Atmos. Chem. Phys., 11, 1208216 2011 iy —* -

www.atmos-chem-phys.net/11/1203/2011/ Atmospherlc
doi:10.5194/acp-11-1203-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

A sea-state based source function for size- and composition-resolved
marine aerosol production

M. S. Long!, W. C. Keené', D. J. Kieber?, D. J. Erickson?, and H. Maring*

1Department of Environmental Sciences, University of Virginia, Charlottesville, VA, USA

2Department of Chemistry, College of Environmental Science and Forestry, State University of New York,
Syracuse, NY, USA

3Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge, TN USA
4NASA Headquarters: Radiation Sciences Program, Washington DC, USA

Received: 26 July 2010 — Published in Atmos. Chem. Phys. Discuss.: 28 September 2010
Revised: 20 January 2011 — Accepted: 27 January 2011 — Published: 14 February 2011

Abstract. A parameterization for the size- and composition- 1  Introduction

resolved production fluxes of nascent marine aerosol was de-

veloped from prior experimental observations and extrapo-Particle production by bursting bubbles at the air-sea inter-
lated to ambient conditions based on estimates of air entrainface is the dominant global source of aerosol mass and a ma-
ment by the breaking of wind-driven ocean waves. Producdor global source of aerosol number (Andreae and Rosenfeld,
tion of particulate organic carbon (Q& was parameterized 2008). Primary marine aerosol is an important composition-
based on Langmuir equilibrium-type association of organicdependent reaction medium that influences an interrelated
matter to bubble plumes in seawater and resulting aerosol aget of processes including the phase partitioning and asso-
constrained by measurements of aerosol produced from prcsiated atmospheric lifetimes of soluble gases and the mul-
ductive and oligotrophic seawater. This novel approach is thdiphase chemical and physical evolution of marine air (von
first to parameterize size- and composition-resolved aerosdplasow and Crutzen, 2004; Keene et al., 2009). Direct mea-
production based on explicit evaluation of wind-driven air surements of organic carbon associated with marine aerosols
entrainment/detrainment fluxes and chloroplwy#s a proxy ~ Produced artificially in chamber experiments (Hoffman and
for surfactants in surface seawater. Production fluxes werduce, 1976; Keene et al., 2007; Facchini et al., 2008)
simulated globally with an eight aerosol-size-bin version of and with aerosols in ambient air over the open ocean (e.g.,
the NCAR Community Atmosphere Model (CAM v3.5.07). O'Dowd et al., 2008) indicate that, under most conditions,
Simulated production fluxes fell within the range of pub- nascent marine aerosols are highly enriched relative to sea-
lished estimates based on observationally constrained paraniater (typically by 2 to 3 orders of magnitude based on
eterizations. Because the parameterization does not considetlk composition) in marine-derived organic material. How-
contributions from spume drops, the simulated global mas£Ver, organic contents inferred from thermal desorption mea-
flux (1.5x 103 Tgy 1) is near the lower end of published surements of aerosols produced artificially from coastal sea-
estimates. The simulated production of aerosol numbetvater (Modini et al., 2010) and generated naturally from
(1.4x 10°m2s1) and OGer (29 TgCy1) fall near the  coastal surf (Clarke et al., 2006) suggest lower enrichments.
upper end of published estimates and suggest that primarzauses for these differences are not known. Manipulation
marine aerosols may have greater influences on the physicé@xperiments indicate that the chemical processing of marine-
chemical evolution of the troposphere, radiative transfer andferived particulate organic material is a major source of the

climate, and associated feedbacks on the surface ocean th& radical and a likely suite of important low molecular
suggested by previous model studies. weight reaction products including carboxylic acids, ketones,

and alcohols (Zhou et al., 2008). Primary marine aerosols
also scatter incident solar radiation and account for a signif-
icant fraction of cloud condensation nuclei (CCN) over the
world’s oceans thereby influencing Earth’s radiative balance
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Despite their global significance, the size-resolved phys-ated bubbles from fresh, flowing seawater under controlled
ical (mass and number) and chemical (organic and inorconditions (Keene et al, 2007; Facchini et al, 2008). This
ganic) characteristics and production fluxes of primary ma-parameterization is part of a larger effort to develop, within
rine aerosols are not adequately parameterized in compreghe Community Atmosphere Model (CAM) component of
hensive Earth system models as functions of major drivershe NCAR Community Climate System Model (CCSM), a
(wind velocity and the chemical composition of surface sea-more explicit description of the sources, multiphase process-
water). Some parameterizations are based on measuremeriitg), and climatic interactions of naturally produced aerosols.
in ambient air, which are advantageous in that they directly
relate variability in production rates inferred from ambient o
concentrations to the corresponding environmental driver$ Parameterization
(.. wind speed). These_ mclydg pa_ramgtenzatlons mferreq.o facilitate application by other investigators and to provide
from measured number size distributions in near-surface ma-

rine air (Gong et al., 2002; Gong, 2003), vertical gradients incontext for_ its deriva-tion, the comple_te parameterizgtion s
number size distributions measured immediately down Windpresented in Appendix A. The underlying data, associated ra-

of coastal surf (Clarke et al., 2006), eddy covariance mea_tlopale for the. approach, intermediate steps, definitions, and
; . units are detailed below.

surements of sub-pum number concentrations during onshore

flow (Geever et al., 2005), and associated measurements &f 1  gjze_resolved number production flux

ambient aerosol composition (O’Dowd et al., 2008). How-
ever, these and other measurement techniques cannot quadbservations indicate that the total number production flux
tify, at high temporal resolution, the size-resolved composi-of nascent marine aerosolg1: m=2s-1) via bursting bub-
tion of primary marine aerosol produced by bursting bubblesples at the seawater surface is linearly proportional to the flux
over the full relevant size range (10-nm to 30-pm ambientof ajr detrained from the water column (Keene et al., 2007),
diameter). In addition, the initial Composition of nascent ma-which |mp||es that the ratio of partides produced per unit
rine aerosol changes rapidly (seconds to minutes) via expoyolume of air detrained is approximately constant. There-
sure to light and reactive trace gases (Chameides and Stefore, assuming all air entrained into the water column de-
son, 1992; Erickson et al., 1999; Zhou et al., 2008). Consetrains as bubbles that produce particles, the number produc-
quently, it is extremely difficult to reliably deconvolute the tion flux of marine aerosol can be estimated from the corre-
characteristics of fresh versus processed aerosols based @ponding entrainment flux of air into the water colunfia,
ambient-air measurements. in m*m~2s1). The dissipation of wave energy by wave
Other recently published parameterizations have been depreaking involves work against the buoyant force of air en-
veloped based on aerosols generated artificially by bubblingrained into the water column. Measurements demonstrate
air through natural or artificial seawater or impinging a wa- that the volume of air entrained within the water column by
ter jet on surface seawater. However, some of these StUdiq&'eaking Waves‘(o in m3) is proportiona| to the energy dis-
consider only the sub-pm-diameter size fractions (Sellegri e&ipated by the wind-wave field through wave breakiag (n
al., 2006; Tyree et al., 2007; Hultin et al., 2010; Fuentes etJ: Lamarre and Melville, 1991; Loewen and Melville, 1993;
al., 2010) thereby ignoring the larger aerosols that dominateqoque, 2002; Blenkinsopp and Chaplin, 2007). Although the
mass and volume flux. Another study based on artificially physical characteristics of plunging versus spilling breakers
generated aerosols employs synthetic seawater of unreportefiffer (e.g., Lewis and Schwartz, 2004), available evidence
organic content (Mrtensson et al., 2003) and associated im-suggests that th&-to-Ep ratio (heretofore referred to as
plications for aerosol characteristics. The reader is referredy) varies across a narrow range for both types of breakers.
to Hultin et al. (2010) for an intercomparison of normal- For examp|e’ measurements\@f and Ep for 2-D p|unging
ized number size distributions reported by different inves-preakers (Lamarre and Melville,1991) yieldvalues of 5.6
tigators. Spatial and temporal variability in the production (+0.2) x 1074 m3J~! (number of sample:) = 3). Similar
and impacts of size-resolved marine aerosols have also begfeasurements for both 2-D plunging and spilling breakers
simulated globally using models configured with some of by Blenkinsopp and Chaplin (2007) yietd values of 2.2
the above parameterizations (e.g., Pierce and Adams, 2008;:0.2) x 104m3J-1 (n ~ 103). For the latter study}; is
Langmann etal., 2008; Roelofs, 2008; Spracklen etal., 2008hased on the maximum observed volume of air entrained
Gantt et al., 2009; Vignati et al., 2010). during the breaking event. Because some air may be de-
We report herein a new parameterization for the size-trained before or entrained after the observed maximum mea-
resolved production and physicochemical characteristics o§ured volume (C. Blenkinsopp, Univ. New South Wales, per-
nascent marine aerosol as functions of air detrainmentonal communication, 2010), we infer thavalues based on

through, and the chemical composition of, the surface seaglenkinsopp and Chaplin (2007) correspond to lower limits.
water column. This approach is based on measured charac-

teristics of size-resolved aerosols over full size distributions
that were produced via the detrainment of artificially gener-
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Fent can be estimated from composition by ion chromatography and total organic carbon
by high-temperature combustion. To properly implement
Fent=oaeq 1) mode-2 fluxes in the parameterization reported herein, we

whereeq is the rate of energy dissipation by wave breaking evaluated the internal consistency of measurements reported

(Wm~2). Hanson and Phillips (1999) showed thatvaried by Keene et al. (2007) as follows. Size- and composition-
as a power-law function of 10-m wind spedigo (in ms1) resolved mass fluxes of mode-2 particles were converted to

eq~4.28 x 10—5.U13(.)74 (uncertainties were not reported); number fluxes at 80% RH following Keene et al. (2007)
values reported by Felizardo and Melville (1995) yielded a2nd compared with the corresponding size-resolved number
similar wind-speed dependence By, althoughsq values fluxes measured directly with the APS (Fig. 1). The excellent

were higher by 30% to 40% (see Hanson and Phillips, 1999)agreement over most of the super-um size range suggests that

Based on the available albeit limited measurements Sumboth the size-resolved number concentrations and masses

marized above, we estimate that values ahdeg fall within were accurately measured. The divergence in fluxes of par-
the ranges of’ 442)x 104mPJtand 5 (1)x 10°5. ticles greater than-12-um diameter resulted from losses of

larger deliquesced particles within the APS via gravitational

settling and impaction. Consequently, the parameterization

Fent=2(+1) x 10*8~Uf074 ) of number production fluxes for particles greater than 12-
pm diameter at 80% RH was based on those calculated from

Uncertainties are based on reported values or, when not rehe mass data whereas parameterization of fluxes for smaller

ported, reasonable estimates. super-um diameter particles was based on those measured di-

We assume that the relationship described by Eq. (2) refectly with the APS.

mains constant across the global wind-wave field. The simi- Keene et al. (2007) showed that the total number produc-

larity in the fraction ofep attributed to entrainment in pre- tion fluxes of mode-1 and mode-2 particldg @nd F», re-

vious studies (e.g. Melville and Rapp, 1985; Loewen andspectively, in nT2s-1) are linearly proportional to the air de-

Melville, 1993; Hoque, 2002) supports this assumption overtrainment flux through the water columfigetin m3m2s1),

the range of wind-wave conditions that have been evaluatedor

We recognize that the assumption may not be valid under the 2 2

more eneggenc wind-wave c_ondltlons at h_|gher wind spgedsFT — Z FNn = Fpet- ZCN 3)

(>20ms ). However, physical characteristics of breaking N=1 N=1

wave fields and associated particle fluxes at high sea states

are poorly constrained and, consequently, Eq. (2) cannot ben (M) is a wind-speed-invariant parameter describing the

evaluated explicitly under these relatively infrequent modelParticle production rate per unit air detrained with the form

conditions (discussed in more detail below). cn = [ fn(LogDp)dLogDp where fy, in units of nT3, is

Physicochemical _characteristics of nascent marine, ¢\ 1 6| oo (defined below). Hultin et al, (2010)
aerosols vary systematically as a function of size (Lewis andaresent evidence suggesting a wind-speed dependenag for
Schwartz, 2004; Keene et al., 2007). Super-um size fractiong~I

. . . at may reflect changes in the water-column affecting parti-
dominate the volume of fresh marine aerosol with non-water N . .
cle production; this dependence is not considered here.

masses that are comprised primarily of inorganic sea salt. Based on the assumptions that all air entrained by wave

Sub-pm siz€ fractions dO”."”‘?“e the 'correspondlng numbegction is detrained as bubbles that produce partidies: &
concentrations and contain increasing amounts ofdPC

with decreasing size. One-um diameter at 80% relzmveF.Det)’and ‘h"?‘t k_)ubble plume_s for_bre_zakl_ng waves of different
. . o sizes have similar bubble size distributions (e.g. see Deane,
humidity (RH) represents the approximate partition between
. C 1997), then for modeV,

the upper end of the number-size distribution and the lower

end of the volume-size distribution (Keene et al., 2007).FN(U10 LogDp) = Fen(Us0) ffN(LogDp)dLogDp @)
B == nt :

UZ/4Wm~2, respectively, giving

To maximize resolution in parameterized production of
both aerosol number and mass, the total number production RN

fluxes reported by Keene et al. (2007) were binned into tWogec4yse some bubbles dissolve and others detrain as large
size modes hereafter referred to as mode-1 and mode-2 angh;gs (Lamarre and Melville, 1991) that presumably produce
denoted with subscripts 1 and 2, respectively). Size rangegg|atively few particles per unit volume of air, aerosol pro-
for mode-1 and mode-2 particles were 0.044- to 1.0-um andy,ction fluxes based on Eq. (3) are considered upper limits.
1.0- to 24.0-um diameter at 80% RH, respectively, and arerjrq order polynomials were fit to the size-resolved produc-
denotedry and Ry, respectively. tion fluxes measured by Keene et al. (2007) based on least

Keene et al. (2007) mea;ured the size-re.50|Ve(_j numbegquares regression to yield continuous functions of the form
fluxes of mode-2 particles with an aerodynamic particle sizer

(APS) and also sampled the corresponding size-resolvedy (LogDp) = 10N (5)
mass fluxes with cascade impactors and quantified the ionic
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— s by a factor of+84% (uncertainty for all dataf; and f>

o | _ combined, is+40%). Minor variability in RH and the com-
TeestTels position of feed seawater over the period of characteriza-

‘ et tion coupled with random measurement errors contributed
i H to variability in replicate measurements of production rates
o under otherwise identical conditions (Keene et al., 2007).

K Other major sources of uncertainty are discussed at the end
of Sect. 4.

2.2 Production flux of particulate organic matter

dFdLogD, (m2e"y
[«]

Keene et al. (2007) and Facchini et al. (2008) measured size-
el _ resolved concentrations of inorganic sea salt ando&s-
sociated with nascent marine aerosols produced via the de-
‘ trainment of artificially generated bubbles from flowing olig-
" D (e B0 B otrophic and eutrophic seawater, respectively. Facchini et
al. (2008) quantified total O, whereas Keene et al. (2007)
Fig. 1. Number production fluxes of artificially generated aerosols Méasured Oger recovered via vigorous sequential extrac-
measured with an APS (solid diamonds) and the correspondindions in deionized water of nascent aerosols sampled on fil-
number production fluxes calculated from size-resolved aerosoters. Analysis of sequential extract solutions suggests that
mass sampled with a cascade impactor and analyzed by ion chrd®Cyer Was recovered quantitatively. However, because the
matography (open circles). filters may have retained minor fractions of tightly bound
insoluble organic compounds, data reported by Keene et
] ) ) ) ] al. (2007) are considered lower limits. The two studies also
where Dp is the deliquesced particle diameter in pm at empjoyed different factors to account for the associated H

80% RH andPy are the polynomials and O when converting the measured mass ofH© the
P1L(LogDp) = 2.87- (LogDp)3 + 3.40- (LogDp)? corresponding mass of organic matter (@M Facchini et
al. (2008) used factors of 1.8 and 1.4 for water-soluble and
—1.04-(LogDp) +8.92 6) water-insoluble fractions, respectively, based on Decesari et
and al. (2007) whereas Keene et al. (2007) used a factor of 2.0
based on Turpin and Lim (2001). Our parameterization is
P5(LogDp) = —1.53- (LogDp)® —8.10x 1072 (LogDp)? based on the Ol masses as reported in the two articles.
—4.26x 10°L. (LogDp) +8.84 7) This difference implies a corresponding uncertainty factor of

_ . ~ £0.4 in simulated Oggproduction fluxes.

for mode-1 and mode-2 particles, respectively. The corre- The range in total number production fluxes evaluated
sponding correlation coefficients)(are 0.99 and 0.99, re- by Keene et al. (2007) (2:2 107 to 10.5x 10’ m—2s~1)
spectively. Based on James and Lang (1971), 4th-ordep acket the mean flux reported by Facchini et al. (2008)
polynomials yield marginally better fits to the data relative (2.5 (0.7)x 107 m~2s~1), which suggests similar bubble
to 3rd order polynomials but 3rd-order relationships Werepjyme characteristics in both sets of experiments. Draw-
employed in the parameterization for their smaller compu-ing on the above observations, we developed a preliminary
tational footprint. See Supplement for a comparison of harameterization of O in the source function based on
the 3rd and 4th order polynomial fits to the data. Follow- yne assumption that the scavenging of surface-active organic
ing convention, the flux for a given drc_lmelter mteryal can matter in seawater (OMa by bubbles from breaking waves
be expressed as a flux per logarithmic diameter intervalyaries as a function of the surface area concentration of the
dLogDp = Log(Dp,upperLimit) — LOG(Dp LowerLimit), 9VING  pypple plume based on Langmuir equilibria, which relate
the final form of the total particle flux function at 80% RH as {he amount of surfactant adsorbed to a surface, the available

dFy o surface-area concentration, and the concentration of surfac-
m = Fent-1 (8) tant in seawater. Considerable experimental evidence sup-

ports this theoretical framework (e.g. Stefan and Szeri, 1999;

For example, at @/10 of 9ms ! and a RH of 80%, the Ghosh, 2004; Giribabu and Ghosh, 2007). However, avail-
above algorithm yields mode-1 and mode-2 particle fluxesable information precludes explicit evaluation of variability
of 7.1x 1P m2sland 2.1x 10* m—2s 1 for Dpvalues of  in the partitioning of organics adsorbed onto bubble surfaces
0.3 and 3.0 um, respectively. Based on variances for replicatgersus OMegas a function of the air entrainment flux. For a
measurements at 80% RH reported by Keene et al. (2007)given OMsea We assume that partitioning does not vary sig-
f1(LogDp) is uncertain by a factor a£21% andf>(LogDp) nificantly as a function of air flux. Scavenging by bubble
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plumes is limited to the top one to three m of the ocean Vo is the volume of organic matter per particle in $im
(Thorpe, 1982) whereas the corresponding mixed layer (an@stimated as described aboWgg is the corresponding vol-
presumably OMea typically extends to depths on the or- ume of dry sea-salt in pfnbased on an assumed density
der of 10 to 100m. Consequently, it is likely that @}  of 2.165gcm?, w is a hygroscopicity parameter relating
rather than bubble plume surface area concentration is théhe diameter of a dry sea-salt particieds) to sea-salt deli-
primary factor that regulates partitioning under most con-quesced at 80% RHJgo), such thatDgo = Dp = wDss and
ditions. We assume further that the functional relationshipVvp = »3Vss+ Vom, whereVp is the total volume of a particle
between OMeaand the fraction thereof scavenged by sub- at 80% RH with diameteDp. w is assumed to be 2 (Lewis
surface bubbles is retained in the @Mthat is produced and Schwartz, 2004).
when those bubble burst (i.e., the size-resolved production Conceptuallygy for both mode-1 and -2 particles is lim-
of OMger scales proportionately with the amount of @M ited by the saturation of bubble surface area bydvHow-
scavenged by bubble surfaces). ever, different approaches were required to account for the
Based on the assumption that all QMs internally mixed  size dependent variability within each mode.
with deliquesced inorganic sea salt (i.e., associated with the For mode-1 particles, there were sufficient data to derive
same particles), then, for a given air detrainment flux, vari-a size-resolved expression fér. Measurements reported
ability in OMaer would influence the shape of the num- by Keene et al. (2007) and Facchini et al. (2008) show that
ber size distribution but not the total number flux, which the mass and volume ratios of organic matter to inorganic
would remain constant. Potential influences of QMon  sea salt increase with decreasing particle size from values
bubble dynamics or the corresponding aerosol productiomear zero at the upper end of the mode-1 size distribution to
fluxes are not considered explicitly. Due to the significantvalues in the range of seven for the smallest measured size
size-dependent contribution of QMto mass and volume of  fractions. To account for this variability over the full mode-1
mode-1 particles, the size distribution described by Eq. (5)size distribution, we adopt an empirical function of the form
does not represent a lower boundary condition for an organic
carbon-dependent function (i.e. Eq. (5) is based on data fof1(Dp, OMsed = Bl~Dﬂ>/1 (12)
which OMggis nonzero). If OMgr were removed from the
particle population that was measured by Keene et al. (2007
(on which Eg. 5 is based), the distribution would shift to
smaller size. To quantify the lower boundary condition in the Ym,1- K1-OMsea
OMsegdependent parameterization, the size-dependent vol¥1 = m
ume corresponding to OM, was subtracted from the mea- )
sured size distribution to yield the size distribution corre- ¥m.1 corresponds to the saturation constant Ahds analo-
sponding to pure deliquesced sea salt devoid of,@Mhe ~ 9oUS to the adsprptlon eql_Jlllbrlum constant for QMn the
calculated volume of organic matter is based on an assume@@ssic Langmuir formulation (e.g., see Stumm and Morgan,
density of 1.1gcm3 (Schkolnik et al., 2006). The result- 1996). Inthe present formulanon, boj[h ponstants are unltlgss.
ing geometric mean diameter (GMD at 80% RH) for the Mode-2 particles exhibited no statistically discernible size
smallest size fraction measured by Keene et al. (2007) dedependence for Ok Consequently, fob, a bulk Lang-
creased from 0.13 pm to 0.10 um. Based on the assumptiofUir approach was employed using
that OMyer does_ _not inﬂuencg hygroscqpicity (Keene _et al., Sm2- K2-OMsea
2007), the modified polynomial regression=£ 0.99) that in- 2= 1+ Ky OMeon
corporates the lower boundary condition (@= 0) for the sea
size-resolved production flux of mode-1 aerosols (Eq. 5) is wheredn 2 is the saturation value for the volume ratio of
organic matter to dry sea salt ak@ is analogous to the cor-

here B1 is an empirical constant, ang is a Langmuir-
riven shape parameter calculated for mode 1 aerosols from

(13)

=g

(14)

P1(LOgDp, OMsea = 1.46- (LogDp)® +1.33- (LogDp)2 responding absorption equilibrium constant; both constants
—1.82~(LogD;,)+8.83 (9)  areunitless. _ N _
The behavior of the Langmuir isotherm is such that at suf-
where ficiently high OMsea 1 — ym.1 andda — §m 2 for mode-1
3 and mode-2 aerosol, respectively.
D{;: 3 3‘0 .Dp (10) Chlorophyll-a (chle in pg L=1) was adopted as a proxy

w°+ 3N for OMgeq based on the assumption that ehbnd OMsea

and concentrations in seawater are correlated. This assumption
is supported by measurements of surfactants and: ¢hl-

SN = Vom (11) seawater (e.g. Zutic and Legovic, 1990), seasonal covari-
Vss ability in chl-a in seawater and Qg in ambient marine

aerosols (O’Dowd et al., 2004), and lower production rates
of nascent Oger from oligotrophic seawater containing low

www.atmos-chem-phys.net/11/1203/2011/ Atmos. Chem. Phys., 11, 12032011
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Table 1. Mass ratios expressed as percentages of meage@Minorganic sea salt for bulk and mode-2 aerosol and corresponding mean
chl-a concentrations in surface seawater. Uncertainties correspond to reported variability in measurements.

Mass Ratio for OMgrto Mass Ratio for OMgrto chlu

Sea Saltin Bulk AerosBl Sea Salt in Mode-2 Aerosdl (Mg L™
Keene et al. (2007) 2.5% 2.0% 1.5%+ 1.1% 0.055
Facchini et al (2008) 4.5%: 0.29¢ 2.7%=+ 0.29¢ 1.4

2 Based on measured Qjdrand inorganic sea-salt mass for size-resolved aerosol summed over all size fractions and for aerosol sampled in bulk.
b Based on measured QM and inorganic sea-salt mass summed over super-um size fractions at 80% RH.
¢ Provided by M.C. Facchini (Institute of Atmospheric Sciences and Climate, CNR, Bologna, Italy, unpublished data, 2008).

chl-a (Keene et al., 2007) relative to higher production ratesconstraind,. Again using the method of Scatchard (1942),
of nascent Oggr from productive seawater containing high Eq. (15) was solved fa¥y 2 andks yielding 0.056 and 20.8,
chl-a (Facchini et al., 2008). Substituting cilfor OMgegin respectively. The relatively small contributions of Qi
Egs. (12) and (13) yields to the volume of mode-2 particles corresponded to negligi-
v -k1-[chl-a] ble differences in the size /distribution described by Eg. (6).
= (15) Therefore, substituting thB,, transformation (Eq. 9) foDp,

Vi=—F——F %7
1+4ky-[chl-a] Eqg. (6) was used as the lower boundary condition el
and 0) for the mode-2 parameterization. The OM adsorption pa-
8m.2-k2-[chl-a] rameters for mode-1 and mode-2 aerosol are summarized in
_ om bt 16
1+ ko [ohi] (16)  Table 2.
respectively, wheré; andk; are the corresponding absorp-
tion equilibrium constants based on chl- 3 Global simulations

Because dissolved organic carbon in seawater (DOC) does
not correlate with either chi-or OMae, DOC was not con-  Size-resolved number and mass production fluxes based on
sidered to be a reasonable proxy for Q¥ This lack of cor-  the parameterization derived above (as presented in Ap-
relation reflects the fact that DOC is composed of a mixturependix A, and hereafter referred to as Long10) were sim-
of labile, semilabile, and recalcitrant compounds that origi- ulated offline (i.e. with no feedbacks involving the atmo-
nate from multiple sources, are lost via different pathways,spheric system) over five years using an 8-aerosol size-
and exhibit variable lifetimes against degradation (see Carlbin version (3.5.07) of the NCAR Community Atmosphere
son et al., 1994; Doval and Hansell, 2000). We emphasizeModel at 1.9 x 2.5 lat-long resolution (Gent et al., 2009).
that the approach of using chlas a proxy for OMgain The atmosphere model was initialized at 1 January 2000.
the production parameterization is based on results of onlyinterfaces with ocean, ice, and land models were run us-
two studies and anticipate that the parameterization will being offline data from 1 January 2000 through 31 Decem-
refined as additional simultaneous measurements ofi,chl- ber 2004. Number production fluxes based on parameteri-
DOC, OMses Nascent OMey, and the corresponding specia- zations reported by Gong03 and CIk06 were simulated under
tion thereof become available. the same set of conditions for comparison. Fields ofachl-

Foré1, the three dimensionless constants in Egs. (11), (14koncentrations (in units of mgmd) in surface seawater were
and (15) B1, ym.1, andk1) were determined as follows. The set equal to monthly averages derived from SeaWIFS im-
mean chla concentrations in feed seawater and the corre-agery (2 x 1°, Gregg, 2008) for the period September 1997
sponding size-resolved mass ratios of Mo sea salt mea- through December 2002. Modeled size bins were centered
sured by Keene et al. (2007) and Facchini et al. (2008) (Ta-on 0.039, 0.076, 0.15, 0.52, 2.4, 4.9, 15.1 and 30-um diam-
ble 1) were used to calculate individu&l values for each eters at 98% RH (i.e., within the laminar sub-layer immedi-
size faction in the two datasets based on Eq. (10). Regressinately above the air-sea interface) across bin widii3,§ of
the resultings; values againsbp based on Eq. (11) yielded 0.03, 0.05, 0.1, 0.2, 1.0, 3.0, 10.0 and 20.0 um, respectively.
B values of 0.277 and 0.335 andvalues of—1.38 and  RH dependent diameter conversion from 98% RH to those
—1.97 for Keene et al. (2007) and Facchini et al. (2008), re-at 80% and 0% RH was based on a 4:2:1 ratio (Lewis and
spectively. Based on the above values and using a Bgan Schwartz, 2004). The non-linearity of the adsorption model
value of 0.306, we foundmy, of —2.01 andK; of 40.0 by  used to associate particulate-OM to inorganic-sea-salt fluxes
solving Eqg. (14) using the method of Scatchard (1942). precludes explicit quantitative evaluation of corresponding

Mean values for chi+ and the mass ratios of Ojdto sea  uncertainty using linear uncertainty propagation laws. To
salt for mode-2 aerosols (Table 1) were used to empiricallyevaluate the sensitivity of results to uncertainty in ehl-
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Table 2. Adsorption parameters calculated from aerosol character- Long0

istics reported by Keene et al. (2007) and Facchini et al. (2008) and 10 - *+ Gong03 (constrained) 3
the corresponding mean chleoncentrations measured in seawa- ©  Gongl3 (unconstrained) 3
ter. Combined uncertainties are reported. Dashes indicate that ¢ o’L o LkOb ]

parameter is not applicable for an aerosol mode.

Parameter Mode-1 Aerosol Mode-2 Aerosol

(Egs. 12 and 15) (Eq. 16) = 10k
By 0.306+ 0.108 - :
Ymi —2.01+0.26 - 5 0k
dm.2 - 0.056+ 0.006 .
kN 40.0+ 29.3 20.8+ 20.0 10 £
]DW 3 1 1 1
0 10 10 0
five-year simulations based on Longl10 were repeated with Dp (ums U =8 m <™ 80% RH)
Log(chl) = Log(mean chla) +0.31 based on Gregg and
Casey (2004). Fig. 2. Size-resolved number production fluxes based on Long10

compared with those based on Gong03, Clk06, and Mrt03 at 80%
RH andUqp=9ms 1. Because fluxes predicted by the other pa-
4 Results and discussion rameterizations are based on measurements of inorganic sea salt de-
void of OCger (see text), fluxes depicted for Long10 correspond to
those at 0.0 mg cht-m—3 (i.e. also devoid of Ogep. The shaded
area depicts combined measurement-based uncertainty associated

anic mass in the particles) are compared with those based with the entrainment of the bubble plume and particle production.
9 P P c15'eaders are referred to the cited literature for uncertainties asso-

Mrt03 (fpr 25°C), Gong03, and CIk06 in l_:'g' 2. Mrt03 mea- ciated with the other parameterizations. Open and closed circles
sured size-resolved number concentrations of aerosols prgg, Gongo3 depict predicted fluxes that are within and outside, re-
duced by bubbling air through synthetic seawater of unre-spectively, the ranges of constraining measurement from which the
ported organic composition. Gong03 modified the original function was derived.
parameterization of Monahan et al. (1986) based on produc-
tion fluxes inferred from thermal desorption measurements
of size-resolved number concentrations of inorganic sea saRlies that both the underlying measurements and the different
over the open ocean (O’Dowd et al., 1997). CIk06 inferred@pproaches employed to scale number fluxes basedign
size-resolved production fluxes based on thermal desorptiofiwhite cap coverage versus air detrainment) yield representa-
measurements of sea-salt number concentrations measuréide results. We note that Gong03 and CIk06 scale wigtf*
over a vertical gradient in a coastal surf zone. Note that theand Long10 scales witti3'4. In addition, the mea/o in
thermal desorption approach used in these latter two studiethe 5-yr CAM simulations was 8.2 nt$ and relatively few
would have removed unknown but probably large fractions of(«1%) individual values were greater than 20 sConse-
the ambient OMg,prior to characterization. Mrt03, Gong03, quently, differences in scaling as functionslaify would in-
and CIk06 extrapolated measured number size distributionsroduce minor to negligible divergence in size-resolved pro-
as functions of/1g over the ocean based on whitecap cover-duction fluxes based on these functions. The significant di-
age using variants of the approach reported by Monahan andergence evident at the upper and lower ends of the size-
O’Muirchearteigh (1986). Because shapes of the size distriresolved flux distributions originates primarily from differ-
butions on which the Long10, Mrt03, Gong03, and CIk06 pa-ences in the measured number size distributions rather than
rameterizations are based do not vary as functiorig gfthe  the corresponding scaling approaches.
corresponding relative variability in predicted size-resolved Because mass flux is dominated by mode-2 (super-um-
fluxes atUjo greater and less than 9 m's(not shown) is  diameter) aerosol, the relatively large divergence in predicted
the same as that depicted in Fig. 2. Global average annualumber production at the upper end of the size distribution
fluxes of number and mass as simulated with CAM based or{>5 pm diameter, Fig. 2) accounts for virtually all of the di-
Long10, Gong03, and CIk06 are summarized in Table 3. Up-vergence in average annual mass flux (Table 3). Two factors
per and lower bounds of the CAM results for Long10 are alsocontribute to these differences: (1) large aerosols produced
reported. by spume drops that are injected directly into the atmosphere
In the size range between about 0.4 and 5.0 pm diametefrom the crests of breaking waves are not produced in bubble-
predicted number production fluxes based on the four functype generators and, thus, were not considered by our param-
tions were statistically indistinguishable (Fig. 2), which im- eterization. However, the parameterization of spume drop

Size-resolved number production fluxeslaty of 9ms?t
and 80% RH based on Long10 (at [ell= 0.0, i.e. no or-
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Table 3. Average annual emission fluxes of sea-salt mass, total aerosol number, aggb@sed on CAM (v3.5.07) simulations using
different production parameterizations.

Parameterization Sea-salt Mass Flux Number Flux a&Mass Flux
(Tgy™h (m=2s71 (Tgcy™h

Long10 15E 0.2 £0.P) x 108 1.4E 0.2 +£0.7) x10° 29 (& 32 +15%; +17°)

Gong03 594 0.8%) x 10° 0.37 & 0.08%) x 108 -

CIk06 20 @22 x 10° 0.59 & 0.06% x 108 -

& Uncertainty corresponding to interannual variability in the simulated ().
b combined uncertainty for interannual variability and measurements of aerosol characteristics (see text and summary in Table 4).
¢ Combined uncertainty for interannual variability, measurements of aerosol characteristics, and satellite-bafieldisitsee text and summary in Table 4).

production can have a large influence on estimates of maringseawater (Hultin et al., 2010) yield normalized size distri-
aerosol mass flux (Lewis and Schwartz, 2004; Fairall et al. butions that are more similar to those reported by Keene et
2009). (2) Production fluxes of aerosols produced by spumal. (2007). Additional measurements over a broader range of
drops are poorly constrained by observation (e.g., Monaharmronditions are needed to constrain the current level of uncer-
and O’Muirchearteaigh, 1986; Andreas et al., 1995; Lewistainty in number production fluxes of marine aerosol evident
and Schwartz, 2004; Fairall et al., 2009). Because of theitin Table 3 and Fig. 2 and reported elsewhere (e.g., Andreas,
large size, small surface-to-volume ratios and correspond1995; Lewis and Schwartz, 2004).

ing slow rates of chemical evolution, and short atmospheric For comparison with other published estimates, simulated
lifetimes against deposition (hours) relative to smaller par-OMaer masses were converted to equivalentg@@asses
ticles, spume-produced aerosols tend to have relatively mibased on an assumed conversion factor of 2.0 (Keene et al.,
nor influences in terms of biogeochemical processes and cli2007). The annual globally averaged £2@lux based on the
matic impacts under many conditions. Although increas-bottom-up approach represented by Long10 (29 Tg9 is
ingly important at higher wind-speeds, theoretical and em-within the range of estimates bounded by Gantt et al. (2009;
pirical constraints currently preclude reliable characteriza-22.3TgCy 1) and top-down estimates by Roelofs (2008;
tion of number and mass production fluxes of these large35-50 TgCy1) based on cloud droplet number and ef-
particles (Fairall et al., 2009). Because our parameterizafective radii simulated with a fully coupled climate model
tion does not include contributions from spume drops, cor-as constrained by available measurements. In contrast,
responding mass fluxes are considered lower limits, whichSpracklen et al. (2008) report a global production flux of
is consistent with the fact that the annual average mass flu0Cyer Originating from both primary and secondary sources
based on Long10 (Table 3) is near the lower limit of pub- of 8 Tg Cy ! that is significantly lower than that bounded by
lished estimates (1.8 103 Tgy1; e.g., Seinfeld and Pandis, total measurement uncertainty for data employed in our pa-
2006). rameterization. This latter estimate, as well as that reported
by Gantt et al. (2009), is inferred from linear fitting of data

Simulated average annual number production fluxes,

which are dominated by mode-1 (sub-um-diameter) aerosolsccmStr"’Ilned by paired measurements of@@ marine air

varied over a factor of 4 (Table 3). However, the lowest num—_?_ﬂd fhlaomeailured '?. motdgrstesto hlglz ly pr;)dlu C%%;V e;te”r s
ber production fluxes correspond to Gong03 for which the € low OGyerflux estimated by Spracklen et al. ( ) falls

lower end of measured size distribution is not constrained byOUtSIOIe the range of expectations based on available obser-

observations (Fig. 2). We infer based on comparisons amonéatlonsli. Ftohr examplef, iagﬁl)?_k;al ?rlmﬁ_s'gln gux 0; inorganic
the observationally constrained results that number produc-oe'\‘jl1 sat In the ral?grﬁ 0 ati gfy20/(46<1)/ ?n Lan itmria?in
tion fluxes predicted by Gong03 may be underestimated. Av-- " aer0-S€a-salt mass rafio ot £7—4v asce arine

erage annual number fluxes predicted by Clk06 and Longl(f"erosdOI t(e.g., lKieTe et' aI:, 20f?7; FfaCCh'm eF aI.,f20081)Ocorre—
agree within a factor of~2.5 (Table 3). Differences are sponds to a global emission flux of @&ranging from 10—

. . : -~ 200TgCyl, which brackets estimates based on Long10,
driven by divergence at the lower end of the size distribu- )
tion (Fig. 2) and may reflect real variability in aerosol pro- Gantt et al. (2009), and Roelofs (2008) but is greater than that

duction via coastal breaking waves versus bursting bubeeEeriCt(ad by Spracklen et al. (2008). Conversely, an&C

within a generator or possibly other methodological factors.pro.d uF:Uon flug 0f<8TgCy " in assouani) n.W'th asea-salt
In this regard, we note that number concentrations of supEMIssion flux in the range of ﬁglql 'I_'gy’ yields a global
um diameter aerosols produced artificially by bubbling air M'c&" (? I\/Ae,-t%-sea-s_alt mass ratio in nascent aerosol from
through synthetic and natural seawater (Sellegri et al., 2008'<0'16 /—~<1.6%, which is lower than the available, albeit

Tyree et al., 2008) and by a water jet impinging on natural"m'ted’ published measurements cited above
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Differences between estimates based on Long10, Gantt e
al. (2009), and Spracklen et al. (2008) relate in part to the
assumed functional relationship between @®roduction
and chla in seawater as outlined conceptually in Fig. 3. The :
curve bounded by the light shaded area in Fig. 3 is based
on adsorption isotherm parameters shownluolk aerosol
in Table 2. The aggregate value of the ratio of OM to sea-
salt, summed over the eight model size-bins and compiled
from the model results is plotted as an open square in the fig-
ure; the agreement between this value and the global estimat

0.07 — . . . . .

008

([e]

0051

sea-salt Mass Rat
L]
[e=)
=
T

& 0o03F

based on bulk data and a global averageacbéncentration
is noteworthy. In Fig. 3, it is evident that Qg produc-
tion fluxes extrapolated linearly from surface ehdwe highly
sensitive to chk concentrations in seawater from which the
OCyer Originated. Assuming that the Langmuir functional

Bulk OM__ -t
ae

08 1 1.2 14 1.6 1.8 2
Chi afug L

h L L
o] 0.4 08

relationship is representative, linear extrapolations based on
measurements in productive marine regions (e.g. Facchini E'Tgig. 3. Comparison of Langmuir versus linear extrapolations of

al., 2008) would yield a relatively low OM,to chl- slope

the bulk OMyer mass fraction of nascent marine aerosol as a func-

resulting in a net underestimate of the globally integratedtion of chi« in seawater. The solid line depicts the fit of the mean

OMgerflux (Fig. 4; dot-dashed straight line). Similarly, linear

OMger data (Table 1) from low- (X; Keene et al. (2007) and high-

extrapolations based on measurements in oligotrophic watergroductivity (diamond; Facchini et al., 2008) waters to a Langmuir

(e.g. Keene et al., 2007) would yield a high @ytto chl«u

model as described in the text. The gray shaded area depicts uncer-

slope resulting in a net overestimate of the globally integratedainty around the fit associated with reported variability in the mea-

OMger flux (Fig. 4; dashed straight line). In this regard, we
note that the range in OMrto-sea-salt mass ratios inferred

from both Spracklen et al. (2008) (Fig. 3; vertical bar) and
Gantt et al. (2009) (not shown) overlap a linear extrapolation
based on measurements in productive waters of the easte Mg

sured mass ratios of OM,to sea salt (Table 1). The dark shaded
area corresponds to uncertainty in the remotely sensed data

(see text). The dashed and dot-dashed lines depict linear extrapo-
lations based on the mean results reported by Keene et al. (2007)
and Facchini et al. (2008), respectively. The open square is the bulk
er mass fraction based on integration of results from the 5-yr

North Atlantic by Facchini et al. (2008) (Fig. 3; dot-dashed cawm simulations using the Long10 parameterization and the solid

straight line). A similar study by Vignati et al. (2010) used a circle is the corresponding bulk OArmass fraction calculated di-
linear extrapolation based on a revision of the OM-to-sea-saltectly from the mean data in Table 1. The vertical dotted line de-

relationship of O'Dowd et al. (2008), which yielded results
consistent with Spracklen et al. (2008). The range ingM

picts the mean global chi-concentration (0.23 ugtl) based on
the SeaWIFS data employed in this study. The vertical bar rep-

to-sea-salt mass ratios inferred from Gantt et al. (2009) alsgesents the range in the mass ratios of 4Mo sea salt that cor-
overlaps the Langmu"'_type approach presented here as déespond to glOba| Ogér (pl’lmary + Secondary) emission fluxes of

picted in Fig. 3.

The spatial distribution of Ofgproduction averaged over
5yr is plotted in Fig. 4, along with the corresponding distri-
butions ofU1g, chl-a concentration, and number production
flux. Relative spatial variability in mass flux (not shown)
is very similar to that in number flux. Results from the
global CAM simulations suggest that fluxes of QEgen-

8TgC y_1 (Spracklen et al., 2008) based on a global inorganic sea-
salt emission flux of 19to 10* Tgy 1 (Table 1) and a global mean
chl-a concentration of 0.22 mgﬁ? (as inferred from results pre-
sented in Spracklen et al., 2008).

The novel parameterization presented herein is the first to

erally coincide with those for wind-driven particle and mass predict the size- and composition-resolved production fluxes

production though local maxima and minima in g¢are
associated with the distribution of chl- Validation of the
simulated OGg, fluxes is constrained by both the limited
availability of data for size-resolved, marine-derived QC
(e.g., Turekian et al., 2003) and the fact thatfg@ssociated
with nascent marine aerosol is not conservative. ThgdoC

of marine aerosol over the full relevant size distribution. Itis
also the first to predict inorganic and organic marine aerosol
fluxes based on an estimation of air entrainment by wind-
driven breaking waves. Simulated global production fluxes
of primary marine aerosol number and Qfare near the

upper limits and those for mass are near the lower limit of

originally present includes compounds that react to formthe broad ranges of available estimates. As discussed above,
volatile products (Zhou et al., 2008) and aged aerosols inthis approach is based on limited observational constraints
clude condensed organic reaction products from volatile preand will be refined as new data become available. In addi-
cursors of marine, natural terrestrial, and anthropogenic orition, the current lack of information precludes explicit evalu-
gin (Turekian et al., 2003; de Gouw et al.; 2005; Meskhidzeation of some important features of the system including the

and Nenes, 2006; Russell et al., 2007).
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Fig. 4. Simulated spatial distributions ¢&) U1g, (b) surface ocean chi; (c) total number production flux of nascent marine aerosol, and
(d) the corresponding Oferflux averaged over 5yr.

of spume drops to aerosol mass production, and variabilityp Summary
in aerosol production driven by bubble-plume dynamics that

vary as functions of temperature &vtensson et al., 2003) Th Is of this stud Do f lat teri
and surfactants (Sellegri et al., 2006) that control surface ten-. € goals o this study were (1)to ormulate a parameteriza-
ion for primary marine aerosol production based on chem-

sion over the open ocean, surface ocean dynamics (Hultir.tn

et al., 2010), and associated turbulent processes involved iwal and physical characteristics of aerosol generated under
bubbie plum,e evolution (Deane and Stokes, 1999) controlled conditions and the associated physical drivers, (2)

Major sources of uncertainty that contribute to overall un- :gass?“:(l;: g::tl_agle pnror?]lé(éuror;r:‘:juxeﬁngfr ";Sg::(ljc ;e?(;salt
certainty in results from the CAM simulations are summa- ' part u ' primary (3)

rized in Table 4. In addition, current limitations in Earth |t|)’1tertphre: irn?/sulttis ": :he_lfzrc])nrteﬁ orf cor\:efplokndlr}ign;itlmatis
system models preclude explicit evaluation of air entrain- y othe estigators. There were several key gs. (1)

ment and particle production based on all factors that infly-SMulated mass and number production fluxes based on air

ence energy dissipation by breaking waves. For eXampleentraunment by breaking waves fell within the broad ranges

the simplified approach based on regressiorFgh versus of independent estimates extrapolated from whitecap area on

Uno as employed here does not capture the full range of vari—.the surface ocean. (2) Because the parameterization does not

ability in the functional relationship among wind velocity, include aerosol production via spume drops, simulated mass

sea state, air entrainment/detrainment, and resulting aerosﬁfjies \:;rer cor;stlr(]dered IOrV\IIi?; i!['mf'ttsﬁ (?)nNumt:er Elrioﬂugtlon
production. Extrapolations of aerosol production based ont.u ets c za.f € uppet " orthe att?]e to PUBLS et ?
white-cap coverage as a function @i suffer from similar Imates and, It Fepresentative, Suggest that previous studies

limitations. Despite these limitations, the new parrclmeteriza-may underestimate influences of primary marine aerosol on

tion reported herein represents an important advancement ihad'at've transfer and climate. (4) Available evidence sug-

efforts to characterize a major process in Earth’s climate sysgeStS that the primary production flux of @&across the

tem based on the underlying physical and biological drivers.air'sea interface varies as a function of productivity in the
Simulated production fluxes of aerosol numbers and associgurface ocean that is consistent with a theoretical framework
ated OGgy fall near the upper limits of published estimates based on a Langmuir equilibrium-type model. (5) The simu-

1

If our estimate is correct, it suggests that primary marine!ate(.jﬂglo?al.?Qefrﬂuﬁlpfe(? orl_Lor;glo (tﬂslg_rggy’l)
aerosols have greater influences on the physicochemical ev 2 ithin Imits of published estima es<g to 9ey )-

6) Variability in the production fluxes of marine aerosol

lution of the troposphere, radiative transfer and climate, an b d ori dri . by th
associated feedbacks on the surface ocean than suggested §ss, number, and primary Q_&:are riven primary by the -
energy dissipated and associated air entrained via breaking

i del studi .g., Pi d Ad , 2006). . . i
previous model studies (.g., Pierce an ams ) ocean waves, which peak over the high-latitude southern
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Table 4. Summary of major sources of uncertainty in parameterization.

Source Uncertainty Citation Note
Air Entrainment +25% Various See text
per Unit Energy ¢)
Whitecapping Energy Unreported (est£20%) Hanson and Phillips (1999) See text
Dissipation Ratedp)
Air Entrainment Volume Fgnp £ 4092 This paper See text
Measured Number Mode-1:+ 21% Keene et al. (2007) n=20P
Production Flux Mode-2: £+ 84%

Overall: + 40%
Measured OMer Mode-1:4 12.298 Keene et al. (2007) n=>5

Mode-2:+ 73.3%
Measured OMer Mode-1: £ 4.49% Facchini et al. (2008) n=9¢

Mode-2: + 4.4%
Chla 10+31% Gregg and Casey (2004) Log-normal RS
Chl-a vs. OMsea Unknown; Zutic and Legovic (1990) N. Adriatic Sea

(Best estimater2 = 0.85)

a Estimated uncertainty corresponds to thal/gg=9m s 1

b Only samples with head-space RH = 8@92%. Values normalized by air-detrainment rate.
€ Reanalysis of published and unpublished data.

d Root mean squared (RMS) error.

ocean. Future work stemming from this effort will cou-

ple the parameterization presented here with online modules , ,

of aerosol microphysics and detailed multiphase chemistryPL(LOgDp, OMsea = 1.46- (LogDp)* +1.33- (LogDp)?
within the CCSM framework. ~1.82. (LogD‘;) 4883 (A4)

Appendix A

. o _ . 81(Dp,OMgeq = 0.306- D} (A5)
Final form of the parameterization. Intermediate equations
and definitions are omitted for clarity. Constants are replaced

by the values used in the simulations. Refer to Sect. 2 for
—2.01-40.0- [chl-a]

details. — A6
1= 717400 [chia] (A6)
di — Fene- 10PN (A1)
dLogDp Ent For the mode-2 particle flux (see Eqgs. (7) and (14) in the
text):
Fent=2x10"8.y37 A2 :
Ent= e 10 (A2) P2(LogDp, OMsea = —1.53- (LogDp)® —8.10x 102
. J 8 -(LogDp)? —4.26x 10~ % (LogDp) +8.84 A7
8+4N
For the mode-1 particle flux that accounts for variable OC  0.056-20.8-[chl-a] A8
(see Egs. (9), (12), and (13) in the text): 2= 177208 [chia] (A8)
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Appendix B
Notation
B1 empirical constant for size-resolved mode-1
OM content, unitless.
CN number production flux of mode-N aerosol per
unit air detrained, md.
Dp geometric mean diameter at 80% RH, um.
D;, geometric mean diameter reflecting variable
Voc, pm.
Ep total energy dissipated by wave-breaking, J.
N fitting function for mode-N aerosol based on
Py, m=3.
N size-resolved particle flux for mode-N aerosol,
m—2s1,

Fpet  bubble plume air detrainment flux,3m—2s 1.
Fent bubble plume air entrainment flux,3m=—2s1.

Fr total particle number flux, Am—2s-1,

g gravitational constant, nTs.

Kn empirically determined constant for mode-N
aerosol based on O, unitless.

kN empirically determined constant for mode-N

aerosol based on chl-unitless.
OCqaer particulate organic carbon mass, g Cin
OMaer particulate organic matter mass, g
OMsea surface-active organic matter in surface seawa-

ter, g n1 3.

RN diameter range for mode-N aerosols at 80% RH,
pm.

Uio windspeed at 10-meter height, m's

Vo total volume of air entrained by a breaking
wave, .

Vom volume of organic matter per particle, gim

Vp total volume per particle at 80% RH, gm

Vss volume of inorganic sea salt per particle at 0%
RH, pn®.

o ratio of Vo to Ep, m3J 1.

Y1 Langmuir-based shape parameter for mode-1

aerosol, unitless.

Ym,1 saturation value for mode-1 aerosol shape pa-
rameter, unitless.

Sm.2 saturation value for volume ratio of organic mat-
ter to dry sea salt for mode-2 aerosol, unitless.

SN volume ratio of organic matter to dry sea salt for
mode-N aerosol, unitless.

€D wind-wave energy dissipation rate, W

1) ratio of deliquesced-to-dry-sea-salt diameter at

80% RH, unitless.
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