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Abstract. A Lagrangian air quality model is developed which represents the
airborne particle complex as a source-oriented external mixture. In a source-
oriented external mixture, particles of the same size can evolve to display different
chemical compositions that depend on the chemical and hygroscopic properties of the
primary seed particles initially emitted from different sources. In contrast, previous
models initialize the airborne particles as an internal mixture in which all particles of
the same size are assumed to have the same chemical composition. Test cases show
that representation of the aerosol as an internal mixture can distort the predicted
particle composition and concentration in the HNO3/NH3/HCl/H,S04/aerosol
Cl~ /SO /NO3 /NH} /Na* system when Nat and SOF exist in separate particles,
as may occur when sea spray coexists with long-distance transport of anthropogenic
sulfates. Tests also indicate that the external mixture model can predict the
evolution of a nearly monodisperse aerosol into a bimodally distributed aerosol
as relative humidity increases, qualitatively matching observations. The source-
oriented external mixture model is applied to predict the size and composition
distribution of airborne particles observed at Claremont, California, on August
28, 1987. Calculations produce an aerosol mass distribution that is distinctly
bimodal in the size range from 0.1 pm to 1.0 pum particle diameter, matching
field observations. External mixture calculations also predict specific differences in
composition between particles of the same diameter. The external mixture model
is expected to have applications including exploration of the cause of the particle-
to-particle differences seen by time-of-flight mass spectrometers that measure single

particle size and composition in the atmosphere.

1. Introduction

Mechanistic air quality models are presently being
formulated that track primary emissions of particles
and gases in the atmosphere as these pollutants un-
dergo dilution, chemical reaction, gas-to-particle con-
version processes, and deposition at the Earth’s surface
[Seigneur et al., 1986; Pilinis and Seinfeld, 1988; Hud-
ischewskyj and Seigneur, 1989; Middleton and Burns,
1991; Pandis et al., 1993; Binkowski and Shankar, 1995;
Eldering and Cass, 1996]. These models seek to predict
the size distribution and chemical composition of ambi-
ent particles, and from such information, predictions of
radiative transfer through the atmosphere can be made.
Accurate calculations of the effect of source emissions on
particle size and composition are important for under-
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standing how to control urban/regional visibility prob-
lems [National Research Council (NRC), 1993] as well
as the large-scale effects that air pollutants can have,
such as climate forcing [Charlson et al., 1992; Penner
et al., 1994]. Another important application of detailed
aerosol calculations is related to the adverse health ef-
fects associated with inhalation of airborne fine parti-
cles. While many of the mechanisms that trigger res-
piratory and cardiac problems in response to airborne
particle exposure remain unknown, evaluation of several
of the hypotheses advanced to explain the health effects
observed depends on being able to account for either the
absolute number concentration and composition of ul-
trafine particles (diameter, d, < 0.1 gm [Oberdorster et
al., 1995]) or the specific details of individual particle
chemical composition such as particle acidity or trace
metals content [Schlesinger, 1989; Dreher et al., 1997].

An internally mixed aerosol is defined as one in which
all particles of the same size have exactly the same
chemical composition. The atmospheric aerosol pro-
cesses air quality models that have been demonstrated
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to date all initialize the particles as an internal mixture
even though several experiments have shown that this
assumption may not be accurate. Zhang et al. [1993]
used a tandem differential mobility analyzer to demon-
strate that the ambient aerosol at Claremont, Califor-
nia, contains particles having different hygroscopic char-
acteristics at the same particle size, suggesting that par-
ticles of the same size have different chemical compo-
sitions. Ligocki et al. [1990] examined the chemical
composition of particles deposited from the atmosphere
using a scanning electron microscope equipped with an
X ray spectrometer and also found significant variabil-
ity in the chemical composition of particles with the
same diameter. While previous air quality models us-
ing moving size sections to represent the aerosol may
develop situations where particles in adjacent size bins
begin to overlap in size because of differences in the
rate of gas-to-particle conversion processes, the degree
of heterogeneity between particles of the same size in
those models is still small compared with that mea-
sured in the atmosphere by aerosol time-of-flight mass
spectrometers [Noble and Prather, 1996].

The purpose of this paper is to demonstrate the
properties of an aerosol processes air quality model in
which the airborne particles are represented as a source-
oriented external mixture. An externally mixed aerosol
is one in which different particles of the same size can
have different chemical compositions. In the extreme an
external mixture would consist of particles containing
only model pure substances, such as pure ammonium
sulfate in many particles of one type separated from
other particles made entirely of organic compounds or
pure elemental carbon. However, such complete segre-
gation of chemical substances is no more realistic than
the idealization that all particles are internally mixed.
Instead, we conceive of the aerosol as a source-oriented
external mixture in which the individual chemical com-
position of the primary seed particles emitted at their
source reflects the possibly complex chemical composi-
tion of the effluent from that source. The aerosol then
contains particles with different chemical compositions
at the same size as seed particles from characteristically
different emissions source types enter into the same air
parcel and evolve over time.

2. Model Formulation

In the present study, the Lagrangian aerosol processes
trajectory models developed previously by Eldering and
Cass [1996], Russell et al. [1983], and Russell and Cass
[1986] are expanded to produce a model capable of rep-
resenting the ambient aerosol either as an internal or as
a source-oriented external mixture of particles. In the
model of Eldering and Cass [1996] a countable num-
ber of discrete particles, having initial sizes and chemi-
cal compositions determined by the source from which
they were emitted, are inserted into a vertical stack of
computational cells as it is advected across the airshed.
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Along a typical trajectory crossing the South Coast Air
Basin of California and terminating at Claremont on
August 28, 1987, approximately 102° particles are emit-
ted into the model. Air parcel trajectories and mix-
ing depths are determined from three-dimensional wind
fields and mixing depth fields interpolated from obser-
vational data by the methods of Goodin et al. [1979].
Within each computational cell, atmospheric gas-phase
chemical reactions are modeled according to the chemi-
cal mechanism of Carter [1990] with extensions to track
condensible organic gases that may form secondary or-
ganic aerosol [Pandis et al., 1992]. Diffusion of gases to
and from particles is calculated according to the AIM
computer code of Wexler and Seinfeld [1991]. Dry de-
position of particles as a function of size is calculated
from atmospheric boundary layer theory, as is dry de-
position of reactive gases. An approximate fog model
is used to track sulfate formation within fog droplets
due to SO, oxidation in the aqueous phase by dissolved
hydrogen peroxide, dissolved ozone, or dissolved oxygen
in the presence of trace metal catalysts.

The processes listed above may be described by a
Lagrangian trajectory form of the atmospheric diffusion
equation

aG; 0 0G;
50 = g(Kqu’—)—Zij(G,P",T,RH)
k
+R;(G,T,RH); j=1,2,..,n n
orf _ 0 .. OF k k
W = Ez-(I{ZzW)+ZLij(G’P’T’RH)
J

+MF(P¥,T,RH); i=1,2,..,m (2)

where G; is the gas-phase concentration of species j,
PF is the concentration of chemical species i present in
particles of type k, K, is the turbulent eddy diffusivity
in the vertical direction z, Lf-‘j is the gas-to-particle con-
version rate for gas-phase species j which form aerosol-
phase species i on particles of type k, R; is the rate of
production of gas-phase species j due to gas-phase re-
action, M} is the rate of production of species i within
particles of type k& due to aqueous-phase chemical re-
action, T is the absolute temperature, and RH is the
ambient relative humidity. Pollutant emissions and dry
deposition processes are incorporated into the boundary
conditions for the ground level cell in the model. Coagu-
lation and nucleation are neglected relative to other pro-
cesses for the case of the relatively dilute atmospheric
systems of interest to regional air pollution problems.
Test calculations applied to self-coagulation of an ur-
ban aerosol like that studied during the applications
in this paper show that the time scale for coagulation
is greater than 17 hours, much longer than for other
processes in the model. If conditions are encountered
elsewhere in which coagulation and nucleation should
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not be neglected, then these processes can be added to
the model.

In the original model of Eldering and Cass [1996],
particle-phase emissions from each source are internally
mixed into the preexisting ambient aerosol when they
enter the atmosphere. The purpose of the research
described in the present study is to create a source-
oriented external mixture of particles by continuing to
differentiate between particles emitted from different
sources even after they are released into the atmosphere.
This formulation greatly increases the computational
burden of the problem, and so efficiency improvements
also are necessary to make calculations tractable. Each
major feature of the model which differs significantly
from the description given by Eldering and Cass [1996]
is discussed in the following sections.

2.1. Emissions Model

The model of Eldering and Cass [1996] represents par-
ticles emitted from a single source type as if they had a
discrete distribution where the initial diameters of the
primary particles occur at 15 discrete sizes centered at
equally spaced logarithmic size intervals spanning the
diameter range from 0.01 ym to 10 pm. The number
of particles emitted at a given size is calculated using
the mass emission rate within each logarithmic size in-
terval for the source under consideration and the parti-
cle density calculation method described by Larson et
al. [1988]. The size distribution and chemical compo-
sition of the particles from each of the major emission
source types that occur in an urban area are princi-
pally obtained from the source test program conducted
by Hildemann et al. [1991a, b], supplemented by other
data sources as described by Eldering and Cass [1996].

In the present paper, a source-oriented external mix-
ture of particles is created by differentiating the pri-
mary particles emitted from the following source types:
catalyst-equipped gasoline engines, non-catalyst-
equipped gasoline engines, diesel engines, meat cooking,
paved road dust, crustal material from sources other
than paved road dust, and acidic aerosol from industrial
processes. Particulate emissions from the remaining
sources are combined to produce a single lumped source
category having a chemical composition equivalent to
the weighted average composition of the many remain-
ing small sources that are grouped together. The indi-
vidual particles emitted from each of the source types
listed above are described in terms of their content of
the following chemical components: elemental carbon,
organic carbon, sodium, chloride, ammonium, sulfite,
sulfate, nitrate, iron (oxidation states IT and III), man-
ganese (oxidation states II and III), copper (oxidation
states I and II), all remaining metals as a single group,
and all other nonmetallic species as a single group. The
distribution of iron between oxidation states is repre-
sented according to the data of Erel et al. [1993] as
Fe(IT)/Fe(I1I) = 51/49 based on analysis of fog water
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samples taken in the Los Angeles area. The distribution
of manganese and copper between possible oxidation
states is taken from Jacob et al. [1989] based on mea-
surements made at Bakersfield, California. This distri-
bution is Cu(I)/Cu(II) = 10/90 and Mn(II)/Mn(III) =
600/1. The relative chemical composition of all parti-
cles from the same source is assumed to be identical
since data that distinguish differences in the composi-
tion of particles of different sizes from the same source
are not available in general.

Gas-to-particle conversion processes represented
within the model require that gaseous pollutant emis-
sion data for oxides of nitrogen, volatile organic species,
ammonia, and SOz be supplied to the model. These
emissions are represented as described by Harley et al.
[1992, 1993a, b] and Eldering and Cass [1996].

2.2. Vertical Transport and Dry Deposition

Vertical transport due to turbulent diffusion is spec-
ified between five computational cells with thicknesses
(beginning at ground level and proceeding upward) of
34.5 m, 105.5 m, 140 m, 330 m, and 390 m resulting in
a modeling region 1000 m thick. Calculation of the dry
deposition of gas-phase pollutants is based on boundary
layer theory and land-use specific surface resistances as
described by Russell et al. [1993]. Vertical transport of
particle-phase species is based on particle number con-
centrations per cubic meter of air exchanged and is cal-
culated numerically using the Crank Nicholson method
as described by Chapra and Canale [1988].

Dry deposition of particles follows the method de-
scribed by Slinn and Slinn [1980] and Seinfeld [1986]
with appropriate modifications to account for the effect
of changes in atmospheric stability conditions. The re-
sultant equation for the deposition velocity of particles
of type k, v,’f, may be written as

1
E By k
= 3
» rh + vk + rErk vk (ak) +v,(aq) (3)
with .

(rp) ™! = ua[(Sc*)"H3 4 1073/57] (4)

where 7% is is the resistance to deposition in the con-
stant flux layer, rf, is the resistance in the sublayer
immediately adjacent to the ground, u, is the friction
velocity, Sc* is the Schmidt number for particles of size
k, StF is the Stokes number for particles of size k, and
v¥ is the gravitational settling velocity of particles with
aerodynamic diameter a’g. In the present study, repre-
sentation of the resistance term r% has been improved
and depends on atmospheric stability conditions as de-
scribed by McRae et al. [1982]:

Stable conditions

0.74
kvu*

4.7
Lkyu,

vk =

ln(j—;) + (zr—20)  (5)
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Neutral conditions

In(—) (6)

Unstable conditions

0.74 71—1] [72—1]}

k

= In —1 7
¢ by { [71+1 "t @
where v; = /1~ 9%, 72 = \/1—9%, ky is the Von

Karman constant, z is elevation above ground level,
2z, is the pollutant measurement reference height (10
m), zo is the surface roughness height, and L is the
Monin-Obukhov length. Values of the surface rough-
ness height zy are obtained from detailed land-use maps
as described by Russell et al. [1993].

2.3. Gas-to-Particle Conversion: Large Aerosol
Water Content

In the present study, the approximate fog model of El-
dering and Cass [1996] is replaced by a more exact treat-
ment. The model used to describe liquid-phase chemical
conversion under these conditions follows the approach
of Jacob [1986] and Jacob et al. [1989]. Dissolution of
gas-phase species into the aqueous phase is considered
for NH3, HC], CH3OH, HCOOH, CH302, CH3OOH,
CH3C(O)OOH, OH, HNOg, H302, HO3, O3, NO, NOg,
NOjz;, HNO,4, HCHO, CHOCHO, CH3C(O)CHO, SO,,
HONO, and CH3COOH. The rate equation that de-
scribes transport between the gas phase and the particle
or droplet phase within the fog module is

oPk
ot

where P} is the concentration (umole m~2 air) of the
i*h chemical species within the liquid phase associated
with particles of type k, Ny is the ambient number con-
centration of particles of type k, D; is the gas-phase
molecular diffusivity of chemical species %, i is the ra-
dius of particles of type k, «; is the accommodation co-
efficient for collision of gaseous chemical species 7 with
the aqueous phase, G{° is the ambient gas-phase con-
centration of chemical species ¢, and G} is the gas-phase
concentration of chemical species ¢ at the droplet sur-
face. Gas-phase molecular diffusivities are estimated by
the method of Wilke and Lee [Reid et al., 1987], when
data on boiling points are available, and the method of
Fuller, Schettler, and Giddings [Reid et al., 1987], when
no data on boiling points are available. The accommo-
dation coefficient for all chemical species is assumed to
be 0.1.

The exchange of NH3 between the gas and the aque-
ous phases requires special attention at high pH because
the aqueous concentrations of NH} and H* become
closely coupled. Since an extremely small time step is
required for integration under these conditions, this cal-
culation is done separately from the rest of the equation

= 4x Ny Dir o (G — GY) (8)
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set to improve numerical efficiency. An explicit form
of Euler’s method is used to integrate equation (8) for
NHj along with the following equation describing the
evolution of aqueous hydrogen ion:

o[H+] _  O[HY] O[N(-II)] o
8t QN(-I] ot ©)

where [H*] is the concentration of hydrogen ion in so-
lution, and [N(-III)] is the aqueous concentration of
NH; plus NHf. The gas-phase concentration of NHj
at the particle surface needed in equation (8) is re-
lated to aqueous-phase NHj3 concentrations via Henry’s
law for ammonia according to the treatment of Jacob
[1986]. The term Tg% is calculated using perturba-
tion analysis every time the pH of a particular droplet
shifts by more than 0.5 units.

Species in aqueous solution are acted on by a kinetic
reaction mechanism focusing on the oxidation of sul-
fur via pathways including iron, manganese and cop-
per catalysis in addition to reaction with dissolved O3
and H2O3. The mechanism consists of 58 active chem-
ical species undergoing 177 reactions while constrained
by 29 equilibrium relationships. Temperature correc-
tions to rate and equilibrium constants are made us-
ing thermodynamic data from Jacob [1986], Jacob et
al. [1989], and Wagman et al. [1982]. Ionic strength
corrections to equilibrium calculations are made using
the Davies method as described by Stumm and Mor-
gan [1981]. The simultaneous nonlinear equations de-
scribing the equilibrium system are solved using the MI-
CROQL technique described by Westall [1979].

When meteorological observations indicate that the
air parcel studied is entering a fog, the critical radius
and critical saturation ratio for each particle is calcu-
lated according to the Kohler equation as described by
Pruppacher and Klett [1978]. Those particles with a
critical saturation ratio less than the ambient saturation
ratio are activated to form fog droplets, while particles
with a higher critical saturation ratio are not activated
and thus remain as interstitial aerosol. Droplet growth
occurs by condensation of water vapor which is calcu-
lated according to the method described by Pruppacher
and Klett [1978] with data on osmotic coefficients from
Robinson and Stokes [1955].

2.4. Gas-to-Particle Conversion: Small Aerosol
Water Content

In the absence of fog, aerosol liquid water content
is small but nonzero during periods when the ambient
relative humidity is greater than the relative humid-
ity of deliquescence for the particles in the atmosphere.
The gas-to-particle conversion calculations for particles
under these conditions are based on the framework of
the computer code AIM developed by Wexler and Se-
infeld [1991]. During the construction of the model de-
scribed in this study, it was discovered that the original
AIM algorithm does not permit the crystallization of
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solid-phase species as aerosol water content decreases
below the point where this should occur under condi-
tions where particles contain more than one possible
solid-phase component. This problem was corrected
and the convergence criteria for particle-phase equilib-
rium were altered to ensure that the driving potential
for the formation of an additional amount of each solid-
phase species was zero at equilibrium.

The original version of AIM considers gas-phase wa-
ter concentrations to be in equilibrium with particle-
phase concentrations using the Zdanovskii, Stokes, and
Robinson (ZSR) method described by Wexler and Se-
infeld [1991]. During model development it was dis-
covered that if aerosol water content is treated in a ki-
netic fashion then the efficiency of the overall solution
method could be improved. The equations describing
the kinetic exchange of water between the gas and the
particle phases are taken from Pruppacher and Klett
[1978]. Data on osmotic coeflicients are obtained from
the original version of AIM with modifications for the
electrolytes (NH4)QSO4, NH4HSO4, (NH4)3H(SO4)2,
NasS04, NaHSO4, and NaNOj3 based on the data of
Tang and Munkelwitz [1994]. The original version of
AIM uses the Kusik and Meissner method to calcu-
late binary activity coefficients for ion pairs in solution
and then uses an alternative approximation to calcu-
late activity coefficients in multicomponent solutions.
The method used to estimate the multicomponent ac-
tivity coefficients was modified to more closely follow
the treatment shown by Kusik and Meissner [1978].

2.5. Gas-to-Particle Conversion: Zero Aerosol
Water Content

During periods of low relative humidity the liquid wa-
ter shell surrounding atmospheric particles may disap-
pear entirely, leaving a solid particle core exposed to the
gas phase. Gas-to-particle conversion may still occur
under these conditions, but the flux of acidic gas-phase
species to and from the particle must be balanced by the
flux of ammonia so that no dissociated species exist in
the particle phase. The equations used to describe this
process are the same as those used in the original version
of AIM, but the conditions when they are applied are
modified. The original version of AIM uses equations
requiring that the flux of ammonia to the particle ex-
actly balance the net flux of strong acids whenever the
ambient relative humidity falls below 78%. In the re-
vised version of AIM, this flux-matching requirement is
not imposed until the particle becomes completely solid.
The thickness of the liquid water shell surrounding the
particle is calculated at each time step. If the water
shell becomes thinner than the approximate thickness
of 20 water molecules (5.6 nm), the remaining water is
expelled from the particle and the equations for zero
water content are used. This modification is important
since many particles retain a significant aqueous shell
even after the relative humidity falls below 78%.
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2.6. Solution Technique

The most complicated and time-consuming opera-
tions performed during model calculations involve the
integration of sets of simultaneous ordinary differential
equations describing such processes as gas-phase kinet-
ics / transport / deposition, aqueous-phase kinetics /
gas-to-particle conversion, and gas-to-particle conver-
sion during periods of low relative humidity. The nu-
merical solution technique used for all these tasks is
based on the hybrid method described by Young and
Boris [1977] with several modifications.

The Young and Boris algorithm classifies individual
equations in the simultaneous set as either stiff or nons-
tiff. Nonstiff equations are solved with an implicit form
of Euler’s method. This technique is simple and easy
to apply but suffers from stability problems when the
characteristic time for an equation becomes small rela-
tive to the time step used by the solution method. To
minimize this effect, stiff equations are modeled with

the form
dC(t) C(t)

dt T

where C(t) is the concentration of a chemical species
at time ¢, a is the rate of production for the chemical
species, and 7 is the time constant for chemical species
rate of destruction. If ¢ and 7 are constant with respect
to time, this equation can be solved analytically to give

(10)

C(t+ At)=ar+ (C(t) — a7) exp(_TAt) (11)

This leads to an implicit numerical technique to solve
for C(t+ At)

Ct+At) = B+(C1)-h) (12)
—2At
Tt D)
where
g - (Mrarsn)
' (r(t) +7(t+ At))
2

Young and Boris recognize that evaluation of the expo-
nential is computationally expensive and so they derive
an approximate solution for C(t + At) as

B+ (C()-P)
[r@+ A+ 7(t) — At]
T(t + At) + r(t) + At

Clt+At) = (14)

When the time step At is large compared with the char-
acteristic time 7 for the equation, the error introduced
by this approximation converges to

error = C(t) — 8 (15)
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Thus the Young and Boris technique applies a more
stable solution to stiff equations, but application is lim-
ited to equations for which the error term defined by
equation (15) is small. Performance analysis under-
taken in the current study indicates that within the
present application, the majority of the computational
time is spent evaluating equilibrium conditions in the
particle phase, and these calculations benefit from in-
creased stability in the kinetic solver. As a result, use
of equation (12) instead of equation (14) does not sig-
nificantly increase the computational burden of each it-
eration. Furthermore, because equation (12) does not
introduce an extra error term into the calculation, it can
be applied to a larger fraction of the equation set, lead-
ing to increased stability and efficiency improvements
in the equilibrium solution. To take advantage of these
features, the numerical solution technique was modified
to use equation (12) when integrating stiff equations.
The definition of a stiff equation was also relaxed to in-
clude more of the equation set being integrated. Over-
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all, these changes increase the stability of the solution
technique, allowing larger time steps to be taken, which
leads to improved computational efficiency.

3. Testing of Individual Model
Components

Gas-to-particle conversion and aqueous-phase chemi-
cal reaction processes are influenced by the composition
of the particles on which those processes are initiated.
Thus the model components describing these processes
are tested to illustrate their sensitivity to the represen-
tation of the aerosol particles as an internal mixture
vs. a source-oriented external mixture. Model compo-
nents describing physical processes such as emissions,
transport and deposition are not directly affected by
the representation of the airborne particles as a source-
oriented external mixture, so no further tests of these
algorithms beyond those reported earlier are required.

Table 1. Results for Test of Alternative Aerosol Thermodynamics

Models

Relative Humidity, %

90 80 70 60 50 40
Nitrate as NO; (pg m™)
Internal mixture
SCAPE* 4.8 1.9 0.9 0.4 0.1 0.2
original AIM* 1.2 0.4 1.6 1.2 0.5 0.2
revised AIMP 1.1 0.25 0.03 001 0.02 0.01
revised AIM® 1.5 0.3 0.04 0.03 0.02 0.02
External Mixture
revised AIM4 14.3 14.6 16.4 15.9 15.9 15.9
Ammonia as NH} (ug m™3)
Internal mixture
SCAPE* 10.5 10.5 10.5 10.5 10.5 10.5
original AIM* 10.6 10.6 10.5 10.5 10.5 10.5
revised AIMP 106 106 106 106  10.5 10.5
revised AIM® 10.5 10.6 10.6 10.6 10.5 10.5
External Mixture
revised AIM®4 10.6 10.6 10.6 10.6 10.6 10.6
Chloride as CI~ (ug m™2)
Internal Mixture
SCAPE* 0.7 0.2 0.1 0.0 0.0 0.0
original AIM* 0.1 0.0 0.0 0.0 0.0 0.0
revised AIMP 0.11  0.01 0.0 0.0 0.0 0.0
revised AIM® 0.11 0.01 0.0 0.0 0.0 0.0
External Mixture
revised AIM®4 217 144 602 703 7.7 8.2
Water (ug m™3)
Internal Mixture
SCAPE* 218 110 74.4 55.9 15.3 4.61
original AIM* 188 102 75.1 54.1 37.7 29.5
revised AIMP 173 81.2 7.3 1.4 0.6 0.44
revised AIM® 175 81.4 6.5 1.7 0.6 0.44

See text for initial gas and particle-phase composition.

* Results for case 3 of Kim et al. [1993].

® Thermodynamic data for NH;NO3 from Wagman et al. [1982].
¢ Thermodynamic data for NH,NO3 from Stelson and Seinfeld [1982].

4 Nat and SO}' present in separate particles.
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3.1. Gas-to-Particle Conversion in the Absence
of Clouds or Fog

Gas-to-particle conversion in the absence of clouds
or fog is calculated with a modified form of the com-
puter code AIM as described in section 2.4. Kim et al.
[1993] present a comparison of the results produced by
the original version of AIM to the results obtained from
the gas/aerosol equilibrium model SCAPE by initializ-
ing both models with the same gas- and particle-phase
chemical species concentrations and then running the
original version of AIM until equilibrium is reached.
This analysis is repeated using the revised version of
AIM so that all three sets of results can be compared
directly. In SCAPE calculations, activity coefficient es-
timates obtained by Kusik and Meissner’s method will
be used in the present work since this is the activity
coefficient calculation method used in both the original
and the revised version of AIM.

Test case 3 from Kim et al. [1993] represents an ex-
ample where all of the ionic species considered by AIM
are present in significant amounts. Intial particle-phase
concentrations are 48.97 ug m~2 of SOF, 29.52 ug m~3
of NO3, 9.1 pg m~3 of ClI~-, 10.59 ug m~3 of NH,
5.9 pg m~3 of Nat, and 0.91 pug m=3 of Ht, while
all gas phase species are initialized to zero. Gaseous
species then evolve from the particles until equilibrium
is reached. For the purposes of illustration an exter-
nal mixture calculation will be conducted in which this
system is split into two groups of particles both with
initial diameters of 1.0 pm. The first set of particles
contains all the sodium/chloride, while the second set
of particles contains all the sulfate/nitrate/ammonium
as may be expected to be the case if freshly generated
sea spray aerosol is mixed with sulfates and nitrates
produced previously during long-distance transport of
aged air pollution. Hydrogen ion is distributed appro-
priately to obtain charge balance. The equilibrium con-
centrations of volatile components in the particie phase
predicted by each of the three aerosol process models at
a temperature of 298 K and various relative humidities
are summarized in Table 1.

The predictions made by all three aerosol process
models appear to be very similar for the case of an in-
ternally mixed aerosol. Nonvolatile sulfate dominates
this test system, pulling all available ammonia into the
particle phase. This leaves insufficient ammonia in the
gas phase to form either NH4NQj3(s) or NH4Cl(s) in the
particle phase. As a result, nitrate and chloride exist in
the gas phase as HNO3 and HCI and as free ions in the
aqueous shell surrounding the particles but never crys-
tallize to form part of the solid core of the particle. The
aerosol water content predicted by the original version
of AIM matches predictions made by the revised version
of AIM and the SCAPE model at high relative humid-
ity but significantly overpredicts water content at low
relative humidity, reflecting the inability of that model
to crystallize solids under certain conditions.
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In the case of an externally mixed aerosol, dramatic
differences are seen for the predicted aerosol composi-
tion at equilibrium made by the revised version of AIM
relative to the internally mixed aerosol representation of
the same chemical system. The particle group contain-
ing the nonvolatile sulfate still draws all of the available
ammonia into the particle phase, but separate particles
containing the nonvolatile sodium also draw nitrate and
chloride into the particle phase in an analogous fashion.
This leads to a great increase in. the predicted nitrate
and chloride concentrations in the particle phase rela-
tive to the internally mixed aerosol calculation. This
example illustrates one possible distortion of the atmo-
spheric aerosol concentrations that could be produced
by employing an internal mixture model under condi-
tions where secondary formation processes are active.

3.2. Gas-to-Particle Conversion in the
Presence of Fog or Clouds

The degree to which the ambient aerosol at Clare-
mont, California is externally mixed has been studied
experimentally by Zhang et al. [1993]. This experi-
ment involved selecting a narrow range of particle sizes
using a differential mobility analyzer (DMA), humid-
ifying this classified aerosol and then measuring the
modified size distribution of particles using a second
DMA. Upon humidification, one group of particles grew
rapidly to larger sizes while a second group containing
more hydrophobic particles grew by a smaller amount,
thereby creating a bimodal size distribution from ini-
tially monodisperse seed particles. The results of this
experiment indicated that ambient submicron particles
of the same size typically have distinctly different hy-
groscopic characteristics, strongly suggesting that the
ambient particles consist of an external mixture. In or-
der to test the operation of the fog model in the presence
of an internally versus externally mixed representation
of the atmospheric aerosol, a numerical experiment mo-
tivated by that conducted by Zhang et al. [1993] was
performed. Gas- and particle-phase pollutant concen-
trations based on ambient conditions near the coast of
Los Angeles at 0000 PST on August 28, 1987, were ob-
tained from one of the trajectory simulations that will
be presented in section 4 of this study. A narrow slice
of the aerosol size distribution in the diameter range 0.3
pm to 0.5 pm was then selected and exposed to an at-
mosphere with a water vapor supersaturation of 0.08%,
in one case with the aerosol represented as an internal
mixture and in the second case with the aerosol repre-
sented as a source-oriented external mixture. The cap-
tured air parcel studied was spiked with 0.15 ppm SO,
in order to allow heterogenous sulfate formation to oc-
cur. Gas-phase photochemistry, gas and particle-phase
deposition, and continuing emissions were not enabled
during this test so that the effect of the internally versus
externally mixed representations of the aerosol on the
gas-to-particle conversion and aqueous-phase physical
and chemical transformations during fog events could
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be examined directly. The initial particle-phase con-
centrations and major gas-phase concentrations speci-
fied for this test are found in Table 2. The initial size
distribution of material in the particle phase and the
evolution of this size distribution after 1 hour and 2
hours with no further inputs or losses is shown in Fig-
ure 1. Although water is not explicitly shown in these
graphs, the size distributions of particle-phase chemical
components are plotted at the equivalent wet particle
diameters.

The results of this numerical experiment show that
the internally mixed aerosol grows due to condensation
of water, but the size distribution of particles remains
nearly monodisperse since all particles of the same size
have the same chemical composition and hygroscopic
properties. The externally mixed aerosol splits into
two distinct modes when exposed to the supersaturated
air, reflecting different hygroscopic properties between
particles of the same diameter. The mode with the
smaller diameter consists of particles composed largely
of less hygroscopic material such as primary organics
and crustal material, while the mode with the larger
diameter is comprised mainly of more hygroscopic ma-
terial such as ammonium, sulfate, and nitrate. Such bi-
modal behavior during conditions when the atmosphere
is supersaturated with respect to water vapor would af-
fect particle removal by gravitational sedimentation, ur-
ban/regional visibility calculations during fogs, as well

as global scale radiative transfer calculations involving

clouds.

Aqueous phase chemical transformations lead to pro-
duction of sulfate in the particle phase. No significant
difference is seen between the total amount of sulfate
produced within a fog seeded by an internally versus
externally mixed aerosol under the conditions of the
particular test case examined here.
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4. Trajectory Model Evaluation

A comparison of the results produced by the exter-
nal versus internal mixture models applied to the same
air pollution episode requires an episode for which de-
tailed information is available which describes meteoro-
logical conditions, gas and particulate-phase emissions,
and ambient air quality. Because complete data sets
of this type are extremely difficult and expensive to ob-
tain, few air quality episodes have been characterized in
such detail. The Southern California Air Quality Study
(SCAQS) was a large cooperative air quality measure-
ment program carried out in the South Coast Air Basin
of California to collect information for the design and
evaluation of air quality models [Lawson, 1990]. Elder-
ing and Cass [1996] examined the SCAQS data taken
during the summer of 1987 and determined that the
data collected during the episode of August 27-28, 1987,
at Claremont, California, are relatively complete and
self-consistent. They then used a trajectory model hav-
ing an internally mixed representation of the aerosol to
predict the evolution of the particle size and composi-
tion distribution as well as visibility-related parameters
for this episode. Since the present study builds on this
previous work, trajectories ending at Claremont during
the August 27-28, 1987, SCAQS episode also are used
here as the basis for comparison of the results of calcula-
tions that use alternative representations of the extent
of aerosol mixing. Air parcels are tracked over a period
of 2 days, starting over the ocean and terminating at
Claremont on August 28, 1987. Although the trajectory
paths and model inputs used in this study are virtually
identical with those used by Eldering and Cass [1996],
the representation of the aerosol as a source-oriented
external mixture and other model improvements result
in different predictions for ambient air quality.

Table 2. Initial Conditions for Box Model of Fog Initiated on Nearly Monodisperse
Aerosol in the Diameter Range 0.3 pm-0.5 ym

Concentration® Concentration”

Particle-Phase Species® pug m™2 air Gas-Phase Species* ppm

NH7 (aq) 14.3 NHa(g) 8.73x10~*
Cl~(aq) 17.0 HCl(g) 7.33%107*
NO; (aq) 57.3 HNO;(g) 1.63x1073
SOf (aq) 129.7 SO (g) 1.55%10~?
H250s(aq) 2.38x1077 OH(g) 2.71x107°
Na*(aq) 1.55x107! H202(g) 7.97x107*
Cu(I)(aq) 2.10x10™* Os(g) 2.18x107°
Cu(II)(aq) 1.80x1073 NO(g) 3.29x1072
Fe(II)(aq) 1.11x10™! NO:(g) 6.62x1072
Fe(11I)(aq) 1.11x107? NOas(g) 1.32x10~ 1
Mn(II)(aq) 1.74x1072 HNO.(g) 1.63x107°
Mn(I11)(aq) 3.48x107° HCHO(g) 6.23x10~°
Elemental carbon 7.50x10~2 CHOCHO(g) 8.12%107°
Primary organics 1.56 CH3(O)CHO(g) 1.53x107*
Secondary organics 2.39x10™? HONO(g) 1.79x10~*
Other 1.58x107? HO:(g) 2.50x10~%

® Species not listed have initial concentration equal to zero.
® Concentrations represent SO, spiked air as it would exist near the Los Angeles coastline
at 0000 PST on August 28, 1987, before raising the relative humidity to produce a fog.
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Figure 1. Initial size distribution of a nearly monodisperse aerosol separated from a represen-
tative Los Angeles coastal ambient aerosol and the evolution of its size distribution within a box
model after 1 hour and 2 hours in the presence of fog and additional SO, (see Table 2 for initial
conditions). External mixture calculations produce a size distribution that is bimodal because of
the different hygroscopic properties of particles having the same initial diameter. Particles are
shown at their equivalent wet diameter, but water is not shown explicitly.
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4.1. Meteorological Inputs

The construction of meteorological inputs used for
the August 27-28, 1987, episode closely follows the
treatment described by Harley et al. [1993a] and El-
dering and Cass [1996] except in the construction of
the gridded fields describing fog events. In the present
study, airports reporting fog were assigned a probabil-
ity of 1.0 that fog was present, while airports reporting
that fog was not present were assigned a fog probability
of 0.0. The probability that a fog event occurred at a
give time and location was then computed by spatial
interpolation between these locations according to the
method of Goodin et al. [1979]. If a model grid square
had a fog probability greater than 0.5 and an interpo-
lated relative humidity value greater than 70%, it was
concluded that fog was present at that time and loca-
tion between the ground and the base of the inversion
layer. During periods when a fog event occurred, parti-
cles located below the inversion base were activated by
exposure to an environment with a water vapor super-
saturation of 0.08%, while particles above the inversion
base were assumed to be exposed to a high relative hu-
midity that is nevertheless below the saturated condi-
tions needed to form fog,.

4.2. Particulate-Phase Emission Inventory

Mass emission rates, source locations, and temporal
variation for 455 separate primary particle source types
in southern California are provided by the California Air
Resources Board (CARB) for the August 27-28, 1987,
episode. Source activity levels (e.g., vehicle miles trav-
eled by location, quantities of fuel burned, etc.) are
retained but the mass emission rates per unit activ-
ity or the chemical composition profiles for 90% of the
primary particle emissions are replaced by better infor-
mation. Modifications to this inventory are made to
account for the results of the source test program of
Hildemann et al. [1991a, b]. More recent information
concerning the emission rates for paved road dust and
dust from construction and demolition sites is used as
described by Eldering and Cass [1996]. In addition,
emission rates for mobile sources are subdivided into
rates for catalyst-equipped light-duty autos, catalyst-
equipped light-duty trucks, catalyst-equipped medium-
duty trucks, catalyst-equipped heavy-duty trucks, mo-
torcycles, noncatalyst light-duty autos, noncatalyst light
duty trucks, noncatalyst medium-duty trucks, noncata-
lyst heavy-duty trucks, diesel heavy-duty trucks, diesel
urban buses, and tire wear to allow detailed emission
profiles to be applied for each of these sources. The
diurnal profile used for commercial food-cooking oper-
ations was modified to match that described by Gray
[1986]. Once the total particulate mass emission rates
for each source were specified, the chemical composition
and size distribution of the emitted material was calcu-
lated using the emissions processing model described in
section 2.1.
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4.3. Gas-Phase Emission Inventory

Mass emission rates and source locations for major
gas-phase emission sources relevant to the August 27-
28, 1987, SCAQS episode were once again obtained from
the California Air Resources Board. This inventory in-
cludes a description of NO;, SO, CO, and volatile or-
ganic compound (VOC) emissions along with the diur-
nal variation of each source. Carbon monoxide and or-
ganic gas hot exhaust emissions from on-road vehicles
were scaled to 3 times the levels shown in the official
CARB inventory based on the results of experiments
conducted in a highway tunnel as described by Harley
et al. [1993b]. The 1982 spatially and temporally re-
solved ammonia emission inventory for the South Coast
Air Basin prepared by Gharib and Cass [1984], as sum-
marized by Russell and Cass [1986], was used to repre-
sent NHj emissions for the episode studied. Once the
gas-phase mass emission rates of NO,, SO,, CO, VOCs
and NHj for each source were specified, speciation of
the VOC emissions was calculated using the gas-phase
emission model described in section 2.1.

4.4. Initial Conditions

Particle-phase initial conditions for the episode mod-
eled are substantially identical to those shown by Elder-
ing and Cass [1996] except for rearrangement of mate-
rial within the size distribution to ensure charge balance
for particles of all sizes. The species mass concentra-
tions contained within the initial conditions are based
on filter measurements made at San Nicolas Island dur-
ing the August 27-28, 1987, period. The initial concen-
trations for various aerosol chemical species are 3 pug
m~3 Cl-, 2 ug m~3 Nat, 1 uyg m=3 NO3, 1.4 pg m=3
NH}, 3 ug m~3 SO7, and 1 pug m~3 of organic mate-
rial. The relative size distribution of the ionic species is
based on impactor measurements made at Long Beach
during SCAQS. The particles present due to initial con-
ditions are injected into the trajectory model as the air
mass crosses the coastline by setting the background
concentrations in the model equal to the measured ma-
rine background values at that point in time. In the
external mixture model, the particle-phase initial con-
ditions are split into particles of two types to separate
the freshly generated sodium chloride aerosol produced
by sea spray from the aged ammonium nitrate and am-
monium sulfate aerosol as shown in Figure 2. Initial
conditions for relevant gas-phase pollutants were taken
to be 113 ppb CO, 5 ppb NO, 40 ppb O3z, 11 ppb MEK,
3.8 ppb HCHO, and 3.5 ppb CH3CHO based on mea-~
surements made over the ocean during SCAQS [Harley
et al., 1993b].

4.5. Results

Model results for the 24 trajectories arriving hourly
at Claremont on August 28, 1987, predict the ambient
concentration of major gas-phase pollutants as well as
the concentration, size distribution, and chemical com-
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Figure 2. Aerosol mass distributions, AM /AlogD,, describing initial conditions over the ocean
for trajectories ending at Claremont, California, on August 28, 1987. During external mixture
calculations, aged ammonium nitrate and ammonium sulfate aerosol is tracked as existing in
particles that are separate from the freshly generated sodium chloride aerosol produced by sea

spray.

position of particle-phase species. In the following sec-
tions, results calculated using the source-oriented exter-
nal mixture representation of the aerosol will be com-
pared to ambient measurements and then to results pro-
duced when the aerosol is represented as an internal
mixture.

4.5.1. Gas-phase species. Gas-phase concentra-
tions for Og, NO,, NH3, and HNOg, calculated using
the source-oriented external mixture model, are sub-
stantially identical to those calculated using the internal
mixture model. Both calculations underpredict peak
O3 concentrations, matching the general trend for the
August 28, 1987, Claremont SCAQS episode noted by
Eldering and Cass [1996] and Harley et al. [1993a].
Predicted NO; concentrations fall between the range of
values reported by two collocated NO, monitors with
some overprediction during the nighttime hours. HNOj

measurements are 0 to 5 ppb during the early morning
and late night hours and reach a peak value of approxi-
mately 20 ppb during the 0900-1300 PST SCAQS sam-
pling period. This trend is generally well matched by
model predictions. Both measured and predicted NH3

ntraty £ iho d £ o fox
CONCCNIravions arc O1 vil€ Oraer o1 a 1ew Parts per bil-

lion, with modeled results slightly higher than the mea-
surements for all sampling periods. See Eldering and
Cass [1996] for a graphical display of typical gas-phase
species results.

4.5.2. Particle-phase species. Measurements of
particle-phase pollutant concentrations at Claremont
during the August 28, 1987, SCAQS episode were made
using a filter-based SCAQS sampler [Fitz et al., 1989],
a nine stage Berner impactor [John et al., 1990], and
a micro-orifice uniform deposit impactor [Zhang et al.,
1993]. The SCAQS sampler was operated over the full
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24 hour period in five discrete time intervals of 0000-
0500 PST, 0500-0900 PST, 0900-1300 PST, 1300-1700
PST, and 1700-2400 PST. The impactors were operated
during all but the first of these sampling periods. Model
results are presented at the particle sizes obtained after
removing all particle-phase water, recalculating the par-
ticle density based on the remaining chemical compo-
nents, and then adjusting the particle diameter so that
particle-phase mass, number count, density, and volume
are in agreement. This is done because it has been pre-
viously determined that the instruments used to mea-
sure particle size distributions at Claremont dried out
the aerosol while making their measurements [Eldering
et al., 1994].

4.5.3. Bulk chemical composition. A compar-
ison of the observed particle-phase concentrations to
the model results produced by the internal and source-
oriented external mixture models is shown in Table 3.
Model results for total particulate matter smaller than
10 pm diameter (PM 10 mass) and smaller than 2.5 ym
diameter (PM2.5 mass) produced by using both models
differ by less than 1.8%. The elemental carbon (EC)
and organic carbon (OC) results shown in Table 3 over-
predict observed values by a small amount, 0.52 pg m~3
for EC and 2.31 ug m~2 for OC. The mean PM10 con-
centration is also overpredicted but is within 13% of the
observed value.

Predictions for SO7, NHI, NOj, and Nat made by
the internal mixture and source-oriented external mix-
ture models are slightly lower than observations. The
internal mixture and external mixture model results dif-
fer by 0.75 pg m~3 for NO3 to 0.15 ug m=3 for NH}
with the external mixture results always closer to the
observed values. The underprediction of Nat concen-
trations is most likely related to imperfect initial con-
ditions supplied to the model as described by Eldering
and Cass [1996]. Overall, the predicted bulk concentra-
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tions of all the particle-phase ionic species appear to be
in good agreement with measurements made with the
SCAQS sampler for the episode under consideration.

4.5.4. Impactor results. A comparison of the
source-oriented external mixture model results to the
impactor measurements for the 0900-1300 PST sam-
pling period is shown in Figure 3. Internal mixture
model results are also shown for chemical species where
they differ from the source-oriented external mixture
calculations at that time period.

Impactor measurements and model predictions for el-
emental carbon during the 0900-1300 PST sampling pe-
riod agree well, a result consistent with that obtained
by Eldering and Cass [1996]. Both the predicted and
the measured elemental carbon mass distribution has a
single mode located between 0.1 pm and 1.0 pm with a
peak located at approximately 0.2 pm to 0.3 pm diam-
eter. Model predictions for organic carbon also match
observations in terms of the shape of the size distribu-
tion and location of the peak, but model results show
significantly more organic carbon than that measured
by the impactor. Eldering and Cass [1996] describe a
similar trend in their results and go on to note that the
measurements for organic carbon made by the impactor
are significantly lower than the measurements made by
the SCAQS sampler, indicating an inconsistency in the
measured data.

Impactor measurements for sodium show increasing
mass concentrations with increasing particle diameter,
reflecting the sea-salt origin of this chemical component.
Model predictions match observations fairly well when
it is considered that initial conditions for sodium over
the ocean are known on the average for this day but not
for each separate trajectory.

The sulfate and ammonium ion size distributions
measured by the Berner impactors each have a single
mode in the 0.1 gm - 1.0 pm range with a peak located

Table 3. Comparison of Model Results to Filter-Based Ambient Measurements From the SCAQS

Sampler at Claremont on August 28, 1987

PM2.5 EC ocC SOy NH7 NOZ Na* Mass Mass
[mean)® (PM2.5) (PM2.5) (PM2.5) (PM2.5) (PM10o) (PM2.5) (PM10)
bias
Case (sd.)*
Observed [ 3.17] [ 20.80] [7.06] [6.71] [1410] [1.45] [60.18] [96.26]
mean
Internal [ 3.69] [23.10] [5.60] [4.75] [10.75] [0.90] [73.61] [109.09]
mixture 0.52 2.31 -1.46 -1.96 -3.35 -0.55 13.43 12.84
(1.71)  (11.96) (2.68) (2.50) (7.77) (0.16) (31.11) ( 46.50)
External [ 3.69] [23.15] [6.04] [4.90] [11.50] [1.12] [74.97] [108.97]
mixture 0.52 2.36 -1.02 -1.82 -2.60 -0.33 14.79 12.71
(1.70)  (11.92) (1.86) (2.33) (7.83) (0.16) (30.14) ( 44.88)

SCAQS, southern California air quality study.

* Unweighted mean of five pairs of predictions and observations corresponding to the five sampling

periods (g m™3).
b Predicted-observed (ug m—3).
© Standard error of residuals (ug m™3).
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Model predictions of the mass distribution, AM /AlogD,, of individual chemical

species compared to impactor measurements made during the sampling period 0900-1300PST on
August 28, 1987, at Claremont, California. Internal mixture model results are similar to external

mixture model results for all species except for NHf and NOj .

at approximately 0.5 pm - 0.7 pm diameter. Model
results are in good agreement with these observations
except for aslight underprediction of values right at the
peak in the size distribution.

Nitrate aerosol concentration predictions for the
source-oriented external mixture model and internal
mixture model differ from each other. Both models un-
derpredict nitrate aerosol in particles larger than 1 ym
diameter in part because the Nat concentration predic-
tion in the largest particle sizes is too low due to the
imprecision with which the marine aerosol initial con-

ditions are known. The Nat concentrations in the ini-
tial conditions are due to NaCl aerosol produced by sea
spray. The production rate of these particles is expected
to be a strong function of wind speed and therefore is
likely to vary from hour to hour and from trajectory
to trajectory in ways that cannot be represented ex-
actly by the 24 hour average Nat value computed frorm
the SCAQS data. Nitrate aerosol concentrations in the
external mixture case overall are higher than those for
the internal mixture, and this advantage of the exter-

_ nal mixture calculation would be expected to be even
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more pronounced if the larger amount of Na*t actually
present in the atmosphere were present in the model,
as the test case of section 3.1 of this paper shows.

4.5.5. Aerosol size and composition distribu-
tion. A comparison of the model results to plots of
AV [Alog dp, obtained from electronic particle size dis-
tribution measurement instruments and filter samplers
at 0700 PST and 1200 PST is shown in Figure 4. The
ambient measurements shown here over the size range
from 0.01 pm to 1 pm particle diameter are a composite
constructed from TSI electrical aerosol analyzer (EAA),
and laser optical particle counter (OPC) data as de-
scribed by Eldering et al. [1994]. The response of those
instruments falls off above 1 um particle diameter; the
measured aerosol volume shown between 2.5 pm and
10 pm is obtained from the difference between SCAQS
sampler PM10 versus PM2.5 filters and conveys no in-
formation other than the total aerosol volume in that
size range. The chemically resolved size distributions
predicted by both the internal and the source-oriented
external mixture models are shown by grouping all par-
ticles having a diameter that falls within the particle
diameter intervals reported by the electronic size dis-
tribution monitors. For both the hours under consid-
eration the ambient data clearly show a bimodal mass
distribution in the size range between 0.1 pm and 1.0
pm as described by John et al. [1990] and Hering et
al. [1997]. The external mixture model predicts this bi-
modal feature routinely as seen for both 0700 PST and
1200 PST, but the internal mixture calculation predicts
only a single separate peak in the 0.1 gm - 1 gm diam-
eter range for 1200 PST.

4.5.6. Degree of external mixing. The big dif-
ference between the source-oriented external mixture
model and the internal mixture model is that only the
external mixture model can predict chemical compo-
sition differences between particles of the same general
size. Plate 1 shows the source-oriented external mixture
model representation of the ambient aerosol at Clare-
mont, California, on August 28, 1987, at 1200 PST.
Each of the pie charts in Plate 1 illustrates the compo-
sition of a single particle from one of the independent
particle groups tracked by the source-oriented external
mixture model. The size of each pie chart is propor-
tional to the log of the actual particle diameter. The
diameter of each particle is shown below the plot, while
the number concentration of all particles of that type
and size is shown above. The particle types are sorted
such that the most numerous particles of each size ap-
pear toward the top of each column in Plate 1.

Plate 1 shows that the source-oriented external mix-
ture calculation represents ambient particles with a di-
ameter of approximately 0.013 um using five types of
particles with unique chemical composition. Number
concentrations for some of these very small particles
may be above 10*cm~3. Some of these very fine parti-
cles are composed mainly of elemental/organic carbon,
while other particles of the same size have significant
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sulfate and metals concentration. Particles in the di-
ameter range from 0.1 um to 10.0 pm show the greatest
diversity in terms of chemical composition and degree
of external mixing with up to 10 unique particle types
existing at the same approximate diameter. Some par-
ticles in this size range are seen to be composed pri-
marily of organic carbon and crustal/metal material,
while others have a large ionic species content. Parti-
cles with an inert core and a coating of ammonium /
nitrate / sulfate are common between 0.1 ym - 1.0 um
particle diameter. At larger sizes, particles containing
sodium/nitrate are seen to exist separately from parti-
cles composed primarily of crustal material.

5. Conclusions

An atmospheric aerosol processes model has been
constructed which is capable of representing the air-
borne particle complex as a source-oriented external
mixture in which particles of the same size have dif-
ferent chemical compositions determined by the source
from which they were initially emitted. These parti-
cles evolve separately in the atmosphere as they are
affected by transport, deposition, gas-to-particle con-
version, and aqueous phase chemical reaction. Tests
cases presented in Figure 1 and Table 1 indicate that
representation of the atmospheric aerosol as an inter-
nal mixture in which all particles of the same size have
the same chemical composition can distort aerosol size
and composition distributions during conditions when
significant amounts of sulfate and sodium exist in exter-
nally mixed particles of the same size and when exter-
nally mixed particles containing material with different
hygroscopic properties are exposed to high relative hu-
midity.

Model evaluation against ambient data taken at Clare-
mont, California, during the August 28, 1987, episode
of the Southern California Air Quality Study indicates
that ambient concentrations of particle-phase species
can be successfully predicted both in terms of bulk prop-
erties and size-resolved chemical composition. Source-
oriented external mixture calculations predict small dif-
ferences in particle-phase concentrations of NH} , NOj,
and Nat relative to internal mixture results. The
source-oriented external mixture model routinely pro-
duces an aerosol volume distribution at Claremont which
is distinctly bimodal within the accumulation mode size
range from 0.1 pm to 1.0 um particle diameter, which
matches field experimental observations, while the same
model employing an internal mixture representation of
the aerosol at times does not retain the observed bi-
modal distribution.

At very fine particle sizes close to 0.01 ym diame-
ter, numbers of largely carbonaceous particles are pre-
dicted to coexist at Claremont with separate particles
containing largely sulfates and metals. In the size range
between 0.1 um and 1.0 ym particle diameter, a very
large number of particles of highly diverse composition
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Figure 4. Comparison of measured and predicted size and composition distributions produced
by the source-oriented external mixture model and the internal mixture model for 0700PST and
1200PST on August 28, 1987, at Claremont, California. Observed aerosol size distributions
were measured using electrical aerosol analyzers, optical particle counters, and filter samplers.
Comparison of results produced using internal mixture and source-oriented external mixture
models show loss of the peak at a diameter of approximately 0.3 ym at 1200PST in the internal

mixture model.
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are found to accumulate as sulfate, nitrate, and sec-
ondary organic aerosol components lay coatings down
onto seed particles having different initial core com-
positions. In relatively large particle sizes above 1.0
pm diameter, marine aerosol is transformed to produce
NaNOQOj-containing particles that exist separately from
mineral particles. The ability to predict the composi-
tion of individual particles is expected to have applica-
tions including explanation of the particle-to-particle
differences seen by time-of-flight mass spectrometers
that measure single-particle composition, the design of
realistic test atmospheres for inhalation toxicology stud-
ies, support of accurate light scattering and absorption
calculations, and more accurate predictions of aerosol
response to changes in relative humidity.

The method described in the current study is the-
oretically applicable in an Eulerian grid-based model
provided that the particle categories are defined so nar-
rowly that particles with the same core properties (e.g.,
source), same approximate diameter, and possibly same
age since emission to the atmosphere are present in ad-
jacent grid cells. Whether or not one finds this for-
mulation practical within a grid model depends on the
availability of sufficient computational resources. Since
computers are advancing very rapidly, we believe that
such models will soon be practical.

Acknowledgments. This research was supported by a
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