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ABSTRACT. A comparative review of algorithms currently used in air quality

models to simulate aerosol dynamics is presented. This review addresses coagula-

tion, condensational growth, nucleation, and gas rrrrrparticle mass transfer. Two

major approaches are used in air quality models to represent the particle size
( )distribution: 1 the sectional approach in which the size distribution is discretized

into sections and particle properties are assumed to be constant over particle size
( )sections and 2 the modal approach in which the size distribution is approxi-

mated by several modes and particle properties are assumed to be uniform in each

mode. The sectional approach is accurate for coagulation and can reproduce the

major characteristics of the evolution of the particle size distribution for condensa-

tional growth with the moving-center and hybrid algorithms. For coagulation and

condensational growth, the modal approach provides more accurate results when

the standard deviations of the modes are allowed to vary than it does when they

are ® xed. Predictions of H SO nucleation rates are highly sensitive to environ -2 4

mental variables and simulation of relative rates of condensation on existing

particles and nucleation is a preferable approach. Explicit treatment of mass

transfer is recommended for cases where volatile species undergo different equilib-
(rium reactions in different particle size ranges e.g., in the presence of coarse salt

)particles . The results of this study provide useful information for use in selecting

algorithms to simulate aerosol dynamics in air quality models and for improving

the accuracy of existing algorithms.

*Corresponding author.
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INTRODUCTION

Air quality regulations for ambient levels of
s .particulate matter PM and regional haze

require relating sources of emissions of PM

and PM precursors to PM levels and visibil-
ity degradation. To that end, three-dimen-

s .sional 3-D air quality models of PM have

been developed that contain comprehen-

sive treatment of transport processes, gas-

phase chemistry, gas rparticle partitioning,
s .and aerosol dynamics Seigneur et al. 1999 .

These models differ in their treatment of

these various atmosphe ric processes, and it

is of interest to assess to what extent dif-

ferences in model formulations may affect

model predictions. We focus here on the

algorithms that are used to simulate aerosol
dynamics, i.e., those processes that govern

the evolution of the particle size distribu-

tion. The relevant aerosol dynamic pro-

cesses include coagulation, condensational
s .growth or shrinkage due to volatilization ,

nucleation, and mass transfer from the bulk
gas phase to the particle surface . We re-

view the algorithms that are currently used

in the following 3-D PM air quality models:
s . sCIT Meng et al. 1998 , GATOR Jacobson
. s1997a , Models-3 rCMAQ Binkowski and

.Shankar 1995; Binkowski 1998 , SAQM-
s .AERO Dabdub et al. 1998 , UAM-AERO

s . sLurmann et al. 1997 , and UAM-AIM Sun
.and Wexler 1998 .

First, we present an overview of the 2

major approache s used to represent the

particle size distribution in PM air quality
models: the sectional approach and the

modal approach. Next, we present our com-

parison of algorithms used to simulate the

4 dynamic processes listed above . Finally,

concluding remarks and recommendations

for the selection and improvements of
aerosol dynamics algorithms are provided.

REPRESENTATION OF THE PARTICLE

SIZE DISTRIBUTION

Several approache s can be used to repre-
sent the particle size distribution in an at-

mospheric model. The 3 major approache s

include continuous representation, sec-

tional representation, and parameterized

modal representation. The continuous rep-

resentation assumes a continuous size spec-

trum. The aerosol dynamic equations are

solved using the ® nite element methods
s e.g., Varoglu and Finn 1980; Tsang and

.Brock 1986; Tsang and Huang 1990 , which

provide the most accurate solution. A num-
ber of numerical modules based on a con-

tinuous representation have been devel-

oped to simulate changes in the particle
ssize distribution including COAGUL Suck

. sand Brock 1979 and CONFEMM Tsang
.and Brock 1983 . However, the aerosol dy-

namic modules with a continuous size rep-

resentation are computationally demanding

and are not currently used in 3-D air qual-

ity models. Here will use modules based on
sthis approach e.g., COAGUL for coagula-

.tion and CONFEMM for condensation as

a benchmark to which other approache s
are compared.

The sectional representation is used in

several air quality models including CIT,

GATOR, SAQM-AERO, UAM-AERO,

and UAM-AIM. In the sectional approach,

the particle size distribution is approxi-

mated by a discrete number of size sections
s Gelbard and Seinfeld 1980; Gelbard et al.

.1980 . This discretization can be conducted

based on number, surface area, or volume
s .or mass , depending on the particle char-

acteristics of interest. For example , Wu et
s .al. 1996 showed that the optical characte r-

istics of particles are better approximated if

the discretization is conducted according to

the particle surface area rather than the

particle volume. Because air quality models

are generally designed to conserve mass,

the sectional representation of the particle

size distribution used in PM models is based

on the mass distribution of particles. One

must note that if mass is transfe rred be-

tween size sections, only 1 characte ristic is
sconserved when all processes i.e., coagula-

.tion and gas-to-particle conversion are
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simulated. For example , if the sectional
representation is expressed to conserve

mass, then the number distribution will not

satisfy the dynamic equation. The mass size

distribution is expressed in the sectional

representation as follows.

xl

s . s .Q t s q x, t dx, l s 1, . . . , L,Hl
xly 1

s .1

s .where q x, t is the mass size distribution, x
is the logarithm of the particle diameter, t

is the time, l is the section number, L is

the total number of size sections, and Q isl

the particle mass in size section l.

In the parameterized representation, the
particle size distribution is approximated by

sseveral analytical functions generally log-
.normal distributions that represent the

various modes of the particle population.

This modal approach is used in Mode ls-3,

where the particle size distribution is repre-
sented by 3 modes, each mode being ap-

proximate d by a log-normal distribution.

These 3 modes are an Aitken nuclei mode,

an accumulation mode, and a coarse mode.

The log-normal approximation allows one

to simulate the evolution of both the num-
s .ber and volume or mass distributions. The

s .number distribution n d, t based on parti-

cle diameter d is represented as follows:

s .N tn
s .n d , t s 1 r 2

s . w x2 p log s n

2
s .log d rd t1 Nn= exp y

w xt /2 log s n

s .N ta
q 1 r 2

s . w x2 p log s a

2
s .log d rd t1 Na= exp y

w xt /2 log s a

s .N tc
q 1 r2s . w x2 p log s c

2
s .log d rd t1 Nc= exp y ,

w xt /2 log s c

s .2

where the subscripts n , a, and c refer to

the Aitken nuclei, accumulation, and coarse

modes, respective ly; N , N , and N repre-n a c

sent the total aerosol number concen-

trations in each mode; d , d , and dNn Na Nc

represent the geometric mean particle

diameters; and s , s , and s are the stan-n a c

dard deviations of each mode. In the origi-

nal formulation of the modal represen-
tation, both the geometric mean particle

diameters and the standard deviations were
sallowed to vary with time see Seigneur et

.al. 1986; Whitby and McMurry 1997 . In

the original Models-3 formulation, the
sstandard deviations are constant Binkow-

.ski 1998 .

Similarly, the volume distribution is rep-

resented as follows:

s .V tn
s .V d , t s 1 r 2

s . w x2 p log s n

2
s .log d rd t1 Vn= exp y

w xt /2 log s n

s .V ta
q 1 r 2s . w x2 p log s a

2
s .log d rd t1 Va= exp y

w xt /2 log s a

s .V tc
q 1 r 2s . w x2 p log s c

2
s .log d rd t1 Vc= exp y ,

w xt /2 log s c

s .3
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where V , V , and V represent the totaln a c

particle volumes in each mode and d , d ,V Vn a

and d represent the geometric mean par-Vc

ticle diameters.

SIMULATION OF COAGULATION

Formulation of the Coagulation Algorithms

We compare 2 different approaches that

are used in 3-D air quality models to simu-

late coagulation. The sectional approach is
used in several 3-D air quality models for

particulate matter; however, only 1 of these

models, GATOR, tre ats coagulation
s .Seigneur et al. 1998 . The modal approach

is used in Models-3.

In the sectional approach, the coagula-
tion equation is expressed as follows
s .Gelbard et al. 1980 :

Ly 1s .dQ tl a s . s .s b Q t Q tp i , ly 1 i ly 1
dt

is 1

L
b s . s .y b Q t Q t ,p i , l i l

is 1

s .l s 1, . . . , L. 4

The ® rst term represents the formation of

new particles in section l by coagulation of
particles from lower sections, and the sec-

ond term represents the coagulation of par-

ticles from section l with other particles to

form particles in higher sections. The sec-
a

tional coagulation coef® cients b andi, ly 1
bb are calculated by integrating the coagu-i, l

s .lation coef® cient b x , x over the sec-1 2

s s .tions of interest. See Gelbard et al. 1980

for the derivation of the sectional coagula-
.tion coef® cients. The advantage of this

sectional method is that for a ® xed repre-

sentation of the aerosol size distribution
s .i.e., with ® xed size sections , the sectional

coagulation coef® cients are integrated

only once and the coagulation equation is
then reduced from an integro-differential

equation to a set of ordinary differential

equations.

In the modal representation, the coagu-

lation equations consist of a set of 6 ordi-

nary differential equations for the total

number and volume concentrations of each

mode. The coagulation coef® cients used in

the Models-3 formulation are described in

Appendix A1 of Binkowski and Shankar
s .1995 .

Simulation Results

We evaluate each approach with respect to

an accurate numerical solution of the coag-

ulation dynamic equation. This accurate so-

lution was obtained using the model CO-
s .AGUL Suck and Brock 1979 . Seigneur et

s .al. 1986 evaluate d the sectional approach

and an earlier version of the modal ap-

proach against COAGUL. Since no modi-

® cations have been made to the fundamen-

tal equations for the sectional approach, we

simply summarize the results presented by
s .Seigneur et al. 1986 . An evaluation of the

srevised modal approach i.e., as used in
.Models-3 is presented and its performance

is compared to those of the sectional ap-

proach and an earlier version of the modal

approach.

Three scenarios were considered with

initial particle size distributions typical of

clear, hazy, and polluted urban conditions.

The characte ristics of these particle size

distributions are presented in Table 1. The
stotal PM mass concentrations assuming a

y3 .particle density of 1.8 g cm are 11, 57,

and 126 m g my3 for clear, hazy, and urban

conditions, respectively. Simulations were

conducted for 12 h for the 3 types of atmo-

spheric conditions.
s .As shown by Seigneur et al. 1986 , little

coagulation takes place under clear and

hazy conditions. Consequently, we discuss

here primarily the results of the simulation

of urban conditions, since this simulation
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TABLE 1. Initial log-norm al size distributions used
(in the aerosol dyn amics model simulations after

)Seigneur et al. 1986 .

Conditions

aParameter Clear Hazy Urban

s .Mean diameter m m

d 0.03 0.044 0.038n

d 0.2 0.24 0.32a

d 6.0 6.0 5.7c

Standard deviation

s 1.8 1.2 1.8n

s 1.6 1.8 2.16a

s 2.2 2.2 2.21c
3 y 3s .Total volume m m cm

V 0.03 0.09 0.63n

V 1.0 5.8 38.4a

V 5.0 25.9 30.8c

a
Subscripts n, a, and c refer to nuclei, accumulation,

and coarse modes, respectively.

represents the most stringent test for

coagulation algorithms. Figure 1 shows the

initial particle size distributions and the
particle size distributions simulated afte r 12

sh for urban conditions by COAGUL i.e.,
.the `̀exact’ ’ solution , the sectional ap-

proach using 12 sections between 0.001 and

10 m m, and the modal approach as it is

formulated in Models-3.

The sectional approach appears to be

fairly accurate. The absolute error aver-

aged over the entire size distribution was at
s .most 3% Seigneur et al. 1986 . The com-

putational burden associated with the sec-

tional simulation of coagulation can be

managed effectively by using noniterative
snumerical techniques e.g., Jacobson and

.Turco 1995 .

Because the Models-3 formulation as-

sumes ® xed standard deviations, the evolu-

tion of the particle size distribution is char-

acterized by a shift of the accumulation

mode toward larger particle sizes. For ex-

ample, we see in Figure 1 that the accurate

numerical solution of COAGUL does not

show any signi® cant shift in the mean parti-

cle diameter of the accumulation mode but,

rather, shows a decrease in the standard

deviation of the accumulation mode.

Therefore, the assumption of ® xed stan-

dard deviations in the Models-3 formula-

tion forces an evolution of the particle size

distribution undergoing coagulation that is

FIGURE 1. Simulation of coagulation for urban conditions, particle volume distributions, initially and after 12 h.
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FIGURE 2. Simulation of coagulation for urban conditions, particle number distributions, initially and after

12 h.

not consistent with the evolution calculated

with an accurate solution of the coagula-

tion equation.

Figure 2 shows the evolution of the num-

ber distribution for the urban simulation.

The COAGUL simulation shows a signi® -
cant depletion of particles below 0.01 m m,

whereas the Models-3 simulation shows a

number distribution that is wider with

nonnegligible numbers of particles below

0.01 m m.

We calculated the average absolute error
over the diameter range of 0.1 ] 2.15 m m
s .see Table 2 . The errors were 3, 35, and

18% after 12 h of simulation for the sec-

tional formulation, the Models-3 modal for-
mulation, and the original modal formula-

stion of E. Whitby as described in Seigneur
.et al. 1986 , respectively. The latter modal

formulation used a variable standard devia-

tion for all the modes, whereas the Mode ls-

3 formulation uses a ® xed standard devia-
tion. Therefore, the constraint of using

a ® xed standard deviation leads to larger

error.

The computational time for a 12 h simu-

lation using Models-3 on a Compaq Desk-

pro 2000 with 64 MB RAM is - 1 CPU s.
The sectional and the exact approache s re-

quire a signi® cantly longer CPU time, rang-

TABLE 2. Comparison of simulation results for coagulation.a

( )Average absolute normalized error %

Model Clear Hazy Urban

Sectional formulation 1 1 3

Modal formulation of Models-3 2 3 35

Modal formulation of E. Whitby 2 2 18

a s .COAGUL was used as the reference i.e., the `̀exact’ ’ solution . The error was calculated over the diameter

range 0.1 ] 2.15 m m.
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ing from 40 ] 350 CPUs and 100 ] 1000 CPUs,
respectively, for various cases.

SIMULATION OF CONDENSATIONAL

GROWTH

Formulation of the Condensational
Growth Algorithms

We compare 4 different approaches that

are used in 3-D air quality models to simu-

late the growth of particles due to con-
densation of gas-phase species. These 4

approache s can be grouped into 2 major

categories according to their representa-

tions of the particle size distribution: sec-

tional or modal. In the original applications

of the sectional representation, the conden-
sation equation was expressed as follows
s .Gelbard and Seinfeld 1980; Seigneur 1982 :

s .dQ tl a bs . s .s f Q t q f Q tl l ly 1 ly 1
dt

b s . s .y f Q t , l s 1, . . . , L, 5l l

where the second term is not evaluated for

l s 1. The ® rst term represents the growth

of the aerosol volume in section l due to

condensation; the second term represents

the growth of the aerosol volume from sec-
s .tion l y 1 into section l; and the third

term represents the growth of the aerosol
s .volume from section l into section l q1 .

The sectional condensation growth terms

are calculated from the growth law and the

sectional representation. For example ,

xQ flla s .f s dx, 6Hl
x y x nxl ly 1 ly 1

s .where f is the growth law i.e., dv rdt and

v is the particle volume. These sectional

condensation coef® cients are calculated

once for a sectional representation that is

® xed with respect to particle diameter.
s .Seigneur et al. 1986 evaluated the sec-

tional approach and concluded that in its

soriginal implementation Gelbard and Se-
.infeld 1980; Seigneur 1982 , it is subject to

signi® cant numerical diffusion. Using 12

size sections in the particle diameter range

between 0.001 and 10 m m, the average

absolute error for the ® ne particle size dis-

tribution could be as much as 35% . When 3

times as many size sections were used, the

error could be reduced to 12% , however,

the computational cost increased by a fac-

tor of 3. This approach is not currently

used in 3-D air quality models, although

it is still used in 2-D plume mod-
sels Hudischewskyj and Seigneur 1989;

.Seigneur et al. 1997 . Several attempts have

been made to minimize numerical diffu-

sion, and the 3 approaches that are cur-

rently used in 3-D air quality models can be

described as follows.

The exact solution to the condensation

equation can be obtained by the method of

characte ristics. For a sectional representa-

tion of the size distribution, it corresponds

to allowing the boundaries of the size sec-

tions to grow at a rate consistent with the

growth law. Thus, the only error in the

solution is limited to the error due to
s .the discretization sectionalization of the

particle size distribution. This approach will

be referred to as the full-moving approach,

since the entire sectional representation of

the particle size distribution moves in the

particle diameter space as condensation oc-

curs. However, this approach cannot be

used in a 3-D air quality model where it is

necessary that the particle size distribution

in all grid cells be represented by the same

particle size discretization; i.e., the size sec-

tion boundarie s must be ® xed.

One approach that has been imple-
smented in some air quality models e.g.,

.UAM-AERO and SAQM-AERO takes

advantage of the full-moving approach

while maintaining the constraint that the

particle size sections remain ® xed when
ssimulating 3-D processes Lurmann et al.
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.1997 . For small time steps, the effect of

condensation on the particle size distribu-

tion is solved using the full-moving ap-

proach. Then, at speci® ed larger time steps
sfor which transport processes advection

.and diffusion , emissions, and deposition

take place, the new particle size distribu-

tions are redistributed according to the

original particle size representation. The

redistribution can be done by assuming that

the particle volume distribution is constant

within each size section or by ® tting the

sectional distribution by a continuous dis-

tribution prior to its redistribution among

the original particle size representation.

The latter approach is used in UAM-AERO

and SAQM-AERO. Some numerical diffu-

sion takes place at that point. This ap-

proach will be referred to as the hybrid

approach, since it combines the full-moving

approach with the ® xed size sectional rep-
sresentation. It differs, however, from the

hybrid method used by Jacobson and Turco

w x .1995 .

Another approach that has been imple-
smented in some air quality models e.g.,

.CIT and UAM-AIM consists of using a

numerical integration scheme that mini-

mizes numerical diffusion when solving the

condensation equation. The condensation

equation is a hyperbolic partial differential

equation that is mathematically similar to

the advection equation. Discretizing the

particle size distribution in size sections is

equivalent to discretizing a modeling do-

main with a grid. Therefore, numerical

schemes that have been developed to solve

the advection equation with minimal nu-

merical diffusion can be used to solve the

condensation equation. The numerical
s .scheme developed by Bott 1989 has been

considered fairly effective for minimizing

numerical diffusion and has been used to
ssolve the condensation equation Dhaniyala

.and Wexler 1996 . We will refer to this

approach as the Bott’s approach, based on

the numerical scheme being used.

Finally, one approach that has been im-

plemented in GATOR takes advantage of

the method of characte ristics within the
s .® xed size representation Jacobson 1997b .

In this approach, the mass of each particle

size section is assigned to a single particle

size. This particle size is then allowed to

grow as condensation occurs. When this

particle size grows out of the section, all

particles of that section are transferred into

the next section. A new particle size is

calculated for that next section by averag-

ing the particle sizes of the particles previ-

ously in the section and of those newly

transferred. Thus, numerical diffusion is

minimized overall. However, in a 3-D

model, several particle size distributions are

mixed through transport processes and

emissions. In that case, an average diame-

ter must be calculated for the size section.

The new diameter is calculated as a volume

average of the diameters of the various
sparticle populations e.g., the initial particle

population in the grid cell as modi® ed via

aerosol dynamic processes and removal

processes, particles advected or dispersed

from upwind sources, and new emitted par-
.ticles . At that point, some error occurs due

to the averaging process.

The modal approach is used in Models-3.

Three modes are used to represent the

particle size distribution, but condensation

on the coarse mode is assumed to be negli-

gible. The condensation equations consist

of a set of 4 ordinary differential equations

for the total number and volume concen-

trations of the nuclei and accumulation

modes. The calculation of the condensa-

tional growth coef® cients used in the Mod-

els-3 formulation is described in Appendix
s .A1 of Binkowski and Shankar 1995 .

In the Models-3 formulation, condensa-

tion on the nuclei mode is solved together

with the nucleation and coagulation terms.
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The mathematical formulation is such that

if nucleation and coagulation are set to 0,

no condensation occurs on the nuclei mode;
s .we refer to this version as Models-3 EPA1 .

To circumvent this problem, we used 2 ap-

proaches. First, we rewrote the computer

code of Models-3 to allow condensation on

the nuclei mode using the mathematical

formulation of Models-3 for condensational

growth; we refer to this version as Mode ls-3
s .AER . Second, we conducted the calcula-

tions including condensation and coagula-

tion; we refer to this version as Mode ls-3
s .EPA2 . However, this approach can only

be used for cases where coagulation does

not signi® cantly affect the particle size dis-

tribution. Therefore, the implementation
s .referred to as Models-3 AER should be

the most representative of the formulation

of condensation in Models-3. It will be used

here in our comparison of the Mode ls-3

modal algorithm with other condensation

algorithms. A brief comparison of the 3
simplementations described here i.e., AER,

.EPA1, and EPA2 will also be presented.

Simulation Results

We evaluate each algorithm with respect to

an accurate numerical solution of the con-

densational growth equation. This accurate

solution was obtained using the full-moving
s .approach with a large number 500 of size

sections for the particle diameter range be-

tween 0.001 ] 10 m m. Allowing the section

boundarie s to move eliminates numerical

diffusion. This technique cannot be used in

a 3-D air quality model as described before.

It is, however, appropriate here since we

are conducting simulations for a single grid

cell. The accuracy of the solution was veri-

® ed by repeating the simulation with twice

as many sections and obtaining the same

particle size distribution as with 500 sec-

tions after 12 h of simulation.

For consistency among the sectional al-

gorithms, the same growth law was used for

all 3 sectional algorithms. It represents the
rate of growth of a particle using the for-

s .mula of Fuchs and Sutugin 1971 .

dv 4 p rD
s .s n P, 7m1.333Kn q0.71dt

1 q Knt /1 qKn

where r is the particle radius, D is the

diffusion coef® cient of the condensing va-

por, Kn is the Knudsen number equal to

l rr, l is the mean free path of the con-

densing vapor, n is the molecular volumem

of the condensing vapor, and P is the am-

bient vapor pressure of the condensing va-

por. We assume here that the equilibrium

vapor pressure of the condensing vapor is

0. In Models-3, the growth law is calculated

as the harmonic average of a free-molecu-
lar growth law and a near-continuum

s .growth law Binkowski and Shankar 1995 .

We simulated 6 scenarios typical of clear,

hazy, and polluted urban conditions as

shown in Table 1. Sulfuric acid condensa-

tion rates were 0.3 and 0.6, 5.5 and 11, and
4.6 and 9.2 m m3 cmy3 per 12 h, respec-

tively. Although we focus here on conden-

sational growth, the conclusions that result

from this work are also relevant to the

evolution of the particle size distribution

through volatilization processes.
s .As shown by Seigneur et al. 1986 , the

scenario for hazy conditions represents the

most stringent test for the simulation of

condensational growth. Therefore, we focus

our discussion on this case. Figures 3 and 4

present the resultant volume and number
size distributions, respectively, for hazy

conditions. The simulation of hazy condi-

tions is the most dif® cult test among those

presented here because the high condensa-

tion rate and the particle size dependence

of the growth law lead to a narrow but
signi® cant nuclei mode centered around
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FIGURE 3. Simulations of condensation for hazy conditions with a condensation rate of 5.5 m m3 cmI 3 rrrrr 12 h,

particle volume distributions, initially and after 12 h.

0.1 m m. The `̀exact’ ’ solution obtained with

the full-moving algorithm shows a peak

of the nuclei mode of about 14 m m3 cmy3 ;

the simulation using the CONFEMM of
s .Tsang and Brock 1983 showed a similar

but slightly higher peak of about 17 m m3

y3 scm , also centered at 0.1 m m Figure 6;
.Seigneur et al. 1986 . Therefore, the nuclei

mode has grown both in volume and in size

since the mean diameter changed from
s .0.044 m m see Table 1 to 0.1 m m. The

accumulation mode increased signi® cantly

in volume but its mean diameter decreased
s .from 0.24 m m see Table 1 to about 0.2

m m. This decrease is due to the fact that

the number of particles available for con-

densation increases steadily as the diame-

ter decreases from 1 m m to 0.05 m m; there-

fore, more condensation occurs on the

smaller particle population.

The moving-ce nter algorithm cannot re-

produce the narrow nuclei mode centered

at 0.1 m m because the sectional size resolu-

tion is not ® ne enough. It takes about 100

size sections over the range of 0.001 to
s10 m m i.e., a resolution 8 times ® ner than

.the one used here to be able to reproduce

this nuclei mode. The moving-ce nter algo-

rithm reproduces the accumulation mode

well, although it predicts a mean diameter

that is slightly lower than the one predicted

by the `̀exact’ ’ solution. The Bott’ s algo-

rithm of CIT signi® cantly overpredicts the

particle volume below 0.1 m m. Conse-

quently, mass conservation leads to a sig-

ni® cant underprediction of the volume
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FIGURE 4. Simulations of condensation for hazy conditions with a condensation rate of 5.5 m m3 cmI 3 rrrrr 12 h,

particle number distributions, initially and after 12 h.

growth in the accumulation mode since

most of the condensational growth occurs

below 0.1 m m.

The hybrid algorithm of UAM-AERO

reproduces the overall growth of the size

distribution well, although it fails to simu-

late the 2 distinct peaks of the nuclei and

accumulation modes that appe ar in the

`̀exact’ ’ solution because of insuf® cient size

resolution in the sectional representation.

However, the hybrid algorithm of UAM-

AERO may lead to signi® cant numerical

diffusion for time steps commensurate with
s .3-D transport i.e., less than 1 h .

The Models-3 algorithm does not repro-

duce the major characteristics of the par-

ticle size distribution after 12 h of simu-

lation. The distinct nuclei mode is not

reproduced because the ® xed standard de-

viation assumed in Models-3 does not allow

the prediction of such a narrow nuclei

mode. The original version of the modal

approach of E. Whitby reproduced this nar-

row nuclei mode very well because it used a
svariable standard deviation Seigneur et al.

.1986 . After 12 h, the accumulation mode

shows a mean diameter of about 0.3 m m.

This increase in the mean diameter is due

to the ® xed standard deviation assumed in

the Models-3 formulation. It is not, how-

ever, consistent with the results obtained

with the full-moving algorithm and CON-

FEMM, which show a decrease in the mean

diameter of the accumulation mode.

The number size distributions show that

all algorithms fail to reproduce the sharp



Y. Zhang et al.

31:6 December 1999

Aerosol Science and Technology498

peak that is simulated with the `̀exact’ ’

solution at about 0.1 m m. This peak value

in the number distribution corresponds to

the nuclei mode. The sectional algorithms

cannot reproduce this peak because the
ssectional size resolution is too coarse as

mentioned above , it would take a resolu-

tion about 8 times ® ner than the one used
.here to properly simulate that peak .

Among the sectional algorithms, GATOR

comes the closest to reproducing that peak.

The Mode ls-3 modal algorithm simulates a

peak similar to GATOR’s peak in magni-

tude but at a lower diameter.

As mentioned above, the same condensa-
s .tion growth law of Fuchs and Sutugin 1971

was used for all sectional algorithms. We

investigated whether signi® cant differences

would occur in an algorithm’ s performance

if the original algorithm’ s growth law was

used. Figure 5 shows the simulation of hazy

conditions with the Bott’s algorithm using

both the Fuchs ] Sutugin growth law and the
sgrowth law originally used in CIT Meng et

.al. 1998 . The performance of the Bott’ s

algorithm is slightly better when the origi-

nal CIT growth law is used. However, the

discrepancy between the 2 CIT simulations

is due primarily to different integration time

steps rather than to the mathematical

formulation of the growth law. The

Fuchs ] Sutugin growth law triggers smaller

integration time steps compared to the

original CIT growth law. Consequently, the

numerical errors associated with the Bott’ s

algorithm accumulate more when using the

FIGURE 5. Simulations of condensation for hazy conditions using different growth laws with a condensation rate

of 5.5 m m3 cmI 3 rrrrr 12 h, particle volume distributions, initially and after 12 h.
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Fuchs ] Sutugin growth law, leading to larger
errors in the volume size distribution after

12 h of simulation.

As mentioned above , several implemen-

tations of the modal algorithm were consid-

ered here under the Models-3 formulation.

v s .Models-3 AER : Implementation by
AER of changes to the Models-3 mathe-

matical formulation in the Models-3 code
s i.e., condensation on the nuclei and ac-

.cumulation modes .
v s .Models-3 EPA1 : Application of the

Models-3 formulation without nucleation
sand coagulation condensation on the ac-

.cumulation mode only .
v s .Models-3 EPA2 : Application of the

Models-3 formulation without nucleation
s condensation on the nuclei and accumu-

.lation modes, but with coagulation .

The ® rst algorithm should represent more

accurate ly the formulation of the modal

approach in Models-3 and it was used in

the simulation results presented in Figures

3 and 4. In Figure 6 we present the volume

size distributions simulated with the 3 dif-

ferent implementations of the Models-3

condensation algorithms. As expected, the

EPA1 implementation underpredicts parti-

cle growth since condensation on the nuclei

mode is not simulated; it is, therefore, not a

good representation of the actual formula-

tion of Models-3. The AER implementa-

tion and the EPA2 implementation give

similar results, but the latter implementa-

tion leads to slightly higher particle diame-

ter due to coagulation. These results con-

® rm our understanding of the Models-3

formulation and suggest that the AER im-

FIGURE 6. Simulations of condensation for hazy conditions using different implementations of the Models-3

algorithm with a condensation rate s 5.5 m m3 cmI 3 rrrrr 12 h, particle volume distributions, initially and after 12 h.
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plementation used above in the algorithm

comparison provides a realistic representa-

tion of the formulation of condensation in

Models-3.

We calculated the average absolute nor-

malized error over the diameter range
s .0.1 ] 2.15 m m see Table 3 . Over all simula-

tions, the maximum normalized errors were

31, 12, 58, and 21% after 12 h of simulation
sfor CIT using the Fuchs ] Sutugin growth

. slaw , GATOR, Models-3 using the AER
.implementation , and UAM-AERO, re-

spective ly. The original modal formulation

of E. Whitby with variable standard devia-
s s ..tions as described in Seigneur et al. 1986

s .led to less error 18% than the current

Models-3 modal representation.

The computational time for various con-

densational growth algorithms varies with

the applications studied, the size represen-

tations used, and the condensational growth

equations used. For a 12-section represen-

tation with the Fuchs and Sutugin growth

law and a sulfuric acid condensation rate of

11 m m3 cmy3 per 12 h for hazy conditions,

the computational times for the moving-

center algorithm, the Bott’s algorithm of

CIT, and the hybrid algorithm of UAM-

AERO are 0.8, 6.2, and 0.1 CPU s, respec-

tively, on a Compaq Deskpro 2000. The

computational time for the modal approach

of Models-3 is 0.2 CPU s.

SIMULATION OF NUCLEATION

Formulation of Nucleation Algorithms

We compare algorithms used to calculate
s .nucleation of sulfuric acid H SO parti-2 4

cles in current 3-D air quality models for

particulate matter. Table 4 summarizes the

parameterizations used to simulate the rate

of nucleation of new particles in air quality

models. It is interesting to note that all

parameterizations are based on the same

set of calculations of nucleation rates per-

formed by Jaecker-Voirol and Mirabel
s .1989 . Therefore, discrepancies in the nu-

cleation rates originate from the algorithms

used to parameterize these original calcula-

tions. The work of Jaecker-Voirol and
s .Mirabel 1989 is based on heteromolecular

homogeneous nucleation theory of H SO ]2 4

H O. Jaecker-Voirol and Mirabe l present2

their calculations of nucleation rates as a

set of 5 ® gures that show the nucleation

rate as a function of the gas-phase con-
scentration of H SO , temperature 223 ]2 4

. s .373 K , and relative humidity 20 ] 100% .

The formulation of H SO nucleation2 4

rates, as they are currently implemented in

3-D air quality models, can be considered
s .as containing 2 components: 1 The overall

formulation that de ® nes whether the nucle -

ation rate is calculated after the condensa-

tion rate on existing particles, before the

TABLE 3. Comparison of simulation results for condensation.a

( )Average absolute normalized error %

Initial particle concentration Clear conditions Hazy conditions Urban conditions

3 3s .Condensation rate m m rcm per 12 h 0.3 0.6 5.5 11 4.6 9.2
s .CIT the Bott’s algorithm 4 9 17 31 2 4

s .GATOR the moving center algorithm 6 10 12 12 2 3
s .Models-3 the modal algorithm, AER version 6 17 33 58 6 13

s .UAM-AERO hybrid algorithm 9 13 8 21 5 4

a sThe ave rage absolute normalized error is calculated with respect to the `̀exact’ ’ solution full moving algorithm
.with 500 sections over the particle diameter range 0.1 ] 2.15 m m.
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TABLE 4. Nucleation parameterizations used in 3-D air quality models for particulate matter.

Parameterization for
aAir quality model Overall approach nucleation rate

CIT Gas-phase H SO concentration Wexler et al. 19942 4

calculated from SO oxidation at2

each time step, nucleation rate

calculated before condensation.

GATOR Gas-phase H SO concentration 1. Fitzgerald et al. 19982 4

calculated from SO oxidation, 2. Pandis et al. 19942

nucleation, diffusion-limited

condensation simultaneously.

Models-3 Gas-phase H SO concentration 1. Harrington and2 4

calculated from SO oxidation Kreidenweis 19982

and diffusion-limited 2. Kerminen and

condensation; nucleation rate Wexler 1994

calculated next.

SAQM-AERO Condensation only None

UAM-AERO Condensation only None

UAM-AIM Condensation only None

a
Some models offer alternative parameterizations; the ® rst one listed is the one implemented most recently and is

the preferred one.

condensation rate , or together with the
s .condensation rate ; and 2 the actual pa-

rameterization of the nucleation rate .

In CIT, the nucleation rate is calculated

before the condensation rate . After com-

pletion of the integration of the gas-phase

chemical kinetic equations, the amount of

gas-phase H SO produced by SO oxida-2 4 2

tion is updated. This gas-phase H SO con-2 4

centration is then compared to a critical

H SO concentration to determine what2 4

s .amount if any of H SO will nucleate. If2 4

the gas-phase H SO concentration is less2 4

than or equal to the critical H SO concen-2 4

tration, no nucleation occurs. If the gas-

phase H SO concentration exceeds the2 4

critical H SO concentration, the amount2 4

of H SO in excess of this critical amount2 4

nucleates. The amount of H SO that does2 4

not nucleate condenses on existing parti-

cles. Therefore, the amount of H SO that2 4

nucleates does not depend on the concen-

trations of existing particles on which con-

densation may occur. The amount of nucle-

ating H SO is placed in the lowest size2 4

section of the particle size distribution
s 0.039 ] 0.078 m m in the most recent appli-

.cation . The critical concentration of

w x s y3 .H SO , H SO m g m , over which2 4 2 4 c

nucleation occurs was developed from the

calculations of Jaecker-Voirol and Mirabel
s .1989 using a nucleation threshold of 1

particle cmy3 sy1. It is a function of tem-
s .perature , T K , and relative humidity, RH

s .dimensionless fraction , and is expressed
sas follows Kerminen and Wexler 1994;

.Wexler et al. 1994 :

w xH SO s 0.162 4 c

s .= exp 0.1Ty 3.5RH y 27.7 .

s .8

In GATOR, the nucleation rate is calcu-

lated together with the condensation rate .
After solution of the gas-phase chemical

kinetic equation over a time integration

step, the amount of gas-phase H SO pro-2 4

duced by SO oxidation is updated. This2

gas-phase H SO concentration is used to2 4

estimate a nucleation rate . Then this nucle -
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ation rate is converted to a mass transfe r
rate between the gas and particle phases

and is added to the mass transfer rate due

to diffusion-limite d condensation. Conden-

sation and nucleation are then solved
s .simultaneously Jacobson 1997b . The

number concentration of newly nucleated
particles is then extracted from the total

particulate mass growth rate and added
sto the smallest particle size section 0.014 ]

.0.024 m m in the most recent application .

Since mass-transfe r rates due to growth

depend on particle number concentration,
and condensation is coupled with nucle-

ation, the amount of H SO nucleating to2 4

form new particles is indirectly affected by

the number concentration of existing parti-

cles on which condensation occurs.

Two parameterizations of the nucleation
rate have been used in GATOR, although

homogeneous and heterogeneous classical

nucleation rate equations are also present

in the model. The original parameterization
s .hereafte r referred to as GATOR1 is based

s .on Pandis et al. 1994 and is for a temper-
ature of 298 K.

w s .log Js 7 q y64.24 q4.7RH

s . w x xq 6.13 q1.95RH log H SO ,2 4

s .9

where J is the nucleation rate in particles

cmy3 sy1 , RH is in dimensionless fraction,

w xand H SO is the gas-phase sulfuric acid2 4

concentration. This parameterization is

based on the calculated nucleation rates of
s .Jaecker-Voirol and Mirabel 1989 and the

use of an experimental nucleation factor
s .proposed by Raes et al. 1992 . This param-

eterization does not provide any tempera-

ture dependence.
sThe new parameterization hereafter

.referred to as GATOR2 is based on
s .the work of Fitzgerald et al. 1998 and

includes temperature dependence. They

developed their parameterization of the

H SO nucleation rates based on the cal-2 4

culations of Jaecker-Voirol and Mirabel
s .1989 . Their parameterization depends on

the gas-phase H SO concentration, RH,2 4

and T ; it is intended primarily for RH )
60% .

3E
s .log Js y2 q for EF 0, 10

C

3D
s .log Js 1 q for E ) 0, 11

C

where J is the nucleation rate in particles

cmy3 sy1 ; E and D are functions of the
H SO gas-phase concentration, RH, and2 4

sT ; and C is a function of RH and T C has

different formulations depending on the
.signs of E and D .

In Models-3, the nucleation rate is calcu-

lated after the condensation rate . A gas-
phase H SO concentration is calculated2 4

from a steady-state assumption based on

gas-phase oxidation of SO to H SO and2 2 4

H SO condensation or existing particles.2 4

This gas-phase H SO concentration is then2 4

used to calculate the H SO nucleation2 4

rate .

Two parameterizations of the nucleation

rate are available in Models-3. The original

parameterization is based on the work of
s .Kerminen and Wexler 1994 and is there-

fore similar to the parameterization used in
sCIT. Note , however, that in CIT the nucle -

ation rate is calculated before the conden-
.sation rate.

The most recent parameterization is
based on the work of Harrington and Krei-

s .denweis 1998 . This parameterization is

also based on the calculations of Jaecker-
s .Voirol and Mirabe l 1989 . The major

difference with the parameterization of
s .Kerminen and Wexler 1994 is that Har-

rington and Kreidenweis do not make any

assumption of a threshold nucleation rate .

The parameterization of Harrington and

Kreidenweis assumes that the nucleation

rate is constant over a time period, and it is
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calculated by integrating the time-depen-

dent nucleation rate over that time period.

Another difference between the 2 parame-

terizations is that the parameterization of

Harrington and Kreidenweis estimates the

nucleation rate for both number and mass,

whereas the parameterization of Kerminen

and Wexler estimates only the nucleation

rate for mass. The parameterization of

Harrington and Kreidenweis was used for

our comparative evaluation.

Simulation Results

Our comparative evaluation focuses on the

nucleation parameterizations. The competi-

tion between nucleation of new particles

and condensation on existing particles for

gas-to-particle conversion is not considered

here. Our simulations are therefore repre-

sentative of an ultraclean atmosphe re, and

nucleation rates in a typical clear, hazy, or

polluted urban atmosphere would be lower

due to removal of H SO gas molecules via2 4

condensation on existing particles. Because
ssome nucleation parameterizations i.e.,

.CIT and GATOR require the H SO gas-2 4

phase concentration, it is necessary to cal-

culate the H SO gas-phase concentrations2 4

from the H SO production rate . To that2 4

end, we need to specify an integration time
sstep. Two time steps were used 5 and 15

.min to test the sensitivity of the nucleation

rate to the time step speci® cation. Note

that in the air quality model implementa-

tion, only the CIT nucleation formulation is

sensitive to the value of the time step be-

cause , in GATOR, the H SO gas-phase2 4

concentration is calculated from the pro-
sduction and gas-to-particle conversion i.e.,

.nucleation and condensation rates.

We compared the nucleation algorithms

for a variety of conditions covering H SO2 4

production rates ranging from 0.045 m g my3

hy1 to 1.65 m g my3 hy1 , relative humidi-

ties ranging from 10 to 95% , and ambient

temperatures ranging from 273 to 303 K.

No signi® cant nucleation occurred for the

low H SO production rate. Therefore we2 4

focus our discussion on the simulation of

the high H SO production rate. Results2 4

are presented for the smaller time step, i.e.,

5 min. Higher nucleation rates were ob-

tained in our simulations for the CIT and

GATOR algorithms when using a time step
sof 15 min the results of the Models-3

algorithm do not depend on the time step
.used , but the conclusions were qualita-

tively similar.

Figure 7 shows the nucleation rates pre-

dicted by 4 algorithms as a function of RH

for the H SO production rate of 1.65 m g2 4

my3 hy1 and a temperature of 298 K. Also

shown on the ® gure are the maximum
s w x.H SO nucleation rate labeled H SO2 4 2 4

allowed from the H SO production rate .2 4

Therefore, in an air quality model simula-

tion, nucleation rates will necessarily be

capped at that maximum H SO nucle -2 4

ation rate due to mass conservation con-

straints. The nucleation rate that corre-

sponds to 1% of the maximum nucleation
s w x.rate is also shown labeled 1% H SO ; if2 4

the calculated nucleation rate is - 1% of

that value, then nucleation is a negligible

pathway for H SO gas-to-particle conver-2 4

sion because condensation on existing par-

ticles would dominate in a pristine environ-

ment. Therefore the range between these 2
s . w xlines, H SO and 1% H SO , represents2 4 2 4

the range of relevant nucleation rates.

All algorithms, except GATOR2 and

Models-3, predict nucleation rates that ex-

ceed the 1% maximum rate level for some

RH values; however, they differ signi® -

cantly for the range of RH over which

nucleation rates are nonnegligible. Both

CIT and Models-3 algorithms show little

dependence on RH for high RH values.

Models-3 predicts a negligible nucleation

rate with a sharp decrease in the nucleation

rate for RH - 30% . CIT predicts no nucle -
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([ ] I 3 I 1 )FIGURE 7. Nucleation rate as a function of RH H SO s 1.65 m g m h , T s 298 K, and dt s 5 min .2 4

ation below RHs 70% . For cases where

the CIT algorithm predicts that nucleation

occurs, it calculates a nucleation rate that

is 2 ] 3.5 orders of magnitude greater than
the nucleation rate predicted by the Mod-

els-3 algorithm. Both GATOR1 and

GATOR2 algorithms predict an increase in

the nucleation rate with RH, except as RH

increases from 10 to 30% , where GATOR2

predicts a slight decrease of the nucleation
rate. However, the GATOR1 algorithm

predicts a nucleation rate that is up to 8

orders of magnitude greater than the nu-

cleation rate predicted by the GATOR2

algorithm. The GATOR2 algorithm pre-

dicts a negligible nucleation rate . At high
RH, the highest nucleation rates are pre-

dicted by the GATOR1 and CIT algo-

rithms. At low RH, GATOR1 predicts the
s .highest although negligible nucleation

rate.

Figure 8 shows the predicted nucleation
rates for the H SO production rate of2 4

1.65 m g my3 hy1 and a RH of 80% , as a

s .function of temperature T . Several algo-
rithms show maximum nucleation rates over

ssome temperature range nucleation rates

that are predicted here to exceed the maxi-

mum nucleation rate will be capped at that

maximum value in an air quality model to
.maintain mass conservation . Because the

GATOR1 algorithm does not include tem-

perature dependence, it predicts a maxi-

mum nucleation rate for the whole temper-

ature range . The GATOR2 algorithm

predicts a maximum nucleation rate for

temperatures - 280 K. The CIT algorithm
predicts a maximum nucleation rate for

most cases, except for T ) 290 K. The

Models-3 algorithm predicts a nucleation

rate that is negligible at all temperatures.

Discrepancies between the predicted nucle -

ation rates range from 4 orders of magni-
tude at 273 K to 8 orders of magnitude at

303 K.

Calculations of absolute values of nucle -

ation rates are obviously quite uncertain in

light of the results presented here. In a
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([ ] I 3 I 1FIGURE 8. Nucleation rate as a function of temperature H SO s 1.65 m g m h , RHs 80%, and dt s 52 4

)min .

polluted urban environment, where 3-D air

quality models will be applied to address

PM-2.5 standard issues, it is appropriate in

most cases to assume that nucleation is
negligible compared to condensation and

can therefore be ignored. An exception may

be near strong pollution sources where nu-
scleation rates could be very high e.g., emis-

sion of SO that rapidly hydrolyzes to3

.H SO . In a nearly pristine environment,2 4

where proposed regional haze regulations

will apply, it may be appropriate to simu-

late nucleation. In that case, an approach

that partitions gas-to-particle conversion

between nucleation of new particles and

condensation on existing particles is a bet-
ter approach than one based on the abso-

lute prediction of a nucleation rate . For

example, the work of McMurry and Fried-
s .lander 1979 provides some basis for devel-

oping such formulations.

Simulation of nucleation using the afore-
mentioned algorithms requires minimal

scomputational time - 0.1 CPU s on a

.Compaq Deskpro 2000 because all these
formulations are analytical functions of the

H SO gas-phase concentration, RH,2 4

and ror T.

SIMULATION OF GAS rrrrr PARTICLE

MASS TRANSFER

Formulation of Gas rrrrr Particle Mass Transfer

We compare 3 different approaches to the
treatment of mass transfer between the bulk

gas phase and the surface of atmosphe ric

particles. These approaches can be summa-

rized as follows:

v Kinetic approach, where mass transfe r is

simulated explicitly; chemical concentra-
tions in the bulk gas phase and in the

particles may or may not be in equilib-

rium.
v Equilibrium approach, where the bulk gas

phase is assumed to be in chemical equi-

librium with the particles. All particles
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must therefore have the same chemical
composition for species involve d in

gas rparticle equilibrium.
v Hybrid approach, where the bulk gas

phase is assumed to be in chemical equi-

librium with the whole particulate phase ,

but where the distribution of condens-
able rvolatile species among particles of

different sizes is calculated using diffu-

sion-limited assumptions. Although the

whole particulate phase is in equilibrium

with the gas phase , individual particles
s .or particles in a given size range may
not be in equilibrium with the gas phase .

The kinetic approach is based on solving

the equation for mass transfer between the
sbulk gas-phase and individual particles or

.particle populations . In current 3-D air
quality models such as CIT, GATOR, and

UAM-AIM, particles are assumed to be
sinternally mixed i.e., all particles of the

same size have the same chemical composi-
.tion and are distributed according to size

ssections i.e., all particles within a given
size range have the same chemical compo-

.sition . Therefore the mass transfe r equa-

tion is solved between the bulk gas phase

and the surface of the particles. The mass

¯ ux J of the condensing vapor to the sur-l

face of a single particle in size section l can
be expressed as follows.

4 p rD
s . s .J s C y C , 12l g sl

1 qF

where r is the particle radius, D is the

diffusion coef® cient of the condensing va-

por in the air, F is a correction factor that
accounts for the effect of particle size on

condensation rate , C is the chemicalg

species concentration in the bulk gas phase ,

and C is the chemical species concentra-sl

tion at the surface of the particles in sec-

tion l. For large values of r, F tends toward
s0 and the ¯ ux is proportional to r con-

.tinuum regime . For small values of r, F is

proportional to l rr, where l is the mean

free path of the air and the ¯ ux is propor-
2 s .tional to r free-molecule regime . There

are various formulations of the function F

for the representation of the transition

regime between the free-molecule regime
s 2 .where J is proportional to r and the

scontinuum regime where J is proportional
.to r . For example, in the Fuchs ] Sutugin

s .1971 formulation

1.333 l rr q0.71 l
s .F s ; 13t /1 ql rr r

then F tends toward 1.333 l rr as r de-

creases. In CIT, the following formulation
s .is used Wexler and Seinfeld 1990 .

l
s .F s , 14

a r

where a is the accommodation coef® cient
sof the chemical species on the particle i.e.,

probability that the chemical species will
.remain on the particle . The CIT factor was

used in our simulations.

At the particle surface, the gas-phase

concentration is in equilibrium with the

particle-phase concentration.

Cp l
s .K s , 15

Csl

where K is the thermodynamic equilibrium
sconstant e.g., Henry’s law constant for

.gas rliquid equilibrium and C is thepl

chemical species concentration in the parti-

cle. For a multicomponent mixture, concen-

trations in the liquid particulate phase are
corrected for nonideality of the solution

using activity coef® cients. In CIT, chemical

equilibrium between the particles and the

gas phase is calculated using the SCAPE2
s .module Meng et al. 1998 .

Next, it is necessary to calculate the
s .growth of particles from section l y 1 to

section l, and from section l to section
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s .l q1 , due to the condensational growth of
particles. Several numerical algorithms are

available to calculate the mass ¯ ux from

one size section to the next. Bott’s scheme

is used to solve the condensational growth
sequation in CIT Bott 1989; Dhaniyala and

.Wexler 1996 .
If volatilization occurs instead of conden-

sation, the above processes are simulated in

reverse with a mass ¯ ux from the particle

surface toward the bulk gas phase and

shrinkage of the particle as chemical mass

is transferred from the particle phase to the
gas phase.

The equilibrium approach is used in
sModels-3 Binkowski and Shankar 1995;

.Binkowski 1998 and in models that do not

provide a resolution of particle chemical

composition as a function of particle size.
For example , model simulations where only

one section is used to represent the particle

population, such as the applications of

SAQM-AERO to the California San
s .Joaquin Valley Dabdub et al. 1998 or the

s .Los Angeles Basin, CA Pai et al. 1998 ,
involve an equilibrium approach. The equi-

librium approach is also used with a sec-

tional size distribution in plume models
s Hudischewskyj and Se igneur 1989;

.Seigneur et al. 1997 .

In the equilibrium approach, the mass
transfe r between the bulk gas phase and

the particle surface is assumed to be in-

stantaneous so that there is no concentra-

tion gradient between the bulk gas phase

and the particle surface .

s .C s C , l s 1, . . . , L. 16sl g

Then all particles are in equilibrium

with the same gas-phase chemical

concentration.

Cp l
s .Ks . 17

Cg

Consequently, all particles have the same
chemical composition.

s .C s C , l s 1, . . . , L. 18p l p

The hybrid approach was originally intro-
s .duced by Pandis et al. 1994 and later

s .implemented by Lurmann et al. 1997 in
UAM-AERO and SAQM-AERO. A hybrid

approach has also been implemented as an
s .option in CIT Meng et al. 1998 . In the

hybrid approach, equilibrium is assumed
s .between the bulk gas phase C and theg

whole particulate phase . Let Q be the massl

of particles in section l, and let C be thepl

s .concentration per unit mass of particle of

the chemical species of interest in particles

in size section l. Then the following equi-

librium relationship is assumed:

p Q C 1l p l
s .K s . 19

p Q Cl g

However, each size section is not re-
quired to be in individual equilibrium with

the bulk gas phase. Instead, the condensing

chemical species is distributed among the

size sections according to the ¯ ux relation-
s .ship de ® ned in Equation 12 .

The hybrid approach used in UAM-
AERO differs slightly from the option

available in CIT. In UAM-AERO, the

amount of water present in the particles is

calculated through an equilibrium relation-

ship that is speci® c to each particle size

section. The simulation results presented
here focus on the size distribution of

sulfate , nitrate, ammonium, sodium, and

chloride species, and we use the hybrid

approach available in CIT.

Simulation Results

The kinetic approach provide s the most

comprehensive solution to the gas rparticle

conversion process. To ensure that differ-
ences in the results are due only to the
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treatment of mass transfer, simulations

were conducted with the same aerosol

module for thermodynamic equilibrium
s . sSCAPE2 and condensational growth CIT

.algorithm .

The CIT mass transfer module was used

to represent the kinetic approach. The hy-

brid approach was simulated within CIT by

using the same conceptual approach as used

in the UAM-AERO mass transfe r module .

The equilibrium approach was simulated by

assuming gas rparticle equilibrium and the

same particulate chemical composition of

volatile compounds for all particle sizes.

Simulations were conducted for 4 dif-

ferent sets of atmosphe ric conditions. The

emphasis was placed on addressing differ-

ent conditions that affect mass transfe r, i.e.,

various aerosol size distributions and size-

resolved chemical compositions. The list of

these conditions is presented in Table 5.

The PM size-resolved chemical composi-

tion affects the local thermodynamic equi-
slibrium of each particle or, in our case,

.particle size section . The particle size dis-

tribution affects the distribution of con-

densable species to various particle sizes
s or, alternatively, the volatilization of chem-

.ical species from the various particle sizes .

The concentrations of condensable species

will affect the importance of the kinetics of

the mass transfer process. Simulations were

conducted for 15 h to provide enough time

for the mass transfe r to take place.

The ® rst 2 cases are intended to repre-

sent conditions typical of the Los Angeles

Basin, where it has been demonstrated that

neglecting the mass transfer kinetics makes

a difference on the particulate concentra-

tions. A major question is whether it will

make a difference in other areas of the

country and, if it does, what the uncertainty

associated with neglecting the mass trans-

fer kinetics is. Therefore, the next 2 cases

are representative of conditions in the cen-

tral U.S., where there is no signi® cant

amount of sodium chloride in the particu-

late phase and the nitrate concentrations

are lower.

The results are shown in Figures 9 and

10 for the 2 cases listed in Table 5 that
shave high ammonia concentrations i.e.,
.more ammonium nitrate condensation . In

each ® gure, the results are presented for

the size-distribute d chemical composition

for the kinetic approach afte r equilibrium
shas been reached i.e., particulate nitrate

concentration within 1% of equilibrium
.value , the hybrid approach, and the equi-

librium approach. The time needed to reach

equilibrium with the kinetic approach is

also indicated.

More time is needed to reach equilib-

rium when HNO reacts with NaCl to form3

particulate nitrate in coarse particles be-

cause it takes large particles longer than

small particles to reach equilibrium with
sthe bulk gas phase Wexler and Seinfeld

.1990; Meng and Seinfeld 1996 . Also, the

kinetic approach leads to more nitrate pre-

sent in coarse particles than in the equilib-

rium and hybrid approache s, and the peak

of the particle size distribution differs

among the 3 approache s.

When no NaCl is present, ammonium

nitrate condenses on ® ne particles and

equilibrium is reached fairly rapidly. After

1 h, the kinetic approach predicts that at

least 74% of ammonium nitrate has already

condensed. The hybrid approach gives a

size distribution similar to the one pre-

dicted by the kinetic approach. The equilib-

rium approach, however, predicts a slightly

different size distribution.

Carbonate salts will have a similar effect

to chloride salts, as carbonate reacts with

acid species such as HNO and H SO ,3 2 4

leading to the release of CO and the for-2

mation of particulate nitrate and sulfate,

respective ly.
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FIGURE 9. Size-resolved equilibrium chemical composition of particles calculated for case 2 at equilibrium with

the kinetic, full equilibrium, and hybrid approaches.
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FIGURE 10. Size-resolved equilibrium chemical composition of particles calculated for case 4 at equilibrium with

the kinetic, full equilibrium, and hybrid approaches.
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TABLE 5. Conditions used for the comparison of

kinetic, hybrid, and equilibrium mass transfer ap-
1(proaches particulate sulfate concentration s 20 m g

I 3m in all simulations, initial particulate ammonium
1 I 3concentration s 9.7 m g m , initial particulate ni-

1 I 3 )trate concentration s 7.6 m g m .

HNO NH NaCl3 3
I 3 2( ) ( ) ( )Simulation ppb ppb m g m

1 15 5 3

2 15 15 3

3 5 5 0

4 5 15 0

1
Size distribution is assumed to be log-normal with a

mass median diameter of 0.3 m m and a standard

deviation of 1.8.
2

Size distribution is assumed to be log-normal with a

mass median diameter of 3 m m and a standard devia-

tion of 2.2.

The computational time varies with the

applications studied, the size representa-

tions used, and the mass transfe r ap-

proaches used. For example , for case 4 with

an 8-section representation, the equilib-

rium and the hybrid approache s used - 0.5

CPU s on a Compaq Deskpro 2000 with 64

MB RAM. The kinetic approach used 27

CPU s, a factor about 50 times longer than

those of the equilibrium and the hybrid

approache s. For cases with chloride and ror

carbonate concentrations in coarse parti-

cles, the CPU time for the equilibrium and

the hybrid approache s is similar to that of

cases without chloride and carbonate salts,

whereas the CPU time for the kinetic ap-
sproach increases signi® cantly by a factor of

.5 ] 100 depending on the speci® c cases be-

cause it takes longer for large particles to

reach gas rparticle equilibrium.

CONCLUSIONS

We have compared algorithms that are cur-

rently used in 3-D air quality models to

simulate aerosol dynamics, including coagu-

lation, condensational growth, nucleation,

and gas rparticle mass transfe r. Our review

included aerosol modules used in CIT,

GATO R, Mode ls-3, SAQ M-AERO ,

UAM-AERO, and UAM-AIM.

Algorithms available to simulate coagula-

tion and condensational growth can be

grouped into 2 major categories according

to the representation of the particle size

distribution, i.e., sectional or modal. Mod-

els-3 uses a modal approach using 3 log-

normal distributions with constant standard

deviations to represent the Aitken nuclei,

accumulation, and coarse modes. Models-3

will be updated to include a modal ap-

proach that uses variable standard devia-
s .tions Binkowski 1999 . The other models

use a sectional representation, although

they differ in their treatment of the numer-

ical solution to the condensational growth
s .equation and only 1 model GATOR simu-

lates coagulation.

Simulation of coagulation with a sec-

tional approach is numerically accurate .

The modal approach is not accurate if ® xed

standard deviations are used; better accu-

racy is obtained if variable standard devia-

tions are used.

The most accurate solution of the con-

densational growth equation was obtained

with the moving-center algorithm of

GATOR. The hybrid algorithm of UAM-

AERO shows some numerical diffusion but

was able to reproduce the major feature s of

the evolution of the particle size distribu-

tion. However, performance of both the

moving-ce nter and the hybrid algorithms

needs to be evaluated for 3-D model simu-

lations because numerical diffusion may

then increase. The Bott’s numerical scheme

appe ars to generate unrealistic results for
sthe very small particle size range i.e., be-

.low 0.01 m m . The modal approach can be

fairly accurate if the standard deviations of

the distributions are allowed to vary but is

inaccurate if ® xed standard deviations are

used.
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Very large differences were found among

the 4 parameterizations of H SO nucle-2 4

sation rates used in CIT, GATOR 2 param-
.eterizations , and Models-3. Absolute val-

ues of nucleation rates vary by many orders

of magnitude among the 4 algorithms con-

sidered here. Moreover, the dependence of

these algorithms on RH and temperature

varies widely from one algorithm to an-

other. Considering the fact that all 4 algo-

rithms were derived from the same data

set of calculations of heteromolecular ho-

mogeneous nucleation of H SO ? n H O2 4 2

s .Jaecker-Voirol and Mirabel 1989 , these

results re¯ ect the extreme sensitivity of nu-

cleation rates to environmental parameters.

Therefore, an approach based on the rela-

tive rates of nucleation and condensation

seems preferable to one that is based on

absolute nucleation rates.

Simulation of gas rparticle mass transfe r

for volatile species was performed using an

explicit kinetic treatment of mass transfe r

between the bulk gas phase and the parti-

cle surface , an equilibrium between the bulk
sgas phase and the particles i.e., instanta-

.neous mass transfe r , or a hybrid approach

that assumes equilibrium for the whole par-

ticulate matte r but distributes mass over

the particles according to a diffusion-limited

condensation algorithm. For areas where

compounds containing chloride or carbon-

ate are a signi® cant component of PM, the

kinetic approach is recommended because

mass transfer from the gas phase to coarse
sparticles is the rate limiting process e.g.,

coastal areas for chloride and arid areas for
.carbonate . For cases where chloride and

carbonate compounds are not important, it

is appropriate to use the hybrid approach,

since it gives results similar to those ob-

tained with the kinetic approach and equi-

librium is reached within about an hour.

The selection of size representations and

algorithms to simulate various aerosol dy-

namic processes including coagulation, con-

densation revaporation, nucleation, and

gas rparticle mass transfer may depend on

the speci® c objectives of the study. With

appropriate numerical algorithms and size

resolution, a sectional representation can

predict more accurate chemical composi-

tion and size distribution than a modal

representation; however, it requires more

computational time than the modal ap-

proach. Therefore, the algorithms based on

a detailed sectional representation may be

more appropriate for detailed simulations

of aerosol dynamics and thermodynamics,

whereas a modal approach or a 2-section
s .® ne and coarse representation may be

suitable for large-scale applications where

computational ef® ciency is required. The

accuracy of the sectional representation

strongly depends on the size resolution,

which can be determined based on the spe-

ci® c applications. For example , a sectional

representation of 8 size sections over the

0.02 ] 10 m m particle diameter range is gen-

erally suf® cient to simulate detailed aerosol

dynamics and thermodynamics and is thus

commonly used in current 3-D air quality

models. For visibility studies, such a resolu-

tion has been shown to be suf® cient to

calculate the particle extinction coef® cients

as long as the proper approach is used to

calculate the sectional extinction coef® -
s .cients Wu et al. 1996 . For regulatory ap-

plications pertaining to PM ambient con-

centrations, a sectional representation with
s2 sections i.e., the ® ne PM and the coarse2.5

.PM sections may be suf® cient in cases10

where there is little interaction between
sthe ® ne and coarse modes i.e., in the ab-

.sence of chloride and carbonate .

Further work should address the simula-

tion of these various processes together, for

a range of typical atmosphe ric conditions.

One would expect that the overall error will

be governed by the coagulation algorithm

when gas rparticle conversion processes are

negligible and by gas rparticle conversion
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salgorithms growth, shrinkage, and mass
.transfe r when secondary aerosol formation

is signi® cant. Assessing the overall error

associated with aerosol dynamic processes

will allow us to place uncertainty bounds on

air quality model predictions of PM con-

centrations. All the simulations presented

in this work were conducted in a stand-
salone mode i.e., outside of their 3-D host

.air quality models ; further evaluation of

the most promising algorithms for aerosol

dynamics and thermodynamics is needed in

a 3-D gridded setting where emissions,

transport, dispersion, and deposition also

take place.

This work was supported by the Coordinating Research
( )Council CRC under Contract A-21-2. Thanks are due

to CRC for constructive comments.
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