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Abstract. A three-dimensional, size-resolved and chemically resolved aerosol model is
developed. Gas-to-particle conversion is represented by dynamic mass transfer between the gas
and aerosol phases. Particle-phase thermodynamics is computed by a new thermodynamic model,
Simulating Composition of Atmospheric Particles at Equilibrium 2. The aerosol model is applied
to simulate gas and aerosol behavior in the August 27-29, 1987, episode in the South Coast Air
Basin of California. The assumption that volatile inorganic species such as NHyNO; are at

instantaneous, local equilibrium is examined.

1. Introduction

Particles in the Earth’s atmosphere play an important role in©
atmospheric chemistry, climate, and human health. Atmospheric
formation and removal of particles are governed by a number of
complex dynamic processes, including nucleation, condensation,
coagulation, chemical transformation in the gas, aerosol, and
aqueous {(cloud and fog) phases, interphase exchange and
equilibria, and wet and dry deposition. Atmospheric particle sizes
range from a few nanometers (nm) in diameter to several
micrometers (um). This factor of 10 in diameter translates into a
factor of 10° in particle mass between the two extremes of the
size spectrum. Particle chemical composition can vary
substantially depending on particle size; indeed, this variation is,
at once, one of the most important features from the point of view
of atmospheric chemistry and human health effects and one of the
most demanding aspects to model theoretically.

A gas-phase atmospheric chemical-transport model predicts
the spatial and temporal distribution of gaseous species
concentrations, c,(x,y,z,¢),i =1,2,...,N. An atmospheric
aerosol is characterized by both its size and composition
distribution. The most general form of an atmospheric aerosol
chemical-transport model predicts the size-composition
distribution as a function of location and time. The starting point
for an aerosol model is the equation of conservation of particle
number (or mass). Within that equation are terms that account for
transport and dispersion, gas-to-particle conversion, coagulation,
and removal processes. Pilinis and Seinfeld [1988] constructed
the first three-dimensional size-resolved and chemically resolved
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atmospheric aerosol model. The major features of the model, as
well as those of some other existing aerosol models, are
summarized in Tables 1-4. The first three-dimensional aerosol
models assumed instantaneous gas-aerosol equilibrium for
volatile inorganic compounds. It has been shown, however, that
for some compounds under certain conditions, equilibrium is
slow to be established relative to the timescale over which other
changes are occurring [Wexler and Seinfeld, 1990; Meng and
Seinfeld, 1996]. Thus it is desirable that the most general form of
an aerosol model not rely on the assumption of instantaneous,
local equilibrium of volatile species.

The models of Pilinis and Seinfeld [1988] and Lurmann et al.
[1997] represent the aerosol size distribution by the sectional
approximation [Gelbard et al., 1980; Gelbard and Seinfeld,
1980], wherein the size domain is segmented into a series of
sections, or bins, within which the aerosol has a uniform
composition. The Regional Particulate Matter model [Binkowski
and Shankar, 1995] assumes that the aerosol size distribution
adheres to a bimodal lognormal distribution and then solves
equations for the zeroth, third, and sixth moments of the
distribution,

We present here the development and application of a three-
dimensional size-resolved and chemically resolved atmospheric
aerosol chemical-transport model. The model is applied to
simulate gas and aerosol behavior in the South Coast Air Basin of
California over a 3-day episode (August 27-29) during the 1987
Southern California Air Quality Study (SCAQS).

2. Governing Equations for Aerosol Dynamics

Let n(m,t) be the number concentration of particles having total
particle mass in the range m to m+dm. (We need not explicitly
indicate the spatial dependence of n for the moment.) The total
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Table 1. Selected Three-Dimensional, Size-Resolved and Chemically Resolved Aerosol Models

Pilinis and Seinfeld [1988] Lurmann et al. [1997] Regional Particulate This Work
Matter Model
Overall goal urban oxidant and aerosol  urban oxidant and aerosol regional particulate urban oxidant and
model model model aerosol dynamic model
Major applications Los Angeles Basin Los Angeles Basin Eastern United States Los Angeles Basin
Host air quality model  CIT? [McRae et al,, 1982; UAM? [Systems RADM I CIT2 [Harley et al.,
McRae and Seinfeld, 1983 Applications International, [Chang etal., 1991] 1993]
1990a, b, ¢, d, €]
Meteorological model  constructed through data  constructed through data PSU/NCAR® mesoscale  constructed through data
interpolation with interpolation or calculated  model MM4 [Anthes interpolation with
diagnostic wind model with land-sea breeze or etal., 1987) diagnostic wind model

complex-terrain wind model

Gas-phase chemistry Russell et al. [1988]

SAPRC90?

[Carter, 1990]

Stockwell et al. [1990]

extended LCC?
[Harley et al., 1993]

Horizontal resolution, km 5 4-10 80 5
Vertical resolution typically five layers to typically four layers to 15 layers to ~100 mb typically five layers to
~1.1km ~1.5km (~15 km) ~1.1km
Major references Pilinis and Seinfeld [1988] Wexler et al. [1994], and Binkowski and Shankar  this paper
Lurmann et al. [1997] [1995]

2 CIT, California Institute of Technology/Camegie Institute of Technology; UA, Urban Airshed Model; SAPRC, Statewide Air
Pollution Research Center; RADM, Regional Acid Deposition Model; LCC, Lurmann, Carter, Coyner; PSU/NCAR, Pennsylvania State

University/National Center for Atmospheric Research.

mass of a particle is the sum of the masses of its N individual
components,

N
m=Ym, )
=1

Let I(m,t) be the rate of change of the total mass of a particle of
mass m as a result of condensation/evaporation processes,

N
1m0y =Y 1.(m,1) V)
i=1
where I, =dm /dt. If the coagulation coefficient between

particles of masses m and m’ is B(m,m’), the equation of
conservation governing n(m,t) can be written as

on(m,t)

d
= - _[I(m, t)n(ms ')]
o om .

1 ¢m
+ _I B’ ,m — myn(m’, On(m - m’,H)dm’
2 0

— n(m, t)I: B(m,m"yn(m’, £)dm’
+ S(m, t) — L(m, )n(m, 1) 3)

where S(m,t) is any external source of particles of mass m (e.g.,
nucleation), and L(m,t)n(m,t) is the first-order rate of removal of
particles of mass m (e.g., wet and dry deposition).

For applications to urban/regional situations, one is generally
interested in the aerosol mass distribution, rather than the number
distribution. We define

Table 2. Selected Three-Dimensional, Size-Resolved and Chemically Resolved Aerosol Models: Aerosol Characterization

Pilinis and Seinfeld [1988)  Lurmann et al. [1997] Regional Particulate This Work
Matter Model
Number or mass mass mass three moments mass
concentration
Size Resolution,? 0.05-10(3) 0.04-10(8) two modes 0.04-10 (8)
D inpm (nuclei: 0.01 pm;
d accumulation: 0.07 pm)
Multicomponent yes yes yes yes
Elemental carbon  no yes no yes
Organics yes no

Inorganics NH3-H SO 4-HNO3-HC1-

2

Na-HZO HC]-Na—HZO

yes
NH_-H,80,-HNO,-

yes
NH,-H_ SO -HNO_HCl-
Na-K-Ca-Mg-H,0-CO,

NH S-HZSO 4-HNOa-H20

2 The number in parentheses is the typical number of size sections used.
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Table 3. Selected Three-Dimensional, Size-Resolved and Chemically Resolved Aerosol Models: Aerosol Processes

Pilinis and Seinfeld [1988]  Lurmann et al. [1997] Regional Particulate This Work
Matter Model
Nucleation H,SO/H,0 H,SO /H,0 H,SO /H,0 H,SO,/H,0
Condensation/evaporation Volatile Inorganics: Volatile Inorganics: Volatile Inorganics: H,0 and CO,: equilibrium;
Gas/particle equilib.; Gas/particle equilibrium;  Gas/particle equilibrium  Qther compounds:
Sulfate+organics: Sulfate+organics: Sulfate: transport transport
transport transport
Coagulation yes no yes no
Dry deposition Size independent Size dependent Mode dependent Size dependent
resistance-transfer resistance-transfer resistance-transfer resistance-transfer
approach approach + settling approach + settling approach + settling
Wet deposition no no no no
Chemical reactions no no no no
Activation/interaction with no no no no
fog/cloud
1 dm
q;(m,t) = mn(m, 1) @ H(m,t) =——

as the mass concentration distribution for species i. The total
aerosol mass concentration distribution function is

qg(m,t) = mn(m,t)

&)

Mz

q,(m,1)
1

The normalized growth/evaporation rate of species i in a particle
of mass m is

1 dm,
H,(m,1) = —— ©
m dt

and the total normalized growth rate of a particle of mass m is

m dt

N
=Y H (m1)

i=l )]
Using the above definitions, (3) becomes [Pilinis, 1990]

(m, 0
M = H.(m,t)q(m,t) ~ ;[mq‘.H]

+ [ Bm',m - m")g,(m’ 1) KB
m-m
q(m’,t) dm’
ml
+mS(m,t) — L(m,t)q,(m,?) 8)

-gq,(m, t)J:° B(m, m’)

Table 4. Selected Three-Dimensional, Size-Resolved and Chemically Resolved Aerosol Models: Treatment of Aerosol

Thermodynamics
Pilinis and Lurmann et al. Regional This Work
Seinfeld [1988] [1997] Particulate Matter
Model
Thermodynamic model Pilinis and Pilinis and Seinfeld Saxena et al. Kim et al. [1993a, b] Kim and Seinfeld
Seinfeld (1987]  [1987] [1986] [1995], Meng et al [ 1995a, b]
Temperature K K K K and RHD
dependence?
Binary activity Pitzer Pitzer Pitzer Kusik-Meissner
coefficient estimation
method®
Multicomponent Bromley Bromley Bromley option of Bromley, Kusik-Meissner, and
activity coefficient Pitzer
estimation method
Water activity ZSRE ZSR ZSR ZSR
Organics No No No formate and acetate

All the models assume chemical equlibrium within the aerosol phase.
2 K and RHD are the equilibrium constant and relative humidity at deliquescence.
b Binary activity coefficients are not needed for the multicomponent Pitzer method.

¢ ZSR, Zdanovskii-Stokes-Robinson.
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Equation (8) is the general equation governing the mass
distribution of species i over the aerosol mass spectrum. It
includes condensation/evaporation, coagulation, sources (such as
nucleation), and removal processes. Under the most extreme
particle concentrations in urban areas, Brownian coagulation can
be shown to have a negligible effect on the evolution of the
aerosol size distribution over the timescales of interest [Wexler et
al., 1994). Thus, for urban/regional applications, coagulation can
be neglected in (8). The spatial dependence of g, can now be
accounted for, and terms, identical to those for gaseous species,
for advection and turbulent mixing can be added. Finally, for
computational purposes the independent variable m can be
transformed to a normalized particle diameter U = ln(Dp /Dpo),
where Dy is a reference particle diameter (e.g., the smallest
diameter in the size domain). With p,(i,x,1) = (dm/ dit)q, the
result is

2 Xyt -
M = —(V(x,t) - VJ(u)k) “Vp, +V - K(x,1)Vp,

19
+ H (u,x,0)p(p,x,1) - ——I[Hp,]
3du

+ 8, (. x, 1) ~ L(p, %, 1)p, ®

where x is the spatial coordinate vector, V(x,?) is the mean wind
velocity vector, V is the particle settling velocity, k is the unit
vector in the upward vertical direction, K(x,t) is the turbulent
diffusivity tensor.

The condensation/evaporation rate of species i is [Wexler et
al., 1994]

H =— i . s,

(10

where D; is the molecular diffusivity of species i in air, C_;
and C,, are the concentrations in the bulk gas phase and at the
part1c1e surface, A is the air mean free path, and ¢, is the
accommodation coefficient for species i on the atmospherlc
aerosol. Particle surface vapor concentrations C_; are estimated
by a thermodynamic routine, Simulating Composmon of
Atmospheric Particles at Equilibrium 2 (SCAPE?2), which will be
described subsequently. Equation (10) is used to compute rates of
gas-aerosol transfer for sulfate, ammonia, nitric acid,
hydrochloric acid, and secondary organic aerosols (SOA). Water
and CO2 (or carbonates) can be assumed to be in local,
instantaneous equilibrium between the gas and aerosol phases.
The condensation /evaporation rate for water is [Wexler et al.,
1994],

g - Ldm, 1000H,
Y omodt M;m, .(RH)
an
1000 RH p,  omy,(RH)
p o mg (RH)  oRH

where M, is the molecular weight of species i and m,, is the
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molality of species i in a binary aqueous solution with water
activity equal to relative humidity RH.

In a three-dimensional model, dry deposition of both gaseous
and particulate species is included in the ground level boundary
condition to (9) in terms of a deposition velocity V,=F/C(z,),
where F is the downward mass flux and C(z,) is the concentration
at a reference height z, (typically z, =10 m) [Russell et al., 1993].
The deposition flux is given by

dC(z)

dz

F=[K,_(z)+ D] +V,C(2) (12)

where K, is eddy diffusivity, D is molecular diffusivity, and V is
the settling velocity.

3. Gas-to-Particle Conversion
3.1. Condensation/Evaporation and Nucleation

The condensation/evaporation driving force for species i is the
difference between the concentration just above the particle
surface Cj;; and that in the bulk gas C_ ,. Most previous efforts in
modeling condensation/evaporation of volatile species have
assumed instantaneous gas-aerosol equilibrium. In this work
condensation/evaporation processes are modeled dynamically.
The thermodynamic model SCAPE2, which is described in
section 3.3, is used to calculate the particle surface vapor
concentrations Cg; in (10) for all inorganic species. Later we
will compare predictions based on the fully dynamic approach
with those based on the equilibrium approach, which partitions
the total concentration of volatile species between the gas and
bulk aerosol phases and then allocates the aerosol species to
differently sized sections based on aerosol surface area [Pandis et
al., 1993; Lurmann et al., 1997].

Homogeneous nucleation is assumed to occur only with
H,S04/H,0. A nucleation threshold H,SO,4 concentration
C rit 5,50, (inpg m'3) can be calculated from [Wexler et al.,

<l

1994]

C

et H,50, = 0.16 exp (0.1T - 3.5RH - 27.7)

13)

where T is in Kelvins and RH is between 0 and 1. If the ambient
H;S80, vapor concentration exceeds C_ ,50 that amount
exceeding the threshold is removed from the gas phase and placed

in the smallest aerosol size section.

3.2. Secondary Organic Aerosol Formation

Secondary organic aerosol (SOA) results when a parent
organic compound A reacts with OH, 03, or N03 to yield
products that have sufficiently low vapor pressures that they
partition into the aerosol phase. For example,

A+OH—>--+VvB+-.

where the semivolatile product B formed with stoichiometric
coefficient v partitions between the gas and particulate phases,

B(g)_B(p)
Once the semivolatile condensable vapor B(g) is formed in the

gas phase, mass transfer of B(g) to B(p) is governed by (10).
Gas/particle partitioning of semivolatile organic compounds to
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Figure 1. Comparison between partitions of the total nitrate and ammonium predicted by the dynamic model
at various times and those by the hybrid method for condensation/evaporation only in a single cell.

urban particulate matter containing a significant fraction of
organic matter will be dominated by absorption of the compound
into the particulate organic layer [Odum et al., 1996]. On the
basis of the absorption mechanism the surface vapor
concentrations of semivolatile organic compounds are govemed
b o

5,0

(14)
kMom

where F, (g m™3) is the concentration of organic species { in the
aerosol phase, K,.0 M (m3 ug'l) is the absorption partitioning
coefficient, and OM (ug m3) is the absorbing organic mass
concentration.

Aromatic species can be presumed to be the major
anthropogenic sources of SOA [Odum et al., 1996; 1997]. Two
condensable vapor products can be assumed to result from each
of the reactions of toluene (TOLU) and higher aromatics
(AROM) with OH, namely,

TOLU + OH — ... + v,ATOl + v,ATO2
AROM + OH — ... + v,AARI1 + v,AAR2

where vy and v, are stoichiometric coefficients, and ATOI1,
ATO2, AAR1, and AAR?2 are the generalized semivolatile vapor
products [Odum et al., 1996].

3.3. Aerosol Thermodynamics

SCAPE is an aerosol thermodynamic model that was first

introduced in 1993 [Kim et al. 1993a, b] and has undergone
continued development since that time. It has the most complete
treatment of inorganic gas-aerosol equilibrium available and
provides the option of using three popular activity coefficient
estimation methods (Bromley, Kusik-Meissner (KM), and Pitzer);
also, with respect to RH variations one can choose to calculate
either the metastable or full equilibrium state of the particles. The
KM method was used in the present study, as it has been shown
[Kim et al., 1993b] that this method gives more reasonable results
than the other two in concentrated solutions when compared
against available experimental data. The ZSR method [Robinson
and Stokes, 1965] is used to estimate water activity because of its
computational efficiency and comparable accuracy with other
more complex methods. Temperature dependence of
deliquescence points is also considered. The original version of
SCAPE includes sodium, sulfate, ammonium, nitrate, and
chloride. Subsequent work has added potassium, calcium,
magnesium, and carbonates [Kim et al., 1995; Meng et al.,
1995a].

In the original version of SCAPE the equilibrium relations,
together with mass balance and electroneutrality conditions, are
reduced to a single equation in the H* concentration. After
gaseous and aqueous species concentrations are obtained, solid
concentrations in the aerosol phase are calculated. The original
version of SCAPE cannot be used directly to calculate the particle
surface vapor concentrations C;. We have modified the original
version and have developed an option to handle aerosol-phase-
only thermodynamics. The new version is termed SCAPE2. In
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Plate 1. Size-resolved and composition-resolved aerosol distributions predicted by the dynamic model at
various times and that predicted by the "hybrid" method for condensation/evaporation only in a single cell.

determining the H* concentration the original SCAPE uses the
combined bisection-Newton method; in SCAPE2, only the
bisectional method is applied to the logarithmic scale of the
concentration domain.

Crustal compounds affect the general equilibria of volatile
species. When the aerosol contains water, crustal species alter the
ion balance and interactions. For pure solid particles the
following heterogeneous chemical reactions are relevant,

HNO, +NH,Cl _  NH,NO, +HCl
HNO, +NaCl _  NaNO, +HQl
HNO, +KCl KNO, +HCl

HNO, +2CaCl, [ 5CaNO,), +HCl

HNO, + %MgClz o %Mg(NO3)2 +HCl

where the equilibrium constants for the above five reactions, K},
K,, K3, K,, and K5, are 1.8908, 4.0075, 12.694, 1461.7, and
2489.5, at 298 K, respectively. If surplus HNO, vapor is present,
it reacts preferentially with MgCl, if available, then CaCl,, KCl,
NaCl, and NH ,Cl, on the basis of the values of their equilibrium
constants. For instance, if reaction of HNO, and NaCl is to
proceed, nitric acid must have consumed the available KCl,
CaCl,, and MgCl, already. The reverse is true if excess HCl is
available for reaction with the nitrate salts, though this situation is
less likely in the atmosphere. Similar considerations apply to
reactions of the carbonate salts with HNO, and HC1.

4. Numerical Solution

Operator splitting [McRae et al., 1982] is used to solve the
different physical and chemical processes according to the
following order, T,T,T, T,T,T,, where T,, T, T, and T,
represent the operators of transport in x direction, transport in y
direction, transport in z direction and gas-phase chemistry, and
aerosol dynamics, respectively. Spatial advection and diffusion
terms in the above equation are solved by the same methods as in
the host gas-phase atmospheric chemical transport model.

The aerosol operator is activated after the gas-phase chemistry
operator is finished; it calculates mass transport between the gas
and aerosol phases while total mass concentrations are conserved.
The numerical time step for the mass transport varies according to
the characteristic mass transport timescale and Courant number at
the beginning of each time step and is determined by the smallest
of these for all the aerosol size sections. Whether or not the
particle surface vapor concentrations for a particular size section
are updated at a given time step by “calling” the aerosol
thermodynamic model (SCAPE?2) is determined by the ratio of
the time passed since the last update over the previous
characteristic timescale for that section. The aerosol operator
becomes inactive after the mass transport has proceeded for a
time step of the gas-phase chemistry operator.

Representation of the size-resolved and composition-resolved
aerosol distribution function is based on a sectional approach. An
internal mixture is assumed for the particles; that is, within each
size section the chemical composition of the particles is unique,
and furthermore, the mass concentration distribution of a given
species is assumed to be constant in a given size section. The
particle size domain is divided into 8 size sections, with two
coarse sections between 2.5 pm and the largest size boundary

D, ..+ and six sections between the lowest size boundary D, .,
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Table 5. Boundary Conditions for Chemical Species
Considered in the Model

Species Name Mixing  Species Name Concentration,
Ratio, -3
ppb hgm

NO 1 PM, , NO, 17

NO, 1 PM,  NO, 0.56
o, 60 PM,  NH, 090
HNO, 001  PM,,  NH, 027
co 200 PM, , SO, 12

HCHO 3 PM, o SO, 0.30
Acetaldehyde 5 PM, Cl 026
Methyl ethyl 4 PM, ., C 0.26

ketone

C 4+ alkanes 9.5 PM 25 Na* 022
Ethene 1.7 M, o Na 0.18
C; alkenes 18 PM, HO 0.12
Toluene 1.5 PM; 5.10 HO 0.03
Higher aromatics 1.6 PM, (EC 0.14
NH, 0.1 PM, . o EC 0.02
SO, 1 PM, , Primary OM 3.04
CHy 2200 PM,  PrimaryOM 01
HCI 0.01 PM, , Other 3.67
HCl PM, _ , Other 1.12

Values are based on Harley et al. [1993] and Lurmann et al. [1997].
Chemical species not listed have boundary conditions equal to zero.

and 2.5 im. D o is chosen to be 10 pm in this study. The
equidistant spacmg 1n the logarithmic scale of the size domain
dictates that the lowest size boundary is 0.039 pm. (PM, ; and
PM, , denote particles with diameter smaller than 2.5 pm and 10
pm.) If particles grow beyond Dp'mu, their sizes are reduced and
the number concentration is increased to maintain mass
conservation; on the other hand, if the particles shrink below
Dp‘min, their sizes are increased and the number concentration is
reduced. The above treatment of the upper and lower boundary
conditions has a negligible influence on model predictions
because, when the particle size spectrum is sufficiently broad, the
mass fractions of particles outside the boundaries are small and
small particles (sulfate dominant) are more likely to experience
condensation than evaporation at the lower particle size
boundary.

The condensation/evaporation term is solved by Bott’s method
[Dhaniyala and Wexler, 1996]. Numerical solution of the
condensation/evaporation portion of (9),

P, (1.1) 1 GHp, (4,1
P

u

= H,(u,0)p(u.t) - 3 as)

is given by
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n+1 [Hl ]j n
[p;]; [P,] + [p;1;[exp(HAr) - 1]
[H],
At n
- ;(Fj+112 - I'}"—uz) (16)

where n denotes the discretized time ¢, j is the discretized size
domain (1), Ar and Ay are the time step and section width, and
F; +172 and F ;2 are the p; fluxes through the right and left
boundaries of sectlon j. Numerical values of the fluxes F,' ie1/2
and F _1,2 are obtained by integration of the net outflow mass as
a result of particle growth or shrinkage, on the basis of
polynomial approximation of the distribution function. These
fluxes are then normalized by the actual available mass so that the
numerical scheme is positive-definite. After comparing it with
other numerical methods for solving the
condensation/evaporation process, Dhaniyala and Wexler [1996]
found that Bott’s method is accurate and numerically very
efficient.

Before (15) or (16) can be solved one needs to evaluate the
growth rate H; according to (10), which requires estimation of
surface vapor concentrations Cg; . For sulfuric acid we assume,
because of its extremely low vapor pressure, the surface vapor
concentration to be zero for all particles. Vapor concentrations
for the volatile inorganic compounds, namely, NH., HNO,, and
HCl, are estimated by the thermodynamic model SCAPE2, as
described earlier. At the beginning of the aerosol time step,
SCAPE2 is called to calculate the growth rates for all the
inorganic aerosol components except water and carbonates.
Growth rates for aerosol water and carbonates are calculated as
follows,

+M, an

where H is defined in (11), f is the mass ratio of carbonate to

water, and the adjusted growth rates Hw_a‘lj and H_ . are
calculated by
H 1 Am, H 1 Am, 18)
ol m At ’ el m At

where Am,, and Am_ are the differences between the equilibrium-
update water content and carbonates calculated at the beginning
of the current.aerosol time step and those from the previous time
step. The mass change of carbonates is adjusted on the basis of
the change of aerosol water content.

Both sequential and parallel versions of the model have been
implemented on IBM RISC 6000 computers. About 72 CPU
hours are required for a typical 1-day simulation of the South
Coast Air Basin of California on a single IBM 390 computer,
while the parallelized version requires about 14 hours running on
5 IBM 390 nodes. More than 95% of the CPU time associated
with the aerosol model is consumed in calculating aerosol
thermodynamics.

5. Dynamic Versus Hybrid Approaches

This work uses a dynamic approach to calculate detailed mass
transfer of volatile species between the gas phase and size-
resolved particles. An equilibrium-based "hybrid" method has
been used in some previous aerosol studies [Pandis et al., 1993;
Lurmann et al., 1997]. The hybrid method first calculates at any
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Table 6. Total Emissions for Each Chemical Species for August
28, 1987

Total,

kg
ALD2 20,505
ALKA 939,353
ALKE 148,475
AROM 174,214
Cl<2.5 um 11,780.88
C12.5-10 pm 28,614
Cco 5,488,410
EC<2.5 pm 29,503
EC2.5-10 um 8,224
ETHE 136,327
ETOH 99,362
HCHO 32,436
ISOP 89,493
MEK 50,345
MEOH 4,724
Na<2.5 um 7,854
Na2.5-10 pm 19,108
NH; 166,109
NO 699,129
NO, 56,362
Ol<2.5um 195,302
012.5-10 um 559,241
00<2.5 um 93,936
002.5-10um 143,582
Sf<2.5 um 13,911
$£2.5-10 pm 6,893
SO, 135,884
503 3,533
TOLU 214,296

The sources are Harley et al. [1993] and Wagner and Allen[1990] where
the abbreviations are defined as follows:
ALD?2, lumped aldehyde; ALKA, >C3 alkanes; ALKE, >C2 alkenes;
AROM, aromatics; Cl, chloride; CO, carbon monoxide; EC, elemental
carbon; ETHE, ethene; ETOH, ethanol; HCHO, formaldehyde; ISOP,
isoprene; MEK, methyl ethyl ketone; MEOH, methanol; Na, sodium;
NH3, ammonia; NO, nitric oxide; NO,, nitrogen dioxide; Ol, crustal;
00, other organic species; Sf, sulfate; SO,, sulfur dioxide; SO3,
sulfur trioxide; and TOLU, toluene.

instant of time the equilibrium for volatile compounds between
the gas and bulk aerosol phases and, then distributes the aerosol
mass increment over the size spectrum based on a particle surface
area weighting.

The dynamic approach can simulate mass transfer between the
gas phase and individual aerosol particles whereas the hybrid
approach computes only overall gas-aerosol equilibrium. For
example, Plate 1 shows a comparison between predictions by the
dynamic and hybrid methods. Initial gas-phase concentrations are
10 ppb NH, (6.95 pug m™), 20 ppb HNO, (51.52 pg m3), and 2
ppb HCl (2.98 pg m3). Initial size-resolved and chemically
resolved aerosol concentrations are taken to be those at £ = 0 in
Plate 1. Temperature is assumed to be 298 K, and relative
humidity is 80%. Only condensation/evaporation is considered in
this example; all other physical and chemical aspects, such as
deposition and emissions, are ignored. The condensation/
evaporation rate is controlled by the difference between the
concentration in the bulk gas phase and that at the particle
surface, the single-particle surface area, and the total number of
particles in the size section. Initially, particles in the third and
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Figure 2. Aerosol nitrate size distributions for three South Coast
Air Basin locations between 0600 and 0930 LT on August 28,
1987. Air samples were taken with Berner Impactors at the
intensive Southern California Air Quality Study (SCAQS)
sampling sites and analyzed for various inorganic ions. The
impactor stage masses were transformed by a data reduction
algorithm into mass size distributions and then fitted with
lognormal functions. The measured aerosol size distributions
presented are reconstructed from the fitted lognormal parameters.

fifth size sections are more acidic than those in other size
sections, and particles in these two size sections experience some
evaporation of NH4NO3 even as NH 4NO3 is condensing on
particles of other sizes. At 2 hours the concentrations in the fourth
section have decreased because the original particles in this
section have grown to larger particle sizes while those in the third
section have not grown fast enough to reach the fourth section.
Changes in the aerosol size distribution after about 6 hours are
negligible. That distribution, however, is quite different from that
predicted by the hybrid method on the basis of the equilibrium
between bulk gas and aerosol phases and the initial size
distribution. The reason for this difference is that the hybrid
method does not account for the chemistry of individual particles.
The predicted partition of total nitrate and ammonium between
the gas and bulk aerosol phases by the two approaches is shown
in Figure 1. In this case the hybrid method just gives the
equilibrium partitioning. After 6 hours, even though the size
distributions are different, the overall gas-aerosol partitioning
predicted by the dynamic model is close to the equilibrium value.
In three-dimensional aerosol modeling this may not be the case
since total nitrate and ammonium concentrations in a grid cell at a
particular time will vary depending on the approach used. For
instance, as a result of mass-transport limitation, the dynamic



MENG ET AL.: MODEL OF ATMOSPHERIC AEROSOL DYNAMICS

Claremont
30
E Transport Aug. 28, 0600 - 0930
3201
E
%ﬂ 10¢
S I
0 +
0.01 0.1 1 10
D, (um)
% Long Beach
e Transpont Aug. 28, 0600 - 0930
= = Observed
20
s
£ w0t
a <
c ok ae=cctl |
0.01 0.1 1 10
D, (um)
% Ruobidoux
‘e Transport Aug. 28, 0600 - 0930
40
E = = Observed
S 304
n&
g 20+ LI
S w0f .
Ll E [ *a
o 3 - 1
0.01 0.1 1 10
D, (pm)

Figure 3. Aerosol ammonium size distributions for three SCAQS
locations between 0600 and 0930 LT on August 28, 1987.

model may predict higher gaseous HNO3 concentrations at a
particular location and time than equilibrium would indicate.
Because HNO3 has a considerably larger dry deposition velocity
than aerosol nitrate, the total nitrate concentration could, as a
result, be noticeably reduced from that predicted on the basis of
instantaneous local equilibrium as a result of the larger loss of

HNO,.

6. Simulation of an Episode in the South Coast
Air Basin of California

We present the simulation of a 3-day episode in the South
Coast Air Basin of California (SoOCAB) from August 27-29,
during the summer 1987 SCAQS. High ozone (>240 ppb) and
PM1 0 (> 100 ug m-3) levels were measured during this episode.
The highest measured ozone concentration for this period was
observed at Glendora on August 28, with a peak 1-hour average
mixing ratio of 290 ppb. Jacobson [1997] has also simulated this
period.

Wind flow during the 3-day period was generally characterized
by sea breeze during the day and a weak land-mountain breeze at
night. Weak onshore pressure gradient and warming temperatures
aloft increased the potential for photochemical ozone formation
on August 27. Low clouds penetrated into the coastal valleys on
August 28, with pressure gradients still remaining weak onshore.
The weak upper trough along the coast on August 29 lifted the
inversion base and created a slight reversal of the pressure
gradient, resulting in inland penetration of the morning low
clouds and fog to the coastal valleys. Over the 3-day period, there
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Figure 4. Aerosol nitrate size distributions at Rubidoux
(Riverside), California, for various sampling periods on August
28, 1987.

existed well-defined inversion layers atop neutral and unstable
layers near the surface. The inversion base height field is derived
from potential temperature analysis of air soundings [Harley et
al., 1993]. Nocturnal ground-based inversions for August 27-29
were observed only at inland locations. The nocturnal boundary
layer was generally slightly stable or near neutral. At all times
and locations the inversion base heights are within the maximum
vertical extent of the model domain.

6.1. Gas-Phase CIT Model

The “host” gas-phase chemical-transport model is the three-
dimensional CIT model [McRae et al., 1982; McRae and Seinfeld,
1983; Harley et al., 1993]. Three-dimensional meteorological
data are constructed through data interpolation with a diagnostic
wind model [Goodin et al., 1979, 1980]. The horizontal grid
domain is 80 x 30, with a resolution of 5 km. Five vertical layers
extend to a height of 1100 m above ground level. Gas-phase
chemistry is based on the chemical mechanism of Lurmann et al.
[1987] with extensions by Harley et al. [1993]. The species in
the chemical mechanism are listed in Table 5. The original
mechanism includes 35 chemical species, of which eight are
lumped species representing organic compounds of similar
reactivity. Hydrochloric acid (HCI) has been added to the original
gas-phase chemical mechanism. A constant CH, mixing ratio of
2.2 ppm is assumed. Isoprene is used as a surrogate for all
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Plate 5. Size-resolved and composition-resolved aerosol distributions at Riverside, California, at various
times on August 28, 1987. Water concentration is not shown.

biogenic hydrocarbon emissions. Since isoprene does not yield
secondary organic aerosol [Pandis et al., 1992a], the current
simulation includes SOA only from anthropogenic aromatic
compounds.

6.2. Emissions

Emission data for gaseous compounds are described by Harley
et al. [1993). In brief, day-specific pollutant emission inventories
for the August 1987 episode were received from the California
Air Resources Board (CARB) [Wagner and Allen, 1990]. The
mobile source emissions estimates [ Yotter and Wade, 1989] were
adjusted to account for daily temperature variations. On-road
vehicle hot exhaust emissions of CO and hydrocarbons were
increased to 3 times the base values to reflect realistic on-road
vehicle emission rates [Harley et al., 1993]. Stationary source
emissions, which include day-specific power plant, aircraft, and
refinery sources, were prepared by the South Coast Air Quality
Management District (SCAQMD). The NH3 emissions inventory
used was developed by Cass and Gharib [1984]. SO, emissions
and chemically resolved and size-resolved primary particle
emissions used are those presented by Lurmann et al. [1997].
Particle emissions account for six chemical species: sulfate,
elemental carbon (EC), organic material (OM), sodium, chloride,
and “other” species. Ammonium and nitrate from primary
emissions are small and can be neglected. A value of 75 t dlis
assumed for NaCl emissions following Lurmann et al. [1997].
The total amount of NaCl emissions is uniformly distributed over
the computational domain, and the daily emissions are divided by
24 hours to obtain the hourly emissions within each grid cell.
There are four size ranges for aerosol mass in the CARB PM
emission profiles; they are, <1, 1-2.5, 2.5-10, and >10 pm.
Because the emission profiles are coarser than the size resolution

for a typical aerosol simulation, for each species and source
category a continuous size distribution was estimated to distribute
the original emissions data to a finer size resolution for a
particular simulation. The estimated continuous size distributions
were based on a modified version of Twomey's algorithm for
inversion of the cascade impactor data to generate the aerosol size
distribution [Winkimayr et al., 1990]. The original CARB PM
profiles have been distributed over the eight size sections for the
current implementation. Table 6 presents total emissions for each
species for August 28, 1987.

6.3. Initial and Boundary Conditions

Boundary and initial conditions for the episode are specified
using routine surface level air quality measurements and aircraft-
based measurements acquired during SCAQS [Harley et al.,
1993]. PM; data are based on the monthly average [Lurmann et
al., 1997]. The initial size-resolved and composition-resolved
aerosol concentrations are provided by Lurmann et al. [1997],
which were estimated on the basis of the annual averages in
SoCAB [Solomon et al., 1988] and were distributed to the eight
size sections used in the simulations. Since estimated initial
concentrations are close to the actual PMZ.S measurements at
midnight on August 27, 1987, it was not necessary to develop
initial conditions based on the measured PM s concentrations at
midnight on August 27, 1987. Boundary concentrations above the
mixing height are given in Table 5.

6.4. Simulation Results

Predicted 24-hour average PM, . mass concentrations on
August 28 are shown in Plate 2. A band of high concentrations
extending from northwest to southeast in the region is predicted,
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with a maximum reached near Riverside. Although not shown,
the maximum predicted PM,, mass concentration is about 45%
higher than the PM, ; mass. Predicted 24-hour average PM, .
nitrate and ammonijum mass concentrations on the same day are
shown in Plates 3 and 4. Both exhibit spatial patterns similar to
those of total PM mass concentrations.

Predicted size distributions of aerosol nitrate and ammonium
are compared with available measurements [John et al., 1989] on
August 28 between 0600 and 0930 LT at three locations in
Figures 2 and 3, respectively. The simulations exhibit the
submicron mode of the size distribution but do not predict the
presence of the observed supermicron nitrate mode. In examining
the sodium and chloride size distributions for the same period
(not shown) we found that an observed single coarse mode was
considerably underestimated. An underestimate of NaCl in the
coarse mode will lead to an underestimate of nitrate in two ways.
First, less NaCl will be available for reaction with gaseous HNO3
to produce coarse mode aerosol nitrate; second, an underestimate
of NaCl also implies that less coarse mode surface area is
available for condensation of NH 4NO3. A more accurate estimate
of size-resolved NaCl emissions would likely improve predictions
of the coarse-mode aerosol distribution.

Figure 4 shows predicted nitrate size distributions at Rubidoux,
the location of the maximum in both nitrate and ammonium, for
various sampling periods on August 28. In the early moming, two
modes were observed for both species, nitrate being more
pronounced. The submicron mode is centered at ~0.5 pm, and the
coarse mode is at ~4.0 pum. Between late morning and early
afternoon the aerosol size distribution narrows as a result of
condensation, and the submicron mode diameter shifts toward
larger sizes. The coarse mode remains little changed. During late
afternoon, two submicron modes become evident, with the larger
submicron mode growing to a diameter of ~0.7 pm. During the
evening (observations not available) the model predicts
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continuous growth of the aerosol particles to a mode diameter of
~2 um. Throughout the aging of the aerosol size distribution,
predicted and measured NH,NO, size distributions are in good
agreement. The overall mass of sulfate was underestimated. This
is almost certainly a result of the neglect of fog processing, which
occurred in the coastal regions in the late night and early moming
of August 28-29 [Pandis et al., 1992b].

Plate 5 shows predicted 1-hour average aerosol concentrations
as a function of size at various times during August 28 for
Riverside. Sulfate, nitrate, ammonium, and EC primarily reside
in fine (PM2.5) particles, while crustal (other) species are in
coarse (PMlo) particles. Organic matter that is dominated by
primary emissions is present in all size sections. Sodium and
chloride are predicted to be minor constituents of the aerosol
phase. Inland locations, such as Claremont and Riverside, are
predicted to have higher NH 4NO3 concentrations than coastal and
central basin locations. During daytime, condensation of
NH4NO3 causes smaller particles to grow faster than larger
patticles. For instance, at Riverside the peak of the accumulation
mode grows from the fourth section (0.31-0.62 pum) at 0600 LT to
the fifth section (0.62-1.25 pum) at 1200 LT. However, dry
deposition of particles competes with particle growth. This can be
seen from the decrease of the total mass concentrations from 0600
to 1200 LT, particularly for the larger particles, although
condensation of NH 4N03 shifts the peak to larger particle size.
Since evaporation of volatile compounds would shift the
submicron mode peak to a smaller particle size and would have
no effect on the overall concentration of crustal species (other) in
the bulk aerosol phase, the decrease in aerosol concentrations at
noontime is a direct result of dry deposition. Note that as
expected, dry deposition has a larger effect on smaller and larger
particles than on those of intermediate size (~1 pm). At 1600 LT,
a bimodal size distribution is formed for the submicron particles.
At 2000 LT, continued growth causes the NH 4NO; concentration
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Figure 6. Time-series of predicted and observed PM, 5 ammonium concentrations at various locations

during August 27-29, 1987.

to peak at a supermicron particle size. Note that a large fraction
of the small particles is also removed by dry deposition. By
midnight the aerosol size distribution attains a shape similar to
that at the previous midnight.

7. Model Performance

An uncertainty analysis involves three aspects: (1) a sensitivity
analysis of the model, that is, a computation of how the model
predictions vary in response to uncertainties in model input
variables and parameters; (2) an uncertainty analysis of the
observations against which the model predictions are to be
compared; and (3) a statistical evaluation of the degree of overlap
between the uncertainty band generated by the sensitivity analysis
and that inherent in the observations themselves. In the present
case a full sensitivity analysis of the aerosol model is feasible;
what is required are intelligent estimates of uncertainties in
inputs, such as the emission inventory, boundary conditions, etc.,
and extensive computing with the model. (This computing step is
nontrivial with a model of the size considered here.) Such an
analysis is beyond the scope of the present paper. Aspect 2 is
where the problem arises; there are virtually no estimates of the
levels of uncertainty inherent in the key observation variables, the
size-resolved aerosol chemical compositions. This is simply a
result of the lack of multiple measurement methods that would
afford one such an estimate of uncertainty. Given the absence of
uncertainties stated by those who actually performed the
measurements, one is hesitant to guess at levels of uncertainty.
At this point the published data must simply be taken as the
observed variables against which model performance is judged in
the absence of error bounds. As a result, one must settle for a
statistical analysis of observations and predictions, which is what
is presented here.

Predicted gaseous and PM, ;. and PM, | species concentrations
have been compared against available measurements. Both PM,,
and PMl samples were collected on Teflon or prefired quartz
fiber filters that were then analyzed to determine aerosol mass,
trace element, ionic species, and organic and elemental carbon
[Countess, 1989]. PM2.5 NO; samples were collected by bOt];l
Teflon filter and denuder difference method. PMZ' NH,
concentrations were measured by both Teflon filter and backup
quartz filter impregnated with oxalic acid after NH, removal by
denuder. However, some of the PMz. 5 ammonium samples by the
denuder method at Riverside were contaminated because of the
high ammonia concentrations having overloaded the NH
denuder [Hering et al., 1997]. Five samples were taken each day
with sampling periods of 4 hours during the daytime and 5-7
hours during the nighttime.

Predicted PM, ¢ nitrate and ammonium concentrations are
compared with measurements in Figures 5 and 6, respectively.
Note that model predictions are 1-hour averages, while
measurements are averages over 4-7 hours. Statistical analysis of
performance by the model based on 24-hours means is presented
in Tables 7 and 8. Error analysis is carried out only for species
with observed concentrations exceeding 1 pg m=.

7.1. Nitrate

The predicted time series PM2.5 nitrate (Figure 5) agrees well
with observations. Overpredictions occur more frequently than
underpredictions. Predicted 24-hour means of PM2 nitrate
averaged over the eight SCAQS observation stations are 18.3,
23.9, and 22.9 ug m™, which are higher than the 14.6, 17.2, and
16.4 pg m™3 measured on August 27, 28, and 29, respectively.
Predicted 24-hour means averaged over the eight SCAQS
observation stations of PM , nitrate are 20.7, 26.5, and 25.4 pg
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Figure 7. Time-series of predicted and observed gaseous nitric acid concentrations at various locations

during August 27-29, 1987.

m™ which are considerably higher than the 12.7, 13.4, and 14.8
[TF:4 m} measured on the 3 days. Note that the Teflon filter
sampled PM,, nitrate concentrations were even lower than the
PM, nitrate from the denuder difference method, suggesting that
losses occurred during PM, , nitrate sampling by Teflon filters.

The maximum 24-hour means of nitrate occurred at Rlver51de
for all 3 days. The predicted 48.0, 60.5, and 65.2 pg m” 3 of PM,
nitrate at Riverside are higher than the 39.1, 41.3, and 42.5 ug
m™ measured on August 27, 28, and 29, respectively. The
predicted maximum 24-hour mean PM__nitrate, at Riverside,
53.5, 68.5, and 71.2 ug m™, are to be compared with the 36.8,
40.1,and 429 ugm’ measured by Teflon filters.

Overprediction of PM nitrate is a result of overprediction of
total nitrate. Total nitrate predicted by the current model is very
close to that given by Harley et al. [1993]. This behavior
indicates that the gas-phase photochemistry may be producing too
much HNO,. There are two pathways for production of HNO,:
am NO2 + OH and (2) N205 + H20. The second pathway
contributes about a quarter of the total nitrate production.

7.2. Ammonium

Figure 6 shows patterns of predicted and observed PM
ammonium at eight locations. Observations are based on Teflon
filter samples plus the estimated volatilized ammonium. The
volatilized ammonium is assumed to be in combination with
nitrate and is determined by the difference between PM, ; nitrate
sampled by the denuder difference method and the Teflon filter
method. Although the PM, ; ammonium was also measured on an
oxalic acid filter downstream of an oxalic acid coated glass tube
denuder, the samples were contaminated when the denuder

became overloaded at Riverside due to the high ammonia
concentrations [Hering et al., 1997]. At other locations the
ammonium ion concentrations inferred by this method agreed
with those measured by the denuder difference method.

Predicted 24-hour means of PM ammonium averaged over
the eight SCAQS observation statlons are 6.4, 8.3,and 8.3 pg m3
which agree well with the 6.5, 8.4, and 9.6 ug m -3 measured on
August 27, 28, and 29, respectively. The predicted 24-hour means
of PM, , ammonium averaged over the eight SCAQS observation
stations are 7.3, 8.9, and 8.9 ug m3 which are higher than the 4.3,
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Figure 8. Predicted and observed maximum 24-hour-mean
PM,

25 and PM 1o ass concentrations of the eight SCAQS
monitoring stations during August 27-29, 1987. The maxima all
occurred at Riverside.
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Table 7. Model Performance on 24-hour Mean Concentrations Averaged Over the Eight SCAQS
Observation Stations on August 28, 1987

Species Mean Observed ~ Mean Predicted Mean Mean Mean Mean
Bias Normalized Error Normalized
Bias ,% Error, %
HNO, 12.7 18.0 53 56 7.1 67
NH, 33 1.5 -1.8 -33 23 79
PM2.5 SO 4 9.1 6.4 -2.7 -30 30 34
PMZ.S NH4 8.4 83 -0.2 -1.0 23 29
PM, 4 NO, 17.2 239 6.7 47 9.0 61
PM2_5 EC 3.0 38 0.8 35 13 50
PM, - OM 12.0 12.8 0.8 14 45 40
PM, 5 Mass 49.6 704 207 46 20.7 46

Units are in pg m™. The 24-hour mean of the measured concentrations is based on the five samples within each day.
If some samples are missing, averages are performed only on the available samples, and the predicted concentrations are

averaged for the same periods accordingly. Measured PM s N0; , and NH: concentrations used are from the denuder

samples that recover evaporated NO; and NH: during sampling while Teflon filter measurements were only available
for the PM 10 samples. Thus the reported measured PM2 s concentrations can be occasionally larger than the

corresponding PM10 concentrations. Mean biasis D = (1/ N)Zilil(cp(xi,t) -c, (x,.,t)) ; Mean normalized bias is
D = (l/N)zN (c (x,0)—c (x t))/c (x ,t); Mean error is E—(l/N)ZN |c (x,t)~c (x,t)|; Mean

- =1\ oN" o et B i=1Fp o
normalized erroris E* = (1/N)Z |c x,0=-c (x, t)l/c (x;, t); N is the number of 24-hour mean concentration

prediction-observation paus drawn from all monitoring stations for the day; ¢, is the predicted 24-hour concentration at
location x,and date ¢; c,, is the observed 24-hour concentration at monitoring statlon x,and date #; ¢ is the date; and x; is
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the locatlon of monitoring station .

5.7,and 8.1 pg m™> measured on the 3 days. Note that similar to
nitrate the Teflon filter sampled PM,  ammonjum concentrations
are also lower than the PM, ; ammonium from the denuder
method. Maximum 24-hour means of ammonium occurred at
Riverside for all 3 days. Predicted maximum PM, ; ammonium
concentrations also agree very well with observations.

7.3. Nitric Acid

Predicted and observed time series HNO, are shown in Figure
7. Predicted 24-hour HNO3 means averaged over the eight
SCAQS observation stations are 6.3, 7.1, and 6.6 ppb, which
exceed the 3.2, 5.0, and 5.9 ppb measured on August 27, 28, and
29, respectively. Overpredictions occurred at Azusa because of
the timing differences of the peak values. Maximum 24-hour
means of HNO, occurred at Claremont and Burbank. The
predicted 9.4, 7.9, and 9.6 ppb of HNO, are comparable with the
7.4, 9.2, and 8.8 ppb measured on August 27, 28, and 29,
respectively.

7.4. Sulfate

Predicted 24-hour means of PM, ; sulfate aver 3ged over the
eight stations are 5.3, 6.4, and 6.3 pg m whlch are
considerably lower than the 6.5, 9.1, and 13.7 pg m” 3 measured
on August 27, 28, and 29, respectively. Predlcted 24-hour means
of PM, , sulfate are 6.6, 7.8, and 7.8 ug m, which are also lower
than the 7.9, 11.0, and 164 pg m’ 3 measured on the 3 days.
Underprediction was most severe on the third day, when morning

fogs and low clouds penetrated farther into the coastal valleys,
suggesting that most of the sulfate underprediction can be
attributed to sulfate formed in the aqueous phase, a process that is
not currently treated in the model.

7.5. PM Mass

The 24-hour means of PM mass at the station where the
maximum occurred are shown in Figure 8. PM mass is
overpredicted when PM NH4NO; is overpredicted. Maximum
24-hour means of PM mass all occurred at Riverside. The
predicted 92.9, 107, and 113 pg m™ of PM2 5 mass at Riverside
agree well with the 83.5, 96.8, and 90.6 ug m™ measured on the 3
days. Predicted maximum PM, , mass is 140, 164, and 167 Hg

m>, in proximity to the measured 152, 167, and 147 pug m3

7.6. Summary of Performance Evaluation

The predicted 24-hour mean concentrations of the total PMj 5
mass are above the observed values by an average of 15% during
the entire 3-day episode focused on in this study. Similarly, the
predicted 24-hour mean concentrations of the total PM;o mass are
also above the observed data by an average of 7.5% during the
entire episode. In particular, 24-hour mean nitrate PM» 5 and
PM, concentrations are overpredicted by an average of 5.6 and
10.5 pg m3, respectively. As discussed previously, this nitrate
overprediction is the effect of excess HNO3 produced by gas-
phase chemistry. Predictions of PM; s ammonium 24-hour mean
concentrations are almost identical to observations. During the
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Table 8. Model Performance at the Monitoring Station at Which the Maximum 24-Hour Mean
Concentration Was Observed on August 28, 1987

Species Location Maximum Observed Maximum Predicted Maximum in
Domain?

HNO, Burbank 233 20.0 403
NH, Riverside 11.7 59 88.8
PM, 80, Long Beach 11.4 12.9 19.1
PM, s NH, Riverside 15.5 17.5 21.0
PM2.5 NO3 Riverside 41.3 60.5 72.9
PM2.5 EC Azusa 5.6 54 72

PM, 5 OM Azusa 17.9 16.3 245
PM, 5 Mass Riverside 96.8 106.5 126

Units are in pg m™>. The 24-hour mean of the measured concentrations is based on the five samples within
each day. If some samples are missing, averages are performed only on the available samples, and the predicted
concentrations are averaged for the same periods accordingly. Measured PM2 5 NO; and NH: concentrations

used are from the denuder samples that recover evaporated NO; and NH“+ during sampling while Teflon filter

measurements were only available for the PM

samples. Thus the reported measured PM2 5 concentrations can

be occasionally larger than the corresponding PM1 0 concentrations.

@ Maximum 24-hour mean concentration predicted anywhere in entire domain.

entire episode, PM,s5; ammonium 24-hour average is
underpredicted by 0.5 ug m. PM;¢ ammonium 24-hour mean
concentrations are overpredicted by 2.3 ug m™ during the entire
episode.

8. Conclusions

We have developed a three-dimensional size-resolved and
chemically resolved aerosol model that includes advection,
turbulent diffusion, condensation/evaporation, nucleation,
emissions, and dry deposition. For condensation/evaporation of
volatile inorganic species a new thermodynamic model SCAPE2,
which has a comprehensive treatment of gas-aerosol equilibrium
is incorporated. The aerosol model has been coupled with the
three-dimensional gas-phase photochemical CIT model and has
been applied to the August 27-29, 1987 episode in the South
Coast Air Basin of California. Simulations have been compared
systematically against available observations.
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