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Abstract. Organic species in sea salt particles can significantly reduce hygroscopic
growth in subsaturated conditions, an important uncertainty in the radiative effect
of aerosol particles on the atmosphere. This hygroscopic behavior is predicted
with a numerical model of the the organic-water, electrolyte-water, and organic-
electrolyte interactions in complex mixtures of organic species and inorganic ions.
The results show a 15% decrease in hygroscopic growth above 75% relative humidity
for particles that include as little as 30% organic mass. Organic compositions of
50% organic mass reduce hygroscopic growth by 25%. This prediction relies on
particle chemical composition estimated from measurements of insoluble organic
species in marine-derived particles and of soluble organic species measured in
seawater. Twenty insoluble and four soluble organic species are used to represent
the behavior of sea salt organic composition. The hygroscopic growth is strongly
sensitive to the organic fraction that is soluble or slightly soluble, although variations
among different soluble or insoluble species are small above the sodium chloride
deliquescence point. Interactions between organic and electrolyte species depend
primarily on the “salting out” behavior of NaCl with alkanes, carboxylic acids,
and alcohols, although interactions with other inorganic ions in sea salt were
estimated to cause small changes in the hygroscopic growth. The predicted growth
factors for sea salt with < 30% organic species are consistent with growth factors
measured for ambient marine-derived particles by another group [Berg et al., 1998;
Swietlicki et al., 2000; Zhou et al., 2001]. This coincidence suggests that the
less-hygroscopic particles could indicate the presence of marine organic compounds,

although multiple combinations of inorganic and anthropogenic organic species

would also satisfy the measured behavior.

1. Introduction

Sea salt aerosol particles in the marine boundary
layer (MBL) are produced from the evaporation of sea
spray [Blanchard, 1983]. Surface active organic materi-
als in seawater can contribute to the aerosol phase as
part of the bubble-bursting process [Hoffman and Duce,
1976]. The resulting internally mixed aerosol of salt ions
and organic species form a significant fraction of the
aerosol particles in the marine boundary layer [Blan-
chard, 1964]. These particles contribute to atmospheric
radiative transfer indirectly by serving as cloud conden-
sation nuclei and directly by scattering light in subsat-
urated conditions [Seinfeld and Pandis, 1997; Haywood
et al., 1999].

The optical properties of aerosol particles are greatly
influenced by their chemical composition as well as their
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size [Tang et al., 1997]. Organic components will af-
fect the particle refractive index and the size that a
particle becomes by taking up water from the vapor
phase in humid conditions. Water-soluble components
of aerosol are more likely to take up water because the
resulting aqueous solution will have a reduced water ac-
tivity. Sazena and Hildemann [1996] found that multi-
functional organic compounds that have more than one
polar functional group, such as both an alcohol group
(-OH) and an acid group (-COOH), in the same carbon
chain were likely to absorb water. Since both salts and
organic components can be internally mixed in sea salt
aerosol, particle hygroscopicity is determined by com-
plex solutions of electrolytes, organic species, and wa-
ter. The variety of chemical structures of organic com-
pounds found in aerosol leads to a wide range of physical
and chemical properties. This complexity poses difficul-
ties for identifying particle components.

Empirical models of inorganic aerosol compare well
with extensive empirical data [Zhang et al, 2000]. How-
ever, descriptions of the behavior of mixtures of the

28,259



28,260

MING AND RUSSELL: PREDICTED HYGROSCOPIC GROWTH OF SEA SALT AEROSOL

Table 1. Direct Measurements of Sea Salt Particle Chemical Composition

Location 1: Island of Crete®

Location 2: Marshall Islands®

Compound Type Carbon Number

Total Concentration,

Total Concentration,
3

Carbon Number

Range ng m~3 Range ng m”~
Aliphatic alkanes 15-40 5.09-35.24 21-36 0.020-0.16
PAHs 0.07-2.0
n-Alkanals 15-30 0.9-16.85
Alkanones 10-31 0.4-5.12
n-Alkanols 12-30 2.74-94.50 13-20 0.060-0.255
Fatty acids and their salts  8-32 24.26-124.30 13-32 0.163-5.051

2From Gogou et al. [1998].
PFrom Duce et al. [1983].

myriad of organic compounds present in aerosol are still
in the early stage [Sazena and Hildemann, 1997]. In ad-
dition to needing a model of the solution thermodynam-
ics, an accurate description of the phase equilibrium of
electrolyte-organic solutions requires knowing the com-
position of sea salt particles. Since only some sea salt
components have been identified to date, we use an esti-
mated sea salt composition that incorporates all of the
known organic and inorganic species in particles of dif-
ferent sizes. This model serves as a reference to study
the sensitivity of hygroscopic growth to uncertainties
in composition as well as in organic-water and organic-
electrolyte interactions that control equilibrium. The
predicted hygroscopic growth also allows us to compare
the behavior of the model composition to field measure-
ments of ambient aerosol.

2. Chemical Composition of Sea Salt
Aerosol

Sodium chloride (NaCl) is the major inorganic com-
ponent of sea salt particles that are produced at the
ocean surface. Both dissolved and particulate or-
ganic components in seawater are added to atmospheric
aerosol by these same ocean processes. Typically only
10% or less of the total organic particle mass has been
resolved into individual species [Rogge et al., 1993].
Gas chromatography-mass spectrometry (GC-MS) has
provided detailed speciation of insoluble compounds
and those water-soluble compounds that can be deriva-
tized [Sazena and Hildemann, 1996]. The concentra-
tions of 49 organic compounds in aerosol over the west-
ern Atlantic Ocean have been identified, and most of
the species that were detected are long-chain insolu-
ble species [Duce et al., 1983]. More polar substances,
including dicarboxylic and ketocarboxylic acids, have
also been identified in marine aerosol in the Pacific
Ocean [Kawamura and Gagosian, 1990]. Sazena and
Hildemann [1996] postulate that a significant part of
the unidentified organic aerosol mass consists of water-
soluble polar species. Hence, in addition to ambient

measurements of the organic composition of sea salt
aerosol our estimate of the complete composition (es-
pecially the polar constituents) will include compounds
identified in seawater samples [Riley and Chester, 1971].

2.1. Measured Sea Salt Particle Organic
Composition

Single particle measurements of sea salt aerosol sug-
gest that organic species account for 5% to 50% of
dry sea salt aerosol mass [Middlebrook et al., 1998].
This concentration range is significantly higher than
the organic fraction found in seawater, which is typi-
cally 0.01% of the total dry components in bulk seawa-
ter (most of which is NaCl) [Riley and Chester, 1971].
Studies of bubble bursting processes suggest that the
formation of surface layers on seawater in which low sur-
face tension species are enhanced may result in higher
organic concentrations in the particles that form from
bubble bursting [Hoffmann and Duce, 1976]. Labora-
tory work also suggests that even in well-mixed condi-
tions, high molecular weight species may form particles
preferentially during the film-breaking process [Quinn
et al., 1975]. Alternatively, this enhancement of the or-
ganic fraction of seawater may result from secondary or-
ganic condensation from the vapor phase, in which case,
the composition of the organic species will be dependent
on local atmospheric sources of biogenic and anthro-
pogenic volatile organic compounds. In this work, we
will only treat the simpler case, in which the organic
species present in sea salt particles are assumed to be
derived from seawater.

Field measurements have reported the carbon num-
ber and concentration ranges of long-chain nonpolar
compound classes [Gagosian et al., 1981; Gogou et
al., 1998]. Samples of marine aerosol were collected
at Marshall Island in the western equatorial Pacific
(11°20'N, 162°20'E) and Crete in the eastern Mediter-
ranean (35°20'N, 25°42'E). Table 1 shows that the re-
ported marine aerosol concentrations from different lo-
cations share a similar range of carbon number for the
compounds identified.
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Table 2. Composite Sea Salt Particle Composition Estimated From Direct Measurements of

Marine Aerosol and From Seawater Composition

Chain Length  Fraction® Compound Type Fraction, %° Species Fraction, %°
Low molecular weight® 70% malic acid 48 malic acid 48
citric acid 22 citric acid 22
High molecular weight?® 30% monosaccharides 10 glucose 4.8
fructose 4.7
insoluble compounds 20 C25 alkane  0.073
C27 alkane  0.15
C29 alkane  0.19
C31 alkane  0.15
C33 alkane  0.073
C24 alkanol 0.065
C26 alkanol 0.28
C28 alkanol 0.44
C30 alkanol 0.28
C32 alkanol 0.065

C14 acid 1.8
C15 acid 4.0
C16 acid 5.2
C17 acid 4.0
C18 acid 1.8

C22 acid 0.23
C24 acid 0.83
C26 acid 1.3

C28 acid 0.83
C30 acid 0.23

2(Mass of each molecular weight)/(total organic mass).

b(Mass of each type)/(total organic mass).
¢(Mass of each species)/(total organic mass).

dHigh molecular weight compounds are defined here as having molecular weights larger than 180
amu; low molecular weight compounds have molecular weights smaller than 180 amu.

Of the 49 organic species identified in direct measure-
ments of sea salt particles, all are long-chain monofunc-
tional compounds that tend to be insoluble [Duce et al.,
1983]. A small number of multifunctional compounds
including diacids have been observed but dccount for
less than < 2% of the observed organic mass [Kawa-
mura et al., 1996]. The majority of aerosol mass that is
resolved into separate compound classes consists of alka-
nes, alkanols and acids. The common carbon number
per molecule ranges roughly from 10 to 40 [Gogou et al.,
1998]. The concentration distribution of each of these
compound classes with respect to carbon number gen-
erally peaks for compounds with 20 to 30 carbons per
molecule with lower concentrations of both longer and
shorter carbon chain compounds accounting for smaller
mass fractions. The carbon number distribution in the
estimated sea salt composition for insoluble compounds
is provided in Table 2 from the measurements of Gogou
et al. [1998] and Gagosian et al. [1981].

2.2. Seawater Organic Composition

Of the many organic species present in seawater, only
long-chain alkanes, alkanols, and acids have been identi-
fied in sea salt aerosol. The identified fraction accounts
for less than < 10% of the organic mass. The remain-

ing fraction is likely to be similar in composition to the
soluble compounds found in seawater, since these com-
pound classes are difficult to analyze in ambient aerosol
and are unlikely to decompose in aqueous solutions at
atmospheric conditions. Consequently, our composite
sea salt particle composition relies on seawater analysis
for the estimated concentrations of soluble compounds.

Since we are interested in the relative fractions of
each organic species that are present in seawater and
most organic species are reported on an absolute basis,
we need to first estimate the total fraction of organic
mass in seawater. The basis for this calculation is the
fraction of organic matter that is retained after ultra-
filtration, so that organic matter larger than 0.2 ym is
not included. This nonparticulate organic carbon con-
tent of ocean waters ranges from 0.3 to 1 mg [C] L~}
with the influence of geographical locations, seasons,
and biological activities [Menzel and Ryther, 1970]. A
typical value of 0.65 mg [C] L~! is used here to represent
the total organic carbon content of seawater. To con-
vert from organic carbon mass to total organic mass,
Turpin and Lim [2001] suggest average factors of 1.3
and 3.2 mg mg [C] ! for water-insoluble and water-
soluble compounds, respectively. Benner et al. [1992]
report that high molecular weight compounds account
for 25% to 35% of total nonparticulate organic mass.
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Using the average value of 30%, the remaining 70%
of the total organic content consists of low molecular
weight compounds. The assumptions that low molecu-
lar weight compounds are water-soluble and high molec-
ular weight compounds are water-insoluble provide an
estimated conversion factor of 2.2 mg mg [C]~! for sea-
water. The average organic mass in seawater is then
~1.4mg L1

Measurements of individual low molecular weight
compounds reveal that high concentrations of malic acid
(300 pug L1 or 21% of the estimated nonparticulate
organic mass) and citric acid (140 pg L~! or 10% of
the estimated nonparticulate organic mass) were ob-
served along the Atlantic Coast [Creac’h, 1955]. Amino
acids were measured to account for 10-25 g L~ in the
Irish Sea (or 1% of the estimated nonparticulate organic
mass) [Riley and Segar, 1970]. These three types of
acids account for ~ 31% of the nonparticulate organic
mass, whereas 70% are expected to be low molecular
weight compounds. The remaining 39% of low molec-
ular weight compounds are thought to be similar com-
pounds and so are modeled here by assuming that this
measured ratio of malic acid to citric acid is appropriate
for the entire low molecular weight fraction, such that
malic acid is used to represent 48% of the organic mass
and citric acid represents 22%.

Of the high molecular weight compounds, only the
monosaccharides are soluble. Benner et al. [1992] re-
port soluble carbohydrate concentrations up to 33%,
although here we have used a more conservative esti-
mate of 10%. Galactose, xylose, rhamnose, fucose, glu-
cose, mannose, and arabinose have been measured in
seawater in many locations around the world [Aluwi-
hare et al., 1997]. Since thermodynamic data for most
of these sugars are unavailable, we have grouped them
in two categories according to their solubility and have
modeled each category using the properties of two well-
studied sugars, fructose and glucose [Velezmoro and
Meirelles, 1998; Peres and Macedo, 1997; Comesana
et al., 1999]. The very soluble compounds (galactose,
rhamnose, mannose, xylose) account for about half of
the monosaccharides present (4.7% of the total non-
particulate organic mass) and are represented by fruc-
tose because of its similar solubility and low deliques-
cence point. The slightly less soluble compounds (glu-
cose, fucose, arabinose) account for the other half of the
monosaccharides present (4.8% of the total nonparticu-
late organic mass) and are represented by glucose.

For insoluble compounds the concentration distribu-
tions of alkanes, alkanols, and acids are similar in seawa-
ter and sea salt particles. The seawater measurements
are more complete and provide a better statistical rep-
resentation of typical composition. The resulting model
of sea salt aerosol composition is given in Table 2.

3. Thermodynamic Model

The development of this semiempirical organic-
electrolyte model is described in detail by (Y. Ming and
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L.M. Russell, Thermodynamic equilibrium of aqueous
solutions of organic-electrolyte mixtures in aerosol par-
ticles, submitted to American Institute of Chemical En-
gineers Journal, 2001, hereinafter cited as Y. Ming and
L.M. Russell, submitted manuscript, 2001). At equilib-
rium, the Gibbs free energy (G) of the system will con-
sist of contributions from chemical potentials (u) of the
components present in vapor and aerosol phases as well
as from the surface tension (o) over curved interfacial
areas (a) between each of these phases. The equation
describing this free energy is

LVaLV SL_SL (1)

G = uSnS + ptn + 4VnV 4+ 0 + oSt
where 45, pb, and pV are the chemical potentials of
the solid, liquid, and vapor phases (assuming only one
phase of each type), respectively, and n°, n%, and nV
are the numbers of moles of the solid, liquid, and va-
por phases, respectively [Mirabel et al., 2000]. For the
soluble species studied here, water adsorbs to the solid
surface below the deliquescence relative humidity, so we
have assumed that the dry particle is coated with one
or more layers of adsorbed water. The free energies at
the solid/liquid (SL) and liquid/vapor (LV) interfaces
are given by the products of their surface tensions oS
and oV and the interfacial areas a5 and a™V. After
dissolution of solid species, (1) reduces to

100 x pw(Dp)
Py

RH =

4AM, o™
) (2
RTp,D,

I

100 X Typye exp(

where RH is the relative humidity of water vapor, p,, is
the water vapor pressure in equilibrium with a particle
of diameter D,, p?, is the saturation vapor pressure of
water, oV is the surface tension at the liquid/vapor
interface, x,, and 7, are the mole fraction and activity
coefficient of water in the aerosol phase, respectively,
and M, and p, are the molecular weight and density
at temperature 1" of the aqueous solution.

Most aerosol thermodynamic models describe aque-
ous solutions of electrolytes only [Clegg et al., 1998].
Unlike electrolytes, organic species have diverse chem-
ical structures and possess quite different attributes,
both from each other and from electrolytes. The large
number of organic species and the paucity of experi-
mental data for the complex mixtures of organic and
electrolyte species result in important uncertainties in
their thermodynamic behavior.

3.1. Solution Activity

Two types of thermodynamic models have been de-
veloped to study the behavior of inorganic compounds
in aqueous solutions: empirically correlated and ex-
cess Gibbs energy-based approaches. The Zdanovskii-
Stokes-Robinson (ZSR) method is an example of an em-
pirical approach [Stokes and Robinson, 1966]. Despite
the simplicity and accuracy of empirical models, it is
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impossible for the ZSR model to include organic com-
pounds because the required empirical data on each or-
ganic component are prohibitively large. Excess Gibbs
energy-based models such as the Pitzer model require
expressions for the excess Gibbs energy of each com-
pound in the mixtures. Experimental data are used to
fit these parameters for differing concentrations. Using
these fitted parameters, the predicted mixture proper-
ties compare well with the experimental data [Pitzer,
1991]. In some cases, the model can be extrapolated
to make predictions for mixtures of which no measure-
ments are available. For organic species, the UNI-
QUAC (Universal Quasi-Chemical)-based Functional-
group Activity Coefficients model known as UNIFAC
can be used to describe mixture properties [Abrams and
Prausnitz, 1975; Fredenslund et al., 1977]. Since the
UNIFAC model is also based on expressions of excess
Gibbs energy, our model combines Pitzer’s equations
and UNIFAC into a new model to describe solutions
composed of ions, organic species, and water.

The effort to incorporate organic compounds into an
aerosol thermodynamic model should address two kinds
of interactions that are not considered in inorganic mod-
els: organic-water and organic-electrolyte interactions.
The large number of organic species in sea salt aerosol
can be treated as different combinations of functional
groups. If it is assumed that the behavior of each func-
tional group is independent of neighboring groups, the
properties of complex organic mixtures result from sev-
eral kinds of interacting groups. The approach of us-
ing functional groups as the main bodies of interaction
in organic solutions, known as the Group Contribution
Method (GCM) [Reid et al., 1987], is the basis for sev-
eral thermodynamic models, including UNIFAC. Differ-
ent versions of UNIFAC are used widely for correlating
experimental data and for predicting the behavior of
unknown systems [Fredenslund et al., 1977]. The exist-

ing parameter sets of UNIFAC were correlated primarily
for nonaqueous organic mixtures typically important in
chemical industries [Gmehling, 1995]. These parameter
sets are fit to represent accurately properties of highly
concentrated nonpolar systems of short-chain hydro-
carbons and monofunctional compounds [Wu and San-
dler, 1989, 1991; Pividal and Sandler, 1990]. Since our
estimated sea salt aerosol composition includes long-
chain monofunctional and short-chain multifunctional
substances, we have revised the correlation by creating
additional “multifunctional groups.”

The activity coefficient varies with particle composi-
tion, namely, the mole fraction z,,, of a species m, where

Nom

Ty = . 3
m nw+zno+zni ( )
o i

The subscripts w, o, and ¢ of mole number n represent
water, organic compound, and ion, respectively. The
summations are over all organic species and ions. Be-
cause the contributions of interactions between species
are additive, the activity coefficients of species in solu-
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tion can be expressed as the sum of long-range (LR),
short-range (SR) and UNIFAC-based organic (U) inter-
actions [Li et al., 1994].

Invy, =Iny2R + InySR 4+ Inqyl. (4)

In (4), m refers to any species in solution (ions, water
and organic species). The long-range and short-range
parts come from the interaction between water and ions
[Clegg et al., 1992]. The long-range effect is the dom-
inant term for dilute aqueous solutions of electrolytes.
With increasing concentrations of ions, the short-range
effect dominates the activity coefficients. The interac-
tions between ions and organic compounds and between
water and organic compounds are described by the UNI-
FAC contribution.

3.1.1. Electrolyte-water interactions. In the
mole fraction based Pitzer equations [Clegg et al., 1992]
the activity coefficients have two parts: the long-range
and short-range interactions between water and ions.
These long-range and short-range effects depend on wa-
ter and ion interactions only and so are taken to be inde-
pendent of the organic species present. Hence Pitzer’s
equations are used to compute the corresponding con-
tributions to the activity coefficients as given by Clegg
et al.’s [1992] equations (24)—(26) for InvLR’ and equa-
tions (15)—(17) for InySE’, in which we have used the
inorganic mole fraction z;, where

/ Nm
Ty = Ny + Z g (5)

1
and m may be either water or an ion. Binary and
ternary interaction parameters required for these equa-
tions are taken from Clegg et al. [1998]. To convert
these activity coefficients from the inorganic mole frac-
tion basis z/, to the actual mole fractions, we employ

the translation

InyER = In 'y,I,’lR/ —In <1 - Z.m,) (6)
InySR = In fy,San —In (1 - Zxo> (7)

to calculate the effective activity coefficients in the
mixed organic-electrolyte solution.

3.1.2. Organic-water interactions. In UNI-
FAC, all neutral molecules are treated as combinations
of different groups. The behavior of a specific group is
assumed to be independent of its surrounding groups.
Thus the interaction parameters correlated from exper-
imental data of known systems can be used to pre-
dict unknown systems. This extrapolation is more re-
liable when the chemical structures of components in
unknown systems are similar to known systems because
the assumption about the independence of groups holds
better in this situation. The equations describing the
UNIFAC model are given by Fredenslund et al. [1977].

Existing versions of UNIFAC can be used to pre-
dict the properties of multifunctional compounds from
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Table 3. Group Interaction Parameters Used to Calculate Organic Water Interactions by the UNIFAC Approach.*

Nat ClI- -CH,® -OH® -COOH! -CH,CO® -CH,! -CH,O0%¢ -OH" -CH,' -COOH' -OH* H,O
Na™ 0 0 7794'  6654' 6654 6654" 376! 203! 147" 2292 1958' 1849 0
Cl- 0 0 8093' 53760" 53760 53760" 719! 638! 366!  2623'  2289' 2180 0
-CH," 7771t 8107 0 986.5  663.5 476.4 0 251.5  986.5 0 663.5  986.5 1318
-OH*® 5768  7032! 156.4 0 199 84 156.4  28.06 0 156.4 199 0 1000*
-COOHY 5768 7032! 315.3 -151 0 -297.8  315.3 -3385 -151 315.3 0 -151 1000
-CH,CO® 5768 7032 26.76 164.5  669.4 0 26.76 5202 1645 26.76  669.4  164.5  1000"
-CH,.f 636" 1027 0 986.5  663.5 476.4 0 251.5  986.5 0 663.5  986.5 1318
-CH,0%  -640' -720' 83.36 237.7  664.6 52.38 83.36 0 237.7 83.36 664.6  237.7 2007
-OH" 184" 488"  156.4 0 199 84 156.4  28.06 0 156.4 199 0 -189.7
-CH,' 1008 1491 0 986.5  663.5 476.4 0 251.5  986.5 0 663.5  986.5 1318
-COOH!  -23.3' -123.1' 3153 -151 0 -297.8 3153 -3385 -151 315.3 0 199  -163.3"
-OHk 208.8' 781.6' 156.4 0 199 84 156.4  28.06 0 156.4  -151 0 -92.3!
H,0O 0 0 541.3' 959! -530" -471} 300 193.1'  171.3' 300 64.60  224.4! 0

aFredenslund et al. [1977].

b.CH, (n=0,1,2,3) in long-chain monofunctional compounds.
¢-OH in long-change monofunctional compounds.

d_COOH in long-change monofunctional compounds.

e-CH,CO (n=2,3) in long-change monofunctional compounds.

f.CH,, (n=0,1,2,3) in monosaccharides.
8-CH,O (n=0,1,2) in monosaccharides.
h_OH in monosaccharides.

i_-CH, (n=0,1,2,3) in hydroxy-acids.
I.COOH in hydroxy-acids.

k_OH in hydroxy-acids.

Correlated by Y. Ming and L.M. Russell (submitted manuscript, 2001) from experimental data of Kojima et al. [1997], Xie et
al. [1997], Velezmoro and Meirelles [1998], Peres and Macedo [1997), Herz and Hiebenthal [1929], and Comesana et al. [1999]; all

other parameters were correlated by Gmehling et al. [1982].

the interaction parameters between groups derived from
monofunctional compounds for which there are exper-
imental data [Pividal and Sandler, 1990]. However, in
practice, this approach cannot provide reasonable repre-
sentations of multifunctional compounds with the same
accuracy as for monofunctional compounds [Wu and
Sandler, 1989, 1991]. The reason for its poor perfor-
mance is that the UNIFAC assumption of independence
of functional groups does not hold for neighboring po-
lar functional groups in the same molecule. To improve
the prediction of the behavior of multifunctional or-
ganic species, we introduce new groups specifically for
different types of multifunctional compounds in which
we have paired adjacent functional groups into single
“multifunctional” groups. The interaction parameters
of these groups are utilized to predict the behaviors of
substances with similar multifunctional structures. All
of the soluble organic compounds in our estimated sea
salt particle composition are multifunctional. Since the
parameter sets of existing UNIFAC models were derived
from and thus are only accurate for monofunctional sub-
stances, experimental data for the multifunctional com-
pounds present in sea salt aerosol (mainly sugars and
hydroxy acids) were used to fit a new set of interac-
tion parameters for several additional multifunctional
groups (for example, combined -OH and -COOH). The
new parameters fit malic acid, citric acid, and glucose
data to within 3%.

Interactions between inorganic ions and organic com-
pounds in UNIFAC are included by introducing ionic

groups. Since the long- and short-range interactions
are calculated from the long- and short-range terms
in (7), there are no additional interactions that must
be accounted for by UNIFAC, so the UNIFAC param-
eters describing ion and water interactions with each
other are set to zero, similar to the self-consistent ap-
proach proposed by Clegg et al. [2001]. Interaction
parameters between ionic and organic groups are incor-
porated as UNIFAC interactions using the method of
Xie et al. [1997]. Thermodynamic data from the liter-
ature were used to describe electrolyte-organic interac-
tions [Kojima et al., 1997; Xie et al., 1997; Velezmoro
and Meirelles, 1998; Peres and Macedo, 1997; Herz and
Hiebenthal, 1929; Comesana et al., 1999]. The fitted
parameters used in UNIFAC to describe both multi-
functional compounds and electrolytes are compiled in
Table 3.

3.2. Phase Equilibrium

Using this algorithm to calculate the activity coeffi-
cients, we then determine the most favored free energy
configuration that satisfies (1). In doing this, the algo-
rithm also allows for solid and liquid phases to form in
addition to the aqueous phase. The differences in polar-
ity of electrolytes, organic compounds, and water tend
to encourage the formation of more than two phases
at low relative humidities, each phase containing sub-
stances of similar polarity level. Particle water content
influences the distribution of other aerosol components
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among possible phases and therefore dictates the water
activity in solution.

The total mass of each component present in the sys-
tem (in all liquid, solid, and vapor phases) is fixed from
our estimated sea salt organic composition. Then the
corresponding amount of water is allowed to vary dur-
ing the optimization. The solid phases include pure
organic species and all forms of inorganic salts that can
be formed from the ions present. The distribution of
species among phases is determined by minimizing the
total Gibbs free energy of the system. This energy is de-
scribed for single homogeneous solid, liquid, and vapor
phases in equilibrium in (1). Expressing (1) explicitly
in terms of the contributions from the species present
in each of these phases and allowing multiple liquid and
solid phases to be present results in

> (Z ping + ZMZ”?;)
s 1 o
[ DED SRR O
+ Zo.l\/al\/ + ZZJS[ sl’ (8)
l

where s denotes a solid phase, [ denotes a liquid phase,
and V denotes the vapor phase. The reference states of
the organic and ion species is solid, whereas the refer-
ence state for water is vapor. Equation (8) can be sim-
plified by noting that the reference states of the chem-
ical potentials cancel and that the phase changes can
be described by ratios of fugacities or equilibrium con-
stants to obtain the change in Gibbs free energy

AG = G-G°
1575 nt
ziy )

= RTZZIn(
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where o and ¢ denote organic and ionic species in solid
and liquid phases (Y. Ming and L.M. Russell, submit-
ted manuscript, 2001). The variables nfc, xfc, and ’yfc
are the mole number, mole fraction, and activity coeffi-
cient in liquid phase [; iéc and ﬁfc are the mole fraction
and activity coefficient in liquid phase | at saturation.
The ratio of liquid-to-solid reference fugacities, f%/f5
quantifies the energy of melting pure organic o from
solid to liquid. Traditionally, the term fugacity ratio is
only used with organic compounds; for salts the same
property is defined as the equilibrium constant at the
solubility limit K;. In other words, we use

G

I

_+_

(9)
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where the solublities are calculated using Clegg et al.
[1998]. The genetic optimization algorithm GENOCOP
11T [Michalewicz and Nazhiyath, 1995] then searches for
the minimum value of G, subject to nonnegative concen-
trations and conservation of mass of each component.

(10)

3.3. Surface Tension Algorithm

Surface tension increases the relative humidity re-
quired to be in equilibrium with the water in the par-
ticle. The dissolution of salts and organic compounds
alters the surface tension of an aqueous solution [Li et
al., 1994]. Electrolytes increase the surface tension, but
many organic compounds lower the surface tension.

The solution present in aerosol can be divided into a
surface phase and a bulk phase. The surface phase is
the thin layer immediately adjacent to the gas phase,
so the pressure there is equal to atmospheric pressure.
The mass occupied by the surface phase is assumed to
be negligibly small relative to the bulk phase and the
composition of the surface phase is assumed to be in-
dependent from that of the bulk phase. Equilibrium of
organic species o at the interface between the surface
and bulk phases then requires that

RT . z545
0 =0y + ——In—2le 11
A, B8 1

where o and o, are the surface tension of the solution
and pure organic species o, respectively [Nath, 1999].
Surface tensions for pure species are calculated accord-
ing to Lyman et al. [1990]. The parameters 75 and
7B are the activity coefficients of o in the surface and
bulk phases, respectively, and z5 and 2B are the mole
fractions of o in the surface and bulk phases. A, is
the molar surface area of organic component o. The
concentrations of electrolytes in the surface phase are
assumed to be proportional to those in the bulk phase

using constants correlated from experimental data:
e (12)

where k; is measured experimentally for each species [Li

et al., 1994]. The surface tension is then determined

from experimental data for a solution with composition
S

z?.

2

4. Predicted Hygroscopic Growth of
Sea Salt Particles

Particle hygroscopic growth describes water uptake
from the vapor phase by soluble substances present in
particles. The hygroscopic growth factor (GF) serves as
a quantitative description of the amount of water taken
up using a ratio of the diameter at ambient humidity
(D, ru) relative to the original dry particle size (Dp gry)
and is given by Hameri et al. [2000] as

DP,RH

GF(RH) = 2~
p,dary

(13)
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Figure 1. Predicted hygroscopic growth for bulk so-
lutions of varying organic composition. The composi-
tions studied are (1) 30% organic species and 70% in-
organic salts (base case, solid line), (2) a lower organic
content case of 10% organic species and 90% inorganic
salts (dashed-dotted-dotted line), (3) a higher organic
content case of 50% organic species and 50% inorganic
salts (dashed line), (4) 100% organic species (dashed-
dotted line), (5) 100% inorganic salts found in seawater
(thin solid line), and (6) 100% NaCl (thin dotted line).

In hygroscopic growth factor measurements the relative
humidity is lowered below the efflorescence point to dry
out the particles, and then the humidity is increased
to obtain the dependence of particle growth factors as
relative humidity increases [Cruz and Pandis, 2000].
To describe this complex mixture, we have made a
series of assumptions about sea salt particles based on
incomplete data about their composition. In this sec-
tion we use these simplifications to study this simplified
behavior for sea salt particle mixtures in bulk solutions
and in particles of different sizes. All of the experimen-
tal data used here were measured at 298 K, so the pre-
dictions here are only accurate near 298 K because the
model does not include parameterizations of the tem-
perature dependence of the solution properties. Sec-
tion 4.1 evaluates these assumptions, the accuracy of
the limited data available, and their importance to our
conclusions. These simplifications to describe sea salt
particle chemical equilibria are that (1) insoluble species
exist in particles as independent solid phases that ad-
sorb a negligible amount of water, (2) secondary inor-
ganic components of seawater (Mg?+, Ca?t and SO3™)
have negligible interactions with organic species, and
(3) insoluble organic compounds in sea salt are rep-
resented by the molecular weight and density of the
range of alkanes, acids, and alcohols in Table 2; soluble
organic compounds in sea salt are represented by the
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molecular weight, density, solubility, activity, and sur-
face tensions of the mixture of malic acid, citric acid,
glucose, and fructose given in Table 2.

In addition, we assume here that sea salt formation
mechanisms are chemically homogeneous, such that sea
salt particles present in the atmosphere are internal
mixtures representative of the estimated organic (and
inorganic) composition. Few data are available to eval-
uate this assumption for sea salt, but a comparison of
internally mixed and externally mixed aerosol growth
shows few differences (Y. Ming and L.M. Russell, sub-
mitted manuscript, 2001).

4.1. Sea Salt Organic Species in Bulk Solutions

These assumptions constrain the equilibrium behav-
ior of the mixture, providing a description of the in-
ternally mixed behavior of sea salt particles. Organic
species provide some additional ions that dissolve be-
low the deliquescence point of sodium chloride but also
some insoluble material that does not dissolve at all
(even though they may be present in particles that do
take up water). The net effect is to create particles that
take up more water at lower humidities but less water
overall than either a pure sodium chloride or a strictly

inorganic seawater solution. In this study, the basis for
comparison is taken to be constant dry mass of both
soluble and insoluble components (that is, all nonwater
mass).

This section considers the case of a bulk quantity of
solution, namely, one in which the interfacial energy
contribution on a mass basis is negligible because the
particle diameter is effectively infinite (and hence the
amount of interfacial area relative to the volume of the
“particle” is small). In the system studied here, we
approach this limit for diameters > 1000 nm.

4.1.1. Sea salt with 30% organic composi-
tion. Figure 1 shows the hygroscopic growth of the
sea salt mixture that includes 30% of the estimated or-
ganic composition. The comparison shows differences
in water uptake below and above 75% (NaCl deliques-
cence) compared to inorganic sea salt (with 0% organic
composition). Both curves take up water below 75%,
although the 30% organic case has a higher initial hy-
groscopic growth since fructose dissolves at 62% relative
humidity. In addition, the internal mixture of organic
species and inorganic salts takes up more water than
the sum of both species independently because of the
organic-electrolyte interactions [Andrews and Larson,
1993; Hansson et al., 1998].

At 75% relative humidity the sodium chloride that
constitutes the majority of the solute present dissolves
resulting in a steeply sloped hygroscopic growth curve.
Above this relative humidity the hygroscopic growth is
significantly lower than both pure sodium chloride and
15% lower than inorganic seawater because 9% of the
dry mass consists of insoluble organic compounds and
15% consists of the remaining soluble compounds citric
acid, glucose, and malic acid. These three soluble com-
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Figure 2. Predicted hygroscopic growth of particles
with varying dry diameters at organic contents of (a)
10%, (b) 30%, and (c) 50%. The dry diameters shown
are (1) bulk case (thick solid line), (2) 15 nm (dashed
line), (3) 35 nm (dashed-dotted-dotted line), (4) 50 nm
(thin solid line), (5) 75 nm (dashed line), and (6) 165
nm (dotted line). For curves with multiple equilibria
near deliquescence, shaded lines show the deliquescence
path and shaded dotted lines show unstable equilibria.

pounds dissolve as relative humidity increases, at 84%,
86%, and 87%, respectively. Above this relative humid-
ity only the very insoluble compounds remain undis-
solved, resulting in lower hygroscopic growth than the
strictly inorganic salt composition.
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4.1.2. Varied organic composition. Since the
fraction of sea salt particles that consists of organic
species has not been well characterized by measure-
ments and also will vary with local seawater concentra-
tions, Figure 1 also compares the influence of differing
fractions (10% and 50%) of the same estimated organic
composition to the base case composition of 30% or-
ganic. The 10% organic case is within 5% of the hygro-
scopic growth of the inorganic sea salt composition, so
that few differences would be discernible by measure-
ment techniques. The 50% organic case has 25% less
growth than the inorganic case.

In this comparison we have kept the relative concen-
tration of each organic species constant. As a con-
sequence, the fraction of organic mass that dissolves
at each successive deliquescence point is similar, thus
maintaining the shape of the hygroscopic growth curves
but shifting them to lower magnitudes as the organic
fraction (and hence the insoluble mass) is increased. If
the types and relative amounts of organic species are
also varied, then the qualitative features of the hygro-
scopic growth curve also change. The effect of changing
the composition of the estimated sea salt organic frac-
tion is discussed in section 5.3.

4.2. Sea Salt Particle Size-Dependent Behavior

In order to extend the model to the behavior of parti-
cles of specific submicron diameters, the interfacial en-
ergy terms in (9) become important. Figure 2 illustrates
that for a given composition and relative humidity, a
smaller particle will take up less water than a larger
particle. For atmospheric aerosol particles the range of
diameters for which this model applies is 5 to 1000 nm.
Above 1000 nm the effect of surface tension is negligi-
ble for the compositions and relative humidity ranges
of interest here. Below 5 nm the size-independent
bulk surface tension on which (9) relies may not ac-
curately represent the submacroscopic molecular inter-
actions among the finite number of molecules in these
clusters [Girshick and Chiu, 1990; Wilemski, 1995].

Particles of 165 nm diameter differ by < 5% from the
bulk solution. Decreasing the diameter to 75 and 50 nm
shows additional decreases in hygroscopic growth, but
for dry particle sizes of 35 and 15 nm the shape of the
curve in the deliquescence region shifts from positively
sloped past vertical to negatively sloped. This slope is
caused by the surface tension of the liquid/vapor in-
terface competing with the dissolution of NaCl after
reaching the solubility limit. The negative slope results
in three predicted equilibria for a small range of rela-
tive humidities near the deliquescence point, where the
third equilibrium is the partially wet particle (and the
first two are the dry and wet states).

Deliquescence is predicted to occur when the Gibbs
free energy of the wet particle (as given by equation
(1)) is less than that of the dry particle. For the mix-
tures studied here, the sodium chloride as well as other
species will adsorb water prior to deliquescence such
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Figure 3. Predicted hygroscopic growth of particles with varying organic contents at a range
of particle sizes. The sizes shown are (a) 15 nm, (b) 35 nm, (¢) 50 nm, (d) 75 nm, and (e)
165 nm. The compositions shown are (1) 30% organic species and 70% inorganic salts (base
case, solid line), (2) a lower organic content case of 10% organic species and 90% inorganic
salts (dashed-dotted-dotted line), (3) a higher organic content case of 50% organic species and
50% inorganic salts (dashed line), and (4) a 100% organic content case (dashed-dotted line).
For curves with multiple equilibria near deliquescence in Figures 3a and 3b, shaded lines show
the deliquescence path and shaded dotted lines show unstable equilibria. In addition, the plot
illustrates recent measurements of ambient particle growth from field project data reported by
Berg et al. [1998] (ACEL, triangles), Swietlicki et al. [2000] (ACE2, circles), and Zhou et al.
[2001] (AOE, squares). The particles were grouped by those authors as particles similar to sea
salt (solid symbols), particles that are more hygroscopic than sulfate (shaded symbols), and
particles that are less hygroscopic than sulfate (open symbols). The error bars on the symbols
indicate the standard deviation for each category during the project.

that the dry particle will be coated with a layer of wa-
ter [Peters and Ewing, 1997a, 1997b; Foster and Ew-
ing, 1999, 2000]. Since we have used experimental data
from bulk surfaces to describe adsorption onto particles
of finite diameters, we have omitted here contributions

from the disjoining pressure of the initial aqueous film
on the particle surface [Israelachvili, 1996; Adamson,
1990]. Preliminary experiments of water adsorption on
small particles show that water will adsorb on parti-
cles smaller than 400 nm, but there is some evidence



MING AND RUSSELL: PREDICTED HYGROSCOPIC GROWTH OF SEA SALT AEROSOL

0.00

-0.04

-0.08

-0.12

Agmix /RT

-0.16

-0.20

-0.24

-0.28 ) | L L |
30 40 50 60 70

Relative Humidity (%)

Figure 4. Gibbs free energy of system phase equilib-
rium for individual solid phases for undissolved compo-
nent (dashed line) and for a nonaqueous phase liquid
mixture of undissolved organic species (solid line).

that the amount adsorbed below the deliquescence rel-
ative humidity is enhanced over a bulk surface [Weis
and Ewing, 1996]. Clearly more experimental studies
are needed to evaluate this approach.

The straight vertical line for each case in Figure 3a
shows the relative humidity at which the wet particle
free energy drops below the dry. The free energy of the
partially wet state is higher than both the wet and dry
states at all relative humidities, so this state represents
an unstable equilibrium. Since the mixtures here in-
clude compounds (e.g., magnesium sulfate) which take
up water below 70% relative humidity, the “dry” state
will include some water associated with components
other than NaCl. For example, for 15 nm sea salt par-
ticles with 10% organic composition, deliquescence oc-
curs at 78% relative humidity when the free energy of
the wet particle has decreased to 3.50 x 1020 x RT,
which is just below the free energy of the dry particle
at 3.56 x 1072° x RT (at lower relative humidities, the
free energy of the wet particle is higher than the dry
particle). At this relative humidity the free energy of
the partially wet particle is 3.65x 10720 x RT, so that it
is less stable than both dry and wet states. Russell and
Ming [2001] discuss the stability of these partially wet
states in detail, as well as the sensitivity of this result
to the value of the solid/liquid surface tension. For the
sea salt mixtures described here, in the absence of data
for solid/liquid surface tensions for other species, the
solid/liquid interface is approximated by measured val-
ues for NaCl (65 = 29 mN m~!) and the liquid/vapor
interface is calculated as a mixture of saturated NaCl
solution (¢ = 83 mN m™!) with contributions from
dissolved organic species calculated as described in sec-
tion 3.3.
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The same trends are seen in all of the particle sizes
shown, including a jump in water uptake that occurs
in each curve when the remaining NaCl dissolves as the
relative humidity reaches 75%. Outside of the relative
humidities near the deliquescence region in which rapid
growth occurs, the hygroscopic growth decreases almost
linearly with dry particle sizes between 165 and 15 nm.

4.3. Comparison to Measured Hygroscopic
Growth of Ambient Particles

Berg et al.  [1998], Swietlicki et al. [2000], and Zhou
et al. [2001] have measured the hygroscopic growth of
ambient particles in marine environments in the South-
ern Ocean, the northeastern Atlantic Ocean, and the
Arctic Ocean, respectively. Their results are consistent
with the presence of two or more types of particles, one
of which was frequently similar in growth characteris-
tics to sea salt. Another particle type that appeared
frequently (classified in the above studies as “less hy-
groscopic”) seemed to have low water uptake properties
that would be similar to particles that were primarily
composed of organic species. Their measured hygro-
scopic growth factors for particles of 15, 35, 50, 75, and
165 nm in diameter are illustrated in Figure 3.

Figure 3b shows that for 35-nm-diameter measure-
ments the particle classes identified as “sea salt” had
hygroscopic growth properties similar to inorganic sea
salt mixed with between 10% and 30% organics. The
Arctic Ocean results are almost identical to the 30%
organic case, while the northeastern Atlantic Ocean sea
salt particles measured during ACE2 have < 10% or-
ganic compounds and are only slightly less hygroscopic
than is predicted for pure inorganic sea salt (with 0%
organics). For 50-nm particles in Figure 3c and 75-nm
particles in Figure 3d the 10% organic case provides a
good prediction of the hygroscopic growth, but the 165-
nm case in Figure 3e has a lower hygroscopic growth
that compares better with the growth for ~ 20% organic
compounds. The error bars show that the reported un-
certainty in the measurement is comparable to the dif-
ference between the 10% and 30% organic cases, limit-
ing our ability to draw more specific conclusions. An
alternative interpretation is that some non-sea-salt sul-
fate was also present that would reduce the hygroscopic
growth. Since particle composition measurements asso-
ciated with each of these particle types are not available,
this comparison serves only to highlight the consistency
of the measurements with sea salt particles containing
organic species.

In addition, the northeastern Atlantic Ocean and
Arctic Ocean samples that included the particle type
identified as “less hygroscopic” [Swietlicki et al., 2000;
Zhow et al., 2001] are consistent with a 100% mixture
of the estimated sea salt organic composition (with no
inorganic ions present). While there are certainly infi-
nite combinations of organic species that yield similar
hygroscopic behavior, this result does suggest that this
type of particle is consistent with ocean-derived organic
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Figure 5. Effect of organic-electrolyte interactions for
secondary inorganic ions (Mg?*, SO3~, and Ca?*) on
hygroscopic growth. The hygroscopic growth for the
base case composition (30% organics and 70% inorganic
salts) was calculated assuming (1) that these secondary
ions had no interactions with organic species (solid line)
and (2) that each secondary inorganic ion had twice the
“salting-out” effect of Nat or Cl~ (dashed line).

particles that have little or no inorganic salts present.

The hygroscopic growth measurements also fre-
quently reported a “more hygroscopic” category of ob-
served particle growth. The “more hygroscopic” type
particles are likely to include a significant fraction of
ammonium sulfate based on the presence of both am-
monium and sulfate ions in associated bulk filter mea-
surements [Quinn et al., 1998; 2000]. Nonetheless, these
calculations indicate that the hygroscopic growth mea-
sured would also be consistent with a mixture of sea salt
with ~ 50% marine organic species. The variability in-
dicated by the bounds of the whiskers on the measured
hygroscopic growth values shows that there was a signif-
icant standard deviation in the hygroscopicities of the
particles measured in each field project. This variabil-
ity suggests that different compositions of particles were
found on different days.

5. Model Uncertainties

Testing the model sensitivity to assumptions and its
uncertainties with experimental data challenges the ro-
bustness of our conclusions. We have calculated the
equilibria predicted when each of our assumptions is
relaxed. This approach includes the neglect of interac-
tions of nonNaCl inorganic ions with organic species,
the estimated organic composition, the presumed in-
ternal mixing of sea salt particle components, and the
phase state of nonaqueous components. In addition,
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we have estimated the model error propagated by the
experimental errors in data used to make our empirical
parameterizations. This calculation serves to provide an
indication of the most important measurements needed
to reduce the uncertainties in the hygroscopic growth.

5.1. Sensitivity to Nonaqueous Particle Phases

To facilitate the search for the minimum free energy
configuration that satisfies equation (9), it is convenient
to constrain the components or parts of components
that do not dissolve into separate solid or liquid phase as
determined by their pure component properties. Since
excess properties are not additive, the assumption does
not hold for combinations of organic solids that can
form liquids because the mixture melting point is lower
than any of the melting points of the individual solids
[Peters et al., 2000]. Relaxing this assumption showed
that the insoluble organic mixture described in Table 2
will form a nonaqueous phase liquid (NAPL) and that
this configuration results in a lower Gibbs free energy
for the system, as illustrated in Figure 4.

The hygroscopic growth properties of the particles
that include NAPL states are identical to the con-
figuration with solid organic species since neither the
solids nor the NAPL components take up water. Small
changes are predicted for the particle density and sur-
face interactions, although these considerations are ar-
guably more dependent on the morphology and mixing
homogeneity (which have not been considered here).

5.2. Sensitivity to Inorganic Ion Interactions
With Organic Species

Including the electrolyte-organic interactions follow-
ing the approach of Xie et al. [1997] requires experimen-
tal data for the activity coefficients of the electrolyte
with a range of organic compounds, as discussed by (Y.
Ming and L.M. Russell, submitted manuscript, 2001).
Since these data are not currently available for the
secondary inorganic ions present in seawater (namely,
Mg?*, Ca?*, and SO?{ ions), the organic-electrolyte
interactions for these species have been neglected in the
preceding hygroscopic growth calculations. We have
estimated the magnitude of the error incurred by this
assumption by comparing the growth factors with (1)
no organic-electrolyte interactions for Mg?*, Ca?*, and
SO2~ ions or (2) treating each Mg?*, Ca?*, and SO3~
ion as two additional Nat or Cl~ ions. The latter sce-
nario considers a “worst-case” scenario in which the
“salting out” effect of sulfate ions are double that of
each chloride ion. Figure 5 shows that because sulfate
accounts for only 3.5% of the inorganic salt mass there
is less than a 2% difference between the two assump-
tions in the deliquescence region and negligible differ-
ences elsewhere.

Even though these secondary inorganic ions account
for ~ 15% of the total ions in sea salt, the interactions
of these ions with different classes of organic compounds
has only a small effect on the predicted growth accord-
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Figure 6. Sensitivity of predicted hygroscopic growth
to different organic species for (a) insoluble organic
components, (b) sugars, and (c) organic acids. Base
case of (1) 30% organics and 70% inorganic salts (solid
line) is compared to an all-insoluble case with (2) 30%
insoluble organics and 70% inorganic salts (dotted line)
(Figure 6a); an all-glucose case with (3) 24% glucose,
6% insoluble organics, and 70% inorganic salts (dot-
ted line) and an all-fructose case with (4) 24% fructose,
6% insoluble organics, and 70% inorganic salts (dashed
line) (Figure 6b); and an all-malic acid case with (5)
24% malic acid, 6% insoluble organics, and 70% inor-
ganic salts (dotted line) and an all-citric acid case with
(6) 24% citric acid, 6% insoluble organics, and 70% in-
organic salts (dashed line) (Figure 6c).
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ing to the bounding scenarios investigated here. These
results suggest that these additional interactions have
a negligible impact on hygroscopic growth (unless their
organic interactions are significantly stronger than the
model Nat and Cl~ ions), although major distinctions
will occur in the deliquescence region.

5.3. Sensitivity to Estimated Organic
Composition

The limited availability of data on the behavior of
soluble and slightly soluble organic components has re-
sulted in the simplified description of those components
given in Table 2. While we cannot study the possible
role of specific species whose thermodynamic behavior
has not been characterized, we can compare the behav-
ior of the components for which we do have data. In
order to better illustrate differences from the base case
behavior, we have omitted Mg?* for this comparison.

The insoluble organic species are described as a de-
tailed mixture of 20 species, but since they do not dis-

solve in the aqueous phase, their only role in parti-
cle properties is in how they contribute to the particle
density and surface interactions. The surface proper-
ties will also rely heavily on individual particle mor-
phologies. Figure 6a shows the difference between the
estimated organic composition and a mixture of all-
insoluble organic species. Removing the soluble organic
species entirely reduces the hygroscopic growth by 10%.

The soluble species can also have very different influ-
ences on the hygroscopic growth, since the more soluble
components deliquesce at lower relative humidities. In
addition, the smaller organic ion species will take up
more water on a mass basis. Figures 6b and 6¢ show the
effect of replacing the mixture of soluble organic species
with each of the four pure soluble components. A clear
distinction appears below 70% relative humidity when
fructose is removed, since no other species dissolves be-
low 50%. In Figure 6b, at 70% the glucose dissolves and
above 72% relative humidity the behavior of both the
pure glucose and the pure fructose cases becomes indis-
tinguishable from the base case organic mixture. Small
differences can also be seen when malic acid or citric
acid are considered in Fig. 6c, since neither dissolves
before NaCl deliquesces.

5.4. Sensitivity to Empirical Correlations

All of the chemical activities and interfacial energies
in equation (9) for pure components and their mixtures
are derived from measurements in which experimental
uncertainties are inherent. Since such errors can prop-
agate in a calculation as complex as the one described
here, we have varied individual empirical parameters
in order to quantify the aggregate uncertainty in the
model. While this calculation does not span the en-
tire range of parameter space, it provides appropriate
bounds on the uncertainties and some idea, of the criti-
cal measurements required to improve model accuracy.
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Table 4. Sensitivity of Model Predictions to Experimental Uncertainty in Data Used to Correlate

Empirical Parameters

Interaction Parameters Reference Uncertainty of Sensitivity of
Between Functional Groups Experimental Predicted RH
Measurements
at 73% at 84%
CH,, and H,O in multifunctional  Mertl [1972] +0.1% +1.0% +0.6%
compounds (mole fraction)
Sugars and H,O Peres and Macedo [1997] +0.44%(RH) +£3.4% *+1.0%
Acids and H,0 Velezmoro et al. [1998] +0.15%(RH) +2.9% +1.0%
Acids and H,O Apelblat et al. [1995] +14%(RH) +1.6% *£1.1%
Sugars and ions Comesana et al. [1999] +0.5%(RH) +3.1% +1.0%
Acids and ions Herz and Hiebenthal [1929] +20%(mol L™Y)  +4.2%  +1.4%

The experimental data are correlated in the model to
estimate interaction parameters for each of the types of
compounds described in the model. The five types of
interactions needed to describe organic mixtures in sea
salt are (1) interactions between multifunctional groups
and water, (2) interactions between sugars and water,
(3) interactions between carboxylic acids and water, (4)
interactions between sugars and electrolytes, and (5)
interactions between carboxylic acids and electrolytes.
Table 4 summarizes these sensitivity studies: each sen-
sitivity test was conducted by running the model with
the extreme high and low values of the reported exper-
imental data in the references given. Since the model
is more sensitive at humidities near the deliquescence
point, each calculation has been done at both a low rel-
ative humidity near deliquescence (73%) and a higher
relative humidity (84%). The resulting changes in pre-
dicted hygroscopic growth are described by the percent-
age change in relative humidity. The estimated ex-
perimental uncertainties are within 5% change in the
predicted equilibrium relative humidity. The so-called
“salting out” effect between carboxylic acids and elec-
trolytes can change the fraction of ions dissolved by up
to 20%, resulting in up to a 4.2% difference in the equi-
librium relative humidity at 73% relative humidity or
up to a 1.6% difference at 84% relative humidity.

6. Conclusions

For the seawater organic species studied here, the
presence of only 30% organic species in atmospheric
particles at relative humidities higher than 50% reduces
the predicted hygroscopic growth for an equilibrium in-
ternal mixture by 15% from the growth predicted for
purely inorganic sea salt. Organic mass fractions of
50% or higher reduce growth by 25% compared to in-
organic sea salt or eliminate water uptake entirely in
subsaturated conditions. This effect may have impor-
tant implications for particle behavior used for calculat-
ing global aerosol optical depths, since the magnitude
is comparable to the inorganic composition differences
studied by Adams et al. [1999]. Comparison to am-

bient hygroscopic growth factor measurements suggests
that organic fractions of 10% to 30% are consistent with
measured hygroscopic growth of ambient particles.

Significant uncertainties remain in the identification
of the exact speciated composition of organic particles
of marine origin. In addition, the behavior of the major-
ity of existing organic species are not well characterized
in complex mixtures with electrolytes in water. The
sensitivity studies suggest that while the magnitude of
the effect will vary with the exact speciated composi-
tion, the largest uncertainty lies in identifying the frac-
tion of organic mass in the particle and the proportion
of that organic mass that is soluble, slightly soluble, or
insoluble.
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