oleic acid, and cholesterol. Multiple lines of5

experimental evidence indicate very high surface activity of these compounds. Diffusion
from surface films into the bulk phase is slow (Sebba and Briscoe, 1940; Heikkila et
al., 1970). For oleic and stearic acid, results from theory describing polymer dissolution
(Ter Minassian-Saraga, 1956; Brzozowska et al., 2012) and measurements of diffusion
coefficients for long aliphatic chain molecules justify a very high estimate of surface10

activity, with C1/2 < 10−6 (Wilke and Chang, 1955; Sallee and Dietschy, 1973; Weisiger
and Zucker, 2002).

This is consistent with the extremely low solubility measured for long-chain lipids
(Vorum et al., 1992). Cholesterol is likewise highly surface-active and sparingly soluble
(Sebba and Briscoe, 1940; McGregor and Barnes, 1978; Alexander et al., 1986).15

3.2.5 Processed compounds

The processed and mixed organics include those resulting from biogeochemical ag-
ing of the other groups, i.e., they represent the recalcitrant portion of DOC. Some of
the freshly produced polymers hydrolyze after being released via cell disruption into
seawater, and they are further degraded by enzymes, bacteria, and photolysis (Tranvik20

and Kokalj, 1998). Fragments may recombine into new molecules with a heterogenous
mixture of functional groups (Amon and Benner, 1996; Benner, 2002).

The identity and surface adsorption behavior of these processed compounds is
poorly characterized. Lacking better information, we take them to be most similar to
the humics and apply the same adsorption parameters.25
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3.2.6 Humics

The reviewed literature values for humics refer primarily to material derived from river-
ine and coastal sources and sometimes available commercially as a set of standard
substances, e.g., Suwanee Riverine fulvic acid or European counterparts (Van Vleet
and Williams, 1983; Averett et al., 1989; Tuckermann and Cammenga, 2004; Sven-5

ningsson et al., 2006). Langmuir adsorption parameters are fairly consistent across
these studies, so that some confidence can be attached to the values in Table 1.

4 Box model calculations

To illustrate the concepts developed here, we performed box model calculations for in-
dividual compounds and two-component systems. We use parameters as specified in10

Table 2, which we designate as the BASE case. Organic enrichments are computed
over the approximate ranges of surface ocean OC molar concentrations for the re-
spective macromolecule class. The ranges are taken from the ocean biogeochemical
model results for the respective macromolecule class, which will be described in detail
in Sect. 5.15

4.1 Single model compounds

In Fig. 4, we show the organic mass fraction resulting from each of several model
macromolecules, and illustrate its sensitivity to bulk concentrations of the macro-
molecule, and to variations in the Langmuir adsorption parameter. The compounds
shown here are a representative lipid (stearic acid), protein (lysozyme), polysaccha-20

ride (alginate) and humic compounds (Suwannee River fulvic acid).
Among the macromolecules shown in Fig. 4, only stearic acid and lysozyme are suf-

ficiently surface-active to contribute significantly to the mass fraction of the film. Stearic
acid contributes the most, despite the fact that it is present in lower concentrations than
the other macromolecules, because of its strong affinity for the air–water interface. By25
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contrast, humics (Suwannee river fulvic acid) can be present in much higher concen-
trations in the bulk ocean water, but contribute negligibly to the film. Polysaccharides
would contribute negligibly using alginate as the model compound, but other models
such as casein have stronger surface activity.

4.2 Two-component model5

We now illustrate the effect of competitive adsorption in a two-component model con-
sisting of a lipid (stearic acid) and a protein (lysozyme or casein), with properties as
specified in Tables 1 and 2. The model representations of lysozyme and casein differ
only in the value of αi , which is ten times greater for casein than for lysozyme.

Stearic-acid-like lipids dominate the surface adsorption when they are present in10

a mixture with globular, lysozyme-like proteins (Fig. 5a). Disordered, casein-like pro-
teins have higher surface activity. While still less adsorptive than stearic acid, they are
highly competitive as a result of their higher marine concentrations (Fig. 5b).

5 Ocean biogeochemical model

5.1 Description of simulations15

Marine biogeochemical systems models now incorporate major processes determining
the distribution of organic material in the ocean. These include the release and trans-
port of labile and semi-labile dissolved organic carbon (DOC; Moore et al., 2001, 2004;
Hansell et al., 2012), which have e-folding lifetimes in surface waters of approximately
10 days and 100 days, respectively, before being removed by microbial processes (e.g.,20

consumption by heterotrophic bacteria; Christian and Anderson, 2002) or transformed
by photochemical reactions (Tranvik and Kokalj, 1998).

We used the Parallel Ocean Program (POP; Maltrud et al., 1998) to simulate the
general circulation and its biogeochemical elemental cycling routines (BEC; Moore et
al., 2004) to simulate marine biogeochemistry. Both are components of the Community25
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Earth System Model (CESM; www.cesm.ucar.edu; Hurrell et al., 2013). Calculations
were performed using the CESM 1.0 beta release 11. Biogeochemistry variables cal-
culated in BEC include several classes of nutrients, phytoplankton, and zooplankton,
in addition to dissolved inorganic carbon (DIC), alkalinity, particulate organic carbon
(POC) and semi-labile dissolved organic carbon (DOC). Biogeochemical tracers are5

transported, and their concentrations are updated in each time step by a tendency
that includes source, removal, advection, and diffusion terms (as in Gregg et al., 2003;
Sarmiento and Gruber, 2006; Elliott et al., 2011):

∂
∂t

Tk = ∇ · (D∇Tk)−V · ∇Tk −wT
∂
∂z

Tk +ST(T )−RT(T ), (8)

where Tk is the concentration field of the kth tracer; T is the vector field of all tracer10

concentrations, D is the eddy diffusivity coefficient, V is the three-dimensional ocean
current field, wT is a supplementary particle-driven vertical motion, and ST(T) and RT(T)
are the local rate of production (source) and loss (removal) as functions of T. The
additional vertical term includes movement associated with sinking of particles, e.g.,
calcium carbonate or silicate hard parts from large phytoplankton (Armstrong et al.,15

2001), or alternatively buoyant rise associated with TEP (transparent exopolymeric
particles; Azetsu-Scott and Passow, 2004).

The labile portion of DOC is removed instantaneously during CESM simulations be-
cause it is low in mass and computational emphasis is usually placed on carbon bud-
geting. By contrast, all semi-labile carbon is treated as a single aggregate tracer with20

a 100-day lifetime (Moore et al., 2004).

5.2 Mapping of macromolecules to marine biogeochemical variables

The development of the macromolecule distributions begins from the premise that the
major source of marine DOC is cell lysis, i.e., the disruption of cell exteriors resulting
in the release of organic components to the water (Kujawinski et al., 2002). This can25

follow from viral attack, grazing by larger zooplankton, or simply senescence (aging).
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Phytoplanktonic exudation is a smaller, but still important source of DOC (Carlson,
2002).

We apportion DOC among five classes of organic compounds (with abbreviations in
parentheses): (1) proteins (Prot), (2) polysaccharides (Poly), (3) lipids (Lip), (4) humic
acid and related compounds (Hum), with the remainder assigned to (5) geochemically5

aged and mixed compounds (Proc). We summarize these four classes of compounds
in the carbon concentration vector field C:

C = (Prot, Poly, Lip, Hum, Proc). (9)

The model species we have chosen as chemical representatives of these classes are
discussed in detail in Sect. 3.2 and also in parallel work focused on the marine surfac-10

tant chemistry (Elliott et al., 2014).
The analysis strategy is as follows: first, calculate the distributions of the freshly

produced compounds offline based on POP/BEC results – proteins, polysaccharides
and lipids deriving from DOC. Second, calculate the distribution of the remaining “pro-
cessed” compounds. Third, calculate the additional humic compounds resulting from15

deep overturning in the winter at high latitudes.
Lipids are extremely short-lived (Parrish, 1988; Parrish et al., 1992), so we treat them

as existing in a local steady state determined by rates of phytoplankton production and
disruption with a lifetime of 10 days:

C3 = S3 · τ3, (10)20

where S3 is the production rate of lipids and τ3 = 10 days is the assumed lifetime of
lipids in ocean surface water. The source term S3 is assumed to be proportional to the
product of the phytoplankton carbon concentration Cphyto and the rate of phytoplankton
disruption by zooplankton:

S3 = 0.2 ·kdisrupt ·Cphyto ·
Czoo

Czoo

(11)25
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where Czoo is the zooplankton carbon concentration with geographic mean value Czoo,
and kdisrupt is a pseudo-rate constant, set to a value of 1/300 day−1. The factor 0.2
reflects the assignment of 20 % of freshly produced DOC from phytoplankton spillage
to the lipids.

The distribution of lipids reflects the distribution of phytoplankton primary production5

(Fig. 6c). S3 is taken to be 20 % of dissolved carbon flow computed from BEC. Our
method of reconstructing the C flux is similar to that introduced by Elliott (2009) for the
injection of organosulfur compounds into the water column during global DMS simu-
lations. Our method of reconstructing the C flux is similar to that introduced by Elliott
(2009) for the injection of organosulfur compounds into the water column during global10

DMS simulations. However, in contrast to DMS precursors, which are present solely
in the cell interior fluid (cytosol), macromolecules may be attached to or make up the
cell exterior (membrane and wall), and so may enter the DOC more slowly following
degradation of the cell exterior. Upon cell lysis, some mass is lost to consumption by
zooplankton and to formation and sinking of particulate mass; these routings of carbon15

mass are implicitly accounted for in the pseudo-rate constant kdisrupt.
Polysaccharides are the longest-lived among the freshly produced compound

classes (Kaiser and Benner, 2009), and they are presumed here to be identical with
the POP semi-labile dissolved organic carbon (SDOC):

C2 = SDOC. (12)20

Proteins are of intermediate lifetime and are observed to contribute a fraction of the
marine organic matter that lies between that of lipids and of polysaccharides (Tanoue,
1992; Hubberten et al., 1994; Kuznetsova et al., 2004; Kaiser and Benner, 2009). We
thus estimate the protein concentration as one-third of the SDOC:

C1 = SDOC. (13)25

As shown in Fig. 6a and b, polysaccharides and proteins are present in broad regions
associated with higher marine biological activity.
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We assign the remaining surface DOC to the class “processed carbon.” Processed
carbons and humic materials represent the recalcitrant portion of DOC, with lifetimes
ranging from decades to tens of thousands of years (Hedges et al., 2001; Benner,
2002; Hansell et al., 2012). Annual average DOC was approximated as a function
of latitude, consistent with climatological data (Hansell et al., 2012), with fine struc-5

ture and seasonality filtered then re-injected from the POP SDOC. The other surface
macromolecules were then subtracted, leaving behind the mixed, processed polymers
(Benner, 2002; Kaiser and Benner, 2009). We further apply a lower limit to the concen-
tration of processed compounds, C5,min = 3 µmolC−1. This processed carbon is then:

10

C5 = max

[(
DOCtotal −

3∑
i=3

Ci

)
,C5,min

]
. (14)

The distribution of processed carbon is shown in Fig. 6e. Processed carbon constitutes
the vast majority of the DOC, particularly in oligotrophic zones.

Humics include abyssal carbon carriers and are estimated based on the timing and
depth of convective turnover. Convection is parameterized in POP by the KPP non-15

local vertical mixing scheme (Large et al., 1994), which predicts the eddy diffusivity
D as a function of water column stability and generates turnover below typical mixed
layer depths in high latitude winter. For the purposes of this analysis, we assume that
overturning occurs when the mixed-layer depth exceeds a threshold value. We further
assume that prior to overturning, lipids, proteins, polysaccharides, and processed com-20

pounds are initially well-mixed from the surface to the mixed-layer depth hML (specified
as 200 m) and that humics are initially well-mixed in a layer extending from hML to the
depth of convective mixing, hconv. The mixed-layer concentration of the surface organic
classes is the vector CML:

CML = {C1,C2,C3,0,C5} . (15)25
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The pre-overturning concentration of deep humic substance below the mixed layer
is set to 50 µM C, representative of a global average abyssal carbon concentration
(Benner, 2002; Dittmar and Kattner, 2003; Hansell et al., 2012):

Cdeep = {0,0,0,50,0} . (16)

Where overturning is triggered, it is assumed to result in instantaneous, homoge-5

neous mixing from the surface to hconv. Concentrations after overturning are then:

C = CML(hML/hconv)+Cdeep((hconv −hML)/hconv). (17)

As shown in Fig. 6d, this has the effect of focusing humic activity in well-understood
zones of deep turnover (Longhurst, 1998; Oliver and Irwin, 2008).

5.3 Results: global geography of the Langmuir adsorption of macromolecules10

We apply selected surface activity and physical properties to predict the bubble surface
coverage and thereby the film organic mass fraction (Tables 1 and 2; Elliott et al., 2014).
Results are shown in Fig. 7. Predicted organic mass fractions are between 10 % and
20 % in most regions, and exceed 50 % in regions of high biological productivity. Mass
enrichment factors are in the range 1000–2000 over much of the globe. Because the15

OM : Na ratio is more strongly conserved than the OM : NaCl ratio (due to chlorine
depletion in the atmosphere), it is also presented in the middle panels; values range
from less than one over most of the globe to more than 2.5 in phytoplankton blooms.
For comparison, typical OM : Na mass ratios measured during the ICEALOT campaign
in the Arctic and North Atlantic in March were around 0.7–0.8 (Russell et al., 2010).20

Predicted organic mass fractions of the nascent film drops are shown in the lower
panels, and range up to about 0.5. In tropical upwelling zones, e.g., in the equatorial
Pacific, the model predicts very similar organic enrichment in February and in August,
reflecting the limited seasonality of nutrient and light availability near the equator. The
highest organic enrichments are predicted in the locations with active seasonal blooms,25
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e.g. the Labrador Sea in August and the Antarctic Sea in February. Spring blooms are
not shown in the interest of space but are also represented, e.g. the North Atlantic
bloom reaches a peak around May.

Figure 8 shows the mass fractions of the dry submicron SSA that are contributed
by of each the four organic compound classes polysaccharides, proteins, lipids, and5

humics (processed compounds are not shown because their contribution is negligible).
Although lipids contribute only very little of the ocean DOC (Fig. 6c), they contribute the
majority of the aerosol OC in regions of high productivity (Fig. 8c). In less-productive
waters, organic mass is primarily contributed by proteins, and polysaccharides are also
a significant contributor (Fig. 8b and a).10

For comparison with existing Chl a-based parameterizations, we show the predicted
relationship between chlorophyll concentration as predicted by the Parallel Ocean Pro-
gram (POP) and sea spray organic mass fraction (Fig. 10). Data from individual regions
are highlighted in colors corresponding to the map in the upper panel; black points indi-
cate the rest of the world. The functional shape of the (Chl a)-(OM fraction) relationship15

resembles empirical relationships derived by other authors and largely falls within ob-
servational constraints (Gantt et al., 2011; Long et al., 2011). Organic mass fractions
increase rapidly at lower chlorophyll concentrations, and then begin to flatten out at
higher chlorophyll concentrations, as surfaces approach saturation. However, the pre-
dicted Chl a-OM relationship varies depending on region and season. For example, in20

May, for the same values of Chl a, predicted OM fractions are significantly higher in the
North Atlantic than in the Arctic, consistent with observations (Russell et al., 2010).

To better understand the Chl a-OM relationship, we calculated the correlation be-
tween monthly mean POP-simulated Chl a and monthly mean aerosol organic frac-
tion (Fig. 11). Areas with strong seasonal blooms, such as the North Atlantic, exhibit25

strong positive correlations (compare Figs. 6c and 8c for locations of simulated blooms
in Southern Hemisphere summer; seasonal cycle is shown in Fig. 12a). In regions
such as the Southeast Pacific, spring blooms are weaker, and semi-labile DOM accu-
mulates over the course of the spring and summer season, approaching its peak as
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Chl a declines (Fig. 12b). In these regions, monthly mean Chl a and SDOC can be
anti-correlated, and SDOC contributes significantly to estimated aerosol organic mass
(polysaccharides and proteins). This produces the anti-correlation between Chl a and
OM fraction evident in our model in some regions.

Because the values of the parameters are highly uncertain, we show the effect of5

varying some of the parameters in a small set of sensitivity tests. First, because lipids
drive much of the variability in predicted OM enrichment, we show a case in which the
lipid adsorptivity αlip has been reduced by a factor of ten (LOW-LIP; Fig. 13). In this
scenario, the maximum OM fraction in bloom regions is ca. 0.3, compared to > 0.5 in
the BASE case. By contrast, in the midlatitude oceans, e.g., in the southeastern Pacific,10

the OM fraction is dominated by the SDOC-associated polysaccharides and proteins
and changes little between the BASE and LOW-LIP cases. Because the influence of
lipids on the aerosol OM is reduced in the LOW-LIP case, the SDOC-dominated re-
gions with a negative correlation of Chl a and aerosol OM fraction expand for this case
(Fig. 11b).15

One potential approach to constrain these parameters is to use field observations of
the chemical composition. In Fig. 17, we show that the estimated ratio of the mass as-
sociated with C-H bonds (alkane mass) increases relative to that associated with C-OH
groups (hydroxyl mass) as the ratio of lipid adsorptivity to polysaccharide adsorptivity
increases. Conversion of the macromolecular classes to functional group-associated20

mass was performed using the weights presented in Table 4. Higher alkane : hydroxyl
ratios indicate an aerosol that is more lipid-like and dominated by long aliphatic chains.
Lower alkane : hydroxyl ratios indicate an aerosol that is more oxidized and more
carbohydrate-like.

We compare the model estimates in Fig. 17 with mean values from FTIR measure-25

ments of submicron sea spray collected during several ship-based field campaigns.
The campaigns shown here span all four of the major ocean biomes delineated by
Longhurst (1998), and thus are affected by very different ocean ecosystem processes
and plankton communities. Differences in alkane : hydroxyl ratios could be driven by
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either differences in the composition of the source organic matter, or in the chemi-
cal processing to which molecules are exposed before emission, both of which can
be expected to differ systematically between ocean biomes. The lowest observed
alkane : hydroyl ratios are from clean marine samples collected during E-PEACE (0.24),
off the central coast of California (Coastal biome), in the presence of high chlorophyll.5

These are followed by samples from the ICEALOT campaign (marine air mass: 1.95;
all: 2.05), which transected the North Atlantic bloom (Westerlies biome) and the Arc-
tic Sea (Polar biome). The highest alkane : hydroxyl ratios in clean marine air were
obesrved during the VOCALS-Rex campaign (1.95), located in the Southeast Pacific
(Coastal biome and Trade wind biome). In all cases, the average alkane : hydroxyl ratio10

is lower in the clean-air samples than the average of all samples from the respective
campaign, suggesting that anthropogenic pollutants are associated with a higher pro-
portion of long aliphatic chains and perhaps a lower oxidation state relative to primary
marine organic aerosol emissions.

We tentatively propose a mechanism that can explain the divergence of behavior15

between the Arctic and North Atlantic SSA organic matter, both in our model (Figs. 10
and 17) and in obervations (Russell et al., 2010), with (1) higher alkane : hydroxyl ratios
in the Arctic than in the North Atlantic, and (2) higher OM fraction for the same value of
Chl a in the Arctic than in the North Atlantic. Our explanation hinges on differences be-
tween ocean ecosystems. Our model posits that the strongly surface-active molecules20

that contribute most to the marine organic aerosol are produced from phytoplankton
disruption. Chl a is an indicator of phytoplankton standing stock, which is typically
equivalent to about one-half to three days ocean primary productivity or consump-
tion; however, this ratio varies regionally. At steady state, the ratio of the phytoplankton
standing stock (and Chl a) to the rate of phytoplankton productivity, is several times25

higher in the polar ocean biome than elsewhere, about one to five days (Longhurst,
1998, Fig. 3.1). This implies that for the same values of Chl a, loss rates are compar-
atively lower in the Arctic, including losses to disruption and the concomitant spillage
of surface-active molecules. This can explain both the lower OM fraction and the lower
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alkane : hydroxyl ratio in the Arctic. An alternative possible explanation is that the dif-
ferences derive from differences between the phytoplankton communities in the two
regions.

The simulated ratios of different macromolecular classes in the aerosol are highly
sensitive to the assumed adsorptivity constants within the large range of uncertainty5

explored here. However, chemically-resolved observations of the sea spray aerosol can
help to constrain the values of these parameters. Specifically, the LOW-LIP+HIGH-
POLY case is in better agreement with FTIR measurements of submicron marine
aerosol composition than are the other adsorptivity cases (BASE and LOW-LIP).

The bubble film thickness is another important uncertain parameter. Changing the10

bubble film thickness from 0.1 µm to 0.5 µm results in a significant decrease in the
organic mass fraction (FILM-0.5; Fig. 14). Film thickness can be as small as ca. 0.1 µm
for bubbles with high concentrations of soluble surfactants, and as large as ca. 1 µm for
bubbles in clean water (Modini et al., 2013). In additional tests (not shown), we varied
the film thickness across this range as a function of bubble surface coverage. Because15

we used lbub = 0.1 µm when bubble surface coverage exceeded a threshold value, the
organic enrichment remained the same in the regions with the highest enrichment, but
decreased somewhat in regions of lower enrichment.

In a third test (“EXUDATE”; Fig. 15), we applied the same properties to all four com-
pounds: the average properties of filtered exudate from four phytoplankton species,20

measured by Fuentes et al. (2011), with OM : OC ratio from the mean stoichiometry
of phytoplankton biomass (Fraga, 2001). The surface activity of the filtered exudate is
insufficient to generate substantial enrichment of the bubble film (Fig. 15, left panel).
Furthermore, by treating all DOM as chemically identical, it is impossible to produce
patterns of (Chl a): (OM fraction) resembling observations from strong seasonal blooms25

(Fig. 15, right panel).
We conclude that these filtered exudates can not be considered representative for

marine organic material in general and in particular for enrichment associated with
a phytoplankton bloom. One possible explanation is that the surface activity of the
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marine phytoplankton exudate may have been significantly reduced by filtration, as in
Ẑutić et al. (1981). Furthermore, marine ecosystem processes (e.g., attack of phyto-
plankton by zooplankton and recycling of organic matter by heterotrophic bacteria) and
photochemistry may modify the surface activity of DOM.

Results from two additional tests are shown in Fig. 16. In one test (HIGH-PROT;5

Fig. 16 left panel), we use casein, rather than lysozyme, as the model protein, i.e., we
increase the value of αprot by a factor of ten. This results in organic mass fractions
exceeding 0.2 and enrichment factors (not shown) exceeding 5000 over most of the
globe. In a final test (HIGH-HUM; Fig. 16 right panel), we increase αhumic by a factor
of 104, which produces increased enrichment in confined regions of strong seasonal10

upwelling.
We summarize the organic mass fractions predicted for different regions and sen-

sitivity cases in Table 3. In all the sensitivity cases, the global mean is very constant
across the seasons. However, certain regions have a strong seasonal cycle, i.e., the
North Atlantic, the Artic, and the Southern Ocean. In the Northeast Pacific and South-15

east Pacific, the seasonal cycle is far more muted.
Comparing the sensitivity cases, it can be seen that the overall OM fraction exhibits

the largest relative change with the factor of five increase in the bubble film thickness,
decreasing by nearly a factor of five in response. A decrease in the lipid adsorptivity
by a factor of ten results in only a ca. 35 % decline in the global mean OM fraction20

relative to the BASE case. An increase in the protein adsorptivity by a factor of ten
results in an approximate doubling of the global mean OM fraction. This is consistent
with recent findings that the total marine OM emissions simulated by global model
parameterizations are more sensitive to the emissions in oligotrophic regions than to
the emissions in strong blooms (Albert et al., 2012). Finally, a large perturbation (×104)25

the the adsorptivity of the abyssal humic-like compounds results in only a small change
in the global mean OM fraction, because changes are confined to small regions of
winter convective overturning (Fig. 16; right panel).
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6 Discussion

This framework represents an initial step towards representation of the effects of ocean
surface organic matter composition on sea spray aerosol composition. Sources of un-
certainty related to our implementation of the Langmuir adsorption framework include
uncertainties in the values of the chemical parameters, and the neglect of certain pro-5

cesses.
We have primarily used adsorption parameters obtained under typical laboratory

conditions, i.e., at room temperature, low salinity (ionic strength) and neutral pH, but
we have applied these values across divergent conditions. At least for some relevant
studies, errors resulting from this approximation may be minimal. For example, for the10

suite of proteins reviewed here, the observed temperature dependence of the surface
coverage is small at temperatures between room temperature and 0◦ C (Graham and
Phillips, 1979a, b, c), and ionic strength effects on αi may be less than an order of
magnitude (Li et al., 1998; Tuckermann, 2007; Brzozowska et al., 2012). However,
thermochemical adjustments to the adsorption parameters may ultimately be needed15

in order to assess impacts in the the global environment, particularly at the poles.
Several processes have been neglected that may prove important to marine organic

enrichment. Perhaps most importantly, we have neglected the role of marine colloids
and aggregates (Facchini et al., 2008) in driving interfacial adsorption. However, col-
loids can be easily added within the framework when an estimate of their geographic20

distributions and properties has been developed. We have also neglected interactions
between groups of molecules at the bubble surface. For example, some polysaccha-
rides that do not adsorb on their own may do so in cooperation with proteins (Baeza
et al., 2005). And we have not accounted for the stronger adsorption of the particulate
phase relative to the dissolved phase (Marty et al., 1988).25

The link between Chl a and surface active DOM has been well-established by ob-
servations and experiments. Field studies in the northern Adriatic have found signifi-
cant positive correlations between bulk surfactant activity in the SML and independent
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measurements , at the same stations, of Chl a concentration, phytoplankton primary
production, pH and oxygen saturation (Ẑutić et al., 1981). These studies have also
identified a seasonal cycle in surfactant concentrations, with the highest concentra-
tions appearing in spring and summer (Gašparović and Ćosović, 2001). In phytoplank-
ton cultures, surfactant activity has been found to increase in proportion to biomass,5

until leveling out at high surfactant concentrations, and observational studies have con-
cluded that the largest source of surfactants in the SML is phytoplankton exudates and
their degradation products (Ẑutić et al., 1981; Gašparović et al., 1998; Sekelsky and
Shreve, 1999). An important source of surfactants is the lysis of phytoplankton and
spillage of their constituents into the water. This may explain results of a recent field10

study off the coast of California, in which the organic mass in spray aerosol generated
with an in situ particle generator did not correlate with chlorophyll, but did correlate with
the concentration of DMS in the ocean, indicating a possible relationship with cell lysis
(Bates et al., 2012).

All of these observations support the interpretation that the correlation of the or-15

ganic fraction of the spray aerosol with Chl a is driven by underlying ocean chemistry:
specifically, by the high concentrations of strong surfactants in productive waters. More
productive waters also have a greater proportion of larger particles (Buonassissi and
Dierssen, 2010), which can further enhance the organic mass in the spray. The model
framework proposed here makes explicit the link between the physical surface chem-20

istry of bubbles and organic enrichment of the SSA.

7 Conclusions

In this study, we have introduced a novel framework for the parameterization of the
organic fraction of SSA.

The framework predicts the mass of mixtures of organic components with differ-25

ent surface activity (Langmuir coefficient αi ), molecular mass Mi , and surface pack-
ing (maximum surface excess Γi ,∞), in competitive equilibrium with each other. This
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framework represents an initial step towards linking information available in ocean bio-
geochemical models to emissions parameterizations for global atmospheric chemistry
and climate models. Because the enrichment behavior is dominated primarily by two
macromolecule classes, lipids and proteins, a two-component model may prove suffi-
cient to capture one important dimension of the geographic variation in ocean biogeo-5

chemistry: the differences between regions of high and low biological productivity.
We have reviewed evidence that organic enrichment in the SML and in sea spray

aerosol are chemically specific in consistent ways, and that there is a selectively
stronger enrichment of larger particles in the SML. Using a conceptually straightfor-
ward model, we have emphasized that high organic mass fractions in the submicron10

aerosol can be obtained only when strongly adsorbing materials are present in suffi-
ciently high concentrations. By contrast, the concentration of weakly or non-adsorbing
organic matter in the bulk ocean plays only a minor or negligible role in determining
total OM concentrations in nascent sea spray.

Using output from an ocean biogeochemistry model, we derived estimates of the dis-15

tributions of five classes of macromolecules, and selected a model compound to rep-
resent the physical and chemical properties of each class. This allows us to simulate
global patterns in OM fractions. Predicted OM : Chl a relationships at high Chl a lev-
els resemble existing empirical parameterizations derived from observations at coastal
sites, but are derived independently using ocean biogeochemistry model output fields.20

Further observations are needed to better-constrain the spatial and seasonal variability
in these relationships, particularly outside of strong seasonal plankton blooms.

Because concentrations of surface-active compounds correlate with Chl a during
strong phytoplankton blooms, our model shows that adsorption-driven enrichment of
organic matter in sea spray is correlated with chlorophyll concentrations during blooms.25

However, the same Chl a concentration may correspond to different film OM fractions in
different regions and seasons. Parameterizations of the spray aerosol organic fraction
that rely solely on chlorophyll are likely to underestimate organic enrichment in regions
where chlorophyll is low, but moderately surface-active compounds with intermediate
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biogeochemical lifetimes are still present. Our model suggests that in regions where
aerosol OC is dominated by semi-labile compounds rather than labile compounds, the
seasonal cycle in the OM fraction may actually be anti-correlated with Chl a, because
peak SDOC concentrations occur a few months later than peak Chl a concentrations.

Prediction of ocean and aerosol organic films is also of potential interest for several5

further reasons in the context of global change. When organics make up a large fraction
of the aerosol mass, under some conditions the organic molecules may form a solid
or semi-solid layer covering the aerosol surface, kinetically delaying water uptake by
reducing either the mass accommodation coefficient (Takahama et al., 2010) or the
bulk diffusion coefficient within the aerosol particle (Shiraiwa et al., 2013). Ocean films10

can inhibit the exchange of gases across the air-sea interface, in particular, they can
slow ocean uptake of carbon dioxide (Frew et al., 1990; Frew, 1997; Tsai and Liu,
2003; Wanninkhof et al., 2009). Furthermore, the thickness of ocean interfacial films
may influence the size distribution of sea spray. For example, soluble surfactants can
stabilize bubble surfaces, such that greater film drainage and thinning occurs prior to15

bursting (Spiel, 1997; Oppo et al., 1999; Russell et al., 2010; Modini et al., 2013).
We conclude that variations in the concentration of highly surface-active compounds

associated with primary production and possibly marine particle size, rather than bulk
TOC concentrations, drive a portion of the spatial and temporal variability of the sub-
micron sea spray organic mass fraction. Future work should focus on improving con-20

straints on the impacts of marine surface chemistry on SSA production through labo-
ratory experiments and empirical fitting to field observations. The dependence of SSA
composition on particle size and wind speed should be investigated. Atmospheric im-
plications should be explored, including impacts on CCN activity.
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Table 1. Marine and laboratory model compounds selected to represent the ocean macro-
molecules, along with reference half-saturation concentrations C1/2 and carbon surface excess
Γmax. Except as stated in the text, data are for room temperature and low ionic strength. Con-
centrations and surface densities are given in moles per liter carbon and then atoms per square
angstrom. Parenthetical values were estimated based on others in the same class. We use the
following abbreviations in the table (1) Proteins (Prot), (2) polysaccharides (Poly), (3) lipids
(Lip), (4) humic acid and related compounds (Hum).

Structure Ocean Laboratory C1/2 Carbon Γmax References
Analogs Analogs

Prot Generic enzymes Lysozyme 10−4 1.0 F97, GP79b
Denatured strands Casein 10−5 0.5 BM85, DR03, GP79b

Poly Soluble starch Maltodextrin > 100 (10–100) SB07, VW83
Alginate Natural alginate 10−1 10–100 B00, VW83, Z81
Generic glucans Pectin 10−1 Close packing F97, NB06, RB00, P11

Gum Arabic 10−2 50 DR03, G91, NB06

Lip Commercial surrogate SDS 10−2 0.2 CT52, L98, T70, T07
C18 fatty acids Stearic and oleic < 10−6 1.0 B12, CD68, H70, G70, L91
Sterols Cholesterol < 10−6 0.7 A86, BM85, MB78, P88, P05

Hum Fulvic acid Riverine Standard 10−1 1.0 A89, D06, S06, T07, VW83
Humic acid Commercial 10−1 1.0 M90, T07, TC04

General abbreviations: BSA – Bovine Serum Albumin, SDS – Sodium Dodecyl Sulfate
Reference abbreviations: A86 – Alexander et al. (1986); A89 – Averett et al. (1989); B00 – Babak et al. (2000); B12 – Brzozowska et al. (2012);
BM85 – Barger and Means (1985); CD68 – Christodoulou and Rosano (1968); CT52 – Cook and Talbot (1952); D06 – Dinar et al. (2006); DR03
– Damodaran and Razumovsky (2003); F97 – Frew (1997); G70 – Garrett (1970); G91 – Gaonkar (1991); H70 – Heikkila et al. (1970); L91 –
Lindsley et al. (1991); L98 – Li et al. (1998); M90 – Malcolm (1990); MB78 – McGregor and Barnes (1978); NB06 – Nilsson and Bergenståhl
(2006); P88 – Parrish (1988); P05 – Parra-Barraza et al. (2005); P11 – Perez et al. (2011); RB00 – Rosilio and Baszkin (2000); S06 –
Svenningsson et al. (2006); SB07 – Shogren and Biresaw (2007); T70 – Tajima et al. (1970); T07 – Tuckermann (2007); TC04 – Tuckermann and
Cammenga (2004); VW83 – Van Vleet and Williams (1983); Z81 – Ẑutić et al. (1981).
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Table 2. Coefficients used to calculate box model and global organic enrichment, BASE case.
Values are derived from model compounds as described in Table 1: lysozyme, natural alginate,
stearic acid, fulvic acid.

Compound OM : OC C1/2 αi Mi ai Mi/ai

class ratio [mol C L−1] [m3 mol−1] [g mol−1] [Å2 molec.−1] [mg m−2] References

Polysaccharides 2.3 0.1 9.0 250 000 300 140
B00, F01, SB07,
P11, TL01

Proteins 2.2 1.0×10−4 22 000 66 463 4400 2.5 B02, F01, GP79a
Lipids 1.3 1.0×10−6 18 000 288 18 2.6 B12, H70, TL01
Humics 1.8 0.1 0.40 732 34 3.6 A89, M90, S06

Processed 1.8 0.1 0.40 732 34 3.6
A89, B00,
M08, S06

Reference abbreviations: A89 – Averett et al. (1989); B00 – Babak et al. (2000); B02 – Benner (2002); B12 – Brzozowska et al. (2012); F01 – Fraga
(2001); GP79a – Graham and Phillips (1979a); H70 – Heikkila et al. (1970); M90 – Malcolm (1990); M08 – Moore et al. (2008); P11 – Perez et al.
(2011); S06 – Svenningsson et al. (2006); SB07 – Shogren and Biresaw (2007); TL03 – Turpin and Lim (2001).
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Table 3. Mean mass fractions predicted for each region as defined in Fig. 9 and globally for
different sensitivity cases.

Feb May Aug Nov

BASE case – regional mean values

North Atlantic 0.04 0.31 0.19 0.12
Arctic 0.02 0.36 0.19 0.07
Northeast Pacific 0.10 0.14 0.12 0.12
Southeast Pacific 0.18 0.17 0.15 0.17
Southern Ocean 0.20 0.13 0.08 0.15

GLOBAL 0.14 0.14 0.14 0.13

Global mean values – sensitivity cases

GLOBAL – lbub = 0.5 0.03 0.04 0.04 0.03
GLOBAL – LOW-LIP 0.09 0.09 0.09 0.09
GLOBAL – HIGH-PROT 0.33 0.33 0.32 0.33
GLOBAL – HIGH-HUM 0.16 0.15 0.15 0.14
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Table 4. Conversion from moles carbon per macromolecule class to the mass associ-
ated with FTIR-observable functional-groups ([g of the functional group]/[moles carbon of
macromolecule])a.

alkane hydroxyl carboxyl amine

Lipidsb 10.11 0.85 0 0
Polysaccharidesc 7.0 19.17 0 0
Proteinsd 6.18 1.35 18.53 6.47
Processede 7.0 19.17 0 0
Humicse 7.0 19.17 0 0

aMolar mass associated with a functional group is assumed to include half
the mass of the carbon atom if single-bonded and the full mass of the
carbon atom if double-bounded, e.g., C-H mass is 7 gmol−1 (including half
the mass of the carbon atom), and COOH mass is 45 gmol−1 (including the
full mass of the carbon atom). Functional group distribution per
macromolecule class ([moles functional group]/[moles carbon]) is estimated
based on model compounds as indicated.
bFunctional group mass distribution of cholesterol.
cFunctional group mass distribution characteristic of simple sugars.
dCharacteristic functional group mass distribution of a mixture of amino
acids present in seawater.
eSame as for polysaccharides.

5426

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/5375/2014/acpd-14-5375-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/5375/2014/acpd-14-5375-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 5375–5443, 2014

Modelling framework
for organic

fractionation of sea
spray

S. M. Burrows et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4 S. M. Burrows et al.: Modelling framework for organic fractionation of sea spray

Fig. 1: Conceptual schematic of bulk water (BLK) – sea surface microlayer (SML) – marine boundary layer aerosol (MBL)
enrichment processes.

Fig. 2: Cartoon of the slab model used for calculation of
the enrichment ratio from surface coverage. The bubble film,
when resting at the water surface as suggested by the dashed
blue line, is partially coated on both sides with organic
surface-active materials, while the SML is partially coated
on only one side. Bubble film thicknesses range from about
0.01 – 1 µm (Modini et al., 2013). SML sampling thicknesses
depend upon the sampling method and range from 20 – 400
microns (Cunliffe et al., 2012).

equilibrium is reached quickly, e.g., in less than 0.05 ms for
a sample of algal exudate (Fuentes et al., 2011).

The deposition of collected material at the air-water inter-
face contributes to the formation of the sea-surface micro-
layer (SML), a chemically distinct film that is enriched in

surface-active organic matter relative to the underlying bulk
water (Wurl and Holmes, 2008; Wurl et al., 2011; Cunliffe
et al., 2012). Bubbles rest on the SML for a period of up to a
few seconds or more before bursting, which can be prolonged
by the presence of soluble surfactant compounds (Garrett,
1967; Johnson and Wangersky, 1987; Modini et al., 2013).

Upon bursting, the film disintegrates into film drops (typ-
ically up to ca. 20 drops, but potentially many dozens, de-
pending on bubble size) (Blanchard and Syzdek, 1982, 1988;
Resch and Afeti, 1992; Spiel, 1998). The film drops make
up the majority of the submicron spray aerosol, and because
they are drawn form the bubble film, they are enriched in
surface-active organic matter (Macintyre, 1970; Blanchard,
1989). A bursting bubble also produces up to about seven
jet drops (Spiel, 1994, 1997), the material for which is drawn
primarily from the underlying bulk water; jet drops are there-
fore far less strongly enriched with the organics that coat the
bubble surface. A conceptual overview of the processes lead-
ing to enrichment of organic matter in aerosol is shown in
Figure 1. In the remainder of this paper, we will consider
only the composition of the freshly formed film drops, which
roughly corresponds to the composition of the submicron sea
spray.

Fig. 1. Conceptual schematic of bulk water (BLK) – sea surface microlayer (SML) – marine
boundary layer aerosol (MBL) enrichment processes.
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4 S. M. Burrows et al.: Modelling framework for organic fractionation of sea spray

Fig. 1: Conceptual schematic of bulk water (BLK) – sea surface microlayer (SML) – marine boundary layer aerosol (MBL)
enrichment processes.

Fig. 2: Cartoon of the slab model used for calculation of
the enrichment ratio from surface coverage. The bubble film,
when resting at the water surface as suggested by the dashed
blue line, is partially coated on both sides with organic
surface-active materials, while the SML is partially coated
on only one side. Bubble film thicknesses range from about
0.01 – 1 µm (Modini et al., 2013). SML sampling thicknesses
depend upon the sampling method and range from 20 – 400
microns (Cunliffe et al., 2012).

equilibrium is reached quickly, e.g., in less than 0.05 ms for
a sample of algal exudate (Fuentes et al., 2011).

The deposition of collected material at the air-water inter-
face contributes to the formation of the sea-surface micro-
layer (SML), a chemically distinct film that is enriched in

surface-active organic matter relative to the underlying bulk
water (Wurl and Holmes, 2008; Wurl et al., 2011; Cunliffe
et al., 2012). Bubbles rest on the SML for a period of up to a
few seconds or more before bursting, which can be prolonged
by the presence of soluble surfactant compounds (Garrett,
1967; Johnson and Wangersky, 1987; Modini et al., 2013).

Upon bursting, the film disintegrates into film drops (typ-
ically up to ca. 20 drops, but potentially many dozens, de-
pending on bubble size) (Blanchard and Syzdek, 1982, 1988;
Resch and Afeti, 1992; Spiel, 1998). The film drops make
up the majority of the submicron spray aerosol, and because
they are drawn form the bubble film, they are enriched in
surface-active organic matter (Macintyre, 1970; Blanchard,
1989). A bursting bubble also produces up to about seven
jet drops (Spiel, 1994, 1997), the material for which is drawn
primarily from the underlying bulk water; jet drops are there-
fore far less strongly enriched with the organics that coat the
bubble surface. A conceptual overview of the processes lead-
ing to enrichment of organic matter in aerosol is shown in
Figure 1. In the remainder of this paper, we will consider
only the composition of the freshly formed film drops, which
roughly corresponds to the composition of the submicron sea
spray.

Fig. 2. Cartoon of the slab model used for calculation of the enrichment ratio from surface
coverage. The bubble film, when resting at the water surface as suggested by the dashed blue
line, is partially coated on both sides with organic surface-active materials, while the SML is
partially coated on only one side. Bubble film thicknesses range from about 0.01–1 µm (Modini
et al., 2013). SML sampling thicknesses depend upon the sampling method and range from
20–400 microns (Cunliffe et al., 2012).
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S. M. Burrows et al.: Modelling framework for organic fractionation of sea spray 5

The enrichment of organics in the SML and bubble film
also will depend on the thickness of the film. SML sampling
thicknesses range from 20 – 400 µm depending on the sam-
pling method used (Cunliffe et al., 2012), while bubble film
thicknesses range from 0.01 – 1 µm (Modini et al., 2013).
In a simple conceptual model in which all organics are parti-
tioned to the surface of a “slab” of saltwater or to both the
inner and outer surfaces of a bubble film, the organic en-
richment would be significantly higher for the thinner bubble
films than for the thicker SML sample. This is would provide
a mechanism that would explain the observations indicating
that the OC:Na mass ratio is 102 – 103 higher in the submi-
cron MBL aerosol than in the SML (Russell et al., 2010).

2.3 Enrichment factor

In this paper, we define the enrichment factor Fi,j of the i-th
chemical component in the j-th mode (SML or bubble film)
as:

Fi,j =
mi,j/mNa,j

mi,blk/mNa,blk
≈ mi,j/mNaCl,j

mi,blk/mNaCl,blk
(1)

where the mi,j [kg kg−1] are the mass mixing ratios of the
respective solution constituents, and the subscript “blk” de-
notes the bulk water. We assume that the bubble film frac-
tion is predictive of the organic fraction in submicron nascent
spray. Note that due to chlorine depletion by acid substitution
in MBL aerosol, the ratio of Na:Cl mass in marine aerosol
can be several times higher than in seawater (Pszenny et al.,
1993; Keene et al., 1998; Buseck and POsfai, 1999; Lewis
and Schwartz, 2004), but the equality should hold for nascent
spray.

Reported enrichment factors for organic matter in marine
aerosol vary over a range greater than 10 – 1000 (Burrows
et al., 2013) and are generally not directly comparable, due to
the lack of a standardized definition. However, a few general
trends can be observed:

1. Surfactants that are enriched in the SML are also fur-
ther enriched in the aerosol (Kuznetsova et al., 2004,
2005; Russell et al., 2010). This suggests that the same
chemicophysical properties underlie both enrichment
steps.

2. SML enrichment is strongest when bulk surfactant con-
centrations are low; when bulk surfactant concentra-
tions are comparatively high, additional increases in
bulk concentrations result in proportionally smaller in-
creases in surface coverage (Marty et al., 1988; Hultin
et al., 2011; Wurl et al., 2011). This is consistent with
a surface saturation effect: as concentrations increase,
more molecules compete for a smaller available surface
area.

3. At high enrichment, adsorbing molecules compete for
surface area at the air-water interface, with the most

Fig. 3: Organic mass fraction in dry aerosol
(OM:(NaCl+OM) mass ratio), as a function of enrich-
ment factor and ocean organic mass. Approximate ranges
of mass and enrichment factors for polysaccharides and
proteins, as defined in Sect. 3.2 and Sect. 5.2, are indicated
as grey shaded regions. Lipids would appear far to the right
of the figure, near the bottom.

surface-active compounds crowding out less surface-
active molecules (Jarvis et al., 1967; Garrett, 1968;
Harper and Allen, 2007).

4. Within a single homologous chemical group, enrich-
ment of the particulate fraction is typically stronger than
enrichment of the dissolved fraction (Marty et al., 1988;
Kuznetsova and Lee, 2002; Kuznetsova et al., 2005).
This is likely because bubbles more efficiently scav-
enge larger particles due to their larger radius and in-
ertia (Sutherland, 1948; Weber et al., 1983; Dai et al.,
1998, 2000).

3 Competitive Langmuir adsorption model

3.1 Model equations

To represent the saturation effect and the chemical and phys-
ical specificity of enrichment, we model the enrichment as
a competitive Langmuir adsorption equilibrium (Langmuir,
1918):

θi =
Γi,eq
Γi,∞

=
αiCi

1 +
∑
i′ αi′Ci′

, (2)

where the subscript i indicates the i-th component of the
mixture, θi is the fractional surface coverage, Ci is the mo-
lar concentration, αi is the Langmuir coefficient, Γi,eq is the
equilibrium surface excess and Γi,∞ is the saturation surface
excess.

Fig. 3. Organic mass fraction in dry aerosol (OM : (NaCl+OM) mass ratio), as a function of
enrichment factor and ocean organic mass. Approximate ranges of mass and enrichment fac-
tors for polysaccharides and proteins, as defined in Sects. 3.2 and 5.2, are indicated as grey
shaded regions. Lipids would appear far to the right of the figure, near the bottom.
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10 S. M. Burrows et al.: Modelling framework for organic fractionation of sea spray

(a) Stearic acid (b) Lysozyme

(c) Alginate (d) Suwannee River fulvic acid

Fig. 4: Organic mass fraction in dry aerosol (OM:(NaCl+OM) mass ratio), predicted organic mass fractions for model com-
pounds as a function of Langmuir parameter αi [m3 (mol OC)−1] and OC molar concentration. Ranges of OC concentration
(vertical axis) are estimated for classes of molecules from ocean biogeochemical model output, as described in Section 5 and
chemical parameters are as indicated in Tab. 2. Ranges of Langmuir parameters (horizontal axis) are obtained by varying αi
between 0.5 and 2 times the respective model compound value from the BASE case.

buoyant rise associated with TEP (transparent exopolymeric
particles; Azetsu-Scott and Passow, 2004).

The labile portion of DOC is removed instantaneously dur-
ing CESM simulations because it is low in mass and compu-
tational emphasis is usually placed on carbon budgeting. By
contrast, all semi-labile carbon is treated as a single aggre-
gate tracer with a 100-day lifetime (Moore et al., 2004).

5.2 Mapping of macromolecules to marine biogeochem-
ical variables

The development of the macromolecule distributions begins
from the premise that the major source of marine DOC is cell
lysis, i.e. the disruption of cell exteriors resulting in the re-
lease of organic components to the water (Kujawinski et al.,
2002). This can follow from viral attack, grazing by larger
zooplankton, or simply senescence, i.e., aging. Phytoplank-
tonic exudation is a smaller, but still important source of
DOC (Carlson, 2002).

Fig. 4. Organic mass fraction in dry aerosol (OM : (NaCl+OM) mass ratio), predicted organic
mass fractions for model compounds as a function of Langmuir parameter αi [m3 (molOC)−1]
and OC molar concentration. Ranges of OC concentration (vertical axis) are estimated for
classes of molecules from ocean biogeochemical model output, as described in Sect. 5 and
chemical parameters are as indicated in Table 2. Ranges of Langmuir parameters (horizontal
axis) are obtained by varying αi between 0.5 and 2 times the respective model compound value
from the BASE case.
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(a) Stearic acid and lysozyme (b) Stearic acid and casein

Fig. 5: Organic mass fractionation in a two-component model including stearic acid and either lysozyme or casein (with
properties as specified in Table 1 and Table 2) and over a range of OC concentrations estimated from ocean biogeochemical
model as described in Sect. 5. Dark solid lines show total organic mass fraction of film aerosol. Thin dashed lines show fraction
of organic mass that is contributed by stearic acid.

We apportion DOC among five classes of organic com-
pounds (with abbreviations in parentheses): (1) Proteins
(Prot), (2) polysaccharides (Poly), (3) lipids (Lip), (4) hu-
mic acid and related compounds (Hum), with the remainder
assigned to (5) geochemically aged and mixed compounds
(Proc). We summarize these four classes of compounds in
the carbon concentration vector field C:

C = (Prot,Poly,Lip,Hum,Proc). (9)

The model species we have chosen as chemical representa-
tives of these classes are discussed in detail in Section 3.2
and also in parallel work focused on the marine surfactant
chemistry (Elliott et al., 2013).

The analysis strategy is as follows: first, calculate the dis-
tributions of the freshly produced compounds offline based
on POP/BEC results - proteins, polysaccharides and lipids
deriving from DOC. Second, calculate the distribution of the
remaining “processed” compounds. Third, calculate the ad-
ditional humic compounds resulting from deep overturning
in the winter at high latitudes.

Lipids are extremely short-lived (Parrish, 1988; Parrish
et al., 1992), so we treat them as existing in a local steady
state determined by rates of phytoplankton production and
disruption with a lifetime of 10 days:

C3 = S3 · τ3, (10)

where S3 is the production rate of lipids and τ3 = 10 days
is the assumed lifetime of lipids in ocean surface water. The

source term S3 assumed to be proportional the product of the
phytoplankton carbon concentration Cphyto and the rate of
phytoplankton disruption by zooplankton:

S3 = 0.2 · kdirupt ·Cphyto ·
Czoo

Czoo

(11)

where Czoo is the zooplankton carbon concentration with ge-
ographic mean value Czoo, and kdirupt is a pseudo-rate con-
stant, set to a value of 1/300 day−1. The factor 0.2 reflects
the assignment of 20% of freshly produced DOC from phy-
toplankton spillage to the lipids.

The distribution of lipids reflects the distribution of phy-
toplankton primary production (Figure 6c). S3 is taken to
be 20% of dissolved carbon flow computed from BEC. Our
method of reconstructing the C flux is similar to that in-
troduced by Elliott (2009) for the injection of organosulfur
compounds into the water column during global DMS sim-
ulations. However, since the macromolecules are not present
solely in the cytosol, allowance is made for conversion to
zooplanktonic and particulate mass.

Polysaccharides are the longest-lived among the freshly
produced compound classes (Kaiser and Benner, 2009), and
they are presumed here to be identical with the POP semi-
labile dissolved organic carbon (SDOC):

C2 = SDOC. (12)

Proteins are of intermediate lifetime and are observed to
contribute a fraction of the marine organic matter that lies
between that of lipids and of polysaccharides (Tanoue, 1992;

Fig. 5. Organic mass fractionation in a two-component model including stearic acid and either
lysozyme or casein (with properties as specified in Tables 1 and 2) and over a range of OC
concentrations estimated from an ocean biogeochemical model as described in Sect. 5. Dark
solid lines show total organic mass fraction of film aerosol. Thin dashed lines show fraction of
organic mass that is contributed by stearic acid.
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Fig. 6. Ocean concentration of each compound class [µmolL−1], February.
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Fig. 7. Global estimates of effective enrichment and organic mass fractions. Case BASE: us-
ing model compounds as described in Table 1. Top: effective mass enrichment ratio. Middle:
OM : Na mass ratio in nascent film drop aerosol. Bottom: organic mass fraction in nascent film
drop aerosol. Left: February. Right: August.
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Fig. 8. Submicron SSA dry mass fraction from each compound class, February, BASE case.
Fractions of processed and humic classes (not shown) are negligible.
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Fig. 9. Geographic regions as used in this paper.
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Fig. 10. POP-simulated Chl a vs. submicron SSA dry organic mass fraction, with model output
from five geographic regions highlighted, BASE case. Colored points are data in the regions
shaded in corresponding colors in Fig. 9, i.e., red: Arctic; dark blue: North Atlantic; magenta:
Northeast Pacific; green: Southeast Pacific; cyan: Southern Ocean. Black points indicate rest
of world. Black and red lines indicate empirical fits to observations from Mace Head, Ireland
(Dp < 1.5 µm), and Point Reyes, California (Dp < 2.5 µm), respectively (Gantt et al., 2011). Blue
and green lines show the parameterization of Long et al. (2011) for particle diameters of 0.8
and 0.5 µm, respectively.
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Fig. 11. Correlation between POP-simulated monthly mean Chl a and predicted monthly mean
organic mass fraction for one simulated year, for the BASE case and LOW-LIP case. Stars
indicate the locations of Mace Head, Ireland; Point Reyes, California; and Amsterdam Island
(Southern Ocean).
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Fig. 12. Monthly mean values from BASE case in two ocean regions (April–March). Green:
POP-simulated Chl a [mgm−3] – note that Chl a is divided by five in left panel to improve
legibility of seasonal trends. Black: total submicron SSA dry organic mass fraction. Blue: lipid
mass fraction. Magenta: polysaccharide+protein mass fraction.
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Fig. 13. Global estimates of effective enrichment and organic mass fractions. Case LOW-LIP:
using model compounds as described in Table 1, but with αlip decreased by a factor of ten;
February.
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Fig. 14. Global estimates of effective enrichment and organic mass fractions. Case FILM-0.5:
using model compounds as described in Table 1, but with lbub = 0.5 µm; February.
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Fig. 15. Global estimates of effective organic mass fractions – February. Case EXUDATE: using
empirical constants derived from phytoplankton exudates (Fuentes et al., 2011), with the same
physical constants applied to all five compound classes. Left: organic mass fraction. Right:
organic mass fraction vs. POP Chl a.
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Fig. 16. Global estimates of organic mass fraction in nascent film drops – sensitivity cases
(February). Left: case HIGH-PROT: using model compounds as described in Table 1, but with
αprot for casein (ten times larger value). Right: case HIGH-HUM: using model compounds as

described in Table 1, but with αhumic ×104.
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Fig. 17: Ratio of alkane mass to hydroxyl mass from model macromolecules, and from ship-borne FTIR observations. Points
and error bars indicate median and 5%-ile to 95%-ile range of model estimates for seawater and for emitted submicron SSA,
calculated from global monthly grid-box mean values. For the purpose of this comparison, macromolecule concentrations
were converted to estimated functional group ratios using the values provided in Table 4. Solid lines indicate averages of
data from clean air samples only, i.e., data from air contaminated by anthropogenic pollution have been excluded. The ship-
borne observations are from the E-PEACE campaign off the central coast of California (July – August, 2011) (Russell et al.,
2013), the ICEALOT campaign in the North Atlantic and Arctic Oceans (March – April, 2008) (Russell et al., 2010), and the
VOCALS-Rex campaign, in the Southeast Pacific oligotrophic gyre (October, 2008) (Hawkins et al., 2010). The shaded areas
indicate the ± 1 standard deviation uncertainty range for VOCALs-Rex (Marine air mass, MAM), ICEALOT (Arctic) and
ICEALOT (North Atlantic), respectively.

measured by Fuentes et al. (2011), with OM:OC ratio from
the mean stoichiometry of phytoplankton biomass (Fraga,
2001). The surface activity of the filtered exudate is insuf-
ficient to generate substantial enrichment of the bubble film
(Fig. 15, left panel). Furthermore, by treating all DOM as
chemically identical, it is impossible to produce patterns of
(Chl-a) : (OM fraction) resembling observations from strong
seasonal blooms (Fig. 15, right panel).

We conclude that these filtered exudates can not be consid-
ered representative for marine organic material in general and
in particular for enrichment associated with a phytoplankton
bloom. One possible explanation is that the surface activity
of the marine phytoplankton exudate may have been signifi-
cantly reduced by filtration (Ẑutić et al., 1981). Furthermore,
marine ecosystem processes (e.g. attack of phytoplankton by
zooplankton and recycling of organic matter by heterotrophic
bacteria) and photochemistry may modify the surface activ-
ity of DOM.

Results from two additional tests are shown in Fig. 16.
In one test (HIGH-PROT; Fig. 16 left panel), we use ca-
sein, rather than lysozyme, as the model protein, i.e., we in-
crease the value of αprot by a factor of ten. This results in
organic mass fractions exceeding 0.2 and enrichment factors
(not shown) exceeding 5000 over most of the globe. In a final
test (HIGH-HUM; Fig. 16 right panel), we increase αhumic

by a factor of 104, which produces increased enrichment in
confined regions of strong seasonal upwelling.

We summarize the organic mass fractions predicted for
different regions and sensitivity cases in Tab. 3. In all the sen-
sitivity cases, the global mean is very constant across the sea-
sons. However, certain regions have a strong seasonal cycle,
i.e., the North Atlantic, the Artic, and the Southern Ocean.
In the Northeast Pacific and southeast Pacific, the seasonal
cycle is far more muted.

Comparing the sensitivity cases, it can be seen that the
overall OM fraction exhibits the largest relative change with
the factor of five increase in the bubble film thickness, de-

Fig. 17. Ratio of alkane mass to hydroxyl mass from model macromolecules, and from ship-
borne FTIR observations. Points and error bars indicate median and 5 %-ile to 95 %-ile range of
model estimates for seawater and for emitted submicron SSA, calculated from global monthly
grid-box mean values. For the purpose of this comparison, macromolecule concentrations were
converted to estimated functional group ratios using the values provided in Table 4. Solid
lines indicate averages of data from clean air samples only, i.e., data from air contaminated
by anthropogenic pollution have been excluded. The ship-borne observations are from the E-
PEACE campaign off the central coast of California (July–August 2011; Russell et al., 2013),
the ICEALOT campaign in the North Atlantic and Arctic Oceans (March–April 2008; Russell et
al., 2010), and the VOCALS-Rex campaign, in the Southeast Pacific oligotrophic gyre (October
2008; Hawkins et al., 2010). The shaded areas indicate the ±1 standard deviation uncertainty
range for VOCALs-Rex (Marine air mass, MAM), ICEALOT (Arctic) and ICEALOT (North At-
lantic), respectively.
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