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[1] Simulating gas/particle mass transfer in three-dimensional (3-D) air quality models
(AQMs) represents one of the major challenges for both hindcasting and forecasting.
The lack of an efficient yet accurate gas/particle mass transfer treatment for aerosol
simulation and forecast in 3-D AQMs warrants its development, improvement, and
evaluation. In this paper, several condensation/evaporation schemes (e.g., the Bott,
Trajectory-Grid (T-G), Walcek, and analytical predictor of condensation (APC)) are first
tested in a condensation-only case. The APC and Walcek schemes are shown to be more
accurate than the Bott and T-G schemes. The Walcek and the APC schemes are then
incorporated into the Model of Aerosol Dynamics, Reaction, lonization, and Dissolution
(MADRID) to solve the gas/particle mass transfer process explicitly. The test simulations
with MADRID are initialized with measurements available from three sites with
representative meteorological and emission characteristics. The results are evaluated using
benchmark based on the kinetic approach with 500-section for all cases and available
measurements from two sites. The box MADRID tests have shown that the bulk
equilibrium approach fails to predict the distribution of semivolatile species (e.g.,
ammonium, chloride, and nitrate) because of the equilibrium and internal mixture
assumptions. The hybrid approach exhibits the same problem for some cases as the bulk
equilibrium approach since it assumes bulk equilibrium for fine particles. The kinetic
approaches (including the APC and Walcek schemes for the condensation/evaporation
equations) predict the most accurate solutions. Among all approaches tested, the bulk
equilibrium approach is the most computationally efficient, and the kinetic/Walcek scheme
provides an accurate solution but is the slowest due to its requirement for a small time
step. Overall, the kinetic/APC and hybrid/APC schemes are attractive for 3-D applications
in terms of both accuracy and computational efficiency.
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1. Introduction

SA, however, in three-dimensional (3-D) air quality models

[2] Modeling the size/composition distribution of atmo-
spheric aerosols is important for assessing the impacts of
human activities on air quality and climate change. Simu-
lating gas/particle mass transfer is essential for accurately
predicting aerosol size/composition distributions since sec-
ondary aerosol (SA) accounts for a significant fraction of
total aerosol mass. Often most of the mass of particulate
matter with aerodynamic diameters equal to or less than
2.5 pm (PM, 5) is composed of SA [Wexler et al., 1994], in
some cases more than 90% of the PM,s mass may be
attributed to SA [Plessow et al., 2005]. The treatment of
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(AQMs) represents one of the major challenges for hind-
casting and forecasting air quality.

[3] Three main approaches (i.e., equilibrium, kinetic (or
dynamic), and hybrid) have been used to simulate gas/
particle mass transfer in AQMs. The equilibrium approach
assumes equilibrium between bulk gas and liquid/solid
phases and can be divided further into bulk and size-
resolved equilibrium approaches. In the bulk equilibrium
approach, the same chemical composition is assumed for all
particles over all size ranges (i.e., internal mixture) and a
thermodynamic model (e.g., ISORROPIA [Nenes et al.,
1998]) is typically used to calculate equilibrium bulk gas
and particle concentrations. The bulk equilibrium approach
has been widely used in 3-D AQM applications [Russell et
al., 1983, 1988; Pilinis et al., 1987; Binkowski and Shankar,
1995; Lurmann et al., 1997; Binkowski and Roselle, 2003;
Zhang et al., 2004; Gaydos et al., 2007] because of its
computational efficiency. These models either assume
mono-disperse aerosols or use bulk equilibrium with redis-
tribution of the bulk material to different particle sizes
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following the equilibrium calculation [Pandis et al., 1993;
Lurmann et al., 1997; Capaldo et al., 2000; Zhang et al.,
2004; Debry et al., 2007]. Both methods neglect the differ-
ences in chemical driving forces for different aerosol
sections (or bins) by assuming an internal mixture with a
potential mixing of acidic particles with alkaline particles
that may introduce errors [Ansari and Pandis, 1999; Moya
et al., 2001; Kerminen et al., 2001; Myhre et al., 2006]. In
other words, the calculation of composition in each section
is not based on the thermodynamic properties of that
section. Instead, it is based on the thermodynamic compu-
tation of the bulk liquid/solid phases. Size-resolved equi-
librium simulates equilibrium between bulk gas phase and
individual size sections [e.g., Pilinis and Seinfeld, 1987,
Moya et al., 2002], without assuming an internal mixture
over the entire size range. It, however, may not have a
unique solution in some cases (e.g., a solid forms from two
gases (e.g., NH4NO5(s) or NH4CI(s))) [ Wexler and Seinfeld,
1990; Jacobson, 1999]. Both the bulk and size-resolved
equilibrium approaches rely on the instantancous bulk
equilibrium assumption that may be invalid under some
atmospheric conditions (e.g., under conditions with high
coarse particle concentrations and cold temperatures) [ Wexler
and Seinfeld, 1990; Zhang et al., 1999]. The kinetic approach
[e.g., Meng and Seinfeld, 1996; Jacobson, 1997a, 1997b;
Meng et al., 1998; Sun and Wexler, 1998; Pilinis et al., 2000]
simulates explicit mass transfer to each section. Since no
equilibrium assumptions are made and the chemical driving
force may vary with size sections, this approach provides
the most accurate solution when an appropriate numerical
solver and a sufficiently fine size resolution are used.
However, its computational demands hinder its wide appli-
cations in 3-D AQMs. Existing kinetic approaches are
applied primarily in box models [e.g., Meng and Seinfeld,
1996; Pilinis et al., 2000] although there exist a few 3-D
applications for episodes of a few days [e.g., Meng et al.,
1998]. Jacobson [2005] developed the Predictor of Non-
equilibrium Growth (PNG)-EQUISOLYV II scheme to reduce
the computational cost of the kinetic mass transfer treat-
ment, which has not been used for most 3-D AQMs. The
hybrid approach provides a compromise between accuracy
and efficiency by using equilibrium approach for fine
particles and kinetic approach for coarse particles; but
uncertainties exist in the selection of the cutoff size (i.e.,
threshold diameter) between the two approaches and it has
only been tested with limited episodes [e.g., Capaldo et al.,
2000; Koo et al., 2003; Gaydos et al., 2003; Tombette and
Sportisse, 2007]. The lack of an efficient yet accurate gas/
particle kinetic mass transfer treatment for aerosol simula-
tion and forecast in 3-D AQMs warrants its development,
improvement, and evaluation. In addition, the above
approaches have seldom been evaluated using observational
data largely due to the lack of such data for rigorous testing
of those model treatments.

[4] In this work, several condensation/evaporation
schemes are first tested using a hypothetical case as stand
alone schemes and then incorporated into the kinetic ap-
proach in a box aerosol model (i.e., The Model of Aerosol
Dynamics, Reaction, Ionization, and Dissolution
(MADRID) [Zhang et al., 2004]) to explicitly simulate
gas/particle mass transfer. The existing kinetic and hybrid
approaches for gas/particle mass transfer in MADRID are
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improved and tested along with two existing equilibrium
approaches using available observational data at represen-
tative locations. MADRID uses a sectional representation
with any size resolution at the user’s choice [Zhang et al.,
2004]. It simulates all major aerosol processes except for
coagulation. For gas/particle mass transfer testing, nucle-
ation is turned off so that the effects of different condensa-
tion schemes in the kinetic approach can be isolated and
examined. Other processes such as photochemistry, trans-
port, and deposition are not treated in the MADRID box
model. Emissions, however, are implicitly treated in the
applications of MADRID for some cases (see section 3.1).
The use of such a stand alone aerosol box model follows a
classic approach of studying chemical kinetics; it permits an
isolation of major aerosol processes from other processes,
which is necessary for a mechanistic study of gas/particle
mass transfer process. This is because, when other processes
are included in testing gas/particle mass transfer approaches,
many factors and feedbacks will come into play that can
distort the model results regarding gas/particle mass transfer
approaches, making it impossible to judge if good results
from a gas/particle mass transfer approach are due simply to
its treatments or to different effects of meteorology on
simulated concentrations in one simulation versus another.

[5] Similar approaches have been widely used to study
gas/particle partitioning equilibrium [e.g., Pilinis and
Seinfeld, 1987; Hayami and Carmichael, 1997; Ansari and
Pandis, 1999; Jacobson, 1999; Moya et al., 2001, 2002;
Fridlind and Jacobson, 2000; Fridlind et al., 2000; Campbell
etal.,2002; Zhang et al., 2002; Trebs et al., 2005; Yao et al.,
2006; Dasgupta et al., 2007; Goetz et al., 2008]. In contrast,
our cases involve nonequilibrium gas/particle mass transfer.
The strengths and limitations of each condensation scheme
and each gas/particle mass transfer approach are identified
and analyzed. The approach that provides the best compro-
mise between accuracy and efficiency will be recommended
for further testing and application in 3-D AQM:s.

2. Aerosol Condensation and Evaporation
Schemes
2.1. Description of Various Schemes

[6] The kinetic gas/particle mass transfer approach solves
the following condensation/evaporation equation explicitly:

apl lale
=G ~R=Hp—
o1 P73 ou

(1)

where G; and R; denote the growth and redistribution terms,
respectively. P; is the mass distribution of species i, H; is the
mass transfer rate of species i, p is the log of the diameter of
the particle, p is the total mass concentration, and H is the
total mass transfer rate. The G; and R; terms can be solved
by means of operator splitting because the growth process
occurs on a faster scale than the scale over which they shift
[Sun and Wexler, 1998].

[7] The redistribution term, R;, is mathematically similar
to the advection term; it can be solved with three major
numerical techniques: Lagrangian, Eulerian, and moving-
center [Seigneur, 2001; Zhang et al., 2004]. The Lagrangian
approach (also referred to as the full-moving approach, e.g.,
Chock et al. [1996, 2005], Chock and Winkler [2000], and
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