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Abstract. Three different sea salt generation functions are investigated for use in global
three-dimensional atmospheric models. Complementary observational data are used to
validate an annual simulation of the whole size range (film, jet, and spume droplet derived
particles). Aerosol concentrations are corrected for humidity growth and sampler inlet
characteristics. Data from the North American deposition network are corrected for
mineral dust to derive sea salt wet fluxes. We find that sea salt transport to inner
continental areas requires substantial mass in the jet droplet range, which is best
reproduced with the source of Monahan et al. [1986]. The results from this source
formulation also shows the best agreement with aerosol concentration seasonality and sea
salt size distributions below 4 wm dry radius. Measured wind speed dependence of coarse
particle occurrence suggests that above 4 um the source from Smith and Harrison [1998] is
most appropriate. Such sea salt simulations are relevant for assessing heterogeneous
chemistry and radiative effects. Sea salt aerosol provides on an annual average, in marine

regions, an aggregate surface area equal to 1-10% of the area of the underlying Earth’s
surface. Together with mineral dust, sulfate, and carbonaceous aerosol the total aerosol
surface area globally amounts to 13% of that of the Earth’s surface. On the basis of
atmospheric column burdens, sea salt represents 21% of the total global aerosol surface
area. Equal partitioning of the aerosol surface area among the four components suggests
that one has to consider all of them if the global aerosol impact is to be fully determined.

1. Introduction

Sea salt aerosol produced by the action of wind at the ocean
surface constitutes the most abundant aerosol component to-
gether with mineral dust. Sea salt studies have addressed its
impact on tropospheric chemistry, radiation balance, or air/sea
exchange of matter and energy. Finlayson-Pitts [1983], Finlay-
son-Pitts et al. [1989], and Behnke et al. [1997] have shown that
the reaction of NO, and N,O; with NaCl aerosol in the marine
boundary (MBL) provides an effective initiation pathway for
atomic chlorine. Sea salt is also responsible for a large fraction
of the non-sea salt sulfate formation since it is an important
sink for SO, in the MBL [Sievering et al., 1991, 1992; Chamei-
des and Stelson, 1992; Gurciullo et al., 1999]. Furthermore, the
alkalinity of sea salt as cloud condensation nuclei affects aque-
ous chemistry [van den Berg et al., 2000].

Murphy et al. [1998] and Quinn and Coffman [1999] have
shown that over wide oceanic areas, sea salt is the most effi-
cient aerosol component to scatter solar radiation. Haywood et
al. [1999] invoked sea salt to explain the bias in solar reflec-
tion between a general circulation model (GCM) and ERBE
satellite. Submicrometer sea salt competes with sulfate to
influence the number of cloud condensation nuclei (CCN)
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and thus participates into the aerosol indirect effect
[Latham and Smith, 1990; O’Dowd et al., 1999a, 1999b].
Finally, giant sea salt particles have been invoked in the
transfer of heat and moisture between the ocean and the
atmosphere [Andreas et al., 1995].

Global chemical models used to estimate the chemical and
radiative impacts of sea salt have had simplified representation
of the size spectrum. The representation of the aerosol size
and of its distribution is key for such estimates derived from
models. We study in this paper three different sea salt gener-
ation functions that have been published and are widely used.
We focus on their ability to reproduce accurately the whole sea
salt size distribution.

These three generation functions of sea salt particles are
Monahan et al. [1986] (hereafter referred to as Monahan);
Smith and Harrison [1998] (referred to as SmithHar); An-
dreas [1998] (referred to as Andreas). Each one provided
the input for a yearly simulation in the global transport
model. Results from the three simulations are compared to
measurements over different parts of the sea salt size spec-
trum. On the basis of the model/measurements comparison,
we discuss which source function is most adequate to rep-
resent sea salt mass distribution and deposition on large
scales. The physical characteristics of the global sea salt
aerosol distribution (mass burden, surface area, number,
etc.) are also compared to sulfate, carbonaceous and min-
eral aerosol distributions.
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2. Previous Global Modeling Studies of Sea Salt

To our knowledge, sea salt atmospheric cycle has been in-
cluded into only four global models. Genthon [1992] and Tegen
et al. [1997] used a source formulation which fixes the surface
level concentration [Erickson et al., 1986] as a function of wind
speed, instead of estimating a flux at the air-sea interface. This
formulation uses a single set of coefficients (slope and inter-
cept), deduced from observations of Lovett [1978], to deduce
the surface layer sea salt mass concentration from the 10-m
wind speed. The intercomparison of similar relationships by
various authors [Fitzgerald, 1991; Gong et al., 1997a] showed
significant differences between derived sets of coefficients. The
different measurement techniques permit derivation of rela-
tionships over limited parts of the size spectrum. Any extension
to other parts might be hazardous.

The most recent global simulation of sea salt aerosol uses
the Canadian general circulation model (GCM) [Gong et al.,
1997a, 1997b] which Erickson et al. [1999] used to derive a
reactive chlorine emission inventory. The source flux follows
Monahan using his formulation for a dry radius of particles up
to 8 um. The results of the simulation are compared against
monthly and yearly averaged sea salt concentrations observed
in surface air at five coastal stations. Seasonal variability con-
tributes an important part to the overall variability of the
atmospheric sea salt loading.

3. Model Description
3.1.

We use the TM3 global atmospheric tracer transport model.
This model divides the vertical dimension into 19 hybrid levels,
whereas the TM2 model [Heimann, 1995] had only 9 isobaric
levels. The horizontal resolution is 5° longitude X 3.75° lati-
tude, and this version has been previously used by Houweling et
al. [1998] and by Lelieveld and Dentener [2000] for gas chem-
istry studies, as well as by Dentener et al. [1999] to study ***Rn
transport. The TM3 version took part into a model intercom-
parison of the transport of SF, [Denning et al., 1999]. Six-
hourly fields of temperature, humidity, clouds, and precipita-
tion from the European Center for Medium-Range Weather
Forecasting (ECMWEF) are used as input to compute the mod-
el’s dynamics, as well as the aerosol source and sinks.

The aerosol physics was previously developed in a module to
study *'°Pb [Guelle et al., 1998a, 1998b] and mineral dust
[Schulz et al., 1998; Guelle et al., 2000]. Aerosol sedimentation
and below cloud scavenging are both treated as size-dependent
processes. Other aerosol sinks include turbulent dry deposition
and particle scavenging by convective and synoptic precipita-
tion.

The radius and the density of sea salt particles are largely
affected by its hygroscopicity. We accounted for their evolution
in time as a function of relative humidity (RH) conditions. At
each model time step, for every grid box and size bin, radius
and density were computed as a function of the mean dry
radius and ECMWF three-dimensional (3-D) fields of specific
humidity and temperature [see Gerber, 1988]. We assumed the
particles to be spherical and to have the pure NaCl ionic
composition.

Transport Model and Aerosol Physics

3.2. Sea Salt Generation Functions

Two main mechanisms are thought to control sea salt for-
mation: bubble bursting and tearing of wave crests by wind.
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Bubble bursting is believed to produce the film and jet drop-
lets, and tearing of wave crests by wind forms the larger spume
drops. Particles with rg4,, = 0.5 um are commonly referred to
as film drop range, particles with dry radii between 0.5 and 4
pm as jet drop range, and particles with r4,, = 4 um as spume
drop range; r,, corresponds to the radius of the particle at 0%
RH. Hereinafter we will often refer to small particles to in-
clude film drop and jet drop range (rq4,, = 4 um) and large
particles as particles formed in the spume drop range.

The different formulations of the sea salt aerosol generation
function are presented in the review by Andreas [1998]. Surface
fluxes differ by several orders of magnitude between two dif-
ferent formulations. One goal in this paper is to propose one
formulation based upon previous work to represent particles
with dry radii from 0.03 to ~64 um. The equations from the
three formulations that we focus on have been included in
Appendix A.

The first formulation, from Monahan, follows Gong et al.
[1997a]. We chose to use the formulation up to a dry radius of
8 um and in a later stage of this study up to 4 um, since it is
thought to overestimate the production of very large sea salt
particles [Andreas et al., 1995]. Andreas et al. [1995] pointed out
that Monahan’s formulation could well describe the produc-
tion of particles below r4,, = 0.5 wm, and it was altogether
evaluated to give satisfactory results in a GCM (S. L. Gong,
personal communication, 1999).

The second formulation is presented by Smith et al. [1993],
with updated parameters from Smith and Harrison [1998]. Al-
though limited to aerosol with radius larger than 1 um at 80%
RH (rgo) (thus r4,, of ~0.5 wm), this formulation was derived
directly from measurements of very large marine aerosols and
may be of special value for the large particle size fraction. The
third and most recent formulation, from Andreas [1998], cov-
ered the whole size spectrum of sea salt aerosol, accounting for
all the previous studies. The production of large sea salt par-
ticles via spume formation (discussed therein in terms of wet
radius rg) is based on an extrapolation of the data of Wu et al.
[1984] for very large particles (rg, > 10 wm). For smaller
particles (rgo = 10 wm), Andreas applied a factor 3.5 to the
formulation from Smith et al. [1993] in order to adjust it to the
volume flux of Monahan for the size range 2 um < rg, = 7.3
pm.

Figure 1 presents the sea salt mass production as a function
of the dry radius for the three formulations and for four dif-
ferent 10 m above sea level (asl) wind speeds. We insist upon
the fact that the amount of water associated to sea salt can be
very significant (74, ~ 0.57g,). For illustration purposes, in
Figure 1 we show that sea salt generation functions with Smith-
Har and Andreas produce a lot fewer particles below r ., = 0.5
wm than Monahan’s. For very large particles (4 um <r 4, < 64
um) the mass produced in the Andreas formulation is greater
than that in the SmithHar formulation. For particles above 64
pm the SmithHar formulation produces the highest mass flux.

The three formulations have an interesting common inter-
mediate size range, which we have chosen to range fromr,, =
0.5 to 4 um. This part of the size spectrum is significant both in
terms of number, surface area, and volume [O’Dowd et al.,
1997a]. Table 1 shows the model integration for a whole year.
All three formulations show rather comparable results with
regard to mass loads. Although similar at high wind speeds, the
formulation of Andreas differs from SmithHar and Monahan
by a factor of 5 at 5 m s~ ' (Figures 2a and 2b). However, the
annual number load is largest with Monahan (see also Table 1)
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Figure 1. Size-dependent sea salt mass flux simulated by the

three formulations for four different wind speeds at 10 m.

due to the importance of high winds for the sea salt production
for the smallest particles in this size range (see fluxes for r,,
0.5-2 pm in Figure 2a). Another noticeable difference between
the three source functions is the varying wind dependency of
the sea salt mass generated in this size range. Rather than
retracing these differences in the equations of Appendix A, in
sections 5 and 6 we discuss the manifestation of these differ-
ences in the simulated atmospheric distributions.

Sea salt production is computed over the ocean every 6
hours using the ECMWF 10-m wind speed. No source flux is
present in sea ice covered regions, identified from climatolog-
ical monthly averaged data [Zwally et al., 1983]. The particles
are generated with the three formulations previously discussed
using a discrete bins scheme [Schulz et al., 1998] to represent

Table 1.
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Figure 2. Integrated sea salt mass flux for the three source

formulations as a function of wind speed integrated for the
particle ranges. (a) 0.5-2 um and (b) 0.5-4 um.

the size distribution. Class borders of each bin and the usage of
the size information contained in these bins for the compari-
sons made in this paper are given in Figure 3.

Finally, since we want to discuss the source formulations
over the whole size spectrum, a composite source function is
needed to account for the size interval over which these
sources were formulated originally. For the size range up to 4
um and given the remarks above, the Monahan source formu-
lation is used. Above the threshold ry,, = 4 um we use either
the SmithHar formulation or the one from Andreas. The

Mean Annual Global Loads of Sea Salt Mass, Aerosol Surface Area, and

Particle Number With the Three Source Formulations

Dry Radius Mass, Surface Area, Number, Mass/Surface Area,
Fdry> () mg m 2 cm?,, m—? 10° m™2 mg cm,2
Monahan =0.5* 1.0 59 50060 0.02
Monahan =(0.5 to =4° 20.7 187 1245 0.11
SmithHar =(0.5t0 =4 8.8 48 89 0.18
Andreas =0.5to =4 20.7 151 550 0.14
SmithHar =4° 16.5 22 35 0.76
Andreas =4 62.7 75 9.3 0.83

*Very small particle size (film drop range).
Small particle size (jet drop range).
‘Large particle size (spume drop range).
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Class borders of aerosol bins  ryy [um]
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Figure 3. Aecrosol bins used for the different source formulations. For Figure 4 (comparison to surface air
measurements), bins with 4, < 2 um have been used from Monahan, SmithHar, and Andreas formulation.

source flux is divided into seven bins for Monahan (0.031-4
um) and four bins for either SmithHar or Andreas (4—64 um)
(see Figure 3).

4. Measurements Selected for Model Evaluation

Sea salt measurements are unevenly distributed over the
globe. They are dense at northern midlatitude and not surpris-
ingly sparse in less accessible remote regions. The selection of
measurements toward an evaluation of the model requires
selecting data representative of the scales resolved. The main
selection criteria we applied were (1) can the measurements be
related directly to sea salt aerosols, excluding other species
such as organic and sulfate particles?; (2) are the observations
representative enough at the scale of the model resolution (5°
X 3.75°)?; and (3) do the observations include information
over a wide portion of the sea salt size spectrum?

We now discuss the measurements according to aerosol size.
Where appropriate, we have also adapted the range of sizes
from the model bins to correspond to the specific size range
measured with the instrument. Table 2 summarizes the dis-
cussed measurements.

4.1.

4.1.1. Aerosol measurements. The most common sea salt
observations for a long time period are ground level measure-
ments of Na™ concentrations at coastal or island stations. The
sodium content of filter or impactor samples is generally de-
termined by atomic emission or absorption spectrometry for
Na™ and by ion chromatography for Cl~. The sea salt concen-
tration is then derived considering a sodium amount of 30.8%
in sea salt.

Ground level measurements of sodium are most represen-
tative of aerosol with radii smaller than ~5 um in radius at
ambient air conditions (sampling cutoff size corresponding to
PM10). Collection efficiency can differ significantly from one
instrument to another. Francois et al. [1995] intercompared five
aerosol samplers in Mace Head (Ireland). He concluded that
the major difference in measured sea salt concentrations was
attributable to differences in the inlets. Howell et al. [1998]
compared sea salt distributions measured by three widely used
different types of cascade impactors. The comparison showed
up to a factor of 4 difference between the Na™* concentrations
determined with a Sierra impactor and a Berner impactor
associated to differences in the instruments cutoff.

Small Particles (Jet and Film Drop Range)

Unless otherwise indicated, the aerosol measurements that
we used in this study have been carried out by D. L. Savoie and
colleagues and have been reported by Gong et al. [1997b] and
Tegen et al. [1997]. Measurements at stations located in Asia
are properly referenced by Mukai and Suzuki [1996] and Car-
michael et al. [1996]. Measurements at Miami are reported by
Prospero [1999].

Measurements of aerosol in the range below 74, = 0.5 um
have been motivated mainly by the interest that represent such
abundant components as organic and sulfur. Unfortunately,
the chemical speciation of sea salt is rarely conducted. Quinn
and Coffiman [1999] have recently summarized NSS-SO? ™ and
sea salt mass size distributions obtained during several cam-
paigns over the Pacific and Southern Oceans. They concluded
that over these regions, sea salt can be a significant fraction of
the this aerosol size fraction.

Sea salt particles with r4,, < 0.5 um can be measured using
cascade impactors coupled to a chemical analysis using ion
chromatography. Particle counters can be used in combination
with a pretreatment of the aerosol (heating and evaporation of
more volatile aerosol components). Higher temperatures in
the evaporation step permit to identify directly the sea salt
fraction [Smith and O’Dowd, 1996; O’Dowd et al., 1997a].

Our model evaluation will focus on data collected near the
Faeroe Islands by O’Dowd and Smith [1993]. They derived the
number concentration of sea salt as a function of 10-m wind
speed for a dry radius of the particle included within 0.05 to 1.5
wm. The sea salt mass size distributions that we compared are
summarized by Quinn and Coffman [1999].

4.1.2. Wet deposition flux measurements. Sea salt wet
deposition fluxes measured at continental sites away from the
coast can be compared with the fluxes simulated by the model.
Smaller particles contribute very little to the wet deposition of
sea salt mass. However, the main advantage of these continen-
tal observations is the absence of very large sea salt particles
due to gravitational settling. A large data set of weekly wet
deposition is available for the United States, which we ob-
tained from the National Atmospheric Deposition Program/
National Trends Network (NADP/NTN). We have selected
data for which concentrations of Na, K, Mg, and Ca were
above the detection limit.

Sodium fluxes were corrected for the non-sea salt sodium
content. We computed the weekly values of sea salt wet dep-
osition at all the stations, applying a chemical element balance



27,513

GUELLE ET AL.: SOURCE FORMULATION FOR MODELING SEA SALT AEROSOL

/eyepdpeu/npa-oatasms dpeuy/:dny je djqerese ‘weisord uonisodo ouaydsouny [euoneN,
‘uonnqLIsIp ISIp <I9}OWERIP snIpel AIp 03 Suipiodde pojeredas sofuer oz1g,

[c661] 1w 12 yiug [oeaq Je Iomo) W-j| X X ISIp Joquinu - )0edSVSV+001dSSd 000ZY ‘ura | 9861 "Sny ‘Yorey PUB[I00S 9SI YINOS

[z661] nm puv 10)lv ] uedo0 ojur 1ord w-(0g X JSIp QWINJOA 10sB] ON-OH I €861 Surds ‘syoom ¢ BUI[OIR)) YMON

[L86T] MnaaT aq uea00 uado X e JSIp IoquuInu po10J0Y qwn 1oys $861 "AON urrope[d ©ag YlIoN

[8661] “1v 12 oMoy uedd0 uado X ISIp 9ZIS ‘BN s1030edun 6 ‘SINOY $7~ 1661 ABIA oyoed YMON

l6661]

uvuiffo) puv uumngy ueo00 uado X ISIp 9ZIS ‘BN 1030edU 00T~ ‘sINOY $7~ S661 9 03 1661 Hdy SISINID UBII() WIYINOS

[aLeeT] 12 32 paoq.0 urad0 wado X X ISIp Iequunu dVO-+001dSSd sImoy (O0ZI~ ‘ww Of 6861 'AON—10 diys onuepy yIoN
[c66T] uoneredosard

ymug pup pmo(g, O [ewIay) ‘ueaco uado X ISIp IoqUUNU +X-dVSV Op~ ‘sIoy G1-¢ 6861 "AON—100 diys ‘onuepy yuoN

[9661] 17 12 povyo1uun) cee e X BN JO wns [oAIY €6¢ “Alrep €661 ABIN 01 7661 UOTRA nfoyd

[9661] nymzng pup wyny [se W 00c X BN JO wns [0AMO] OTIND 9¢ “Aypuow 1661 UDTBIAL 03 8861 UdIBIN (0}
Surdwres 103008
QULIRW/SIOMO) W-()7

[L66T] v 12 UISa], )SB9 PIBMO) J0JO9S PUIM e X BN JO wns [oAlg OTINd 6617861 Kemprg
Surduwres
10309 QULIBW/SIOMO)

[L661] v 10 u2Sa]  wW-(7 ‘UBSOO WOIJ SJOWL e X BN JO wns [0AIY OTINA P661-7861 sopeqlegq
Surjdures

[6661] 0s2dsoig  10300s SULIRW/SIOMO) W-(T e X BN JO wns [0AIg OTINd 00Sc~ “Arep 9661-6861 Twery
Surjdures
10309 QULIBUW/SIOMO)

[9L661] ‘17 12 Suoy — w-(7 ‘U0 WOIJ 9)OWI e X BN JO wns [oAlg OTINd oFeroAe S1BIA ¢ BYSE[Y ‘MUY
Surdures

[9L661] ‘17 12 Suory  10109s QULIRW/SIOMO) W-()7 e X BN JO wns [oAlg OTINd 0ST~ ‘Ap[oom €661 KB 03 886T 99 eIensSny ‘wiin ade)
Surdures

[9L661] ‘1 12 Suory  10309s QULIRW/SIOMO) W-()7 e X BN JO wns [oAlg OTINd 6617861 memeH ‘neyo
Surdures

[9L661] ‘1 12 Suory  10309s QULIRW/SIOMO) W-()7 e X BN JO wns [oAlg OTINd 6617861 epnuIog
Surdures

[9L661] ‘1 12 Suory  10309s SULIRW/SIOMO) W-()7 e X BN JO wns [oAlg OTINd 006~ ‘sIOY $7 $661 3Ny 01 1661 A pue[ao] ‘AorwIo]
Surdures

[9L661] ‘1 12 Suory  10109s QULIEW/SIOMO) W-()7 e X BN JO wns [oAIq OTINd 00ST~ ‘sIn0y $7 €661 Anf 01 8861 “Iny pueaI] ‘peoH BN
poAOwdI

o(6661) JAVN ~ UOHNQLIUOD ISNP [eISUIW X XN JoM UOned $103097]00 doq 002S~ “Ayoom 1861 e SONS H()] ‘BOLIOWY [IION

RRlicheIEN | NIewoy (wr p<) (wr p>)  10jowWRIRg JuSWINIISUT ele(J Jo porog 9IS pue uoI3oYy
aGreT [rewrs Toquinnj/Aouanbaxg
J3uey az1g

10§ JUBAJ[Y IR

LSINSY [OPOIN AL UosIIedwIo)) I0J Pojdo[os SJUSWAINSBIIA JO MIIAIOAQ  °T I[qe],



27,514

Table 3. Element Source Profiles for Cations Used in the
Chemical Element Balance Method to Retrieve Sea Salt
Na™ in Wet Deposition Measurements

Sea Salt,
mg/g Clay Carbonate
Na 300.6 9.6 0.4
Ca 11.6 221 302.3
Mg 36.9 15.0 47.0
K 11.0 26.6 2.7

method to exclude non-sea salt contributions to measured Na
concentration. Steiger [1991] found the chemical balance
method to be more reliable than other approaches used to
retrieve the contributions from different aerosol sources from
elemental concentrations in a given sample. The method uses
a priori information about the elemental composition (i.e.,
profiles) of different sources and then tries to match the mea-
sured composition by a linear combination of the different
sources. A least squares minimization procedure was used to
match the measured element concentrations of Na, Ca, Mg,
and K to varying combinations of sea salt, clay, and/or carbon-
ate. The profile for sea salt was chosen as an average seawater
composition. Mineral components from clay and carbonate
follow the profiles published by Mason and Moore [1982]. Ta-
ble 3 lists the profiles chosen for the other components.

With this method the fraction of non-sea salt (NSS) Na
averaged over all selected NADP stations for the year 1987 is
8.2% from total Na. The yearly averaged fraction never ex-
ceeds 20% at any given site. Hence the correction for non-sea
salt should not be a critical source of error for our comparison.
The winter use of salt to avoid icing on roads could contribute
to observed sea salt concentrations over the continents, but we
expect this source to be of minor importance during rainfalls.

Deposition fluxes are also measured as part of the European
Monitoring and Evaluation Programme (EMEP) over western
Europe. The proximity of these stations to the coast renders
any attempt of comparison with our model results a much
more difficult task.

4.2. Large Sea Salt Particles (Spume Drop Mode)

Large particles (=4 um) are the most difficult to measure.
The vertical resolution used in global chemical models limits in
the way in which we can account for the large vertical gradients
in the number of these particles (the first model layer consists
of 70 m). Given this restriction, we will devote only a small part
of the model/measurement comparison to these particle sizes.

Simulations of these large particles in the marine boundary
layer were made by De Leeuw and Davidson [1989]. De Leeuw
[1986a] has gathered existing field and laboratory measure-
ments of giant particles sampled at heights of <2 m asl.

Comparisons to measurements are more relevant above the
~2-m-high turbulent buffer zone identified by De Leeuw
[1986b]. We selected measurements reported by Smith et al.
[1993] made at ~14 m asl on a Scotch island, as well as
measurements from the North East Atlantic campaign that
took place off the Faeroe Islands in October-November 1989
[O’Dowd and Smith, 1993] at ~18 m asl. Both studies are based
on coupling an Active Scattering Aerosol Spectrometer Probe
(ASASP) with a Forward Scattering Spectrometer Probe
(FSSP) and an additional optical particle counter to measure
the sea salt size distributions. The probes were aligned in the

GUELLE ET AL.: SOURCE FORMULATION FOR MODELING SEA SALT AEROSOL

wind and then do not suffer from inlet problems as discussed
for the filter samplers above.

De Leeuw [1987] found no consistent decrease in particle
concentrations or shift in size distribution from the sea surface
up to ~15 m for wind speeds >7 m s~ '. Thus, aside from the
lowest 2 m, the concentration measured at 15 m asl is repre-
sentative for the marine boundary layer extending from 2 to
15 m for sustained wind speeds. For lower wind speeds, when
sea salt production and turbulent exchange are dampened,
large particles disappear from the measurements at 11 m asl
[De Leeuw, 1986b].

We are not aware of measurements of the sea salt size
distribution at heights above 15 m. Profile measurements of
aerosol mass performed near the Hawaiian coast by Blanchard
et al. [1984] and Daniels [1989] show a weak to strong negative
gradient from 10 to 70 m asl. The same gradient is exhibited in
measurements at elevations between 10 and 30 m above the
open ocean [Exton et al., 1985].

5. Results From Simulations With
the Three Source Functions

Each of the three sea salt source formulations was ran glo-
bally in the transport model driven by meteorological fields for
1987. Table 1 presents yearly and global averaged values of sea
salt mass, surface area, and number for three size ranges and
for each of the model integration.

In the size range 0.5-4 um for ry,,, sea salt mass differs by
a factor of 2 between the three formulations, whereas the
surface and number concentrations vary by a factor of 3 and 1
order of magnitude, respectively. The largest surface area and
number concentration are predicted by the Monahan formu-
lation since far more of the smaller particles within this size
range are produced (see Figures 1 and 2a). The ratio mass/
surface area indicates the average size distribution within a size
range. The smaller ratio of mass/aerosol surface area for
Monahan in the range 0.5-4 um reflects relatively more small
particles produced in that formulation than with the ones from
SmithHar and Andreas.

Over the whole size spectrum, Andreas yields a total sea salt
mass 3 times greater than Monahan and 5 times greater than
SmithHar. The main contribution to this mass comes from
large particles in 4 to ~64 um range. Above ~64 um, Smith-
Har predicts the largest flux for particles that are very short
lived in the atmosphere (see Figure 1).

6. Discussion of Comparison Model Results and
Observations

In this section we compare the model outputs to all the
measurements described in section 4. This comparison ad-
dresses the ability of each formulation to reproduce the ob-
served sea salt distributions.

6.1.

Sites where sea salt measurements had been conducted for
at least a full year were selected. For coastal sites the aerosol
sampler had to reach at least 20 m above sea level to avoid
possible local sea salt production from the surf zone [Savoie
and Prospero, 1977]. Simulated sea salt distributions were trun-
cated above a rg,, of 2.9 um to reproduce the PM10 inlet of
most of the aerosol samplers in an environment with ~80%

Simulation of Sea Salt Seasonal Cycle
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Figure 4. Comparisons of monthly averaged sea salt concentrations in surface air (ug m—>) observed and
simulated with the three formulations at different stations. The model results correspond to particles with

Fary < 2 um, a typical cutoff of many samplers.

relative humidity. We chose to use the model bins up to a dry
radius of 2 um for this comparison.

Figure 4 presents the comparison between the observed
monthly averaged sea salt concentrations and those simulated
with the three formulations at 11 stations. Note the different
scales of the y axis. The source formulation Monahan provides
the most satisfactory agreement with the observed averaged
concentrations. The SmithHar formulation significantly under-
estimates concentrations. The formulation from Andreas leads
to an overestimate of the average concentrations, which we
attribute to a very efficient sea salt production at low wind
speeds.

The simulated year was presented for 1987 meteorological
fields, whereas measurements could have taken place on a
different year or represent an average of several years. This
could cause some of the discrepancies seen here.

The most significant discrepancy with Monahan is found at
three stations in the Pacific Ocean (Oki, Cheju, and Cape
Grim) where the observed sea salt concentration levels are low.

We have not been able to come up with a satisfactory expla-
nation for this discrepancy.

Although the Andreas formulation had been adjusted to
match the flux produced by Monahan for particles with dry
radii below 4 um, Figures 2a and 2b show that production
differs substantially according to wind speeds. Monahan’s for-
mulation better captures the sharp seasonal features that are
observed. This is the case of the pronounced winter maximum
observed over the North Atlantic stations or the summer min-
imum at North Pacific sites. The maximum concentration ob-
served at Heimaey in February consists of the average of three
consecutive years with an extreme value reported for February
13, 1992, of 962 ug m > sea salt [Gong et al., 1997b].

6.2. Evaluation With Wet Deposition Flux Measurements

Deposition flux measurements are routinely recorded in the
framework of NADP network using standard sampling proto-
cols. Measurements were made for the year 1987 of the sim-
ulation over a large number of North American stations.
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Figure 5. Location of the NADP sites (circles) used in this
study, where cations in wet deposition have been measured.
References to the original measurements are provided in sec-
tion 2. The grid corresponds to the model horizontal resolu-
tion. The shaded squares correspond to the model grid boxes
used for the comparison with NADP measurements, except the
lighter shading for which only the coastal measurements are
significant.

Annual wet deposition fluxes of sea salt measured over the
continental United States have been used for this comparison
(see section 4.1.2). Selected sites were separated into two
groups (Figure 5): a west-east transect with stations located
between 41.25°N and 48.75°N to represent zonal transport of
sea salt from the North Pacific and a south-north transect
between 82.5°W and 97.5°W to capture transport of marine air
brought about by the cyclones passing over the Gulf of Mexico.
Anticyclonic activity over east America is not expected to con-
tribute much to sea salt wet fluxes in the inner American
regions. Sea salt fluxes should thus reflect the size-dependent
removal of sea salt along these two transects.

In Figure 6 we present the comparison between observed
and simulated sea salt wet deposition fluxes over the two
transects. In this comparison, model deposition fluxes were
averaged over the two (respectively three) grid boxes located at
the same longitude (respectively latitude). Figure 6 shows a
steep decrease of sea salt deposition with the progress of the
air mass inland.

The source formulation from SmithHar is in good agree-
ment with the observations up to 32°N and 115°W but a too
rapid decrease farther distance from the coast. This result
suggests a predominant production of large particles that sed-
iment shortly thereafter.

The Andreas’s formulation leads to a similar behavior as
SmithHar but with simulated deposition fluxes that are stron-
ger. The higher flux from Andreas’s formulation matches the
observed deposition far inland, yet it overestimates fluxes in
and near the coasts.

The formulation from Monahan brings the gradient into
good agreement (+35%) with the observations. A larger num-
ber of small particles produced can be brought to farther dis-
tances than with the others sea salt generation functions.

6.3. Representation of the Larger Particles

Quinn and Coffman [1999] reported measurements over
other regions. We recomputed the simulated number concen-
trations for a relative humidity of 70% as reported by Quinn
and Coffman. Simulated mass size distributions were averaged

GUELLE ET AL.: SOURCE FORMULATION FOR MODELING SEA SALT AEROSOL

over the corresponding cruise locations for the appropriate
months. Figure 7 presents the comparison of measurements
taken during these cruises with number concentrations simu-
lated with the Monahan formulation. There is a variation of an
order of magnitude in mass concentration in the film drop
range of the observed size distributions among the different
campaigns. The Monahan formulation reproduces well the
observed sea salt concentrations up to r,, of ~1 um. A com-
parison over the eight size bins of the sea salt distribution agree
within ~50% to the measured concentration for these small
particles.

The simulation for larger particles points out to a significant
discrepancy between the model and the measurements for the
two upper aerosol impactor stages. Either the Monahan for-
mulation overestimates the size range above r,, = 1 um,
either the collection efficiency of the seven-stage Berner low-
pressure impactor is inefficient for these large particles. Howell
et al. [1998] used three different cascade impactors to measure
concurrently the Na™ size distributions over the open ocean off
the coast of Washington state during the Pacific Sulfur/Stratus
Investigation (PSI-91) campaign. This intercomparison showed
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Figure 6. Comparison between annual sea salt observed and
simulated wet deposition fluxes (mg m~2 d~') with the three
formulations according to the distance in degree from the
coast, where the predominant flow of air comes over the con-
tinental United States. The simulated values on each grid box
have been averaged over the two (respectively three) grid
boxes located at the same longitude (respectively latitude),
according to the air mass transport as explained in the text. We
have drawn a regression line for the observations to show the
decreasing trend of sea salt wet deposition with coastal dis-
tance.
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Figure 7. Comparison between the sea salt mass size distributions measured at 70% RH during several open
sea campaigns [Quinn and Coffman, 1999] and the monthly averaged size distributions simulated with the
Monahan formulation at the same locations and during the same months but for 1987. The x axis represents

the particle radius for a RH of 70%.

that the Berner impactor could underestimate sea salt mass by
up to a factor of 4 compared to a Sierra impactor. This is close
to the disagreement shown in Figure 7. To illustrate it, we show
a relatively good agreement between simulated concentrations
and measurements made with the Sierra impactor in Figure 8.
Here we also discuss results obtained by complementing the
distribution simulated by the Monahan formulation for parti-
cles with dry radius below 4 um with the SmithHar and An-
dreas formulation for greater radii (see section 3.2).

The four data sets mentioned in section 3.3 are used to
evaluate the particles of several microns in radius. We ex-
tracted simulated instantaneous daily values at noon of sea salt
concentrations, retaining those where the wind speed re-
mained during the preceding 6 hours time step within one of

the four wind speed classes (5-6 ms™'; 8-10ms ' 15ms™;

16-17 m s~ ). Modeled size distributions at a given location
were averaged by wind speed class for the 4 months of obser-
vations. All size distributions are presented by mass in Figure
9 and expressed as dry radius to remove the RH dependency
from the measurements. Model minimum, maximum, and av-
erage concentrations are indicated in Figure 9. The formula-
tion Monahan+Andreas overestimates the mass of particles
=5 pm for all wind speeds. A better agreement with observa-
tions at all wind speeds is provided by the formulation
Monahan+SmithHar.

The measurements by O’Dowd et al. [1997b] show a distinct
maximum in aerosol mass around 60 wm which is reproduced
in neither simulation (see Figures 9b, 9d, 9f, and 9h). This very
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Figure 8. Comparison between the sea salt mass size distri-
bution measured during the PSI-91 campaign with two differ-
ent cascade impactors and the one simulated with the Mona-
han formulation at the same location and the same month but
for 1987.

large mode contributes significantly to the total sea salt mass.
Such a mode for the large particles is not seen in the measure-
ments of Taylor and Wu [1992] at wind speeds >15m s~ (see
Figures 8d and 8h).

7. Sea Salt Surface Area Versus
Total Aerosol Surface Area

One reason for performing the size-resolved sea salt simu-
lations is the relevance of the aerosol surface area in hetero-
geneous chemistry and for the computation of aerosol radia-
tive effects. The relevance of the sea salt aerosol surface area
can be illustrated by comparing it to the Earth’s surface area
and to the aerosol surface area of the other major aerosol
components (sulfate, mineral dust, black carbon, and particu-
late organic matter). We will discuss the case where the aerosol
is treated as an external mixture.

The sea salt aerosol surface area is computed from the
median diameter of each size class and the average density as
given in Table 4, which also tabulates the model parameters
used for the other aerosol components. Figure 10 shows the
global sea salt aerosol surface area as column burden with the
Monahan source formulation. Sea salt aerosol surface in ma-
rine regions represents 1-10% of the area of the underlying
Earth’s surface.

For the comparison with the other aerosol components we
combine recent simulations for dust, for black carbon (BC)
and particulate organic matter (POM) and sulfate which were
performed with the same transport model (TM3) and meteo-
rological input fields. The mineral dust simulations were de-
scribed by Schulz et al. [1998] and Guelle et al. [1998a] using a
dust source described by Claquin [1999] on the basis of the
mineralogy of desert areas [Claquin et al., 1999]. The dust
source is constrained from detailed investigations of the spatial
variability of the threshold velocity in the Saharan region [Mar-
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ticorena and Bergametti, 1995], and the occurrence of absorbing
aerosols over desert areas [Herman et al., 1997]. The TM3
simulation for BC and POM was done by C. Liousse (personal
communication, 2000) using Liousse et al.’s [1996] source for-
mulation. Since both the dust and the BC+POM simulation
assume a lognormal size distribution, with constant spread o
but varying median diameter, computation of the aerosol sur-
face area is based on the simulated fields of mass and number
concentration. The sulfate fields were produced using a de-
tailed tropospheric chemistry scheme representing the main
species involved in the sulfur cycle and emission inventories for
natural and anthropogenic sulfur components [Jeuken, 2000;
Jeuken et al., 2001].

Aerosol loads of the different aerosol components are sum-
marized in Table 4. Aerosol surface area, mass, or number are
dominated by different aerosol components since each com-
ponent has a size distribution with different characteristics.
The aerosol surface area is dominated by dust and sulfate
followed by the contribution of sea salt and the combined
organic aerosol fraction (BC+POM). The aerosol mass of
mineral dust and sea salt are comparable, exceeding by several
folds any other component. In contrast, number concentra-
tions are dominated by BC+POM and sulfate with a substan-
tial contribution from sea salt. The aerosol size distribution of
sea salt is much broader than of dust (see Figure 11).

The partitioning of the aerosol surface area among the four
aerosol components suggests that one needs to consider every
single one to estimate the global aerosol impact on heteroge-
neous chemistry and radiative effects. The importance of the
sea salt is remarkable in remote marine areas. Sea salt repre-
sents 34% of the total aerosol surface area on a yearly average.
Plate 1 illustrates the spatial distribution of the sea salt surface
area when normalized to the total aerosol surface area. Sea salt
is not pervasive relative to other aerosol species over conti-
nents and downwind from important continental outflows, east
of North America and East Asia, west of Sahara and Central
Africa. It becomes much more prominent over southern
oceans, where it constitutes the dominant aerosol component.

8. Conclusions

We have evaluated three different sea salt generation func-
tions (Monahan, Andreas, and SmithHar) in order to derive
the more realistic sea salt distribution for global atmospheric
models. Our study was not restricted to a specific size range but
rather addressed the whole sea salt size spectrum. This was
motivated by the dependence of the radiative effects and the
chemistry of sea salt upon the aerosol size.

To evaluate the different source functions, we selected com-
plementary observations, so that the model/measurements
could be compared for the whole size spectrum. Consideration
of humidity effects on particle size and aerosol sampler inlet
characteristics is required for a proper comparison between
measurements and model results. For instance, we estimated
that the aerosol inlets used to measure the seasonal cycle have
a cutoff that corresponds to an ry,, of 2 um. Had we not taken
the cutoff into account, the mean discrepancy between simu-
lated and annual observed concentrations would be 77% with
Monahan’s formulation, +224% with SmithHar, and +1237%
with Andreas as compared to 34%, —62%, and +144%, re-
spectively.

We showed that the evaluation of the sources requires com-
paring results against different observational data sets. For
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Figure 9. Simulated sea salt mass size distributions off the west coast of Ireland. The solid lines correspond
to the average distribution from 4 months for the wind speed indicated. Minimum and maximum values of
simulated distributions during these months form an error envelop, which is shaded. (left) The
Monahan+SmithHar simulations and (right) the Monahan+ Andreas formulations. Observations are from De
Leeuw [1987] (crosses), from Taylor and Wu [1992] (pluses), from Smith et al. [1993] (circles), and from
O’Dowd et al. [1997b] (squares).
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Table 4. Annual Global Average of Daily Values From TM3 Simulations of This Study®

Surface Area Load, Surface Area Mass Load, Number Load, mmd,* Particle Density,
m? m~? Fraction, % mg m 2 10" m~2 pm  Sigma kg m 3

Sea salt (Monahan+SmithHar) 0.027 21 384 5.22 6.49°  3.12° 2170
Dust 0.036 28 352 2.07 2.20¢ 2.00¢ 2650
Sulfate 0.032 25 6.46 9.64 0.13¢ 1.79¢ 1700
Black carbon 0.009 7 0.32 52.1 0.14¢ 1.70¢ 1500
Particulate organic matter 0.025 19 213 59.9 0.34¢ 2.00¢ 1500
Total 0.130 100 82.5 128.9

Sea salt (Monahan) 0.026 20 24.8 5.2 3.44° 2.08° 2170

“Global areal average of column integrated data (N = 72%48).
bSize distribution parameters are computed from binned data.

¢Size distribution parameters correspond to a lognormal distribution.
4mmd, mass median diameter.

example, in the case of the source formulation from Andreas,
the observed sea-salt wet deposition fluxes in the inner conti-
nental North America is rather well captured whereas wet
deposition and monthly surface level concentrations at the
coastal stations are shown to be overestimated.

Sea salt particles with dry radius below 4 um are well rep-
resented by the Monahan source formulation. We were able to
reproduce observations of surface level concentrations, conti-
nental wet deposition fluxes, and for size distributions below
Fary ~ 1-2 pm.

However, to represent giant sea salt particles, a combination
of Monahan and SmithHar is required to have a complete sea
salt generation function. The latter formulation shows agreement
with the few measured size distributions in the very coarse size

range (74, up to 80 um). However, as previously pointed out by
O’Dowd et al. [1997b], measurements of the sea salt size distribu-
tion that extend to large particles are very sparse.

The sea salt simulations are relevant for realistic modeling of
heterogeneous chemistry and radiative effects. Sea salt aerosol
provides, on an annual average, 21% of the aerosol surface area.
Nearly equal partitioning of the aerosol surface area among the
four components confirms the necessity to consider all of them to
determine the global impact of aerosol on climate and tropo-
spheric chemistry.

Future work will use the reanalyzed meteorological fields
from ECMWEF over either the 15 or 40 year period. This will
allow us to better capture the wind-generated fluxes and trans-
port fields that were present at the time of the observations. A

Yearly averaged column sea salt surface (m2 aerosol / m2 earth)
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Figure 10. Annual average of sea salt aerosol surface area per Earth surface area using the source formu-

lation Monahan.
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Figure 11. Global and annual average mass load of sea salt
and dust against particle size.

quantitative study will focus on the interannual variability of
the sea salt distribution based upon the source function
(Monahan+SmithHar).

Appendix A

The mathematical formulations of the three source functions
used in this study are presented. The fluxes F are expressed in
particles [um ' m~2 s™!], r corresponds to the particle radius in
[wm], and U, to the wind speed at 10-m height [m s™'].

The sea salt generation function given by Monahan et al.
[1986] for particles with radius =10 um and referenced as
SmithHar in the paper is formulated as follows:

dF/dr = 1.373U3%"r3(1 + 0.057/19%) 1011905,

where B = (0.38 — log,, r)/0.65
The sea salt generation function given by Smith and Harrison
[1998] and referenced as SmithHar in the paper is formulated

as follows:
dF r\?
ar zAiexp [—f,ln ("T») ],

(A1)

(A2)

where ry; = 3 pm and rp, = 30 um, f;, = 1.5 and f, = 1, and
coefficients A, and A, are approximated by 4, = 0.2 U3y
and 4, = 6.8 1073 U3,

The sea salt generation function proposed by Andreas [1998]
(referenced as Andreas in the paper) uses the Smith et al.
[1993] source for particles with » = 10 wm, corrected for an
effective wind speed U, measured at 14 m asl. This generation
function uses the same formula as in (A2) multiplied by a
factor of 3.5 but with r;, = 2.1 um and r, = 9.2 um, f; = 3.1
and f, = 3.3, and coefficients A, and 4, defined as

1411 =1 0(0.067() Ui4+2.43)

(A3)
Az — 10(0,959 U‘ff*l.476) (A4)

with the wind speed U, expressed as a function of the 10-m
wind speed through

cy 14
Uy = Um[l + OD.ZN In (E) }

where the neutral-stability drag coefficient is given by

(AS)
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1.20 x 1073

) 4<Up=11ms™!
Conio = (0.49 + 0.064 U,)1073

Up=11lms™!
(A6)

For particles larger than 10 wm in radius the Andreas [1998]
source is based on Andreas [1992] work and is formulated as

dF

W: C1U10r_1 10 =r=37.5 um (A7a)
dF CiUpg™" 10 =r=37.5 um
dr {CzUwr_z'g 37.5=r=100 pm. (A7D)
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