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Abstract

A series of modeling approaches for the description of the dynamic behavior of secondary organic aerosol (SOA)

components and their interactions with inorganics is presented. The models employ a lumped species approach based

on available smog chamber studies and the UNIquac Functional-group Activity Coefficient (UNIFAC) method to

estimate SOA water absorption. The additional water due to SOA species can change the partitioning behavior of the

semi-volatile inorganics. Primary organic particles significantly influence the SOA partitioning between gas and aerosol

phases. The SOA size distribution predicted by a bulk equilibrium approach is biased toward smaller sizes compared

with that of a fully dynamic model. An improved weighting scheme for the bulk equilibrium approach is proposed in

this work and is shown to minimize this discrepancy. SOA is predicted to increase the total aerosol water in Southern

California by 2–13% depending on conditions. However, the effect of SOA water absorption on aerosol nitrate is

insignificant for all the cases studied in Southern California.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Atmospheric aerosols consist of complex mixtures of

inorganic and organic components (Pandis et al., 1995).

The organic fraction of the aerosols generally contri-

butes 30–60% of the total fine particulate matter (PM)

in the atmosphere (Chow et al., 1994; Moln!ar et al.,

1999), and thus has significant effects on atmospheric

aerosol properties. While considerable progress has been

made in understanding the physical and chemical

properties of inorganic aerosols (Pilinis and Seinfeld,

1987; Wexler and Seinfeld, 1990, 1991; Kim et al.,

1993a, b; Kim and Seinfeld, 1995; Jacobson et al., 1996;

Nenes et al., 1998; Ansari and Pandis, 1999) our
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knowledge of organic aerosols remains limited due to

their chemical complexity.

Organic carbon (OC) can be divided into two

categories: primary and secondary OC. The former is

emitted directly into the atmosphere and the latter is

produced via photo-oxidation of hydrocarbon precur-

sors. However, these two components cannot be

identified directly. One of the approaches used for the

estimation of the secondary organic aerosol (SOA) levels

is use of chemical transport models. These mathematical

models simulate the SOA precursor emission, organic

aerosol formation, chemical transport, and deposition.

The first modeling efforts treated each SOA component

independently and neglected the interactions between

organic and inorganic components (Pandis et al., 1992,

1993). In these approaches, the gas phase products of

organic vapors condensed onto the aerosol phase when

their gas phase concentrations exceeded their saturation
d.
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concentrations. The second-generation models assumed

that the SOA species form a solution. In this description,

the SOA species can partition into the aerosol phase

even if their gas phase concentrations are below their

saturation levels (Pankow, 1994a, b). A series of studies

have shown that a two-product absorption-model which

assumes that each precursor produces two condensable

products fits well the experimental data (Odum et al.,

1996, 1997a, b; Hoffmann et al., 1997; Griffin et al.,

1999a).

With the smog chamber results, Strader et al. (1999)

simulated the SOA formation in a winter episode in

southern California using a chemical transport model

which assumes thermodynamic equilibrium between the

gas and aerosol phases. A fully dynamic SOA model was

developed by Bowman et al. (1997) and was applied to

the simulation of smog chamber experiments. Meng et al.

(1998) included an absorptive SOA model simulating

two aromatic precursor groups in their three-dimen-

sional aerosol model while their discussion focused on

ozone and inorganic PM. Andersson-Sk .old and Simp-

son (2001) employed the a-pinene chemical mechanism

by Kamens et al. (1999) and a temperature-adjusted

version of the Griffin et al. (1999b) model in a

Lagrangian oxidant model and concluded that SOA

formation from biogenic precursors is greater than

that from anthropogenic ones in Nordic countries.

Schell et al. (2001) drew a similar conclusion from

their simulation of SOA formation over Europe. Griffin

et al. (2002b) applied their three-dimensional

atmospheric model which included the gas-phase che-

mical mechanism by Griffin et al. (2002a) and the

thermodynamic module by Pun et al. (2002) to a

summer smog episode in southern California and

showed that anthropogenic sources are dominant

contributors to total SOA formation in the area.

Those three-dimensional models generally employ

the equilibrium approach to reduce the computa-

tional costs. However, the ability of the equilibrium

approach to simulate accurately the total SOA

concentration and its size distribution has not been

evaluated.

The contribution of SOA to the total aerosol water

content has been another important issue. Organic

components may affect the hygroscopic properties of

atmospheric aerosols (Zhang et al., 1993; Saxena et al.,

1995; Cruz and Pandis, 1998, 2000). Predicting the water

absorption by the organic fraction of atmospheric

aerosols is challenging because thermodynamic data

such as water activity coefficients are scarce for atmo-

spherically relevant organic compounds. Recent at-

tempts to estimate the hygroscopic properties of SOA

species include the use of group contribution methods

(Saxena and Hildemann, 1997; Jang and Kamens, 1998;

Ansari and Pandis, 2000; Cocker et al., 2001; Hemming

and Seinfeld, 2001; Peng et al., 2001; Seinfeld et al.,
2001). The main advantage of this approach is that the

interaction between numerous organic species can be

reduced to that of a small number of functional groups.

Although a few efforts to predict the thermodynamics of

a mixture of both organics and inorganics have recently

been reported (Clegg et al., 2001; Ming and Russell,

2002), they are still limited due to the paucity

of thermodynamic data for species of atmospheric

interest.

In spite of all the efforts there are still remaining

questions: (a) which of the equilibrium and dynamic

approaches should be used to model organic aerosols?

(b) how does water absorption by SOA affect the

partitioning of inorganics between gas and aerosol

phases? To address these issues, in this study the

equilibrium and fully dynamic SOA models are inte-

grated with available inorganic models and evaluated

against ambient atmospheric data. A two-product

absorption-model for SOA is coupled with an inorganic

aerosol model in a one-dimensional chemical transport

model. The equilibrium and fully dynamic behavior of

SOA components coupled with that of inorganic

components is then discussed.
2. SOA modeling

The host model is a one-dimensional Lagrangian

trajectory model which simulates gas-phase chemistry,

vertical dispersion, dry deposition, and primary emis-

sions (Pandis et al., 1992). The SAPRC gas-phase

chemical mechanism has been extended to include

formation of organic precursors (Carter, 1990; Pandis

et al., 1992). Included in this framework are equilibrium

and dynamic inorganic aerosol modules. In the equili-

brium approach, a thermodynamic inorganic model,

ISORROPIA by Nenes et al. (1998) determines the bulk

inorganic mass to be transferred between gas and

aerosol phases and a weighting scheme based on the

surface area (Pandis et al., 1993) distributes it over the

aerosol size distribution. On the other hand, the

multicomponent aerosol dynamic model (MADM) by

Pilinis et al. (2000) is used to simulate the fully dynamic

behavior of inorganics. The moving size distribution

used internally in the aerosol modules is mapped onto a

fixed grid system by a linear interpolation scheme for

mixing between different computational cells. The

inorganic model is described in detail in Koo et al.

(2003).

The equilibrium and fully dynamic SOA models were

incorporated into this framework. In the dynamic

approach, a fundamental flux equation determines the

mass transfer rates of organic species for each size

section, which are proportional to the difference

between their bulk gas-phase concentrations and equili-

brium concentrations at the particle surface (Seinfeld
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and Pandis, 1998):

Ji;k ¼ 2pNkdkDif ðKn; aÞðci � c
eq
i ZÞ;

where Ji;k is the flux of species i to aerosol size section k;
Nk and dk are the number and mean diameter of

particles in the section k; respectively, Di; ci; and c
eq
i is

the diffusivity, bulk gas-phase concentration, and

equilibrium concentration at the particle surface of

species i; respectively, f ðKn; aÞ is the correction for non-

continuum effects and imperfect accommodation, Kn is

the Knudsen number, a is the accommodation coeffi-

cient, and Z is the Kelvin effect correction. The

equilibrium concentration of each species is given by

assuming absorptive partitioning in a pseudo-ideal

solution:

c
eq
i ¼ xi;kc�i ;

where xi;k is the mole fraction of species i in the section

k; ci
� is the effective saturation concentration of species i

(it accounts for non-ideality of the solution).

The equilibrium approach employs the secondary

organic aerosol model (SOAM II) by Strader et al.

(1999). In this model, the bulk equilibrium gas and

aerosol concentrations are first calculated. Considering

partitioning of n condensable products formed via

photo-oxidation of hydrocarbon precursors between

gas and aerosol phases:

ct;i ¼ cg;i þ ca;i ¼ aiDHCi;

where ct;i; cg;i; and ca;i are the total, gas-phase, and

aerosol-phase concentrations of product i in mgm�3,

respectively, DHCi is the corresponding amount of

reacted hydrocarbon precursor in mgm�3, and ai is the

stoichiometric coefficient for product i (in most smog

chamber experiments a is represented on mass basis, not

molar basis). Assuming the pseudo-ideal solution, a set

of n nonlinear equations

ca;i ¼ ct;i � xic
�
i for i ¼ 1; n;

xi ¼
ca;i=Mi

c0=M0 þ
Pn

j¼1 ca; j=Mj

is obtained where xi is the mole fraction of product i in

the absorbing organic phase, Mi is the molecular weight

of product i, and c0 and M0 are the concentration and

molecular weight of pre-existing organic material in the

absorbing phase, respectively. Solving this equation set

yields the bulk aerosol composition at equilibrium. The

aerosol size distribution is then determined by distribut-

ing the change in aerosol mass during the time step into

each size bin using a weighting factor (Pandis et al.,

1993). The fraction, fi;k; of total flux of species i between

gas and aerosol phases that condenses onto or evapo-

rates from an aerosol size section k is given by

fi;k ¼
2pNkdkDiðci � c

eq
i Þ=ðbk þ 1ÞP

k 2pNkdkDiðci � c
eq
i Þ=ðbk þ 1Þ
where bk ¼ 2l=adk and l is the mean free path of air

(Pandis et al., 1993). Assuming that c
eq
i is independent of

particle size, the fraction is reduced to

fi;k ¼
Nkdk=ðbk þ 1ÞP
k Nkdk=ðbk þ 1Þ

¼ fk

which is the weighting factor based on the surface area

used by Pandis et al. (1993). In general, however, c
eq
i

depends on the chemical composition of the particle.

With the pseudo-ideal solution assumption

fi;k ¼
Nkdkðci � xi;kc�i Þ=ðbk þ 1ÞP
k Nkdkðci � xi;kc�i Þ=ðbk þ 1Þ

:

Since the fraction determines the composition of each

size section the above equation should be solved

iteratively at each time step. Assuming that the chemical

composition changes slowly during a time step (a few

minutes), however, the mole fractions can be approxi-

mated with those from the previous time step.

In the original SOAM II three lumped aromatics and

toluene are included in the group of species that are

assumed to produce two condensable products (these

species will be referred as two-product precursors

henceforth). The original model was updated based on

the smog chamber experiments by Griffin et al. (1999a)

with the addition of two biogenic olefins (a-pinene and

b-pinene) to the two-product precursors. For the

remaining species only one product was assumed due

to the lack of experimental data (these species will be

referred as one-product precursors henceforth). How-

ever, the saturation concentrations estimated for the

products of one-product precursors in SOAM II are

uncertain. Tao and McMurry (1989) measured vapor

pressures for glutaric acid and adipic acid. Their values

extrapolated to 281.5K were 5 and 0.06mgm�3,

respectively. Bilde and Pandis (2001) and Bilde et al.

(2003) measured vapor pressures of C3–C9 dicarboxylic

acids and their values extrapolated to 281.5K ranged

from 0.001 to 9 mgm�3. These species have been

suggested as secondary products from photo-oxidation

of biogenic and anthropogenic olefins (Grosjean and

Friedlander, 1980; Yokouchi and Ambe, 1986; Stepha-

nou and Stratigakis, 1993). Estimated values for SOA

products from olefins in SOAM II were quite low

ranging from 0.004 to 0.008 mgm�3 (Strader et al., 1999).

Since the estimates by Strader et al. (1999) appear to be

the lower bound of the measured values, the saturation

concentrations for one-product precursors were in-

creased by two orders of magnitude in this model.

Model species and their parameters are listed in Table 1

and are discussed in more detail in Pandis et al. (1992).

Model sensitivity to these parameters will be discussed in

a subsequent section.

The temperature dependence of saturation concen-

trations is considered by the Clausius–Clapeyron



ARTICLE IN PRESS

Table 1

Model speciesa and parameters

Precursorsb Aerosol speciesb a (mgm�3 (mgm�3)�1) c� (mgm�3)c

One-product precursors

AAR1 AEA1 0 —

AAR2 AEA2 0d —

AAR3 AEA3 0.004d 2.36e

AAR4 AEA4 0.014d 3.14e

OLE1 AEO1 0.002 1.57e

OLE2 AEO2 0 —

OLE3 AEO3 0.004 1.96e

C7OL AEC7 0.013 2.36e

C8OL AEC8 0.035 2.75e

C9OL AEC9 0.044 2.75e

BALD AEBA 0.0008 2.75e

PBZN AEPB 0.0005 3.93e

PHEN AEPH 0.031 2.36e

CRES AECR 0.034 2.75e

NPHE AENP 0.037 3.14e

Two-product precursors

AAR5 AEA5 0.071 18.87

AEX5 0.138 526.3

AAR6 AEA6 0.038 23.81

AEX6 0.167 714.3

AAR7 AEA7 0.038 23.81

AEX7 0.167 714.3

TOLU AETL 0.071 18.87

AETM 0.138 526.3

APIN AEAP 0.038 5.848

AEAQ 0.326 250.0

BPIN AEBP 0.130 22.73

AEBQ 0.406 204.1

aOrganic species only.
bFor actual species refer to Carter (1990) and Pandis et al. (1992).
cReference temperature is 313K.
dCorrected with original reference values (Grosjean and Seinfeld, 1989).
eValues from Strader et al. (1999) multiplied by 100 (see text).
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equation

c�i ¼ c�i;0
T0

T
exp

DH

R

1

T0
�

1

T

� �� �
;

where c�i and c�i;0 are the saturation concentrations at

temperature T and T0, respectively, R is the gas

constant, and DH is the enthalpy of vaporization. While

the reported values for DH vary from species to species

we assume an average value of 17.5 kcalmol�1 for all

species (Sheehan and Bowman, 2001).

Recent studies have shown that primary OC can often

form a solution with SOA species and thus act like pre-

existing organic phase (Lee and Kamens, 2002). In this

work primary organic mass is regarded as pre-existing

absorbing material. The sensitivity to this assumption

will be explored in a later section.
3. SOA water absorption

To determine the contribution of SOA to the total

aerosol water content and its effect on the partitioning

of semi-volatile inorganic components between gas and

aerosol phases, the coupled approach by Ansari and

Pandis (2000) was employed. In this approach the SOA

water absorption is determined via available group

contribution methods and then used as an additional

input in the calculation of inorganic aerosol composition

with a thermodynamic model. In this work, the amount

of water absorbed by SOA species calculated by

UNIFAC is added to the water content associated with

inorganics from the ZSR relationship (Stokes and

Robinson, 1966) and this total water is then used to

calculate the equilibrium concentrations for inorganics

in ISORROPIA.
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Table 2

Selected representative SOA species

Precursor group Representative SOA species

Alkanes Nonanoic acid and pentadecanoic acida

Anthropogenic

olefins

Hydroxyglutaric acid and hydroxyadipic

acidb

Biogenic olefins Pinic acid and norpinonic acidc

Aromatics Methyl maleic anhydrided

Dinitrocresole

Nitrophenolf

aAssumed (refer to the text).
bFrom oxidation of cyclohexene with ozone (Kalberer et al.,

2000).
cFrom oxidation of a- and b-pinene with ozone (Yu et al.,

1999).
dFrom oxidation of m- and p-xylene, 1,2,4-trimethylbenzene,

and toluene with NOx (Forstner et al., 1997).
eFrom oxidation of o-cresol with NOx (Grosjean, 1985).
fFrom oxidation of phenol with OH and NO3 (Atkinson

et al., 1992).
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Fig. 1. SOA water absorption measured from oxidation products of toluene (Pet.aj.a et al., 2002; triangle) and a-pinene (Cocker et al.,
2001; square) and predicted by the corrected (solid line) and original (dashed line) UNIFAC using corresponding representative

species.
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Since the chemical identity of most SOA products is

unknown, it is assumed that a set of major identified

SOA species can be used to represent the hygroscopic

properties of the actual SOA mixtures. Table 2 presents

selected representative SOA products for each hydro-

carbon precursor group. Since there are few studies of

SOA products from alkane precursors we used the

corresponding monocarboxylic acids from nonane and

pentadecane as the representative species.

Since UNIFAC was originally developed for chemical

separation processes where chemical species of most

interest are short-chain monofunctional compounds, its

estimates for the properties of multifunctional com-

pounds which are common in the atmosphere can be

highly uncertain. It has been reported that UNIFAC

tends to overpredict water activities for some SOA

species, which results in underprediction of water

content (Ansari and Pandis, 2000). Moreover, the use
of representative SOA species can increase this un-

certainty. Fig. 1 shows that the difference between

measurements using actual SOA and UNIFAC estima-

tion can be as high as a factor of 2–3. For the base case

simulation we corrected the UNIFAC estimation by

multiplying by a factor of 2.5, at least bringing the

results in good agreement with the few available

measurements.
4. Results and discussion

4.1. Base case simulation

Both the equilibrium and dynamic models described

above were applied to an air pollution episode on 28

August 1987 in southern California during the Southern

California Air Quality Study (SCAQS). The episode has

been studied by a variety of groups (Pandis et al., 1992,

1993; Jacobson, 1997; Meng et al., 1998; Kleeman and

Cass, 1998) and details can be found in Koo et al.

(2003). Twenty-four simulations, one trajectory for each

hour, were performed. The predicted contributions of

the main precursor groups to the predicted 24-h average

total SOA mass are shown in Table 3. Aromatic

precursors account for about three quarters of the total

SOA mass produced, a result consistent with the

estimates of Grosjean and Seinfeld (1989) and Pandis

et al. (1992) for this episode. Fig. 2 shows total OC

(primary OC and SOA) concentrations in PM2.5

predicted by the equilibrium and dynamic models. Both

models underpredict fine OC concentrations compared

with the measurements by Turpin and Huntzicker

(1991). The discrepancy in the morning period appears

mainly due to underestimation of primary emission

which is the main source of organic aerosol in these

hours. It has been estimated, however, that in the

afternoon of this day, a significant fraction of the

organic aerosol is secondary (Fig. 3). The peak SOA

mass is predicted at 17:00 PST when SOA concentration
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Fig. 2. Total OC concentrations in PM2.5 predicted by the

equilibrium (solid line with squares) and dynamic (solid line

with triangles) models; circles represent the measured OC by

Turpin and Huntzicker (1991).
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Fig. 3. PM2.5 SOA concentrations predicted by the equilibrium

(solid line with squares) and dynamic (solid line with triangles)

models; circles with error bars represent the estimated SOA by

Turpin and Huntzicker (1991).

Table 3

Predicted contribution of hydrocarbon precursors to 24-h

average total SOA concentration at Claremont on 28 August

1987

Precursors SOA concentration

(mgm�3)

Contribution to

total SOA (%)

Alkanes 0.33 12

Anthropogenic

olefins

0.30 10

Biogenic olefins 0.07 3

Aromatics 2.2 75

Total 2.9 100
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Fig. 4. SOA concentrations predicted by the equilibrium model

with the modified (solid line with squares) and old (solid line

with crosses) weighting schemes and dynamic model (solid line

with triangles).
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and the ratio of SOA to total organic mass in PM2.5 are

4.7mgm�3 and 25%, respectively. These values are

smaller than the 15.7 mgm�3 (assuming 0.7 g of carbon

per gram organic aerosol) estimated by Turpin and

Huntzicker (1991) resulting in underprediction of OC

concentration for this period. The peak hour agrees with

their estimate. Except during the period between 14:00

and 18:00 PST, the model predictions agree with the

estimates of Turpin and Huntzicker (1991) within their

uncertainty range. The underprediction of SOA can be

the result of an overestimation of saturation vapor

pressures. This possibility will be discussed in the model

sensitivity section. It should also be noted that there

exist significant uncertainties in the hydrocarbon emis-

sion inventory used in this model (Pandis et al., 1992).

SOA concentrations in PM2.5 (PM with diameter

p2.5mm) and PM10 (PM with diameter p10mm)

predicted by the equilibrium model with the modified

and old weighting schemes and dynamic model are

compared in Fig. 4. Although PM10 SOA concentrations

predicted by all three models are in agreement, the
equilibrium model with the old weighting scheme

overpredicts PM2.5 SOA mass by 21% on average (and

underpredicts the SOA in the coarse fraction). Predicted
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SOA size distributions clearly show that the equilibrium

model with the modified weighting scheme gives better

agreement with the dynamic model than that with the

old weighting scheme (Fig. 5).

The effect of SOA water absorption in the base case

was quantified by repeating the simulation neglecting

the SOA contribution to water. Fig. 6 shows that total

aerosol water concentrations predicted by both models

increase by about 5% due to SOA components. The

changes in aerosol nitrate are o1%. Diurnal variations

of the increases are shown in Fig. 7. Although SOA

absorbs more water at night due to higher relative

humidity the increase in aerosol water is also enhanced

in the afternoon due to the higher SOA concentration.

Both models agree well except during the period of 1:00–

3:00 and 15:00–17:00 PST when the dynamic model

predicts a larger increase in aerosol water content. This

discrepancy seems to be related to the different
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Fig. 5. SOA size distributions predicted by the equilibrium

model with the modified (solid line with squares) and old (solid

line with crosses) weighting schemes and dynamic model (solid

line with triangles) at 17:00 PST.
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Fig. 6. Changes in 24-h average aerosol water content due to
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models; blank and filled bars represent model results without

and with SOA water absorption, respectively.
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inorganic composition predicted by the two models.

Since total aerosol water content is determined by

ISORROPIA using inorganics as well as water absorbed

by SOA, the equilibrium and dynamic model can give

different predictions if SOA water absorption affects

inorganics differently in each model. Indeed, it is seen

that the changes in nitrate predicted by the two models

deviate during the same periods as those in aerosol water

(Fig. 7).

4.2. Sensitivity to saturation concentrations

Three tests were performed to investigate the sensi-

tivity of the results to the saturation concentration

values used. In the first case, the saturation concentra-

tions for one-product precursors were reduced by 2

orders of magnitude, that is the values used by Strader

et al. (1999), for the simulation of a winter episode in

central California. In the second case, the saturation

concentrations for all precursors were reduced by a

factor of 10. The third case uses a fixed equilibrium gas

concentration of 2 ppt for all SOA products, which can

be viewed as an upper limit estimate on the formation of

SOA (Pandis et al., 1992). Recently, Jang et al. (2002)
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reported that in the presence of inorganic acids organic

carbonyls formed via photo-oxidation could react

heterogeneously to produce low vapor pressure products

resulting in higher SOA yields. A scenario where the

SOA species form a solution that does not include the

primary OC was also tested.

Table 4 shows predicted daily average SOA concen-

trations in PM2.5 and PM10 for the various scenarios.

Reducing the saturation concentrations for one-product

precursors resulted in only slight increases in the

predicted SOA mass mainly because the contributions

from one-product precursors to SOA are minor.

Reducing the saturation concentrations for all precur-

sors by a factor of 10 increased the predicted SOA mass

more than twice. In the case with the fixed low

equilibrium gas concentration the total concentration

of SOA produced goes up to 9mgm�3, which accounts

for about 40% of total organic aerosol mass. Finally the

inclusion of primary OC as an absorbing material has a

significant effect on the model results. Without pre-

existing organic mass the predicted SOA concentration

decreased to 1mgm�3. Model predictions of SOA mass

in PM2.5 and PM10 by the equilibrium model with the

modified weighting scheme are in good agreement with

those of the dynamic model in all scenarios.
Table 4

Sensitivity analysis of 24-hr average SOA concentrations predicted b

Case Total SOA concentr

PM2.5

Equilibrium

Base case 2.5 (20%)a

c� for one-product precursors� 0.01 2.7 (21%)

c� for all precursors� 0.1 5.5 (35%)

ceq for all species =2ppt 9.1 (47%)

No c0 0.96 (8.6%)

aThe numbers in parentheses are SOA fractions of total organic m

Table 5

Contributions of SOA components to 24-h average aerosol water con

Case Increase in total aero

PM2.5

Equilibrium

Base case 0.40 (3.4%)a

c� for one-product precursors� 0.01 0.42 (3.6%)

c� for all precursors� 0.1 0.92 (7.9%)

ceq for all species=2ppt 1.5 (13%)

No c0 0.18 (1.6%)

aThe numbers in parentheses are percent increases.
Increases in 24-h average aerosol water content due to

SOA components are presented in Table 5. The

responses are similar to those of daily average SOA

mass. Reducing the saturation concentrations for all

precursors almost doubles the SOA contribution to daily

average aerosol water while reducing those for one-

product precursors only has little effect. Maximum SOA

formation leads to 13% increase in daily average aerosol

water content. In the case with no pre-existing absorbing

material water absorbed by SOA species is insignificant.

The differences in 24-h average aerosol nitrate due to

SOA water absorption are o3% for all cases.

4.3. Sensitivity to UNIFAC estimations

To test uncertainty in UNIFAC estimations we

repeated the base case simulations with doubled SOA

water absorption and the original UNIFAC estimation

(approximately half). The model predictions of SOA

water absorption are presented in Table 6. As expected

the amount of water absorbed by SOA increases or

decreases almost proportionally. The changes of aerosol

nitrate are negligible in all cases and not linearly related

with SOA water absorption.
y the equilibrium and dynamic models

ation (mgm�3)

PM10

Dynamic Equilibrium Dynamic

2.4 (19%) 2.9 (17%) 2.9 (17%)

2.6 (20%) 3.0 (17%) 3.0 (17%)

5.3 (34%) 6.1 (30%) 6.1 (30%)

9.0 (47%) 9.1 (39%) 9.1 (39%)

1.0 (9.0%) 0.96 (6.3%) 1.0 (6.7%)

ass.

tent predicted by the equilibrium and dynamic models

sol water due to SOA (mgm�3)

PM10

Dynamic Equilibrium Dynamic

0.51 (4.2%) 0.47 (3.9%) 0.69 (5.4%)

0.41 (3.4%) 0.48 (4.0%) 0.56 (4.4%)

0.82 (6.8%) 1.0 (8.6%) 1.1 (8.5%)

1.7 (14%) 1.5 (13%) 1.7 (13%)

0.29 (2.4%) 0.18 (1.5%) 0.27 (2.1%)



ARTICLE IN PRESS

Table 6

Increases in 24-h average total (PM10) aerosol water due to SOA components predicted by the equilibrium and dynamic model

Case Increase in water due to SOA components (mgm�3)

Equilibrium Dynamic

SOA water absorption� 2 0.97 (8.1%)a 0.99 (7.8%)

Original UNIFAC estimation 0.21 (1.7%) 0.29 (2.3%)

aThe numbers in parentheses are percent increases.
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4.4. Kelvin effect

In our aerosol model the Kelvin effect is neglected

since the lower limit of the particle size distribution used

is 0.04mm. To quantify the Kelvin effect on the SOA size

distribution we repeated the base case simulation with

the Kelvin effect correction. The correction factor, Zi;k;
for species i in an aerosol size section k can be expressed

as

Zi;k ¼ exp
4siMi

RTrdk

� �
;

where si is surface tension of species i and r is particle-

phase density (Seinfeld and Pandis, 1998). Average

surface tension of 80 dyne cm�1 was used for electro-

lytes in aqueous solution (Li et al., 1999) and

30 dyne cm�1 for organic species (Nath, 1999). The

model results confirmed that the Kelvin effect correc

tion makes negligible difference in the SOA size

distribution.
5. Conclusions

A mathematical model which simulates the equili-

brium and fully dynamic behavior of both SOA and

inorganic aerosols was implemented in a one-dimen-

sional chemical transport model. The simulation based

on a summer episode in southern California shows that

17% of total organic mass comes from the secondary

products and among hydrocarbon precursors the aro-

matic group is the largest contributor. While primary

OC is treated in the same way in both equilibrium and

dynamic models, discrepancies between the SOA pre-

dictions by the two models become more significant

when primary OC is assumed to form a solution with

SOA species because the inclusion of primary OC leads

to higher SOA predictions. Predicted SOA mass by the

equilibrium model with the modified weighting scheme

to consider composition-dependent equilibrium concen-

trations gave excellent agreement with that of the

dynamic model. Using the approach of Ansari and

Pandis (2000) to characterize water absorption of SOA

species, the contribution of SOA to aerosol water

content and its possible effect on the partitioning of
aerosol nitrate were simulated. Increases in daily average

aerosol water due to SOA components are about 5% for

the base case and 13% for the maximum SOA formation

case. With SOA water absorption multiplied by 2, this

increase goes up to 8% for the base case. The original

UNIFAC estimation predicted only 2% of increase in

aerosol water. Model predictions of nitrate partitioning

are little affected by the model treatment of the

SOA species. The changes in aerosol nitrate are o3%

in all the scenarios studied in this work. It should

be noted, however, the method used in this work to

couple SOA and inorganics suffers from the same

weaknesses as those described by Ansari and Pandis

(2000).

Based on the simulations conducted in this work, the

equilibrium model with the modified weighting scheme

is good enough to simulate the dynamic behavior of

SOA in the atmosphere. This approach is well suited

for computationally intensive three-dimensional air

quality models. UNIFAC provides an initial approx-

imation of SOA water absorption, which can account

for significant fraction of total aerosol water content

depending on the atmospheric conditions, while

our understanding of the chemical properties of the

SOA species is still limited. However, the interaction

between organic and inorganic aerosol components

through aerosol water content had only a minor

effect on nitrate partitioning between gas and aerosol

phases.
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