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Abstract. The presence of a large fraction of organic mat-

ter in primary sea spray aerosol (SSA) can strongly affect its

cloud condensation nuclei activity and interactions with ma-

rine clouds. Global climate models require new parameteri-

zations of the SSA composition in order to improve the repre-

sentation of these processes. Existing proposals for such a pa-

rameterization use remotely sensed chlorophyll a concentra-

tions as a proxy for the biogenic contribution to the aerosol.

However, both observations and theoretical considerations

suggest that existing relationships with chlorophyll a, de-

rived from observations at only a few locations, may not be

representative for all ocean regions.

We introduce a novel framework for parameterizing the

fractionation of marine organic matter into SSA based on a

competitive Langmuir adsorption equilibrium at bubble sur-

faces. Marine organic matter is partitioned into classes with

differing molecular weights, surface excesses, and Langmuir

adsorption parameters. The classes include a lipid-like mix-

ture associated with labile dissolved organic carbon (DOC), a

polysaccharide-like mixture associated primarily with semi-

labile DOC, a protein-like mixture with concentrations in-

termediate between lipids and polysaccharides, a processed

mixture associated with recalcitrant surface DOC, and a deep

abyssal humic-like mixture.

Box model calculations have been performed for sev-

eral cases of organic adsorption to illustrate the underly-

ing concepts. We then apply the framework to output from

a global marine biogeochemistry model, by partitioning to-

tal dissolved organic carbon into several classes of macro-

molecules. Each class is represented by model compounds

with physical and chemical properties based on existing lab-

oratory data. This allows us to globally map the predicted

organic mass fraction of the nascent submicron sea spray

aerosol.

Predicted relationships between chlorophyll a and organic

fraction are similar to existing empirical parameterizations,

but can vary between biologically productive and nonpro-

ductive regions, and seasonally within a given region. Ma-

jor uncertainties include the bubble film thickness at burst-

ing, and the variability of organic surfactant activity in the

ocean, which is poorly constrained. In addition, polysaccha-

rides may enter the aerosol more efficiently than Langmuir

adsorption would suggest. Potential mechanisms for enrich-

ment of polysaccharides in sea spray include the formation of

marine colloidal particles that may be more efficiently swept

up by rising bubbles, and cooperative adsorption of polysac-

charides with proteins or lipids. These processes may make

important contributions to the aerosol, but are not included

here.

This organic fractionation framework is an initial step to-

wards a closer linking of ocean biogeochemistry and aerosol

chemical composition in Earth system models. Future work
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should focus on improving constraints on model parameters

through new laboratory experiments or through empirical fit-

ting to observed relationships in the real ocean and atmo-

sphere, as well as on atmospheric implications of the variable

composition of organic matter in sea spray.

1 Introduction

A growing body of observational evidence shows that the

submicron sea spray aerosol is frequently dominated by or-

ganic material, attributable to a primary marine source from

sea spray aerosol (SSA) (O’Dowd and de Leeuw, 2007; Fac-

chini 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 prop-

erties of clouds, and thereby also climate (Meskhidze and

Nenes, 2006). A detailed review of the current state of re-

search on marine organic aerosols can be found in Gantt and

Meskhidze (2013).

Analysis of global climate model sensitivities shows that

over remote ocean regions, cloud droplet number concen-

trations and cloud albedo can depend strongly on the simu-

lated sea salt aerosol number concentration and hygroscopic-

ity (Karydis et al., 2012; Moore et al., 2013). Several param-

eterizations for marine organic aerosol emissions have been

proposed, all of which rely on empirical relationships with

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 modeling

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 fos-

ter advances in understanding of the underlying drivers of

marine POA (primary organic aerosol) emissions and their

interactions with changes in global climate.

Chl a has been used as a basis for global atmospheric

model parameterizations primarily because it is a globally

available proxy for ocean biological activity. It is also mod-

erately predictive of the organic aerosol fraction at sites such

as Mace Head, Ireland (O’Dowd et al., 2004; Rinaldi et al.,

2013), Point Reyes, California (Gantt et al., 2011), and Am-

sterdam Island (in the Southern Ocean) (Sciare et al., 2009),

and more reliably so than other satellite-retrieved ocean color

products such as dissolved organic carbon (DOC), particulate

organic carbon (POC), and colored dissolved and detrital or-

ganic material (Gantt et al., 2011; Westervelt et al., 2012;

Rinaldi et al., 2013). However, chl a makes up only a tiny

fraction of the available organic matter: estimates from satel-

lite observations suggest that chlorophyll mass as a percent-

age of POC ranges from <0.1 % in ocean gyres to >0.4 %

in biologically productive open ocean regions and reaches

a maximum of about 2 % in coastal waters (Gardner et al.,

2006). We use the terms “productive” and “nonproductive”

to distinguish between ocean regions with and without cur-

rently active biological primary production, i.e., phytoplank-

ton blooms, and the term “oligotrophic” to refer to regions

where low nutrient availability results in low biological pro-

ductivity for the entire year. Almost all of the marine OC

(organic carbon) mass is dissolved organic matter (DOM),

which is operationally defined as the portion of marine or-

ganic matter that will pass through a filter with a pore size of,

e.g., 0.2–0.7 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

and death drive the relationship between satellite-derived

chl a and sea spray OM (organic matter) (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 Ćoso-

vić, 2001, 2003).

Nevertheless, other evidence suggests that the positive cor-

relation between chl a and the marine aerosol fraction ob-

served in bloom regions may not be representative for olig-

otrophic regions. In shipborne measurements in the North

Atlantic, Russell et al. (2010) found a strong positive cor-

relation (0.91) of the submicron OM : Na ratio with wind

speed at 18 m, and a moderate positive correlation (0.46) with

chl a. In the Arctic, they again found a strong positive corre-

lation with wind speed (0.90), but a moderate negative cor-

relation with chl a (−0.63). Similarly, shipborne measure-

ments during a period of high biological productivity in the

open sea of the northeast Atlantic (Hultin et al., 2010) found

a mild negative correlation between the marine aerosol or-

ganic fraction and chlorophyll a in the water. During a cruise

off the California coast, in spray aerosol artificially gener-

ated from natural waters, the organic aerosol mass fraction

correlated positively with ocean DMS (dimethylsulfide), but

not with chl a (Bates et al., 2012). In a recent laboratory ex-

periment, aerosol organic matter fractions in spray generated

from breaking waves in a simulated phytoplankton bloom

remained relatively constant during large changes in chl a

concentrations, but SSA hygroscopicity declined simultane-

ously with increases in heterotrophic bacteria concentrations

(Collins et al., 2013; Prather et al., 2013).

These results suggest that empirical relationships with

chl a seasonal blooms are not adequate to predict the OM

fraction of SSA, particularly outside of strong seasonal

blooms. Indeed, a recent intercomparison of different param-

eterizations of the submicron marine organic aerosol found

that parameterizations diverged most strongly in their sim-

ulation 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

measurements recently indicated that while chl a is a better
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predictor of OM fraction in filter samples collected at Mace

Head than satellite-derived DOM or POM, a time lag of ca. 8

days is observed between peaks in upwind ocean chl a con-

centrations 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).

The challenge remains to develop a model framework ca-

pable of describing organic SSA enrichment both in regions

of active phytoplankton primary production, and in less pro-

ductive waters, and to explain how 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 molecular

surface activity. At some times and locations, these func-

tional relationships produce strong correlations with chl a,

but under other circumstances the underlying biogeochem-

istry 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.

An initial presentation of some aspects of this approach

was recently provided in Elliott et al. (2014), and a related

paper will discuss ocean distributions of organic compound

classes in greater detail (Ogunro et al., 2014).

In Sect. 2, we outline our aims and approach, and review

observed patterns and broad patterns in the chemical compo-

sition and size distribution of sea spray aerosol. In Sect. 3,

we introduce a novel framework for modeling the enrich-

ment of organic matter in the submicron spray aerosol as a

Langmuir adsorption process, and discuss possible chemi-

cal analogs for marine organic matter. In Sect. 4, we illus-

trate the 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 parameter-

ization that can be applied in global circulation models. In

Sect. 6, we further discuss our results, as well as the uncer-

tainties and limitations inherent in this approach. In Sect. 7,

we summarize our main findings and discuss implications

for the further development of organic sea spray parameteri-

zations.

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 cap-

ture broad geographic patterns in the amount and chemical

composition of the organic fraction of marine aerosol us-

ing fields simulated by an ocean biogeochemistry model. To

this end, it is necessary to partition the marine organic mat-

ter into several classes of compounds which may differ in

their physical and chemical characteristics. We have cho-

sen five broad classes of macromolecules: a lipid-like mix-

ture associated with labile DOC, a polysaccharide-like mix-

ture associated primarily with semilabile DOC, a protein-

like mixture with concentrations intermediate between lipids

and polysaccharides, a processed mixture associated with re-

calcitrant surface DOC (Hansell, 2013), and a deep abyssal

humic-like mixture that is brought to the surface by convec-

tive overturning. For brevity, we will refer to these classes

as lipids (Lip), polysaccharides (Poly), proteins (Prot), pro-

cessed (Proc), and humics (Hum), but we recognize that this

usage is not a precise classification and further clarification

of the chemical nature of the classes will be the subject of

future work. For each class of macromolecules, we adopt a

single organic molecule as a proxy for the adsorption behav-

ior of each group at the air–water interface. This allows for 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 distribution of carbon mass in the phy-

toplankton is 60 : 20 : 20 between proteins, polysaccharides

and lipids, respectively, and this is reflected upon injection

2.1. Because lipids are more quickly removed or altered by

chemical and biological processes, their ocean concentra-

tions are much smaller, yet their surface affinity and enrich-

ment is higher than for the other groups. Proteins are present

in higher concentrations, but are somewhat less strongly en-

riched than lipids. Polysaccharide concentrations are higher

than those of proteins and lipids, but have the lowest adsorp-

tion surface affinity. Humics represent abyssal compounds

that are mixed into the ocean surface layer during deep over-

turning. Processed compounds correspond to the recalcitrant

portion of DOC, including molecules that have undergone

chemical degradation and recombination. However, less em-

phasis will be placed on these classes, because their surface

activity is generally low.

These macromolecule classes are then implemented into

a modeling framework that predicts the submicron SSA or-

ganic mass fraction by assuming that multiple classes of

compounds may compete for bubble surface area and es-

tablish equilibrium according to the Langmuir adsorption

isotherm. The properties of the compound classes and their

mapping to variables from an ocean biogeochemistry model

will be discussed in detail in Sec. 5.2, but the general outline

is as follows.

Further development will be required to better constrain

the model and refine the partitioning of DOC. Nevertheless,

we will show that this approach is capable of reproducing im-

portant features of the observed patterns in the SSA organic

mass fraction. In particular, the model predicts that OM frac-

tions are relatively constant across most of the globe at most

times, but also approximately reproduces the increased OM

fraction during strong, highly localized seasonal phytoplank-

ton blooms associated with high chl a, e.g., in the North At-
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lantic. Unlike in previous parameterizations, chl a is not di-

rectly used to calculate the OM fraction, and so the model

produces strong positive correlations between seasonal cy-

cles in OM fraction and chl a in certain localized blooms, but

these relationships cannot be extrapolated globally. In addi-

tion, the model predicts differences in the detailed chemical

composition of the organic aerosol in the different regions,

which may provide an explanation for observed differences

between the organic aerosol composition in the Arctic and

the North Atlantic.

In drawing ties between ocean biogeochemistry and at-

mospheric 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 mass (OM) and

OC in different units depending on the context. In the atmo-

spheric context, we will generally use units of mass or mass

concentration, which is how organic mass quantities are typ-

ically 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 simi-

lar), which is the convention of most ocean biogeochemistry

observations and models. Mass of OM can be converted to

moles of OC by multiplication with the factor:
(
mOM

mOC

)
i
·
MC

Mi
.

2.2 Conceptual overview

In the open ocean, sea spray particles originate primarily

from the bursting of bubbles produced from wave-breaking

(Lewis and Schwartz, 2004). As bubbles rise through the wa-

ter column, surface-active dissolved and particulate materials

accumulate on the bubble surface (Blanchard, 1975).

The deposition of collected material at the air–water in-

terface 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). The SML is disrupted by breaking waves, but

reforms within a few seconds and is generally sustained when

wind speeds are less than 10 m s−1. Bubbles rest on the ocean

surface 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 Wanger-

sky, 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

Figure 1. Conceptual schematic of bulk water (BLK), SML, and

MBL aerosol enrichment 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 the 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 to 400 µm depending on the sam-

pling method used (Cunliffe et al., 2012), while bubble film

thicknesses range from 0.01 to 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 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 (marine boundary layer) 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 ith

chemical component in the j th mode (SML or bubble film)

as

Fi,j =
mi,j/mNa,j

mi,blk/mNa,blk

≈
mi,j/mSS,j

mi,blk/mSS,blk

, (1)

where the mi,j (kg kg−1) are the mass mixing ratios of the

respective solution constituents, the subscript “blk” denotes

the bulk water, and the subscript “SS” denotes sea salt. Be-

cause the submicron aerosol is primarily drawn from film

drops, we assume that the bubble film fraction is predictive

Atmos. Chem. Phys., 14, 13601–13629, 2014 www.atmos-chem-phys.net/14/13601/2014/



S. M. Burrows et al.: Modeling framework for organic fractionation of sea spray 13605

of the organic fraction in submicron nascent spray. This as-

sumption is supported by, e.g., recent studies showing the

chemical similarity of a wave flume surface and the particles

produced from that surface (Ebben et al., 2013), as well as

more generally supported by the observation that submicron

spray is produced primarily from film drops (Blanchard and

Syzdek, 1982, 1988; Resch and Afeti, 1992; Spiel, 1998).

Note that sea salt mass may be altered during atmospheric

transport, e.g., 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. Oxidation of organic matter may also occur in the at-

mosphere, increasing the organic mass content.

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), and experimental evidence

indicates that the transport of surfactants from seawa-

ter to the aerosol is linearly related to the transport to

the seawater surface (Tseng et al., 1992). This suggests

that the same chemico-physical 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

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 surface coverage

as a competitive Langmuir adsorption equilibrium (Lang-

muir, 1918):

θi =
0i,eq

0i,∞
=

αiCi

1+
∑
i′αi′Ci′

, (2)

where the subscript i indicates the ith component of the mix-

ture, θi is the fractional surface coverage,Ci is the molar con-

centration, αi is the Langmuir coefficient, 0i,eq is the equilib-

rium surface excess and 0i,∞ 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 water col-

umn, 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 rela-

tionships for phytoplankton exudate samples used to gener-

ate laboratory aerosol. Long et al. (2011) used a Langmuir-

based equation in a global model parameterization of the or-

ganic fractionation of sea spray, but with a different formu-

lation than we propose here, and using chl a as the driving

variable.

Potential interactions between molecules at the surface,

e.g., cooperative adsorption (Baeza et al., 2005), are ne-

glected. Importantly, this implies that Langmuir coefficients

can be linearly combined: we can define an effective bulk

Langmuir coefficient, αeff, as a concentration-weighted aver-

age of the αi :∑
i

θi =
αeffCtot

1+αeffCtot

, (3)

Ctot =

∑
i

Ci, (4)

αeff =

∑
iαiCi

Ctot

. (5)

In other words, if the enrichment of each member of a group

of compounds is described by the competitive Langmuir

isotherm (Eq. 2), it follows that the enrichment of the en-

tire group can also be described by the Langmuir isotherm

(Eq. 5). This justifies the simplification of representing a

complex mixture of compounds as a single class.

The Langmuir isotherm allows for three of the effects ob-

served in enrichment of the SML and aerosol (Sect. 2.3):

stronger enrichment of more surface-active molecules, satu-

ration, and competition between constituents. The fourth ef-

fect, stronger particulate enrichment, can be added as a sim-

ple extension by using a higher value of αi for particulates

than for dissolved matter.

www.atmos-chem-phys.net/14/13601/2014/ Atmos. Chem. Phys., 14, 13601–13629, 2014
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Figure 2. Cartoon of the slab model used for calculation of the en-

richment 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 to 1 µm (Modini et al., 2013). SML sampling

thicknesses depend upon the sampling method and range from 20

to 400 µm (Cunliffe et al., 2012).

To calculate the organic mass fraction of the bubble film,

we treat the surface as a slab of seawater of thickness lbub

that is partially coated with surfactants with fractional sur-

face coverage θi,bub with molar mass Mi and specific area ai
(Fig. 2). The mass enrichment factor is then

Fi,bub,mass =

 nj θi,bubMi

ai

ρSW · lj · s

[ s

mi,blk

]
, (6)

where s = 0.035 kg kg−1 is the ocean salinity, and

ρSW = 1.025kg L−1 is the approximate density of sea-

water. We have assumed that the concentration of the

organic material in the bulk is negligible, and neglected

effects of bubble curvature. The parameter nbub is an

adjustable parameter that represents the number of sides of

the bubble film that are covered with the areal fraction θbub.

The smallest physically meaningful value, nbub = 1, implies

that only the bubble interior is coated. We assume nbub = 2,

which implies that the coverage of the interior and exterior

films of the bubble are equivalent (Fig. 2). Values of nbub>2

would imply an enriched microlayer, which is possible under

calm conditions.

The dry mass fraction in the nascent aerosol is given by(
mi,bub

mi,bub+mNaCl

)
=

nj
θi,bubMi

ai

nj
θi,bubMi

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 0.1 µm. Because soluble sur-

factants can stabilize the bubble cap (Garrett, 1967; Johnson

and Wangersky, 1987), bubbles with high surfactant cover-

age persist longer and more drainage occurs before bursting.

Stabilized bubbles can be as thin as 0.1 µm, while clean bub-

bles can have thicknesses of up to a few microns, depending

on bubble diameter (Spiel, 1998; Modini et al., 2013).

The 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 (Kuznetsova

et al., 2004, 2005). It may also account in part for the size

distribution of the organic mass fraction: since smaller film

drop particles are more frequently produced from the thin-

ner films of smaller bubbles (Spiel, 1998), they would be ex-

pected to have a higher organic enrichment than larger parti-

cles produced from the thicker films of larger bubbles (Oppo

et al., 1999; Facchini et al., 2008; Gantt et al., 2011). Ex-

periments with radio-labeled lipids in artificial seawater have

also shown that smaller bubbles transport surfactants to the

air more efficiently than larger bubbles (Tseng et al., 1992).

We illustrate the relationship between the organic mass

fraction and enrichment ratio in Fig. 3, which shows the or-

ganic mass fractions in the nascent film aerosol (after sub-

tracting water mass), calculated as a function of marine bulk

OC concentrations and bulk : MBL OC enrichment factors.

Bulk OC : NaCl ratios of 10−4–10−3 (Ittekkot, 1982; Carl-

son et al., 2000; Lomas 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 from about 102 to over 103 (Rus-

sell et al., 2010). Much higher organic mass fractions (up to

ca. 0.8) have been observed for the smallest particle sizes at

Mace Head downwind of seasonal blooms (O’Dowd et al.,

2004; Facchini et al., 2008; Gantt et al., 2011). However, the

enrichment factor is highly sensitive to the size fraction se-

lected: integrating 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.

The model requires that the following physical parameters

be specified for each of the components: Langmuir coeffi-

cient αi , specific area ai , and molecular mass Mi . In addi-

tion, it requires specification of the bubble film thickness lbub

for the calculation of the enrichment ratio, and nbub, which

controls the fractional coating of the exterior surface relative

to the interior surface. These parameters can be estimated ei-

ther from laboratory experiments on individual model com-

pounds or empirically fitted to observations of observed or-

ganic mass fractions.

3.2 Selected model compounds and their

chemical properties

3.2.1 Overview of data reviewed

A large number of experiments have been published that in-

clude adsorption data at the air–water interface under a va-

riety of conditions (e.g., Adamson and Gast, 1997). Most

of these experiments were conducted at room temperature,

which may not be representative for cold sea-surface temper-
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Figure 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 factors for

polysaccharides and proteins, as defined in Sect. 3.2 and Sect. 5.2,

are indicated as gray shaded regions. Lipids would appear far to the

right of the figure, near the bottom.

ature polar regions. Salinity varies between experiments but

was lower than the salinity of seawater in most cases. Never-

theless, a substantial number of studies report the adsorption

behavior of organic macromolecules under conditions ap-

proximating the marine surface environment. We have sum-

marized these studies in Table 1.

For each of the organic classes in our study, we have se-

lected representative analog molecules for which such mea-

surements are available. Based on the literature we reviewed,

we select order-of-magnitude estimates of the Langmuir

half-saturation and surface excess parameters for each ana-

log molecule (Table 1).

The maximum surface excess 0max can be obtained

by nonlinear curve fitting to the Langmuir–Langmuir–

Szyszkowski equation (Lan et al., 2001; Svenningsson et al.,

2006). 0max 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. Although

the geometric arrangement and orientation of molecules on

the surface can differ widely between molecules, variations

in 0max rarely exceed an order of magnitude within a homol-

ogous series (Graham and Phillips, 1979a, b; Damodaran and

Razumovsky, 2003; Tuckermann, 2007).

We now discuss in detail the analogs recommended for

each class of macromolecule.

3.2.2 Proteins

We include two analog proteins: lysozyme, a globular pro-

tein composed of 100 amino acid residues, and casein, 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 observed in marine phytoplankton blooms

(Ẑutić et al., 1981; Barger and Means, 1985). We consider

lysozyme and BSA (bovine serum albumin) to represent

freshly released enzymes, which should temporarily retain

their structure after injection into the water column. Casein,

however, is taken to be representative of the surface behav-

ior of a denatured protein (Lehninger, 1975; Benner, 2002).

The proteins adsorb by training monomeric sequences along

the interface with hydrophobic groups rotated into the va-

por 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 Polysaccharides

Soluble starches are traditionally considered the represen-

tative model for carbohydrates derived from phytoplankton

(Van Vleet and Williams, 1983; Frew, 1997). Naturally oc-

curring polysaccharides are typically water-soluble and not

surface-active (Stephen, 1995). We adopt three polysaccha-

ride analogs: pectin, alginate and maltodextrin. Pectin is a

structural component of cell walls in fruit and a well-studied

polysaccharide of natural, intermediate amphiphilicity (Nils-

son and Bergenståhl, 2006; Perez et al., 2011). Alginate may

be derived from brown algae such as Macrocystis. It is com-

mercially available and its surface activity is similar to that

of pectin (Babak et al., 2000). Maltodextrin is a synthetic

oligomer (Shogren and Biresaw, 2007), consisting of only

about 10–20 glucose subunits linked by regular glycosidic

bonds, which has very limited surface activity.

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 of experimental evidence in-

dicate very high surface activity of these compounds. Diffu-

sion 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 mea-

surements of diffusion coefficients for long aliphatic chain

molecules justify a very high estimate of surface activity,

www.atmos-chem-phys.net/14/13601/2014/ Atmos. Chem. Phys., 14, 13601–13629, 2014
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Table 1. Marine and laboratory model compounds selected to represent the ocean macromolecules, along with reference half-saturation

concentrations C1/2 and carbon surface excess 0max. Except as stated in the text, data are for room temperature and low ionic strength.

Concentrations and surface densities are given in moles per liter of carbon and then atoms per square ångström. Parenthetical values were

estimated based on others in the same class. We use the following abbreviations in the table: proteins (Prot), polysaccharides (Poly), lipids

(Lip), humic acid and related compounds (Hum).

Structure Ocean Laboratory C1/2 Carbon 0max 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).

with C1/2<10−6 (Wilke and Chang, 1955; Sallee and Di-

etschy, 1973; Weisiger and Zucker, 2002).

This is consistent with the extremely low solubility mea-

sured for long-chain lipids (Vorum et al., 1992). Choles-

terol is likewise highly surface-active and sparingly solu-

ble (Sebba and Briscoe, 1940; McGregor and Barnes, 1978;

Alexander et al., 1986).

3.2.5 Processed compounds

The processed and mixed organics include those resulting

from biogeochemical aging of the other groups, i.e., they rep-

resent 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 en-

zymes, bacteria, and photolysis (Tranvik and Kokalj, 1998).

Fragments may recombine into new molecules with a het-

erogenous mixture of functional groups (Amon and Benner,

1996; Benner, 2002).

The identity and surface adsorption behavior of these pro-

cessed compounds is poorly characterized. Lacking better in-

formation, we take them to be most similar to the humics and

apply the same adsorption parameters.

3.2.6 Humics

The reviewed literature values for humics refer primarily to

material derived from riverine and coastal sources and some-

times available commercially as a set of standard substances,

e.g., Suwannee River fulvic acid or European counterparts

(Van Vleet and Williams, 1983; Averett et al., 1989; Tuck-

ermann and Cammenga, 2004; Svenningsson 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 individual compounds and two-

component systems. The values used for the model parame-

ters are listed in Table 2; we will refer to this set of values

as the BASE case. Here we present the organic enrichment

of the submicron aerosol, as calculated by the box model,

for single compounds and for two-component systems. Each

result is shown across the approximate range of surface con-

centrations of the respective macromolecular class that are

present in the results of global ocean biogeochemical model

calculations. The global ocean biogeochemical model will be

described in detail in Sect. 5.

4.1 Single model compounds

In Fig. 4, we show the organic mass fraction resulting from

each of several model macromolecules, and illustrate its sen-
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Figure 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 (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 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.

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).

www.atmos-chem-phys.net/14/13601/2014/ Atmos. Chem. Phys., 14, 13601–13629, 2014
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sitivity to bulk concentrations of the macromolecule, and

to variations in the Langmuir adsorption parameter. The

compounds shown here are a representative lipid (stearic

acid), protein (lysozyme), polysaccharide (alginate) and hu-

mic compounds (Suwannee River fulvic acid).

Among the macromolecular analogs shown in Fig. 4, only

stearic acid and lysozyme are sufficiently surface-active to

contribute significantly to the mass fraction of the film.

Stearic acid contributes the most, despite the fact that the

lipids are present in far lower concentrations than the other

macromolecular classes, because of its strong affinity for the

air–water interface. By contrast, humics (Suwannee River

fulvic acid) can be present in much higher concentrations 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 model

We now illustrate the effect of competitive adsorption in a

two-component model consisting 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 10 times greater

for casein than for lysozyme.

Stearic-acid-like lipids dominate the surface adsorption

when they are present in a mixture with globular, lysozyme-

like proteins (Fig. 5a). Disordered, casein-like proteins 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 simulations

Marine biogeochemical systems models now incorporate

major processes determining the distribution of organic ma-

terial in the ocean. These include the release and transport of

labile and semilabile DOC (Moore et al., 2001, 2004; Hansell

et al., 2012), which have e-folding lifetimes in surface waters

of approximately 10 and 100 days, respectively, before being

removed by microbial processes (e.g., consumption by het-

erotrophic bacteria, Christian and Anderson, 2002) or trans-

formed 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 biogeo-

chemical elemental cycling (BEC) routines (Moore et al.,

2004) to simulate marine biogeochemistry. Both are com-

ponents of the Community Earth System Model (CESM;

http://www2.cesm.ucar.edu, Hurrell et al., 2013). Calcula-

tions were performed using the CESM 1.0 beta release 11.

Biogeochemistry variables calculated in BEC include sev-

eral classes of nutrients, phytoplankton, and zooplankton,

in addition to dissolved inorganic carbon (DIC), alkalinity,

POC and semilabile DOC. Biogeochemical tracers are trans-

ported, 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 Gru-

ber (2006), and 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 tracer concentrations, D is the eddy

diffusivity coefficient, V is the three-dimensional ocean cur-

rent field, wT is a supplementary particle-driven vertical mo-

tion, and ST (T ) and RT (T ) are the local rates 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., 2001), or alternatively

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 semilabile carbon is treated as a single aggregate

tracer with 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 re-

lease of organic components to the water (Kujawinski et al.,

2002). This can follow from viral attack, grazing by larger

zooplankton, or senescence, i.e., aging. Phytoplankton exu-

date is a smaller, but still important source of DOC (Carlson,

2002).

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), and the remainder

assigned to (5) geochemically aged and mixed compounds

(Proc). We summarize these five 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 Sect. 3.2 and

also in parallel work focused on the marine surfactant chem-

istry 5.2.

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

derived from DOC. Second, calculate the distribution of the

Atmos. Chem. Phys., 14, 13601–13629, 2014 www.atmos-chem-phys.net/14/13601/2014/
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Figure 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 the ocean biogeochemical model as described in Sect. 5.

Dark solid lines show total organic mass fraction of film aerosol. Thin dashed lines show the fraction of organic mass that is contributed by

stearic acid.

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 is assumed to be proportional to the product

of the phytoplankton carbon concentrationCphyto and the rate

of phytoplankton disruption by zooplankton:

S3 = 0.2 · kdisrupt ·Cphyto ·
Czoo

Czoo

, (11)

where Czoo is the zooplankton carbon concentration with ge-

ographic mean value Czoo, and kdisrupt 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 (Fig. 6a) reflects the distribution

of phytoplankton primary production (Eq. 10). S3 is taken to

be 20 % of dissolved carbon flow computed from BEC. Our

method of reconstructing the C flux is similar to that intro-

duced by Elliott (2009) for the simulation of organosulfur

compounds in global DMS simulations.

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 semil-

abile 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;

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 =
1

3
·SDOC. (13)

As shown in Fig. 6b and c, polysaccharides and proteins are

present in broad regions associated with higher marine bio-

logical activity.

We assign the remaining surface DOC to the class “pro-

cessed carbon”. Processed carbons and humic materials rep-

resent the recalcitrant portion of DOC, with lifetimes rang-

ing from decades to tens of thousands of years (Hedges

et al., 2001; Benner, 2002; Hansell et al., 2012). Annual av-

erage DOC was approximated as a function of latitude con-

sistent with climatological data (Hansell et al., 2012), with

fine structure and seasonality filtered then reinjected 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 concentration of processed compounds

in order to prevent unrealistically low or negative concentra-

tions, C5,min = 3 µmol C−1. This processed carbon is then

C5 =max

[(
DOCtotal−

3∑
i=3

Ci

)
,C5,min

]
. (14)

The distribution of processed carbon is shown in Fig. 6d. Pro-

cessed carbon constitutes the vast majority of the DOC, par-

ticularly in oligotrophic zones.

Humics include abyssal carbon carriers and are estimated

based on the timing and depth of convective turnover. Con-

vection is parameterized in POP by the KPP (K-profile

www.atmos-chem-phys.net/14/13601/2014/ Atmos. Chem. Phys., 14, 13601–13629, 2014
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Figure 6. Ocean surface concentration of each compound class (µmol L−1) in February. Ocean concentrations for May, August and Novem-

ber are provided in the Supplement Figs. S1, S2, and S3.

parameterization) nonlocal vertical mixing scheme (Large

et al., 1994), which predicts the eddy diffusivityD as a func-

tion 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 oc-

curs when the mixed-layer depth exceeds a threshold value.

We further assume that prior to overturning, lipids, proteins,

polysaccharides, and processed compounds are initially well-

mixed from the surface to the mixed-layer depth hML (spec-

ified 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)

The pre-overturning concentration of deep humic sub-

stance 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 in-

stantaneous, homogeneous mixing from the surface to hconv.

Concentrations after overturning are then

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

As shown in Fig. 6e, 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 macromolecules

We apply selected surface activity and physical properties

to predict the bubble surface coverage and thereby the film

organic mass fraction (Tables 1, 2; 5.3). 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 the

OM : Na ratio is more strongly conserved than the OM : NaCl

ratio (due to chlorine depletion in the atmosphere), it is also

Atmos. Chem. Phys., 14, 13601–13629, 2014 www.atmos-chem-phys.net/14/13601/2014/
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Figure 7. Global estimates of effective enrichment and organic mass fractions. Case BASE: using 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. Center: May. Right: August.

presented in the middle panels; values range from less than

1 over most of the globe to more than 2.5 in phytoplankton

blooms. For comparison, typical OM : Na mass ratios mea-

sured during the ICEALOT (International Chemistry Experi-

ment in the Arctic LOwer Troposphere) campaign in the Arc-

tic and North Atlantic in March were approximately 0.7–0.8

(Russell et al., 2010). 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 equa-

torial Pacific, the model predicts very similar organic enrich-

ment in February and in August, reflecting the limited sea-

sonality of nutrient and light availability near the Equator.

The highest organic enrichments are predicted in the loca-

tions with active seasonal blooms, 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 com-

pound classes: polysaccharides, proteins, lipids, and humics

(processed compounds are not shown because their contri-

bution is negligible). Although lipids contribute very little of

the ocean DOC (Fig. 6a), 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 contribu-

tor (Fig. 8b, a).

5.4 Chl a: OM relationship and comparison with

previous parameterizations

In the presentation of some of the remaining results, we have

chosen to highlight several geographic regions that are of in-

terest as locations for field campaigns, or to highlight differ-

ences between ocean ecosystems. These regions are defined

in Fig. 9. To compare our model with existing chl a-based pa-

rameterizations, we show the predicted relationship between

chlorophyll concentration as predicted by the POP and the

sea spray organic mass fraction in February, May, August and

November, visually highlighting points from each of the se-

lected geographic regions (Fig. 10). The functional shape of

the chl a–OM fraction relationship resembles empirical rela-

tionships 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 chloro-

phyll concentrations, as surfaces approach saturation. How-

ever, the predicted chl a–OM relationship varies depending

on region and season. For example, in May, for the same val-

ues of chl a, predicted OM fractions are significantly higher

in the North Atlantic than in the Arctic, consistent with ob-

servations (Russell et al., 2010).

5.5 Seasonal cycles in chl a and OM

Although global mean concentrations are relatively constant

throughout the year (Table 3), certain regions have a strong

seasonal cycle in average OM fraction. For the geographic

regions defined in Fig. 9, the regionally averaged seasonal

cycles of total OM fraction, lipid fraction, the total of protein
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Figure 8. Submicron SSA dry mass fraction from each compound class for February (BASE case). Fractions of processed and humic classes

(not shown) are negligible.

Figure 9. Geographic regions as defined in this paper.

and polysaccharide fraction, and chl a are shown in Fig. 11,

and the regional mean values of OM fraction are compared

in Table 3. Regions characterized by strong seasonal blooms

such as the Arctic, North Atlantic and Southern Ocean dis-

play strong seasonal cycles in the total OM fraction, while

in the Northeast Pacific and Southeast Pacific, the seasonal

cycle is far more muted. The relative contributions of the

lipids and the semilabile classes (proteins and polysaccha-

rides) also vary seasonally and between regions. In the North

Table 3. Regional seasonal mean mass fractions for each region as

defined in Fig. 9.

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

Pacific, the total OM fraction remains relatively constant,

but the relative contributions of lipids versus proteins and

polysaccharides vary over the course of the year.

To better understand the seasonality of the chl a–OM re-

lationship, we calculated the correlation between monthly

mean POP-simulated chl a and monthly mean aerosol or-

ganic fraction (Fig. 12). Areas with strong seasonal blooms,

such as the North Atlantic, exhibit strong positive correla-
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Figure 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: South-

east 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, Califor-

nia (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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Figure 11. Monthly mean values from the BASE case for ocean

regions indicated in Fig. 9. Green solid line: POP-simulated chl a

(mg m−3) / 5 – Note that chl a is scaled to improve legibility of

seasonal trends. Black dashed line: total submicron SSA dry organic

mass fraction. Blue dotted line: lipid mass fraction. Magenta dot-

dash line: polysaccharide + protein mass fraction.

tions (compare Figs. 6a and 8c for locations of simulated

blooms in Southern Hemisphere summer; seasonal cycle is

shown in Fig. 11). In regions such as the Southeast Pacific,

spring blooms are weaker, and semilabile DOM accumulates

over the course of the spring and summer seasons, approach-

ing its peak as chl a declines (Fig. 11). In these regions,

monthly mean chl a and SDOC can be anticorrelated, and

SDOC contributes significantly to estimated aerosol organic

mass (polysaccharides and proteins). This produces the anti-

correlation between the chl a and OM fraction evident in our

model in some regions.

Because the values of the model parameters are highly un-

certain, we explore some of the uncertainties in a small set of

sensitivity tests. Some of the figures referenced in this sec-

tion are available in the online supplementary material. This

is indicated by the figure number having the prefix “S”. Sum-

mary results are presented in Table 3.

5.5.1 Low lipid adsorptivity

First, because lipids drive much of the variability in pre-

dicted OM enrichment, we show a case in which the lipid

adsorptivity αlip has been reduced by a factor of 10 (LOW-

LIP; Fig. S4; middle row). 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,
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Figure 12. Correlation between POP-simulated monthly mean chl a

and predicted monthly mean organic mass fraction for 1 simulated

year, for the BASE case and LOW-LIP case. Stars indicate the loca-

tions of Mace Head, Ireland; Point Reyes, California; and Amster-

dam Island (Southern Ocean).

e.g., in the southeastern Pacific, the OM fraction is domi-

nated 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 regions with a

negative correlation of chl a and aerosol OM fraction expand

for this case (Fig. 12b).

5.5.2 Sensitivity to assumed bubble film thickness

The bubble film thickness is another important uncertain

parameter. Changing the bubble film thickness from 0.1 to

0.5 µm results in a significant decrease in the organic mass

fraction (“FILM-0.5”; Fig. S4; bottom row). Film thickness

can be as small as ca. 0.01 µm for bubbles with high concen-

trations 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. Because 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 some-

what in regions of lower enrichment.

5.5.3 Test assuming uniform adsorptivity of DOC

In a third sensitivity test (“EXUDATE”; Fig. S5; top row), we

applied the same properties to all four compounds: the aver-

age properties of filtered exudate from four phytoplankton

species, measured by Fuentes et al. (2011), with OM : OC ra-

tios 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. S5). Furthermore, by treating all DOM as chem-

ically identical, it is impossible to produce patterns of the

chl a : OM fraction ratio resembling observations from strong

seasonal blooms (Fig. S5; top row).

We conclude that these filtered exudates cannot 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.

5.5.4 Tests with high adsorptivity of proteins

and humics

Results from two additional tests are shown in Fig. S5 (top

row). In one test (“HIGH-PROT”; Fig. S5; middle row), we

use casein, rather than lysozyme, as the model protein; i.e.,

we increase the value of αprot by a factor of 10. This results

in organic mass fractions exceeding 0.2 and enrichment fac-

tors exceeding 5000 over most of the globe. In a final test

(“HIGH-HUM”; Fig. S5; bottom row), we increase αhumic

by a factor of 104, which produces increased enrichment in

confined regions of strong seasonal upwelling.

5.5.5 Summary of sensitivity cases

We summarize the global organic mass fractions predicted

for different sensitivity cases in Table 3. In all the sensitivity

cases, the global mean is very constant across the seasons.

Comparing the sensitivity cases, it can be seen that the

overall OM fraction exhibits the largest relative change with

the factor of 5 increase in the bubble film thickness, decreas-

ing by nearly a factor of 5 in response. A decrease in the lipid

adsorptivity by a factor of 10 results in only a ca. 35 % de-

cline in the global mean OM fraction relative to the BASE
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case. An increase in the protein adsorptivity by a factor of 10

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 parameter-

izations 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) to 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. S5; bottom row).

5.6 Comparison with field observations

Although we have introduced a parameterization for the OM

fraction, simulations of atmospheric transport, microphysics,

and chemical transformations in the atmosphere are beyond

the scope of this work. Here we present a brief initial compar-

ison of the parameterized OM fraction and functional group

ratios with observations from field campaigns and coastal

sites. While these comparisons give initial insights into the

performance of the emissions parameterization, it should be

noted that there are important limitations. Because we have

not yet treated atmospheric transport or simulated interan-

nual variations in this initial development work, at this stage

we compare observations only with monthly mean predic-

tions of the composition of emitted aerosol, averaged over a

region including the field campaign location, or over a region

upwind of coastal locations where samples were collected.

Unless otherwise stated, all comparisons are with the BASE

simulation. Simulations that include effects of atmospheric

transport, microphysics, and chemical aging, as well as de-

tailed comparisons with in situ observations, are the planned

topics of a future publication.

5.6.1 Comparison of total OM fraction with shipboard

and coastal observations

We first compare the total OM fraction with shipboard and

coastal observations. The observations presented include the

water-insoluble OM fraction (WIOM) observed at coastal

stations (Gantt et al., 2011; Rinaldi et al., 2013) and obser-

vations of OM fraction in ambient aerosol from ship cam-

paigns (Russell et al., 2010, 2013), and in aerosol gener-

ated in situ by bubbling air through seawater during ship

campaigns (Quinn et al., 2014). All observations of ambi-

ent aerosol have been screened for marine conditions with

little anthropogenic pollution, but each investigator has used

different criteria for screening. For the coastal observations,

paired values of upwind chl a have been used, consistent with

previous studies (Gantt et al., 2011; Rinaldi et al., 2013).

The top panels of Fig. 13 compare the model predictions

of the seasonal cycle with observations. Each comparison is

shown for three geographic regions: coastal California (left),

the North Atlantic bloom region upwind of Mace Head (mid-

dle), and the coastal region of the northwestern North At-

lantic (right). Because each ambient aerosol measurement

may have been influenced by emissions from a large region

upwind of the measurement location, for the purposes of this

comparison, we have averaged the model OM fraction over

larger regions as indicated in Fig. 9, or as otherwise indi-

cated.

The model is in reasonably good agreement with the sea-

sonal cycle at Mace Head, falling within the range of ob-

servations for most months. The underestimation of the OM

fraction in March, April, and August may be caused by the

winter overturning, which may be removing surfactants too

effectively in the model (Sect. 5). At Point Reyes, the few

available observations indicate a relatively constant seasonal

cycle without a strong peak, behavior which is qualitatively

reproduced by the model.

The bottom panels of Fig. 13 show the chl a vs. OM frac-

tion relationships in the same three regions, for chl a values

in the range of 0–1.25 mg m−3. Note that the model values

presented here represent the regionally averaged chl a and

OM fraction and as such, do not reflect the full range of vari-

ability of the model, shown in Fig. 10. Observations indicate

a much stronger dependence of OM fraction on chl a in the

North Atlantic/Arctic region influencing Mace Head, Ireland,

than in the Pacific region influencing Point Reyes; however,

this is at least in part due to the different particle size frac-

tions observed at those two stations. The model’s regionally

averaged monthly mean values do not approach the highest

OM fractions observed at Mace Head, but are mostly within

the range of the observations for chl a<1 in both regions.

In the coastal northwestern Atlantic, the WACS generated

aerosol is within the range of low-chl a observations.

In Fig. 14, we compare regionally averaged monthly mean

OM fractions from our emissions parameterization with cli-

matological monthly means of observed WIOM from the

same two sites. The comparatively lower WIOM fractions at

Point Reyes compared to Mace Head are at least partially

attributable to the different size fractions measured at the

two sites (sub-1.5 µm at Mace Head and sub-2.5 µm at Point

Reyes). Since we have not corrected here for the particle size

fraction observed, it is not surprising that our model under-

predicts the Point Reyes observations while simultaneously

overpredicting the Mace Head observations.

5.6.2 Comparison of estimated functional group

composition with FTIR measurements

In this section, we compare the model estimates with mean

values from FTIR (Fourier transform infrared) measurements

of submicron SSA collected during several ship-based field

campaigns in Fig. 15. For the purpose of this comparison, the

macromolecular classes have been converted to functional

group-associated mass using the weights presented in Ta-

ble 4. Higher alkane : hydroxyl ratios indicate an aerosol that

is more lipid-like and dominated by long aliphatic chains.
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Figure 13. Observed OM or WIOM fraction and modeled OM fraction in three regions. Left: coastal California and North Pacific, compared

with Point Reyes and E-PEACE campaign. Middle: North Atlantic bloom region and Arctic, compared with Mace Head and ICEALOT

campaign. Right: northwest North Atlantic, compared with the WACS campaign. Top: seasonal cycle. Bottom: relationship with observed

or modeled chl a. Point Reyes observations (N= 10) are compared with model OM fraction averaged over a coastal North Pacific region

(Fig. 9) and an extended region covering most of the North Pacific (20–40◦ N, 120–210◦W). Mace Head observations (N= 42) are compared

with model composition averaged over the North Atlantic and Arctic regions (Fig. 9). Error bars for WACS and CalNex are 95 % confidence

intervals (by a t test); error bars for VOCALS and ICEALOT are 1 standard deviation; error bars for monthly mean Mace Head observations

are the range of observed values in the calendar month.

Table 4. Conversion from moles of carbon per macromolecule

class to the mass associated with FTIR-observable functional

groups, ((grams of the functional group) / (moles of carbon per

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

Humics 7.0 19.17 0 0

a Molar 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 g mol−1 (including half the mass of the carbon

atom), and COOH mass is 45 g mol−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.
b Functional group mass distribution of cholesterol.
c Functional group mass distribution characteristic of simple sugars.
d Characteristic functional group mass distribution of a mixture of amino acids

present in seawater.
e Same as for polysaccharides.

Lower alkane : hydroxyl ratios indicate an aerosol that is

more oxidized and carbohydrate-like.

The lowest observed alkane : hydroxyl ratios are

from clean marine samples collected during E-PEACE

(Eastern Pacific Emitted Aerosol Cloud Experiment;

alkane : hydroxyl= 0.24), off the central coast of California,

in the presence of high chlorophyll. These are followed

by samples from the ICEALOT campaign, which tran-

sected the North Atlantic bloom (alkane : hydroxyl= 0.38)

and the polluted marine samples from the Arctic Sea

(alkane : hydroxyl= 0.60). Alkane : hydroxyl ratios were

higher in polluted marine air during the VOCALS-Rex

campaign (VAMOS Ocean–Cloud–Atmosphere–Land

Study Regional Experiment; alkane : hydroxyl= 2.00),

located in the Southeast Pacific. In all cases, the average

alkane : hydroxyl ratio is lower in the clean-air samples than

in polluted samples, suggesting that anthropogenic pollu-

tants are associated with a higher proportion of long aliphatic

chains and perhaps a lower oxidation state relative to primary

marine organic aerosol emissions. The alkane : hydroxyl

ratio may also be affected by ocean biological processes:

the model suggests it will be highest during strong seasonal

blooms (Fig. S6).

We compare the observations with the mean and range of

estimated alkane-to-hydroxyl ratios from the model’s BASE

case and two sensitivity cases: LOW-LIP (10 times lower

lipid adsorptivity) and LOW-LIP+HIGH-POLY (10 times

lower lipid adsorptivity and 20 times higher polysaccharide

adsorptivity). Results from clean marine conditions are in

better agreement with the LOW-LIP+HIGH-POLY case.
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Figure 14. Observed monthly mean WIOM / (WIOM+SS) vs.

modeled monthly mean OM SSA fraction, averaged over a re-

gion upwind of the respective measurement location. Observations

shown are: (1) sub-1.5 µm WIOM fraction from a coastal site at

Mace Head, Ireland (N= 42 filters collected during the years 2002–

2009), filtered for clean marine conditions (as described in Rinaldi

et al., 2013) and (2) sub-2.5 µm WIOM fraction from a buoy lo-

cated near Point Reyes, California (N= 10 filters collected during

the years 2000–2007), during clean conditions as determined by low

BC concentrations (as in Gantt et al., 2011). Observations have been

grouped into month-of-year means for appropriate comparison with

model results. Error bars show the range of observations for each

month. Model OM fractions are calculated over the North Atlantic

region (as indicated in Fig. 9) and extended North Pacific region,

respectively. Linear regressions and their corresponding R2 values

are shown for each data set. The 1:1 line is indicated in gray.

5.6.3 Comparison with Quinn et al. (2014)

Quinn et al. (2014) (hereafter Q14) present measurements

of the organic carbon fraction of sea spray aerosol from the

WACS field campaign in the northwestern North Atlantic

and Sargasso Sea region (August, 2012). The organic en-

richments observed by Q14 are in the same range as the

OM predicted by our model in the same region in August,

which range from about 0.05 in the Sargasso Sea to about

0.2 near the coast (Figs. 8, 13). While our model predicts that

the organic mass fraction is somewhat higher in regions with

higher chlorophyll, Q14 shows similar average OM fractions

at both a high-chl a location and a low-chl a location. How-

ever, the number of data points in the Q14 samples is too

small to draw firm conclusions (N= 9 and N= 7 at the high-

chl a and low-chl a station, respectively). Furthermore, the

mean enrichment factors during WACS were higher for low-

chl a samples than for high-chl a samples, and this differ-

ence was statistically significant (p<0.001 by a t test calcu-

lated from Table S1 of Q14 in the Supplement), which is con-

sistent with the understanding that organic enrichment tends

to be higher in biologically active waters. Q14 also includes

results from the CalNex campaign (coastal California, May

2010), which are consistent within uncertainty bounds with

the model (Fig. 13).

5.6.4 Comparison with Keene et al. (2007)

Keene et al. (2007) (hereafter K07) measured the chemical

composition of aerosol generated, using a glass frit system,

from low-chlorophyll water (chl a = 0.055) from the Sar-

gasso Sea. The aerosol produced in that had a median enrich-

ment factor for soluble OC of 387, and the OC fraction for

the smallest particles produced (0.13 µm) was ca. 80 %. Us-

ing the “medium” values of size-resolved aerosol composi-

tion reported in K07, we calculate an OC / (OC+inorganics)

mass fraction of 0.26 for 0.75 µm particles, and 0.076 for

1.34 µm particles. Figure 10 shows that in grid points with

chl a = 0.055, our model predicts submicron OM fractions

ranging up to a maximum of about 0.15 (OC fraction= 0.24,

assuming OM : OC= 1.8). This value is in reasonable agree-

ment with the K07 results.

6 Discussion

This framework represents an initial step towards represen-

tation of the effects of ocean surface organic matter compo-

sition on sea spray aerosol composition. Many studies have

identified a link between surface-active DOM concentrations

and ocean biological activity, which sometimes manifests

as a correlation between ocean concentrations of surfactants

and chl a. For example, field studies in the northern Adriatic

have found significant positive correlations between bulk sur-

factant activity in the SML and independent 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 concentrations

appearing in spring and summer (Gašparović and Ćosović,

2001). In phytoplankton cultures, surfactant activity has been

found to increase in proportion to biomass, until leveling out

at high surfactant concentrations, and observational studies

have concluded that the largest source of surfactants in the

SML is phytoplankton exudates and their degradation prod-

ucts (Ẑutić et al., 1981; Gašparović et al., 1998; Sekelsky and

Shreve, 1999). Similarly, in an iron fertilization experiment

in the Southern Ocean, concentrations of surface-active sub-

stances increased strongly during the bloom, reaching their

highest concentrations at the end of the bloom (Croot et al.,

2007). An important source of surfactants is the lysis of phy-

toplankton and spillage of their constituents into the water.

This may explain results of a recent field study off the coast

of California, in which the organic mass in spray aerosol gen-
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Figure 15. Ratio of alkane mass to hydroxyl mass from model macromolecules, and from shipborne FTIR observations. Points and error

bars indicate the model’s global median and 5–95th percentile range of model estimates for seawater (displayed at the left of the figure)

and for emitted submicron SSA in several sensitivity cases. Medians and ranges are calculated from monthly mean grid-box values. For

the purpose of this comparison, model macromolecule concentrations were converted to estimated functional group ratios using the values

provided in Table 4. Model values are shown as a function of the ratio of the adsorption constants used for lipids and for polysaccharides, in

each sensitivity case. Observed alkane : hydroxyl ratios from shipborne FTIR measurements in several field campaigns are shown as lines and

shaded regions. The adsorptivity of the ocean DOC components during each campaign is unknown; therefore, the observed alkane : hydroxyl

ratio is not associated with particular values on the x axis. Solid lines indicate averages of data from clean air samples only, i.e., data from air

contaminated by anthropogenic pollution have been excluded. The shipborne 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, ICEALOT (Arctic) and ICEALOT

(North Atlantic), respectively.

erated 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 organic fraction of the spray aerosol

with chl a that is sometimes observed is driven by under-

lying ocean chemistry: specifically, by the high concentra-

tions of strong surfactants in productive waters. More pro-

ductive waters also have a greater proportion of larger par-

ticles (Buonassissi and Dierssen, 2010), which can further

enhance the organic mass in the SSA. The parameterization

proposed here is the first to explicitly link the physical sur-

face chemistry of ocean bubbles and organic enrichment of

the SSA.

6.1 Sources of uncertainty and priorities for

future experiments

In this section, we discuss some of the main sources of uncer-

tainty, currently neglected processes, and inherent limitations

of our approach.

6.2 Equilibrium assumption

It is unclear how rapidly adsorption equilibrium is reached

on bubble surfaces in the ocean. Estimates differ widely;

for example, Fuentes et al. (2011) estimated an equilibra-

tion timescale of less than 0.05 ms for bubbles in a sam-

ple of filtered algal exudate, while Krzan et al. (2007) mea-

sured adsorption of several organic surfactants on single ris-

ing bubbles and observed equilibration to occur in less than

1 s in most cases. The rise velocities in seawater of bub-

bles with radii greater than 700 µm are in the range of 22–

35 cm s−1 (Patro et al., 2002). Bubble plumes formed by

breaking waves penetrate to depths of at least ca. 20–30 cm

or more (Melville, 1996; Deane and Stokes, 2002), so if equi-

librium is reached within less than 1 s, the exposure time will

be sufficient to reach or nearly reach equilibrium for many

ocean bubbles. Furthermore, if equilibrium is approached,

but not fully achieved, the relationship of surface coverage

and bulk concentration may still be represented by a Lang-

muir isotherm curve (using appropriately adjusted parame-

ters) with fidelity sufficient for application in an Earth sys-

tem model. This is supported by calculations of the kinetics
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of convective–diffusive transport of surfactants to bubble sur-

faces, and subsequent adsorption (Jachimska et al., 2001).

Because the timescales of surfactant equilibrium in the

ocean are similar to or less than bubble rise times in many

cases, the assumption of equilibrium is a reasonable and use-

ful first approximation for the purpose of representing bubble

adsorption in Earth System models. Further investigation is

required to determine under which conditions the assumed

Langmuir equilibrium ceases to be a satisfactory approxima-

tion, particularly in regards to the equilibrium between com-

peting surfactants (Mulqueen et al., 2001b, a).

6.2.1 Effects of particle size and wind speed

Our model does not yet include the effects of two important

physical parameters, particle size and wind speed, on sub-

micron SSA OM fraction. The fraction of organic matter in

nascent sea spray increases dramatically for smaller particles

(Oppo et al., 1999; Keene et al., 2007; Facchini et al., 2008).

Although the exact mechanisms driving the functional rela-

tionship between OM fraction and size of nascent particles

are not fully understood, empirical functions can be used in

order to implement the parameterization into an atmospheric

model (Gantt et al., 2011). Some researchers hypothesize that

the formation of the SML under very calm conditions may

result in higher organic enrichment being observed at low

wind speeds (Gantt et al., 2011). Laboratory experiments in

which organic aerosol is produced from generated waves un-

der different wind speed and wave state conditions could aid

in testing this assumption.

6.2.2 Adsorption parameters and neglected

adsorption processes

We have utilized adsorption parameters obtained primarily at

room temperature, but we have applied these values globally

across a range of sea-surface temperatures. This assumption

is justified to a certain extent by laboratory measurements.

For example, for the proteins reviewed here, the observed

dependence of the surface coverage on temperature is small

between room temperature and 0 ◦C (Graham and Phillips,

1979a, b, c). However, it is not clear whether the adsorp-

tion constants of marine biomolecules are, in general, sen-

sitive to sea-surface temperature. Laboratory constraints on

adsorption parameters for a variety of marine biomolecules

or proxies across the entire temperature range 0–30 ◦C will

be needed in order to understand how temperature affects the

emission process, particularly in polar oceans.

In addition to parameter uncertainties, several processes

have been neglected that may prove important to marine or-

ganic enrichment. Perhaps most importantly, we have ne-

glected the role of marine aggregates (Facchini et al., 2008)

in driving interfacial adsorption. Further study is needed to

derive a parameterization of the colloid formation process

appropriate for inclusion into a global model.

We have also neglected interactions between groups of

molecules at the bubble surface. For example, some polysac-

charides that do not adsorb to the air–water interface on their

own may do so in cooperation with proteins (Baeza et al.,

2005). Laboratory studies examining the interactions of ap-

propriate marine proxy molecules at the air–water interface

may help to advance understanding and provide quantitative

constraints on this process.

Finally, we have not yet accounted for the observed greater

enrichment of the particulate phase relative to the dissolved

phase in the SML (Marty et al., 1988; Kuznetsova and Lee,

2002; Kuznetsova et al., 2005). This phenomenon may be

driven by chemical adsorption processes, or by the more effi-

cient scavenging of larger particles from the water column

due to bubble impaction. (Sutherland, 1948; Weber et al.,

1983; Dai et al., 1998, 2000).

6.2.3 Observational constraints needed from

field studies

Currently, only very limited observations of organic matter

are available from field studies, and these observations are

frequently not easily intercomparable, due to differences in

the experimental methods used. Several measurement tech-

niques for studying the organic composition of ambient ma-

rine aerosol particles have recently been reviewed and di-

rectly compared by Frossard et al. (2014b). An ideal tool for

model evaluation would be a long-term, consistent database

of observations of the organic composition of submicron

aerosol, sea-surface microlayer, and subsurface water across

a variety of ocean ecosystems. Methods that provide more

detailed but also quantitative chemical information can in-

crease the ability to distinguish between different chemical

classes of organic matter and help to advance understand-

ing of the underlying processes that determine the distribu-

tion and composition of marine organic matter. While com-

plete molecular characterization may not be possible, mea-

surement of functional group composition (e.g., by FTIR as

shown here) can begin to provide clues into chemical pro-

cesses. Recent work has shown that sea spray aerosol gen-

erated from productive seawater had a greater fraction of

alkane functional groups (as measured by FTIR), compared

to aerosol generated from nonproductive seawater (Frossard

et al., 2014a).

One geographic region that is a traditional focus of field

campaigns is the North Atlantic Basin. Additional observa-

tions there, during the peak of the spring bloom, may prove

essential to resolving the apparent contradiction between the

view that the organic mass fraction of submicron aerosol is

essentially constant (Quinn et al., 2014) and the view that

it dramatically changes over the coarse of a strong bloom

(O’Dowd et al., 2004; Rinaldi et al., 2013).

Finally, SFG measurements of the detailed surface chem-

istry of natural and artificial ocean surfaces and sea spray

particles (Ault et al., 2013; Ebben et al., 2013; Laß et al.,

www.atmos-chem-phys.net/14/13601/2014/ Atmos. Chem. Phys., 14, 13601–13629, 2014
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2013) are an emerging approach that is very intriguing. Fur-

ther such studies could prove valuable in identifying impor-

tant marine surfactants and distinguishing their role in ocean

biochemical processes as well as their molecular interactions

and orientations at the ocean surface and particle surfaces.

6.2.4 Uncertainties in the underlying ocean

biogeochemistry simulations

The model’s predictive capability is inherently limited by the

underlying ocean biogeochemistry model. Global ocean bio-

geochemistry models currently have a limited ability to accu-

rately predict the exact location and timing of phytoplankton

blooms (Doney et al., 2009). While the model has some diffi-

culty in exactly reproducing the location and timing of phyto-

plankton blooms, the patchiness of the active phytoplankton

blooms is a realistic qualitative feature. These blooms can be

extremely localized, as can also be seen in satellite-derived

maps of chlorophyll. This leads to highly localized distribu-

tions of the lipid-like class and of OM fraction in our model

(Figs. 6a, 7).

Active development of the ocean biogeochemistry model

is underway, and it is hoped that the model’s skill may im-

prove in the future. Additionally, it should be considered

whether more sophisticated metrics can be applied to as-

sess the skill of ocean biogeochemistry simulations. Because

of the highly localized nature of phytoplankton blooms, ap-

proaches such as object-based verification or fuzzy verifica-

tion could be considered, which are used in verification of

hurricane and precipitation forecasts. These approaches may

produce a more meaningful assessment of the model’s abil-

ity to simulate realistic blooms if their location or timing is

slightly mismatched.

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 different surface activity (Langmuir coef-

ficient αi), molecular mass Mi , and surface packing (maxi-

mum surface excess 0i,∞), in competitive equilibrium with

each other. This framework represents an initial step to-

wards linking information available in ocean biogeochemical

models to emission parameterizations for global atmospheric

chemistry and climate models. Because the enrichment be-

havior is dominated primarily by two macromolecule classes,

lipids and proteins, a two-component model may prove suf-

ficient to capture one important dimension of the geographic

variation in ocean biogeochemistry: 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 concep-

tually straightforward model, we have emphasized that high

organic mass fractions in the submicron aerosol can be ob-

tained only when strongly adsorbing materials are present in

sufficiently high concentrations. By contrast, the concentra-

tion of weakly or nonadsorbing 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 distributions of five classes of macro-

molecules, and selected a model compound to represent 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 levels resemble exist-

ing empirical parameterizations derived from observations at

coastal sites, but are derived independently using ocean bio-

geochemistry model output fields. Further observations are

needed to better constrain the spatial and seasonal variability

in these relationships, particularly outside of strong seasonal

plankton blooms.

The simulated ratios of different macromolecular classes

in the aerosol are highly sensitive to the assumed adsorptivity

constants within the large range of uncertainty explored here.

Chemically resolved observations of the sea spray aerosol

may help to constrain the values of these parameters, al-

though contradictions currently exist with the limited set of

measurements examined here. Specifically, FTIR measure-

ments from the Southeast Pacific agree best with the BASE

case estimate while FTIR measurements from the North

Atlantic and Arctic agree best with the LOW-LIP+HIGH-

POLY case. These discrepancies deserve further investiga-

tion.

Because concentrations of surface-active compounds cor-

relate with chl a during strong phytoplankton blooms, our

model shows that adsorption-driven enrichment of organic

matter in sea spray is correlated with chlorophyll concen-

trations during blooms. However, the same chl a concentra-

tion may correspond to different film OM fractions in dif-

ferent 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 biogeochemical lifetimes are still present.

Our model suggests that in regions where aerosol OC is

dominated by semilabile compounds rather than labile com-

pounds, the seasonal cycle in the OM fraction may actually

be anticorrelated with chl a, because peak SDOC concentra-

tions occur a few months later than peak chl a concentrations.

Prediction of ocean and aerosol organic films is also of

potential interest for several 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 semisolid layer covering the aerosol sur-

face, kinetically delaying water uptake by reducing either the

mass accommodation coefficient (Takahama et al., 2010) or

Atmos. Chem. Phys., 14, 13601–13629, 2014 www.atmos-chem-phys.net/14/13601/2014/



S. M. Burrows et al.: Modeling framework for organic fractionation of sea spray 13623

the bulk diffusion coefficient within the aerosol particle (Shi-

raiwa et al., 2013). Ocean films can inhibit the exchange of

gases across the air-sea interface and , in particular, they can

slow ocean uptake of carbon dioxide (Frew et al., 1990; Frew,

1997; Tsai and Liu, 2003; Wanninkhof et al., 2009). Further-

more, the thickness of ocean interfacial films may influence

the size distribution of sea spray. For example, soluble sur-

factants can stabilize bubble surfaces, such that greater film

drainage and thinning occurs prior to 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 produc-

tion and possibly marine particle size, rather than bulk TOC

(total organic carbon) concentrations, drive a portion of the

spatial and temporal variability of the submicron sea spray

organic mass fraction. Future work should focus on improv-

ing constraints on the impacts of marine surface chemistry

on SSA production through laboratory experiments and em-

pirical fitting to field observations. The dependence of SSA

composition on particle size and wind speed should be in-

vestigated. Atmospheric implications should be explored, in-

cluding impacts on CCN activity.

The Supplement related to this article is available online

at doi:10.5194/acp-14-13601-2014-supplement.

Acknowledgements. This research was supported by the Office of

Science of the US Department of Energy as part of the Earth Sys-

tem Modeling Program, and by the SciDAC project ACES4BGC

– Applying Computationally Efficient Schemes for Biogeochemi-

cal Cycles. The Pacific Northwest National Laboratory is operated

for DOE by Battelle Memorial Institute under contract DE-AC05-

76RL01830.

We thank Mathew Maltrud for running the CESM simulations

from which we used the output fields for this analysis, and the

many scientists who have contributed to the development of the

POP/BEC components of the CESM model.

We would like to thank several colleagues for providing chemical

composition data for comparison with the model: Brett Gantt for use

of the Point Reyes data, and Matteo Rinaldi, M. Cristina Facchini

(CNR-ISAC), Darius Ceburnis and Colin O’Dowd (NUIG) for use

of the Mace Head data. The conclusions presented in this study are

the authors’ and do not necessarily reflect the views of these groups.

Brett Gantt and two anonymous referees provided detailed re-

views of this manuscript, which lead to significant improvements.

We thank Kim Prather, Grant Deane, and Dale Stokes for fruit-

ful and stimulating conversations that inspired our interest and in-

formed our development of ideas on the effects of surface chemistry

on sea spray formation.

The authors wish to acknowledge use of the Ferret program for

analysis and graphics in this paper. Ferret is a product of NOAA’s

Pacific Marine Environmental Laboratory (information is available

at http://ferret.pmel.noaa.gov/Ferret/).

Edited by: P. Monks

References

Adamson, A. W. and Gast, A. P.: Physical chemistry of surfaces,

Wiley Interscience, New York, 808 pp., 1997.

Albert, M. F. M. A., Schaap, M., Manders, A. M. M., Scannell, C.,

O’Dowd, C. D., and de Leeuw, G.: Uncertainties in the deter-

mination of global sub-micron marine organic matter emissions,

Atmos. Environ., 57, 289–300, 2012.

Alexander, D. M., Barnes, G. T., McGregor, M. A., and Walker,

K.: The penetration of monolayers by surfactants, edited

by: Scamehorn, J., in: vol. 311 of ACS Symposium Series,

chap. 10, 133–142, American Chemical Society, Washington,

DC, doi:10.1021/bk-1986-0311.ch010, 1986.

Amon, R. M. W. and Benner, R.: Bacterial utilization of different

size classes of dissolved organic matter, Limnol. Oceanogr., 41,

41–51, 1996.

Armstrong, R. A., Lee, C., Hedges, J. I., Honjo, S., and Wakeham,

S. G.: A new, mechanistic model for organic carbon fluxes in the

ocean based on the quantitative association of POC with ballast

minerals, Deep Sea Research Part II: Topical Studies in Oceanog-

raphy, 49, 219–236, 2001.

Ault, A. P., Zhao, D., Ebben, C. J., Tauber, M. J., Geiger, F. M.,

Prather, K. A., and Grassian, V. H.: Raman microspectroscopy

and vibrational sum frequency generation spectroscopy as probes

of the bulk and surface compositions of size-resolved sea spray

aerosol particles, PCCP Phys. Chem. Ch. Ph., 15, 6206–6214,

2013.

Averett, R. C., Leenheer, J. A., McKnight, D. M., and Thorn, K. A.:

Humic substances in the Suwanee River, Georgia: Interactions,

properties, and proposed structures, Tech. Rep. Open-File Report

87–557, US Geological Survey, Denver, Colorado, 225 pp., 1989.

Azetsu-Scott, K. and Passow, U.: Ascending marine particles: Sig-

nificance of transparent exopolymer particles (TEP) in the upper

ocean, Limnol. Oceanogr., 49, 741–748, 2004.

Babak, V., Skotnikova, E., Lukina, I., Pelletier, S., Hubert, P.,

and Dellacherie, E.: Hydrophobically associating alginate deriva-

tives: surface tension properties of their mixed aqueous solutions

with oppositely charged surfactants, J. Colloid Interf. Sci., 225,

505–510, 2000.

Baeza, R., Carrera Sanchez, C., Pilosof, A. M., and Ro-

dríguez Patino, J. M.: Interactions of polysaccharides with β-

lactoglobulin adsorbed films at the air–water interface, Food Hy-

drocolloid., 19, 239–248, 2005.

Barger, W. R. and Means, J. C.: Clues to the structure of marine

organic material from the study of physical properties of surface

films, in: Marine and Estuarine Geochemistry, edited by: Sigleo,

A. C. and Hattori, A., Lewis Publishers, Chelsea, Michigan, 47–

67, 340 pp., 1985.

Bates, T. S., Quinn, P. K., Frossard, A. A., Russell, L. M., Hakala,

J., Petäjä, T., Kulmala, M., Covert, D. S., Cappa, C. D., Li,

S.-M., Hayden, K. L., Nuaaman, I., McLaren, R., Massoli, P.,

Canagaratna, M. R., Onasch, T. B., Sueper, D., Worsnop, D. R.,

and Keene, W. C.: Measurements of ocean derived aerosol

off the coast of California, J. Geophys. Res., 117, D00V15,

doi:10.1029/2012JD017588, 2012.

Benner, R.: Biogeochemistry of Dissolved Organic Matter, chap.

Chemical composition and reactivity, edited by: Hansell, D. and

Carlson, C., 59–90, Academic Press, New York, , 2002.

Blanchard, D. C.: Bubble Scavenging and the Water-to-Air Transfer

of Organic Material in the Sea, in: Applied chemistry at protein

www.atmos-chem-phys.net/14/13601/2014/ Atmos. Chem. Phys., 14, 13601–13629, 2014

http://dx.doi.org/10.5194/acp-14-13601-2014-supplement
http://ferret.pmel.noaa.gov/Ferret/
http://dx.doi.org/10.1021/bk-1986-0311.ch010
http://dx.doi.org/10.1029/2012JD017588


13624 S. M. Burrows et al.: Modeling framework for organic fractionation of sea spray

interfaces, edited by: Baier, R. E., 360–387, American Chemical

Society, Washington, DC, 1975.

Blanchard, D. C.: The ejection of drops from the sea and their en-

richment with bacteria and other materials: A review, Estuaries,

12, 127–137, doi:10.2307/1351816, 1989.

Blanchard, D. C. and Syzdek, L. D.: Water-to-air transfer and en-

richment of bacteria in drops from bursting bubbles, Appl. En-

viron. Microb., 43, 1001–1005, http://aem.asm.org/cgi/content/

abstract/43/5/1001, 1982.

Blanchard, D. C. and Syzdek, L. D.: Film drop production as a func-

tion of bubble size, J. Geophys. Res.-Oceans (1978–2012), 93,

3649–3654, 1988.

Brzozowska, A. M., Duits, M. H. G., and Mugele, F.: Stability of

stearic acid monolayers on Artificial Sea Water, Colloids and

Surfaces A: Physicochemical and Engineering Aspects, 407, 38–

48, 2012.

Buonassissi, C. and Dierssen, H.: A regional comparison of particle

size distributions and the power law approximation in oceanic

and estuarine surface waters, J. Geophys. Res., 115, C10028,

doi:10.1029/2010JC006256, 2010.

Burrows, S. M., Hoose, C., Pöschl, U., and Lawrence, M. G.: Ice

nuclei in marine air: biogenic particles or dust?, Atmos. Chem.

Phys., 13, 245–267, doi:10.5194/acp-13-245-2013, 2013.

Buseck, P. R. and Pósfai, M.: Airborne minerals and related aerosol

particles: Effects on climate and the environment, P Natl. Acad.

Sci. USA, 96, 3372–3379, 1999.

Carlson, C.: Biogeochemistry of Dissolved Organic Matter, chap.

Production and removal processes, edited by: Hansell, D. and

Carlson, C. , 91–139, Academic Press, New York, 2002.

Carlson, C. A., Hansell, D. A., Peltzer, E. T., and Smith Jr, W. O.:

Stocks and dynamics of dissolved and particulate organic matter

in the southern Ross Sea, Antarctica, Deep Sea Research Part II:

Topical Studies in Oceanography, 47, 3201–3225, 2000.

Carslaw, K. S., Boucher, O., Spracklen, D. V., Mann, G. W., Rae,

J. G. L., Woodward, S., and Kulmala, M.: A review of natu-

ral aerosol interactions and feedbacks within the Earth system,

Atmos. Chem. Phys., 10, 1701–1737, doi:10.5194/acp-10-1701-

2010, 2010.

Christian, J. and Anderson, T.: Biogeochemistry of Dissolved Or-

ganic Matter, chap. Modeling DOM biogeochemistry, edited by:

Hansell, D. and Carlson, C., 717–756, Academic Press, New

York, 2002.

Christodoulou, A. P. and Rosano, H. L.: Effect of pH and nature of

monovalent cations on surface isotherms of saturated C16 to C22

soap monolayers, Adv. Chem. Ser, 84, 210–234, 1968.

Collins, D. B., Ault, A. P., Moffet, R. C., Ruppel, M. J., Cuadra-

Rodriguez, L. A., Guasco, T. L., Corrigan, C. E., Pedler, B. E.,

Azam, F., Aluwihare, L. I., Bertram, T. H., Roberts, G. C., Gras-

sian, V. H., and Prather, K. A.: Impact of marine biogeochem-

istry on the chemical mixing state and cloud forming ability of

nascent sea spray aerosol, J. Geophys. Res.-Atmos., 118, 8553–

8565, doi:10.1002/jgrd.50598, 2013.

Cook, M. A. and Talbot, E. L.: Surface Hydrolysis in Sodium Lau-

ryl Sulfate Solutions and its Effect on Surface Tension and on

Adsorption at the SolidAqueous Solution Interface, The Journal

of Physical Chemistry, 56, 412–416, 1952.

Croot, P., Passow, U., Assmy, P., Jansen, S., and Strass, V.: Sur-

face active substances in the upper water column during a South-

ern Ocean Iron Fertilization Experiment (EIFEX), Geophys. Res.

Lett., 34, L03612, doi:10.1029/2006GL028080, 2007.

Cunliffe, M., Engel, A., Frka, S., Gašparović, B., Guitart, C., Mur-
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