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ABSTRACT

Atmospheric aerosols consist of particles with sizes between 0.01 and 10um.
These particles, when occurring in urban areas, consist, in general, of aqueous
solutions of sulfate, nitrate, ammonium, chloride, sodium and other ionic species,
as well as of primary and secondary organics.

This thesis attempts to describe the evolution and fate of atmospheric aerosol
particles. The size-composition distribution of atmospheric aerosols is governed by
a combination of kinetics and thermodynamics, which, because of their complexity,
can be analyzed only with computer simulations. At first, a solution of the General
Dynamic Equation in the case of small coagulation, using perturbation techniques,
is developed.

In subsequent work, a comprehensive size-sectionalized trajectory aerosol
model was developed for simulating the evolution of a multicomponent aerosol
size-composition distribution through homogeneous heteromolecular nucleation,
condensational growth, coagulation and deposition. The model was employed
along a trajectory from Anaheim to Rubidoux, California.

In the process of analyzing this model it became apparent that a detailed
treatment of the thermodynamics of the sodium/ sulfate/ nitrate/ ammonium/
chloride/ water system is very important in aerosol predictions. Thus, an equilib-
rium model for this system that takes into account differences in the composition
among particles of different sizes was developed and tested.

Finally, the same theory was used in a Eulerian framework, thus producing

a three-dimensional Eulerian Urban Gas-Aerosol Model, which was used to pre-



dict the aerosol concentration and size distribution throughout the Los Angeles
Basin on August 30, 1982. Its prediction is compared with measured values and

a statistical evaluation study is presented.
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INTRODUCTION

The air pollution problem in Southern California has for many years been
primarily associated with photochemical smog. Ozone and nitrogen dioxide con-
centrations still exceed National Ambient Air Quality Standards in the South
Coast Air Basin. As a result, major modeling efforts have historically focused on
the study of gas-phase photochemical smog. Ozone and nitrogen dioxide are not
the only pollution problem in Los Angeles. High concentration levels of particulate
matter with a diameter of less than 10um cause visibility degradation and may
lead to acid deposition.

The main aerosol effects depend not only on their size distribution but also
on their chemical composition. Thus, to study the possible visibility and health
effects of the ambient aerosol, mathematical models that predict the evolution of
the size and chemical composition of the particulate matter are required. That is
the subject of this thesis.

Atmospheric aerosol particles are divided between primary and secondary.
Primary particles are those directly injected into the atmosphere. Significant nat-
ural sources of primary particles include soil and rock debris, fuel combustion
byproducts and sea aerosol transported by the wind. Once primary particles exist
in the atmosphere, their mass increases by gas-to-particle conversion of condensi-
ble species, while their size distribution changes via coagulation, deposition and
production of new particles by nucleation. Sulfate, nitrate, ammonium and con-
densible organics are involved in this complex process. The formation of secondary

aerosol mass, as sulfate, nitrate and organics, is strongly dependent on the amount



of both the species precursors, i.e., SOz, NO, and hydrocarbons, and the species
available to oxidize them, such as ozone and the hydroxyl radical. Hence, there is
a coupled, highly nonlinear relationship between aerosol formation and gas-phase
photochemical smog. As a result, both problems have to be considered concur-
rently in order to provide a comprehensive picture of the pollution phenomena in
the South Coast Air Basin.

In this work we address the integrated problem, that is, gas-phase chemistry,
gas-to-particle conversion via nucleation and condensation, transport, coagulation
and chemical thermodynamics. The thrust of this research, though, is mainly
in simulating the evolution of the size distribution and chemical composition of
atmospheric aerosols.

The dynamic behavior of a spatially homogeneous aerosol undergoing particle
growth, coagulation, augmentation by particle sources, and first-order removal is
governed by the general dynamic equation. In Chapter 2 an asymptotic solution of
the general dynamic equation for small coagulation is obtained. The solution pro-
vides a framework for the modeling of situations in which coagulation is expected
to have a minor, but not insignificant, influence on the aerosol size distribution.
It can also be used for verification of a model’s accuracy.

In Chapter 3 a trajectory aerosol model that simulates the dynamics of in-
organic multicomponent atmospheric aerosols, including new particle formation,
gas-to-particle conversion, coagulation and dry deposition is presented. The sec-
tional representation of an aerosol distribution, that approximates the continuous
size distribution function with a series of step functions, is used, and both equi-

librium and non-equilibrium aspects are considered.



Two important results are extracted from this analysis. The first is that homo-
geneous nucleation is predicted to be suppressed by preexisting aerosol through
bulk vapor depletion and the second is that to predict accurate nitrate aerosol
concentrations, a detailed equilibrium model for the sodium/ sulfate/ nitrate/
ammonium/ chloride/ water system must be developed. Chapter 4 discusses a
detailed equilibrium thermodynamic model for this system. Using this model, it
is shown that the size distribution of sulfates and sodium chloride are very im-
portant in determining the equilibrium aerosol concentrations of both ammonium
and nitrates, as well as the existence of water in the aerosol phase at low relative
humidities.

In Chapter 5 a Eulerian urban multicomponent aerosol model is developed.
This model resulted from the coupling of the two models described in the two
previous chapters with the Caltech airshed model. New gas-phase reactions are
included to account for the formation of the various organic aerosol precursors.
The aerosol particles are assumed to consist of an insoluble core, basically pri-
mary organics, covered by either an aqueous solution or a solid inorganic phase,
which is surrounded by a secondary organic film. Because of the intensity of the
calculations, a supercomputer is required for this code’s running in realistic time.
The model is used to predict the size-composition distribution throughout the
Los angeles Basin for the 30" of August 1982. Comparison between measured
and simulated concentrations is made and statistical performance of the model is
discussed.

Finally, in the Appendix all the subroutines developed for the models are

listed in alphabetical order and a brief description of their variables is presented.
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INTRODUCTION

The dynamic behavior of a spatially ho-
mogeneous aerosol undergoing particle
growth, coagulation, augmentation by particle
sources, and first order removal such as that
by deposition onto surfaces is governed by the
general dynamic equation (4, 9, 10)

onD,1) _ 8 D? [P
~o 3D [(/(D, nn(D, ] + 2 o,
BI(D* — D")'*, D'}n[(D* — D*)'?, t}n(D", 1)
X (D3___D/3)l/3

Dy
X dD'— n(D, I)J B(D, D"n(D’, tydD’
D,

+SO(D, t)~—a(D, t)n(D7 [)’ [1]

where D is the particle diameter; Dy and D,
are the upper and lower limits on D, respec-
tively; n(D, ) is the size distribution density
function at time f, such that n(D, 1)dD is the
number concentration of particles having di-
ameters in the range [D, D + dD); 8(D, D') is
the coagulation coefficient for particles with
diameter D and D’ I(D, t) is the rate of change
of particle diameter, dD/d!, due to gzs-to-par-
ticle conversion by vapor condensation; Sy(D,
t) is the rate of particle production from ex-
ternal sources, such that Sy(D, 1)dD is the rate
of introduction per unit volume in the system
of particles having diameters in the range [D,

D + dD]; and a(D, !) is the first order coefh-
cient for particle removal by deposition on
container surfaces.

When all the phenomena represented in Eq.
[1] are important, Eq. [1] must generally be
solved numencally (2, 5, 11). If particle growth
or evaporation is not occurring, then /(D, 1)
= (. Additionally, in the absence of sources
or deposition, Eq. [1] reduces to the coagu-
lation equation

on(D,r) _D* [P
ot 2 Jp,
BUD*~ D), DIn{(D* ~ D), (1n(D", 1
X (D3 _ DI3)1/3

Dy,
X dD'—n(D, 1) L B(D,D")n(D',0)dD’. [2)

There exist a number of studies of analytical
(1, 8, 13) and numerical (2, 5, 7, 11) solutions
of Eq. [2]. On the other hand, in the absence
of coagulation, one obtains the condensation
equation

n(D,n)__ a
= apL: (D, )]

+ So(D, 1)~ a(D,)n(D,1) (3]

which may be solved by the method of char-
actenistics (3, 12).
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SOLUTION OF THE AEROSOL EQUATION

In a number of important aerosol processes,
such as formation and growth of aerosols in
atmospheric photochemical reactions, the
dominant physical processes influencing the
aerosol size distribution are those represented
in Eq. [3], namely condensation, sources, and
removal, while coagulation exerts only a minor
influence on the dynamics of the distribution.
This observation suggests that it might be use-
ful to seek a solution of the general dynamic
equation, Eq. [1], for the case in which the
effect of coagulation is small relative to those
of the other phenomena represented in the
equation, but not small enough to be ne-
glected. Such a solution is the objective of the
present work.

DIMENSIONLESS GENERAL
DYNAMIC EQUATION

It is useful to cast Eq. [1] in an appropriate
dimensionless form (3),

on(Kn,7) j_ 27 _
% a(7) Kn [KnI(Kn, 7)n(Kn, 7)]
l Kn
+ s{— BIKn, (Kn™ — Ko=)
2 Knb
X A(Kn', 7)a[(Kn™2 — Kn'=3)"'73 1]
(Kn=3 —Kn'3)" 137 _
X f—
[ Kn dKn'— a(Kn, 7)
Kn,
X B(Kn, Kn')a(Kn', r)dKn’]
Kny
- §O(Kn: T) - a(Kn, T)ﬁ(Kn) T)a [4]
with initial condition
A(Kn,0) = f(Kn), [5]
where
_ An(D, 1)
K = e ——
n(Kn, 7) NoKn?
= _ So(D, O3
So(Kn, 7) = DN.Kn?
_a(D,1)\?
a(Kn, 7) = D

473

_ NkT)?
Dy

I(Xn, )= ¢I(D, )

Dt
::—A_z-’

3

T

and Kn is the Knudsen number, 2\/D; T is
the absolute temperature; ¢ is a growth coef-
ficient depending on the growth mechanism,
¢ = N,v,D/X; D is the diffusivity of the vapor
molecules; A is the mean free path; o(7) is the
coefficient accounting for any temporal vari-
ation of the growth rate; N,, v, are the gas
phase concentration and the volume of the
condensing molecules, respectively; Ny is the
initial total particle number concentration;
and 7 = viscosity. The dimensionless Brown-
ian coagulation coefficient is (10)

B(Kn;, Kn))
2/3Q(PKn; + PKn,))
Q 7A(PKn; + PKn)
Q+(H}+H?)'*  2Q(Kn}+Kn?)'?

with
1 1
0=+
Kn,- Knj
_KnlP[(2 4P\
! 6AP‘ Kn,' Kﬂ‘!/z

(4B 2
Kn? Kn; Kn;
_ [ 8pkT 77
27x% A
P;=1+KnJ1.257+0.4 exp(—1.1/Kn))].

ASYMPTOTIC SOLUTION OF THE GENERAL
DYNAMIC EQUATION FOR
SMALL COAGULATION

The coagulation terms in Eq. [4] are mul-
tiplied by the parameter £. This parameter de-
pends on the conditions in the system and the
total particle concentration. If £ is small, then
the coagulation contribution to the evolution
of n(Kn, 7) is correspondingly small.

Journal of Colloid and Interface Science. Vol. 115, No. 2, February 1987
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In the case of small £ we can express the
solution of Eq. [4] in terms of a regular per-
turbation series (6),

n(Kn, r) = §: n(Kn, 7)¢'. [6]
i=0

Substituting Eq. [6] into Eq. [4] and equating
terms containing like powers of ¢ we obtain
the following system of equations

a -
5—-’:-0 = g(-r)'(% [ﬁo(Kn, T)Kﬂzl(Kn)]

- So(Kn, T) - a(Kn, T)ﬁo(Kﬂ, T) [7]

on_ 0 .
() 3Kn [7{Kn, 7)Kn"/(Kn)]

E’-U

+ G;(Kn, 7) — «(Kn, 7)1;(Kn, 7)

i=1,2,..., [8]
subject to
fig(Kn, 0) =7 (Kn) [9]
n;(Kn,0)=0, i=1,2,3,..., [10]
where

1 (X n”\*
G/(Kn,7)= Efx B(Kn’, Kn" )(—K—n)
nNp

i—1
X[ 2 Airepr(Kn", 7), (K1, 7))dKn'

=0

no(Kn, 7)

PILINIS AND SEINFELD

Kn, i-1
- B(Kn,Kn')[ X 74—, 1(Kn, 7)
Kny p=0
X n(Kn',7)]JdKn' (1]

and where Kn” = (Kn™3 — Kn'™3)7!73, _

We note that for each i, G;(Kn, 7) is a known
function of Kn and 7, since it depends only
on lower orders of 7;(Kn, 7). As a resulit, the
system of equations [7] and [8] can be solved
sequentially for successively higher values of
i by the method of characteristics. The char-
acteristic equations for the system [7] and [8]
are

& KK [12)
dr
—_ 2—
% = [U(T)@:ﬂ—g@ — o(Kn, 1)]
X Ap(Kn, 7) — So(Kn,7) [13]
subject to
fio(Kn, 0) = f (Kn) [14]
and
an; d(Kn*I(Kn
= [ e atkn, )|
X 7,(Kn, 7)+ Gi(Kn,7) [15]
subject to

n;(Kn,0)=0 i=1,2,.... [16]

Integrating Eqs. [13] and [15] along the char-
actenstic curves of Eq. [12] we obtain

’

I'd T
7 (Kn(0)Kn*(0)F(Kn(0)) — H(r — 7o) f So(Kn, r’)ani(Kn)cxp[ f a(Kn,f”)dr']dT'

T0

anl—(Kn)cpr.r a(Kn, v')dr ']

and

[17]

T 7’
H(r - To)J‘ Gi(Kn, 7')Kn2f(Kn)exp[f o(Kn, 7')d1']d1’

ni(Kn, 7)=

Journal of Colloid and Inierface Science, Vol. 115, No. 2, February 1987
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SOLUTION OF THE AEROSOL EQUATION

where 7 1s the time at which the particles are
introduced into the system, and

1 for xz0

H(x)= {
0 for

x<0

The zeroth-order solution, ny(Kn, 7), ac-
counts only for the condensation, sources, and
removal mechanisms in shaping the size dis-
tribution. The effect of coagulation appears
then in the first order term n,(Kn, 7). As 7
increases, the effect of coagultion increases
relative to those of the other principal pro-
cesses, so the perturbation solution is expected
to hold for values of 7 that satisfy the con-
straint,

E T

Kn,
> [ B(Kn(7"), Kn")ng(Kn', r')dKn’]dr'

Kn,

<1. [19]

For a smooth zeroth-order solution Eq. [19]
can be reduced to

gmax(B(Kn, Kn') f "Nadr'<1, [19a]

where N(r) is the dimensionless total particle
number concentration, N(7) = N(r)/N,.

In the initial value problem N(7) < 1, since
particles are consumed due to deposition and
coagulation. Therefore Eq. [19a)] reduces to

1¢r max(8(Kn,Kn'))<1.  [19b]

For temperature T = 300 K and pressure p
=1 atm, in air, A = 0.065 ym and n = 1.8
X 1073 kg m~!' s™!. For a diffusion coefficient
for typical condensible species in air, D ~ 1073
m? s™! and £ is of order £ ~ 10726 Ny, where
Ny is in m~3. For particles in the range 0.1-
10 um the maximum value of the dimension-
less coagulation coefficient is of the order
max(8(Kn, Kn')) ~ 10% Using these values
for the various parameters and Eq. [19b], and
upper limit of = for which the perturbation
solution gives accurate results can be esti-
mated. Table I shows 7,.,, as well as the cor-
responding fm.., in hours, for different values
of Ny. Physically, the reason for this behavior
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TABLE I

Estimates of Maximum Dimensionless and Real Time
Corresponding to Initial Aerosol Number Concentrations
for Which Asymptotic Solution Is Expected to be Valid

No [
(m™) Tea (h)
10 10% 10'°
10? 1022 10°
10* 10%° 10’
108 10'® 10°
108 10'¢ 10?
10'° 1014 10!
10" 101 107!

can be understood by considering a system in
which condensation and coagulation are the
only processes occurring. As time progresses,
while condensation is primarily shaping the
distnibution, coagulation is slowly reducing the
number of particles and hence the surface area
available for condensation. Eventually a point
is reached at which the effect of coagulation
relative to that of condensation is no longer
small. The smaller the value of £, the longer
the perturbation solution of Eq. [6] remains
vahd.

EVOLUTION OF A MONODISPERSE AEROSOL
BY GROWTH AND COAGULATION

A general expression for the dimensionless
condensation growth law I that incorporates
diffusion-, surface reaction-, and volume re-
action-limited growth is (12)

I=oKn, [20]

where

v =1 diffusion-control
v =0 surface reaction control
~ = —1 volume reaction control

and where o can be assumed independent of
time 7.

With I given by Eq. [20] the characteristic
growth curves given by the solution of Eq. [12]
are

Journal of Colloid and Inierface Science, Vol. 115, No. 2, February 1987
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Kn(7)

[o(y + 1) (7 —70)
+ Kn(70)~(~r+1)]~1/(7+1) ¥ #—1 [2 1]
Kn(rg)e "~ y=-1, [22]

where Kn(7o) is the Knudsen number of the
particles at 7. We note that in Eq. [21] only
particles with the Knudsen number satisfying

Kn(7) <[o(y+ )7 — 70)]”V+ D

Since

PILINIS AND SEINFELD

have Kn(7ro) > 0, i.e., follow real characteris-
tics.
We now consider an initially monodisperse
aerosol,
A(Kn, 0) = 6(Kn — Kn*), [23]

that undergoes growth and coagulation. Thus,
particle sources and deposition losses are ne-
glected. Using Eq. [17], for v # — |, we obtain

no(Kn, 7)=[1 — o(y + I)7Kn"*!]"(*2/+D
X 8[(Kn~0*D = g(y + 1)7)"+*D —Kn*].
[24]

l Kn ’ ” Kn” 4 vyl ’ =~ » 14
Gi((Kn,71)= 5 K B(Kn', Kn") no(Kn', 7)ne(Kn”, 7)dKn
Ny

Kn

we obtain

B(2'*Kn, 2'3Kn)
26(2(7 +1)/3 _ I)Kn(”’”)

n(Kn,7)=

Kn,

- Ko B(Kn9 Kn’)ﬁO(Kn) T)ﬁO(Knly T)dI(n,7

=1/v+1)
H([zh +DBKp*~0+D 4 o(y + I)T] _ Kn)

X H(Kn =2~ "2[Kn* D+ g(y + 1)7]YO*D) = [1 — a(y + 1)rKnO* D76+ 2/ D

x f B(Kn(r"), [Kn* "D+ g(y + 1)r] 0 N)dr 8[(Kn™"V — o(y + 1)r)"*D —Kn*].  [25]
0

Therefore, the dimensionless size distribution function is given to first order by

A(Kn,7) = [1 —¢ fo "B(Kn(r'), [Kn* "0+ o(y + 1) T]*Vﬁ*”dr']

X [1 = a(y + 1)rKn@* D70+ D g[(Kn™* D = a(y + 1)7) "0+ D~ K n¥]

B(2'*Kn, 2'*Kn)

+¢
26(2(1 +10/3 _ I)Kn(“z)

~Hy+1)
X H([z(v + 1)/3Kn* ~(+D) 4 0,(,), + 1)7] — Kn)

% H(Kn — 2»1/3[Knt-(7+l)+ o(y + l)'r]_”(’“)). [26]

If £ = 0, Eq. [26] reduces to the solution for
the size distribution function in the presence
of pure growth. In that case, with the initial
distribution given by Eq. [23] the aerosol re-
mains monodisperse with time.
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The dimensiqnless total particle number
concentration, N(r) = N(7)/N,, is given by

— Kn,
N(r) = Ln n(Kn, 7)dKn. [27]
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SOLUTION OF THE AEROSOL EQUATION

In general the integral in Eq. [27] must be
evaluated numernically. In the special case of
B(Kn', Kn”) = 2C the integral can be evaluated
analytically to give

N(=)=1-EtCr+ O(£?). [28]

The exact result for the total number in the
case of a constant coagulation coefficient is

1

N(T)‘—‘ﬁ*g;.

(29]

Equation [28] is just the first two terms in the
Taylor series expansion of Eq. [29].

EVOLUTION OF A LOG-NORMALLY
DISTRIBUTED AEROSOL BY GROWTH,
DEPOSITION, AND COAGULATION

We now consider the case of an initially log-
normally distributed aerosol,

!
V2rKnln o,

% exp[— In*(Kn,/Kn)

2 lnzag

n(Kn,0) =—

], [30]

with Kn, = 0.65 and ¢, = 1.4, evolving by
growth, as described in Eq. [21] with v = 1,
1.e., diffusion-limited growth, deposition with
a = constant and coagulation with § = 1074,

1.0
———  NO COAGULATION
A coaguLaTIN £ : 1074
o8- 5
T.0
<0
__osfF
Lod
TC
X
E oar
b
c2F
o o
1 2 3 4 5
e

FiG. I. Normalized aerosol size distribution function at
a dimensionless time of 7 = 10 in the cases of no coag-
ulation and small coagulation (¢ = 10™*). No deposition
(a = 0).

477
1.0
r — WO COAGNATION
e COAGULATION { « 1079
o8- 103
a - 103
—~ 06
= U°F
e r
x -
€ 0.4
02+
o] ' )
i 4 5

Fi1G. 2. Normalized aerosol size distribution function at
a dimensionless time of » = 10 in the cases of no coag-
ulation and small coagulation (¢ = 107*). Deposition oc-
curring at a dimensionless rate of « = 1073,

Two cases will be considered:

(i) Growth and coagulation without deposi-
tion, i.e., = 0.0;

(i1) Growth, coagulation, and deposition, with
a=1073

It is customary to plot the data so that the
particle size increases along the x axis. There-
fore plots of the dimensionless volume distri-
bution A(Kn™', 7) and dimensionless volume
distribution ¥(Kn~!, 7) versus Kn™' will be
presented. In term of the previously defined
distribution,

A(Kn™!, 7) = —Kn2i(Kn, )
7(Kn™', 1) =%"Kn-3ﬁ(1<n-*,r).

Figure 1 shows the number distribution for
7 = 10%, for Case (i) with and without coag-
ulation. Comparison between the two curves
in Fig. 1 shows that the number of small par-
ticles has been decreased, while the number
of larger particles has been increased; compare
this to the case in which coagulation is ne-
glected. Figure 2 shows exactly the same sit-
uation for Case (ii). Comparison between the
two curves in Fig, 2 shows that the coagulation
process is not as important as in Case (i). Since
a substantial number of small particles is con-
sumed due to deposition on surfaces, fewer

Journal of Colloid and Interface Science, Vol. 115, No. 2, February 1987



- 12 -

478

can participate in the coagulation process, with
the immediate result being a decrease in the
importance of coagulation on the evolution of
the number density function.

We expect that the particles will shift to
higher diameters due to the growth and co-
agulation processes. Figures 3 and 4 show this
shift as a function of dimensionless time for
Cases (1) and (i), respectively. We find in Fig.
4 that a steady-state condition for large par-
ticles, Kn™! > 3, is achieved. Thus the flux of
particles to the large particle domain balances
the loss from that domain due to deposition.
The volume distribution for Case (i) is shown
in Fig. 5. Figure 5 shows the development of
a sharp peak, which is the result of the large
number of small particles growing to an ap-
preciable size.

CONCLUSIONS

A solution of the dimensionless aerosol
general dynamic equation in the limit of small
coagulation has been obtained. The expres-
sions for the particle sources, removal, and
growth mechanisms can be quite general.

The case of initially monodisperse aerosol
undergoing growth and coagulation was tested.
Comparison between the solution via pertur-

Atkn™, )

F1G. 3. Normalized aerosol size distribution function at
a series of times in the case of small coagulation (¢
= 107*). No deposition (a = 0).
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1O~
[ £
a3
08~
°
—'C
x
ic
T'l5103
a2 1107
P N o]
6 8

Kn"

F1G. 4. Normalized aerosol size distribution function at
asenes of times in the case of small coagulation (¢ = 107%).
Deposition occurring at a dimensionless rate of a = 1073,

bation series and the analytical solution for
the total particle number evolution shows that
the series describes accurately the fate of the
aerosol, the accuracy depending on the num-
ber of terms of the series evaluated.

The evolution of a log-normally distributed
aerosol by growth, deposition, and coagulation
was also presented and in which our solution
predicts the “‘expected” aerosol behavior for

60—

V(Kn“, 7

Kn"

F1G. 5. Normalized aerosol volume distribution function
at a seres of times in the case of small coagulation (¢
= 107*). No deposition (a = 0).
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SOLUTION OF THE AEROSOL EQUATION

the number and volume density functions. A
steady-state phenomenon for large particles
that is the consequence of the competition be-
tween growth and coagulation on the one
hand, and deposition on the other, is dem-
onstrated by the solution. The solution pre-
sented here can provide a framework for the
modeling of situations in which coagulation
1s expected to exert only a minor influence on
the aerosol size distribution.
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ABSTRACT

A model is developed to simulate the dynamics of multicomponent atmo-

spheric aerosols, including new particle formation by homogeneous heteromolecu-
lar nucleation, gas-to-particle conversion, coagulation, and dry deposition. Both
equilibrium and non-equilibrium aspects involving sulfate, nitrate, and ammonium
compounds are considered. The model is used to predict the dynamics of the com-

position of the aerosol observed on an air trajectory in the Los Angeles basin on

August 31, 1982.
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Aerosols, Mathematical model.
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INTRODUCTION

Atmospheric aerosols are, in general, multicomponent particles with sizes
ranging roughly from 0.01 to 10 um in diameter. These particles evolve as a
result of gas-to-particle conversion and coagulation, are augmented through the
formation of fresh particles by nucleation and through the continuous introduction

of primary particles, and are removed by wet and dry deposition.

To predict how atmospheric aerosol levels depend on gaseous and particulate
source emissions, and specifically how such levels might be expected to vary given
changes in primary emissions, requires the development of aerosol air quality mod-
els. Whereas the development, evaluation and use of gas-phase air quality models
have received considerable attention, there has not been available an air quality
model capable of simulating the dynamics of multicomponent atmospheric aerosols
that includes new particle formation by nucleation, growth or evaporation due to
gas-to-particle or particle-to-gas conversion, and coagulation. The object of the
present work is to present the first urban, multicomponent, aerosol model and to

illustrate its application to the Los Angeles basin.

A considerable body of work has preceded the model we will present and it is
useful to review that work briefly to provide the context within which the current
model lies.

A spatially uniform, dynamic multicomponent aerosol can be characterized by

its size-composition distribution function n(m,t), where m = (m;,ma,....,mx)T

)

such that n(m,t)dm is the number of particles per volume of gas with mass com-

position in the range [m;,m; + dm| , [m2,mq + dmy|, etc.(Specification of the
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complete chemical composition of a particle in principle specifies the particle’s
size.) For an aerosol that can be completely characterized by its size , e.g., one
comprised of a single chemical component, its size distribution function is just
n(Dp,t), where n(Dy,t)dD, is the number of particles per volume of gas with
diameters in the range [Dy, Dy + dDp| .The dynamic behavior of n is governed by
the so-called general dynamic equation (Gelbard and Seinfeld 1979; Seinfeld 1986).
The numerical solution of the general dynamic equation serves as the central core
of a model simulating the evolution of aerosols. Significant work has been car-
ried out on techniques for the numerical solution of the general dynamic equation,
largely devoted to its form for n(Dp,t) (Gelbard and Seinfeld 1978; Middleton
and Brock 1976; Tsang and Brock 1983) Recently, several of these approaches
have been reviewed and compared (Seigneur et al. 1986). Some previous work
does exist on the numerical simulation of single-component atmospheric aerosols
through solution for n(D,,t) (Bassett et al. 1981; Eltgroth and Hobbs 1979; Mid-
dleton and Kiang 1978; Seigneur 1982; Suck and Brock 1979; Tsang and Brock
1982).

An approximate composition of the Los Angeles aerosol is 20% sulfates, 25%
nitrates, 10% elemental carbon, 20% organic carbon (primary and secondary),
25% soil, metals and water. The following picture is considered to represent the
evolution of such a “typical” particle. Say that a primary carbonaceous particle is
emitted and advected from its source by the wind. In the gas-phase, photochemical
reactions are occurring converting NO, to nitric acid (HNO3), SO, to sulfuric acid
(H,S04), and reactive organic gases to low vapor pressure condensable species.

Water vapor is ubiquitous, and ammonia (NH3) may also be present in the gas
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phase. Gas-to-particle conversion of sulfate, nitrate, ammonium and organics
occurs as these gas-phase reactions proceed, with the composition of the aerosol
continuously adjusting to maintain equilibrium at the local relative humidity and
temperature. At high relative humidity, the aerosol consists of an aqueous solution
of sulfate, nitrate and ammonium ions, while at low relative humidity the resulting
aerosol may be completely dry. In the latter case, the solid phase is a mixture of
four simple salts, NH4HSO4, (NH4)3H(SO4)2, (NH4)2SO4 and NH4NOg3, as well
as two mixed salts, (NH4)2SO4¢ 2NH4NO3 and (NH,),SO4e 3NH4NO;3 (Stelson
and Seinfeld 1982c; Harrison and Sturges 1984). It is this overall process that we

seek to simulate.

We begin with a brief summary of the calculation of aerosol thermodynamic
equilibria, followed by a discussion of the simulation of multicomponent aerosol
dynamics. The remainder of the paper is devoted to a detailed application of
the model developed to simulate the evolution of aerosol along a particular air

trajectory in the Los Angeles basin on August 31, 1982.

AEROSOL THERMODYNAMIC EQUILIBRIUM

When the multicomponent nature of the aerosol is considered, one must ac-
count for the individual rates of transfer of the various species between the gas and
particulate phases. If the sticking coefficient is equal to one, then the characteris-
tic time for gas-particle transport for certain species is short enough that chemical
equilibrium is established on a time scale much shorter than that over which other
changes are taking place. This situation is, in fact, estimated to be the case for

species such as water and ammonium nitrate(Hildelmann et al. 1984; Tanner 1983;
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Russell et al. 1983; Russell and Cass 1984). Consequently, chemical equilibrium
can be assumed to be instantaneously established for such species. Considerable
effort has been devoted to developing the capability to predict the equilibrium
chemical composition and physical state of atmospheric sulfate, nitrate, and am-
monium aerosols (Bassett and Seinfeld 1983, 1984; Saxena et al. 1986; Stelson
et al. 1979; Stelson and Seinfeld 1982 a, b, c). As noted above, to simulate the
evolution of an atmospheric aerosol containing water, sulfates, nitrates, and am-
monium, it will be necessary to merge the thermodynamic equilibrium calculation
into the dynamic solution of the multicomponent general dynamic equation.

From the point of view of numerical simulation, we can divide the aerosol
evolution into a short time step of non-equilibrium, gas-to-particle conversion and
coagulation, followed by an instantaneous relaxation to equilibrium. Then more
gas-to-particle conversion and coagulation occur over the next time step, followed
again by adjustment of the particle composition (and size) to equilibrium. Thus,
the structure of the numerical solution will consist of successive steps of non-
equilibrium transport and coagulation, followed by the reestablishment of gas and
particulate phase chemical equilibrium.

Sulfate is produced in the gas phase by oxidation of SO, (Middleton et al.
1980), and it is transferred to the particulate phase by either condensation on
already existing particles or nucleation. Because of the relatively low vapor pres-
sure of sulfuric acid, the gas-to-particle conversion process can be assumed to be
irreversible. In addition, sulfate may be formed through oxidation of SO, on the
surface of soot aerosol or in aqueous aerosols.

Volatile compounds, such as ammonia, nitric acid, and water, on the other
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hand, are distributed between the gas and aerosol phases as determined by ther-
modynamic equilibrium. The distribution by particle size of non-volatile species,
such as sulfate, serves as a core” upon which the distribution of volatile species
can be determined.

In considering the equilibrium in the sulfate, nitrate, ammonium, system the
following components are possible(Bassett and Seinfeld 1983, 1984; Harrison and

Sturges 1984; Saxena et al. 1986):

gas phase NHg, H,O, HNOj;
liquid phase NH], Ht, HSO,, SO%7, NO;, H,0
solid phase NH4HSO4, (NH4)3H(SO4)2, (NH4)QSO4, NH4N03

(NH4)2SO4 ¢ 2NH4NO3, (NH4)2SO4 @« 3NH4NOs.

Three methods have been developed to determine the thermodynamic equi-
librium in this system, and the computer codes that have resulted are summarized
in Table 1. The basic idea of each method is, given the sulfate, nitric acid, and
ammonia concentrations, as well as relative humidity and temperature, to deter-
mine the equilibrium phases and their composition by minimizing the total Gibbs
free energy of the system, i.e.

min Gtotal
n;

subject to

a) conservation of mass

b) n; >0 for all 1.
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AEROSOL DYNAMICS

A spatially homogeneous aerosol undergoing nucleation, condensation and
coagulation is simulated by numerical solution of the general dynamic equation.
A particularly powerful technique for solving the multicomponent general dynamic
equation is the so-called sectional method(Gelbard and Seinfeld 1980; Gelbard et
al. 1980; Gelbard 1984; Warren and Seinfeld 1985).

The sectional representation of an aerosol distribution approximates the con-
tinuous size distribution function with a series of step functions. The particle size
may be represented by z, the natural logarithm of the mass of a particle. If one
defines ¢(z) as the continuous aerosol mass distribution function, i.e., g(z)dz is the
mass corresponding to particles with logarithm of mass in the range [z,z + dz],

then the total mass within each section is given by

Ql:/zlﬂq(z)dz l=1,2,---, (1]

l

where z;, z;4, are the lower and upper bounds of section I, respectively. One

assumes that the mass is uniformly distributed within each section.Thus,

_ Q!
g(z) = —— l=1,2,---, 2]
Ti+1 — I

The number of particles in each section is linearly related to the total aerosol mass

within the section , specifically

e T — e Ti+1
N'=@Q ——— (3]
Ziy1 — I

Thus, the sectional general dynamic equation that describes the evolution of

the concentration of species i in the I*h section, Qf-, takes the following form,
9Q: [aQ{. anJ N [an
coag.

B ot }condjevap.—f { ot ot

at ; 4]

}sources/sinks
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where the first term on the right-hand side represents growth due to condensation
or shrinkage due to evaporation, the second term represents coagulation and the
third term represents sources of new particles through nucleation and primary

emissions and removal through wet and dry deposition.
Multicomponent condensation/evaporation

The flux of vapor molecules of species i onto an aerosol particle of diameter
dp, F; in the case that gas-phase diffusion is the rate-determining step, can be

described by the Fuchs-Sutugin formula (Fuchs and Sutugin 1971),

(Pi — pai) fo(Kn)

F;, = 2nd,D;
i kT

with
B 1+ Kn
14 1.71Kn + 1.33Kn?’

fo(Kn) (6]

where Kn is the Knudsen number, D; is the diffusion coefficient of species i in the
gas phase and (p; — p4:) is the difference between the partial pressure of species i
in the bulk phase and that at the particle surface. The rate of change of the mass

of species i in particles of diameter d, due to the flux F; is

- H; Miot, 7]

where

_ 12D;i(ps - Pai) fo(Kn)my;
p1d2kT ’

H; 8]

and where M,;,; is the total aerosol mass at time t, p; is the species density as
a liquid or a solid, and m,; is the molecular mass of species i. An assumption

associated with Eq.[7] is that p; remains constant as a function of time.
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When the aerosol mass distribution has been represented by sections, the

growth rate of the mass of component i in section /,

— 1 _ fxl“ q(x)Hi dz

z

T f:l-fl q(x) dz

from Eq.[2] becomes

Zi41

— H;dzx

! = _fﬂ___’_ [10]
Ti41— Ty

Therefore, —ﬁf Q' is the rate of change of the mass of species i on particles in section
[. This growth causes some of the largest particles of the section to migrate into
the (I + 1)t section while, at the same time, some of the largest particles in the
(I = 1)** section grow into section [. Exactly the reverse behavior takes place
in the case of evaporation. To account for this phenomenon, the intersectional
condensation rate, 7!“, is defined, such that -I—,-Hl dt is the mass of species i that
goes from section ! to section [ + 1 in the time interval [t,t + dt]. As a result the

net rate of change of the mass of species i, in section I, is given by

[i@i
at

=H Q' -1+ T, (11

J condensation

Particle number conservation for an aerosol undergoing condensational growth

can be used to set the rates of the intersectional condensation (Warren and Seinfeld

1985). The overall intersectional mass flux from the I** section, defined as 17 =
thl-l“, is given by
—1
1= _E:—i(f:fz,)/z 12]
in the case of condensation, and
s _ Y HT QU 13]

o 1-— e(xl+2'“zl)/2
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in the case of evaporation.
The intersectional condensation rate of species i is proportional to the overall
intersectional mass flux, and it is also proportional to the mass fraction of species

i in the (** and (I + 1)** sections for condensation and evaporation, respectively;

ie.,
It = Qs gi+1 14]
Ql
for condensation, and
FiHL Qi-“ —l+1 3]

t - Ql+1

for evaporation. Substitution of [12] and [13] into [14] and [15], respectively, gives

—1

It - 1 — e~ (zi42—z1)/2 [16]
for the case of condensation, and
-7 i+1
i - 98 B 17]
v ] — elzmiv2—m)/2

for the case of evaporation.

Note that the largest section must be specified large enough so that no par-
ticles can grow out of it. Also, the lower bound of the first section must be larger
than the size of the critical nucleus for homogeneous nucleation, so that freshly
nucleated particles grow into the first section. It is assumed here that the rate of
growth of aerosols into the lowest size section is equal to the rate of nucleation of
fresh aerosols.

One difficulty that arises when applying the sectional method to atmospheric

aerosols is dealing with those species the mass of which in the aerosol phase is
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thermodynamically controlled. We need to estimate the intersectional coefficients
of the non-volatiles due to condensation or evaporation of the equilibrium species,
the volatiles. Let Q(t) be the overall aerosol mass at time ¢; i.e, Q(¢t) = 3, Q'(t).
Then, one can define a time average rate of aerosol change due to condensation or

evaporation of the volatiles, H,, so that Equation (7] is satisfied; i.e,

dQ -
o = H,Q [18]
subject to Q(¢,) = Q,. Eq.[18] gives
= _ 1 [Qt. + At)
H, = At]n[—_——Qo }, [19]

where Q(to+At) is the sum of the non-volatile species mass, obtained from the non-
equilibrium computation, and the volatile species mass, found from the equilibrium
portion of the computation, at time (to + At) .

The distribution of the volatiles between sections depends, in general, on the
particle size in each section, because the tendency for molecules to escape a small
drop into the vapor phase will depend on the size of the drop. If, though, one
neglects the effect of surface curvature on vapor pressure, the Kelvin effect, an
assumption reasonable for particles for which d, > 0.01 um, the mass of volatiles
that condenses in one section is proportional to the mass fraction of the total
non-volatiles in that section. As a result, the intrasectional time average rate of
aerosol mass change in the /** section, because of condensation or evaporation of

volatile species, is given by

7! 1 Q! {Q(to+At)], 20)

- flU]
"T AL Quo L Qo



- 26 -

where Q! , is the mass of the non-volatiles in the I'* section, and Qp, is the total
non-volatile mass in the aerosol phase.
=1 . . .
Given H,, Egs. [16] and [17] can be used to determine the intersectional

rates.
Coagulation

Assuming that only binary collisions occur, the coagulation part of Eq.[4] has
the form
dQl -1 L
b Al
—= =D BaQQr-) seen [21]
n=1 n=1
where 87, | and ﬂf’l’, are the sectional coagulation coefficients, depending on the
total masses of the coagulating particles, and L is the total number of sections.
(Gelbard and Seinfeld 1980; Gelbard et al 1980; Gelbard 1984). These coagulation
calculations are simplified if a geometric constraint for the sectional boundaries is

imposed; namely, ;47 — z; > In 2.
Homogeneous heteromolecular nucleation

New particles may form by homogeneous nucleation. In the system we are
considering, nucleation may be either homomolecular or heteromolecular. The
candidates for nucleation are HoSO4, HNOj3 and secondary organics formed from
the atmospheric conversion of hydrocarbons.

Under atmospheric conditions, H,SO4 and HNO3 heteromolecular nucleation
with H,O occurs at a rate many orders of magnitude above that of homoge-
neous homomolecular nucleation, because heteromolecular nucleation can take

place when a mixture of vapors is undersaturated with respect to the pure vapors,
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as long as it is supersaturated with respect to the critical solution (Middleton and
Kiang 1978; Mirabel and Katz 1974; Yue and Hamill 1979).

Since H2SO4 — H20 nucleates at 6 to 8 orders of magnitude lower concen-
tration than does nitric acid at the same relative humidity, we account for only
homogeneous heteromolecular nucleation of sulfuric acid with water here. For
the present study, we neglect any nucleation that might be occurring involving
secondary organics.

The classical rate of binary nucleation of H,SO4 — H20O, when the vapor
number concentration of water is much larger than that of sulfuric acid, is given

by (Middleton and Kiang 1978; Mirabel and Katz 1974; Yue and Hamill 1979).

J = 47r7"‘2

AGT
PH,SO, :l, [22]

(2rmpy,s0,kT)"/? exp [ T kT
where r* and AG* are the critical cluster radius and free energy, respectively, and
where py,so, and mpy,so, are the partial pressure and molecular mass of sulfuric
acid, respectively.

To calculate J from Eq.[22], one needs to know the quantities AG™ and r*.
The free energy of formation of a cluster containing n; and n, molecules of H,SO4

and H2O, respectively, is given by

AG = ny(p1 — pg) + no(par — pog) + 47y, 23]

where p11, 21, p1g, 2g are the chemical potentials of the two components in the
liquid and gas phase, respectively, for a macroscopic amount of liquid, and ~ is

the surface tension.
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To find the Gibbs free energy, the radius, and the composition of the crit-
ical cluster, one has to solve Eq.[23] together with the saddle point conditions

(Middleton and Kiang 1978; Mirabel and Katz 1974; Yue and Hamill 1979).

0AG 29V, 3X*V dy
oy - 27 =0 24
anl >n2 ﬂll /ng + T* r* dX e X- [ ]
0AG 24V, 3(1— X))V dy
b - _ —_ =0 25
P )m K2l = Ho2g + e + - X ) 25]
X=_—"2_ 26]
ny + ng
4 .3 . .

where V; and V;, are the partial molar volumes, and V is the molar volume of the
binary solution, at critical composition.

The location of the saddle point is obtained by solving the system of equations
[23]-[27] numerically, using Newton’s method. Since in the atmosphere the gas
densities of sulfuric acid and water are very low, the ideal gas law can be used to
obtain the terms p;y — p;1 appearing in Eqgs.[24]and [25]. Molar volumes have been
calculated from the data on density and composition given in Perry (Perry and
Chilton 1973). Calculated vaiues were then fitted by a fifth degree polynomial.
Partial molar volumes were determined by calculating the intercepts of the tangent
to the polynomial with the axes. Vapor pressure data for aqueous sulfuric acid
have been taken from the work of Gmitro and Vermeulen (1964) and were fitted
with a logarithmic function. Surface tensions for the mixture of sulfuric acid and
water were obtained from the data of Sabinina and Terpugow (1935) and have

been fitted by a fifth degree polynomial.
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TRAJECTORY AEROSOL MODEL

A form commonly used for air quality models is the Lagrangian trajectory
model used to simulate the changes occurring in a hypothetical air parcel ad-
vected by the mean wind field(Liu and Seinfeld 1975; Tilden and Seinfeld 1982).
The model is particularly useful in providing a means to examine the sensitivity
of air quality to changes in key variables without incurring the computational re-
quirements of a three-dimensional grid model. As applied to the aerosol model,

the governing equations for Qf- are

Q! 8 Q! Q!
ot 9z 9z at growth/shrinkage
l l
+ {Q—Ql} - [%} + SH(z,y, 2,t), (28]
ot coagulation ot deposition

with initial conditions

Qi(z,v,2,0) = Qio(, v, 2) [29]
and boundary conditions
0!
Kzz——Q-‘—ZO for z=H (30
dz
Flal
E'+K,, aQt —v;Qi=0  for 2=0, 31]
z

where K,,(z) is the eddy vertical diffusion coefficient, H is the height of the
vertical column, Ef is the emission flux-per-unit area of species i in the [** section,
vgi is the deposition velocity, and Sf(:c,y, z,t) is the rate of increase of species i in

the ['* section due to nucleation or direct injection of aerosol into the atmosphere.
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Given the emission inventory, meteorological conditions and concentrations of
all the gaseous pollutants at time ¢, the trajectory model calculates the concentra-
tions of the various gases at time t+ At, as well as the evolution of Qﬁ in the aerosol
phase due to eddy diffusion and deposition. Then the non-equilibrium portion of
the aerosol model is used to update the sulfate distribution in the aerosol phase
through the condensation, coagulation, and nucleation portions of the general dy-
namic equation. Subsequently the equilibrium solution is used to calculate the
total aerosol mass and chemical composition, as well as to update the size distri-
bution of the aerosol, by calculating the intersectional movement of particles, due
to reestablishment of the equilibrium of the volatile species. The resulting aerosol
size and chemical composition distribution at time ¢t + At is used as input for the
subsequent step.

The initial size and chemical composition distribution of the aerosol is re-
quired. Since the rates of generation of various condensable organics are not yet
well established, we neglect here the organic contribution to gas-to-particle con-
version, although the model has the ability to include organics as data become
available. For convenience, the initial sulfate distribution is assumed to be log-
normal. At the prevailing gas-phase conditions at the beginning of the trajectory,
the volatiles are assumed to be distributed between the gaseous and the aerosol
phase so that equilibrium is achieved.

A compromise between reasonable accuracy and computational cost is ob-
tained by assuming that the aerosol size distribution is described by nine sections
in the range between 0.01 and 20 um, while the air parcel is divided into ten

equally spaced vertical grids.
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The vertical diffusion coefficient depends on atmospheric stability and height.
The gas-phase chemical kinetics are simulated using the reaction mechanism pre-
sented by Russell et al. (1983). Dry deposition of aerosols is calculated on the
basis of a single, size-independent deposition velocity vy (Russell et al. 1983). Ni-
trate aerosol results from the formation of nitric acid vapor by a variety of paths,
including reaction of NO, with hydroxyl radical. Formation of sulfuric acid takes

place through the gas-phase oxidation of SO,:

SO, + OH ":2P* H,80, + HO,.
Oxidation of SO, in the aerosol phase by catalytic reactions with O, and H, O, is

not considered here, but could easily be included in the model formulation.

MODEL APPLICATION

We will compute the formation of aerosol along an air trajectory in the Los
Angeles basin on August 31, 1982, which started at about 1300 (PST) at Anaheim
and arrived at Rubidoux between 1700 and 1800 (Fig. 1). For the simulation
of the thermodynamic equilibrium between the particulate and gas phases, the
Kelvin effect has been neglected. The EQUIL model will be used for the base
case calculation. A simulation will also be performed with the MARS model to
compare the relative prediction accuracy and computational cost of these two
thermodynamic submodels.

Gas and aerosol phase monitoring data are available at these locations against
which to compare the predictions of our model. Emission rates, relative humidity,

temperature, mixing depth and wind speed data are available for August 31, 1982
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(Hildelmann et al. 1984). Temperature was in the range 25 to 31° C, while relative
humidity varied from 30% to 40%. Fig. 2 shows the initial size composition
distribution determined on the basis of chemical equilibrium at Anaheim at 1300.

The measured and predicted concentrations at Rubidoux are given in Ta-
ble 2. The predicted NO; concentrations have been corrected to include the other
nitrogen-containing species that interfere with the NO, measurement (Winer et al.
1974). The resulting NO; prediction is slightly lower than the measured concen-
trations at Rubidoux. The predicted concentration for O3 matches the observed
value, while NH3; matches the measured values at Rubidoux within the measure-
ment uncertainties. Comparison of the predicted and observed sulfate, nitrate,
and ammonium concentrations at Rubidoux indicates that we have adequately
represented the formation of those aerosol species along the trajectory.

The evolution of the total sulfate-nitrate-ammonium concentrations along the
trajectory is presented in Fig 3. The first few hours, because of the substantial
quantity of hydroxyl radical in the atmosphere, SO, is predicted to react relatively
rapidly to produce sulfuric acid in the gas phase, which then transfers to the
aerosol phase. Thus, the sulfate aerosol mass keeps increasing until it reaches
a maximum of about 7 ugm~™2 at about 1600, between Anaheim and Rubidoux.
Late in the afternoon, the reduction in the photochemical activity causes a decrease
in the hydroxyl radical concentration, resulting in a reduction of the production
rate of sulfuric acid in the gas-phase. Hence, turbulent diffusion and deposition
predominate and the sulfate aerosol concentration declines smoothly to about 6.5
pgm~2 at Rubidoux.

As shown in Table 5, condensation of sulfuric acid is the predominant source of
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sulfate mass increase in the aerosol phase, while dry deposition and eddy diffusion
to the upper layers are the major removal mechanisms for aerosol suifates. Since
the ambient relative humidity on August 31, 1982, was very low, about 40%,
the rate of particle formation due to binary nucleation is negligible, and no new
particles are predicted to be produced.

The predicted aerosol nitrate has its minimum at about 1330, near Anaheim.
At that time the ambient temperature reaches its maximum of about 31° C. Such
high temperature does not favor the formation of aerosol ammonium nitrate, and
most of the nitrate exists in the gas-phase as nitric acid.

Later in the afternoon, near Rubidoux, the substantial increase in the am-
monia concentration, due to production near Riverside, combined with a decrease
of the ambient temperature to about 25° C, causes ammonia and nitric acid to
condense as ammonium nitrate. Thus, both the ammonium and nitrate concen-

trations increase sharply and reach their maxima at about 1800, near Rubidoux.

Effect of Thermodynamic Submodel

In Table 1 we indicated that two size-independent thermodynamic submodels
are available, EQUIL and MARS. Figure 3 shows the aerosol sulfate, nitrate,
and ammonium concentrations calculated by using both these submodels. Since
the sulfate concentration is controlled by gas-phase reaction and gas-to-particle
diffusion, the sulfate prediction is unaffected by the choice of a thermodynamic
model.

The nitrate predictions differ between the two thermodynamic submodels.

The curve corresponding to MARS shows lower nitrate concentrations along the
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course of the trajectory until close to Rubidoux. The reason for this difference is
that EQUIL takes into account the existence of two mixed salts,
(NH4)2SO4¢2NH4NO3 and (NH4),SO4e3NH4NO3, whereas MARS does not. As
a result, at low relative humidities, whenever ammonia is in high enough concen-
tration to form (NH4)2SOy, but not so abundant as to form pure solid NH4;NO3,
MARS predicts that no nitrates should be present in the aerosol phase. On the
other hand, under the same conditions, EQUIL predicts that nitrates exist in the
solid phase in the form of mixed salts.

Near Rubidoux, because of the large production of ammonia in the eastern
portion of the Los Angeles basin, the ammonium nitrate solid phase becomes ther-
modynamically favored. As a result, MARS predicts fairly well the existence of
nitrates in the aerosol phase. EQUIL also predicts accurately the nitrate concen-
tration over Rubidoux, showing, as presented in Fig. 4, that most of the nitrate
is in the form of (NH4)2S04 ¢ SNH4NO3.

Computationally, the program that uses MARS is considerably faster than the
one using EQUIL. For the specific trajectory examined here, the first one consumed
3 hours of CPU time, while the second one consumed 4.5 hours of CPU time, on a
VAX 11/780 . Therefore, MARS, even though less accurate than EQUIL, might be
preferred in a Eulerian regional air quality model, where computational efficiency

is of paramount importance.
ANALYSIS OF MODEL SENSITIVITY

We now focus on an analysis of parameters that affect the aerosol chemical

composition and size distribution. This sensitivity analysis was conducted using
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the EQUIL submodel. The parameters studied are NHg3 initial conditions and
emissions, ambient temperature and relative humidity, together with initial aerosol
and SO, concentrations. Table 3 summarizes the sensitivity tests we will present
with the changes of the various parameters from their base case values, while
Table 4 presents the results of the sensitivity runs for major species and aerosol
concentrations, at Rubidoux.

The first sensitivity test examines the effect of the ammonia concentration
on the formation of aerosols. In this test both the initial ammonia concentration
and the ammonia emissions along the course of the trajectory were reduced by
50%. The resulting size-composition distribution at Rubidoux is shown in Figure
5. As expected, the sulfate concentration remains unaffected. An interesting point
is that the pure ammonium nitrate phase decreases more than 50%, causing an
overall 30% reduction of the nitrate mass and a 23% reduction in the ammonium
mass, while the ammonium nitrate that is contained in the mixed salt remains,
practically, unaffected.

The second sensitivity test was designed to examine the influence of tempera-
ture on the aerosol formation and chemical composition. The ambient temperature
was increased by 3° C. The resulting size-composition distribution at Rubidoux is
shown in Figure 6. The sulfate mass in the aerosol phase is not seriously affected
(only 1.5% increase from the base case). The pure ammonium nitrate phase de-
creases more than 50% as the result of the increase in temperature, due to the
strong temperature dependence of the ammonium nitrate dissociation constant.

In these two sensitivity tests, condensational growth is the only route of gas-

to-particle conversion (Table 5). The last sensitivity test was designed to investi-
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gate conditions under which nucleation is a pathway for gas-to-particle conversion;
thus, we selected a high-humidity situation with the initial concentration of pre-
existing aerosol very low. The initial sulfate concentration was reduced to 0.004
pgm~—2, while the SO, concentration was increased by a factor of ten and the
relative humidity, maintained at 95%.

The resulting size-composition distribution at Rubidoux is presented in Fig-
ure 7. It is clear that the physical state of the resulting aerosol is completely
different from the previous cases. Since the relative humidity is higher than the
deliquescence humidity of all the possible salts, the aerosol consists of an aqueous
solution of sulfate, nitrate and ammonium ions. The increased SO, concentration
causes a substantial increase in the sulfate mass, and, as presented in Table 4, the
overall sulfate concentration has been tripled, as compared to the previous cases.
The total aerosol mass has been increased by an order of magnitude, as compared
to the base case, basically because of the 400 ug m~2 of condensed water.

As is shown in Table 5, in contrast to the previous cases, nucleation does
take place here. High relative humidity provides a more favorable condition for
nucleation. The critical cluster contains many more water molecules per molecule
of sulfuric acid than it does in low relative humidities. Therefore, lower sulfuric
acid partial pressure is necessary for binary nucleation to occur, at the same rate,
in humid environments than in dry ones.

What is crucial, though, for the formation of new particles by nucleation is
the concentration of preexisting aerosol particles. The cleaner environment pro-
vides less total surface area of aerosols; hence, there is less consumption of sulfuric

acid vapors by condensation and, therefore, more H,SO, available for nucleation
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(Middleton and Kiang 1978). In this sensitivity test, all the uew particle produc-
tion by nucleation took place in the first thirty minutes of the simulation, when
the concentration of preexisting aerosol was relatively low. After that time, the in-
creasing aerosol mass accelerated the condensation process, resulting in no further
particle production by nucleation. Under urban conditions, though, since back-
ground aerosol is always present, homogeneous nucleation of HoSO4-H2O appears
to be negligible.

New particles formed by nucleation are very small and do not contribute
substantially to the total aerosol mass. They do, though, affect the number con-
centration density function in the range below 0.01 um. In this sensitivity test,
for example, the 0.023 ug m~2 of sulfate produced by nucleation corresponds to
about 10'! particles per cubic meter, one order of magnitude more than that ini-
tially existing in the system. Since the coagulation process is strongly dependent
on the particle number density, these small particles move rapidly into the higher
sections by coagulating among themselves and with preexisting small particles.
This is the reason no particles smaller than 0.05 um are predicted to exist when

the trajectory reaches Rubidoux, as presented in Fig. 7.

CONCLUSIONS

A mathematical model that describes the evolution of the size and chemical
composition distribution of atmospheric aerosols has been developed. The model,
based on a sectional representation of the size distribution, treats dynamics and
thermodynamics of multicomponent atmospheric aerosols, including new particle

formation by homogeneous heteromolecular nucleation, gas-to-particle conversion,
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coagulation and dry deposition.

The aerosol model was used to simulate the aerosol size and chemical com-
position on a trajectory from Anaheim to Rubidoux in the Los Angeles basin, for
which measured particulate concentrations were available. Comparison between
the predicted and observed aerosol concentrations showed that the model ade-
quately predicted the concentrations of the major particulate compounds along
that trajectory.

The particular day of the trajectory in question was characterized by low
relative humidity, and as a result the aerosol consisted solely of dry ammonium
sulfate and ammonium nitrate. The results of the simulation showed that mixed
salts rather than pure phases were thermodynamically favored along the course of
the trajectory.

Three tests were conducted to investigate the sensitivity of the model to
various atmospheric parameters. As expected, reduction of the ammonia and
increase in the ambient temperature cause a decrease in the aerosol ammonium
nitrate concentration. Although a condition of high relative humidity, combined
with very low initial aerosol concentration, leads to the formation of new particles,
by nucleation, condensation is predicted to be the predoniinant mechanism for gas-
to-particle conversion.

Future studies to be carried out with the model include extension to organic

aerosols and evaluation of the effect of proposed control strategies on atmospheric

aerosol levels.
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CHAPTER 4
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CONTINUED DEVELOPMENT OF A GENERAL
EQUILIBRIUM MODEL FOR INORGANIC
MULTICOMPONENT ATMOSPHERIC AEROSOLS

CHRISTODOULOS PILINIS
Environmental Quality Laboratory
California Institute of Technology

Pasadena, CA 91125
and

JOHN H. SEINFELD
Department of Chemical Engineering
California Institute of Technology

Pasadena, CA 91125
ABSTRACT

A model is presented that predicts the total quantities of ammonium, chloride,
nitrate and water contained in atmospheric aerosols, their physical state and their
distribution among aerosol particles of different sizes. The model is based on
the thermodynamic equilibrium calculation of the ammonium chloride, nitrate,
sodium, sulfate, water system. The existence of water in the aerosol phase at low
relative humidities is shown to be explained. Observed aerosol concentrations at

Long Beach, California, during August 30-31, 1982, are successfully predicted.

KEY WORD INDEX

Aerosol, inorganic. Water, in atmospheric aerosols. Sodium chloride.
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INTRODUCTION

Atmospheric aerosols consist of solid and/ or liquid multicomponent parti-
cles. Prevalent compounds of both urban and natural aerosols are sulfate, nitrate,
ammonium, sodium, chloride, water, organics and trace metals (Hitchcock et al.,
1980; Russell and Cass, 1984; Jacob et al. 1985; John et al. 1987). A major
question underlying understanding the chemical nature of the atmospheric aerosol
is: What is the relationship among the chemical constituents of the aerosol? Early
work by Stelson et al. (Stelson et al., 1979; Stelson and Seinfeld, 1982 a, b, ¢) and
further work by others (Bassett and Seinfeld, 1983 and 1984; Saxena et al., 1983;
Seigneur and Saxena 1984; Saxena et al. 1986) have postulated that the sulfate/
nitrate/ ammonium aerosol constituents should be in thermodynamic equilibrium
with the local gas phase. Ambient measurements reported by a number of inves-
tigators (Hildelmann et al. 1984, John et al. 1985) have generally confirmed the
equilibrium relationship among these species, although it has been shown that the
thermodynamic equilibrium models for the sulfate/ nitrate/ ammonium system
consistently underpredict the nitrate concentrations in the aerosol phase (Hildel-

mann et al., 1984; Jacob et al., 1986).

Drawing on previous work on the thermodynamics of the sulfate/ nitrate/
ammonium system (Bassett and Seinfeld, 1983, 1984; Saxena et al. 1986) Pilinis
et al. (1987) presented an urban multicomponent aerosol model. Formulated in a
trajectory framework, the model assumed that aerosol sulfate and organic levels
are controlled by gas-to-particle conversion (condensation and nucleation), while

particulate ammonium and nitrate concentrations are governed by thermodynamic
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equilibrium.

For a number of reasons, however, these<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>