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Abstract—Atmospheric equilibration processes between two phases with different deposition velocities have
the potential to affect significantly the amount of total material deposited on the ground. The magnitude of
the effects of the equilibration processes depends primarily on the ratio of the deposition velocities of the two
phases. on the production/emission rate of the gas phase species, and on the initial distribution of species
between the two phases. The deposition of a condensible species equilibrating between gas and aerosol
phases can increase by as much as 20 times over that when equilibration processes are not present under
appropriate conditions (very large aerosol particles. most of the material initially in the gas phase and high
gas-phase production rate) or to decrease by as much as 15 times (very small aerosol particles, most of the
material initially in the gas phase and high gas-phase production rate). In fog episodes. the deposition of a
gaseous species with a Henry's Law constant between 10° and 10° Matm ™! (e.g. SO, for pH between 4.5
and 7. H,0,, HCHO etc) can be enhanced by as much as a factor of 3 because of its transfer to the aqueous
phase. For the NH,~HNO,;-NH,NO, system the total deposition can be reduced by as much as a factor of
3 for typical conditions in a polluted atmosphere and small initial concentration of aerosol NH,NO; with
NH, initially dominating HNO, in the gas phase. If an operator splitting scheme is used in a mathematical
model both equilibration and removal processes should be included in the same operator or very small
operator time steps (typically less than 1 min) will be necessary.

Key word index: Equilibration processes. phase partitioning, dry deposition, wet deposition. deposition

0004—6981/90 $3.00 +0.00
. 1990 Pergamon Press plc

velocity, acid deposition, numerical modeling.

INTRODUCTION

Processes such as condensation of vapor on aerosol
particles, dissolution of material in aqueous droplets,
and evaporation of species from aecrosol particles or
droplets move in the direction of establishing and
maintaining thermodynamic equilibrium between the
gas and aerosol or gas and aqueous phases in the
atmosphere. These equilibration processes change the
species’ distribution among the various phases present
and transfer material between phases that often have
very different deposition characteristics. It is reason-
able to expect therefore that the equilibration pro-
cesses may affect significantly the amounts of material
deposited on the ground, either enhancing or supp-
ressing the removal processes over those from gas-
phase processes alone. The goal of this study is to
investigate the effects of the equilibration processes on
wet and dry deposition and furthermore to examine
the accuracy of the currently used modelling ap-
proaches of these phenomena.

The importance of equilibration processes in inter-
preting vertical concentration profiles and turbulent
fluxes of HNO,, NH, and NH,NO; near the surface
of the Earth has been discussed by Brost et al. (1988).
Bidleman (1988) suggested that the wet and dry depos-
ition of organic compounds are controlled by their
vapor-particle partitioning but his analysis was lim-
ited by experimental uncertainties and the lack of data
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concerning semivolatile organic compounds. Stafford
(1988) has recently criticized the independent model-
ing of gas and aerosol deposition, neglecting gas—
aerosol transfer. He suggested that coupled, reversible
reactions are the more realistic representation of de-
position.

In the present work, three cases will be examined to
obtain useful insight into the relationship between
equilibration processes and deposition. The first case
concerns a gas phase species A(g) that can be re-
versibly transferred to the aerosol phase as B(s) (Fig.
la). In the second case the gas-phase species (e.g.
HCHO, H,0,, O,) in the presence of droplets of
liquid water content C is transferred reversibly to the
aqueous-phase as B(aq) (Fig. 1b). Finally, in the third
case two gases A(g) and B(g) react to give a volatile
aerosol AB(s), and in general all three species have
different deposition velocities. This case is typified by
the system of NH,(g), HNO;(g), and NH,NO(s).

We begin with the formulation of the governing
differential equations that will be used to describe the
system dynamics for the three representative cases. To
reduce the large number of parameters involved in
these equations and obtain valuable physical insight,
the solutions of the systems of dimensionless differ-
ential equations will be presented in dimensionless
form. Next, the effects of the equilibration processes
on dry or wet deposition will be studied for various
typical mass transfer rates, vapor, aqueous, and aero-
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Fig. 1. Schematic representation of the multiphase systems studied. (a) Case 1:
A(g)==B(s). (b) Case 2: A(g)==B(aq). (c) Case 3: A(g)+ B(g)==AB(s).

sol deposition velocities, emission and production
rates, and initial gas and aerosol phase concentrations.
Finally the accuracy of the currently employed model-
ing approaches will be discussed and suggestions for
improvement will be presented.

PROBLEM DESCRIPTION AND NUMERICAL MODEL
FORMULATION

We will consider interphase mass transfer processes
taking place inside a homogeneous air parcel, the
height of which coincides with the mixing height of the
atmosphere and is assumed to remain constant. The
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vapor phase is assumed to be initially in thermodyn-
amic equilibrium with the aerosol or aqueous phase
and at t=0 the ground surface is added and the
deposition starts. Due to the different rates of removal
of the present phases and the emission or production
of the vapor species the system deviates from thermo-
dynamic equilibrium and mass is transferred from the
one phase to the other in an attempt to reestablish
equilibrium. This transfer of material from a slowly
depositing phase to a rapidly depositing one or vice
versa can enhance or suppress the removal processes
under favorable conditions. Processes described in the
models include the reversible mass transfer between
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the phases present, the emission or production of the
gas-phase species and the deposition of all species.

Case 1: A(g)==B(s)

In Case 1 a condensible vapor species A(g) is
reversibly transferred (condensation/evaporation) to
the aerosol phase as B(s). We assume that the aerosol
phase also contains non-volatile species C(s). The
vapor species and the aerosol particles are deposited
on the ground with different deposition velocities (Fig.
la).

Let M., Mp, M. be the mass concentrations of
species A in the gas phase and of species B(s) and C(s)
in the aerosol phase, respectively. Let S,(t) and Sg(z) be
the amounts of A(g) and B(s) that have been deposited
on the ground up to the time r. For simplicity it is
assumed that the aerosol particles are monodisperse
(diameter d,), M> My at all times and that there is a
source of C(s) particles balancing their deposition so
that M and the number of particles can be considered
constant with time. As a result of these assumptions
the particle diameter is not influenced by the conden-
sation/evaporation of A(g) and is assumed to be
constant with time.

Within the air parcel M,, Mg, S, and S; are
governed by the following four ordinary differential
equations (the aerosol mass concentration remains
constant at Mg):

M, .

dr =—kmMC (MA_Mcq)_kdaMA+EA (1)
dMy .

dt =kmMC(MA_Mcq)—kchB (2)
ds,

'd_t=kdaMA (3)
sy M ' @)
dt — BtV B

where k., =12D,/(p,d2) is the constant for the mass
transfer of A between the gas and aerosol phases for
the continuum regime (the particle diameter is as-
sumed to be large compared to the mean free path of
the diffusing molecules), assuming unity accomod-
ation coefficient (Seinfeld, 1986) and where D, is the
diffusion coefficient of A in the gas phase, p, is the
density of the aerosol particles, M., is the mass
concentration of A(g) at equilibrium, ky,, k4 are the
deposition rate constants for A(g) and the aerosol
particles defined as the ratio of their deposition vel-
ocities to the mixing height H, and E, is the emission
or gas-phase production rate of the gas species A.
The following initial conditions are used:

M\(0)=M o= Mg, Mg(0)= Mg, S,(0)=0, S5(0)=0.
(5)
Non-dimensionalizing the above differential equa-
tions one gets
dm,

?= —a(my—1)—m, +6 (6)

dmg
——=af(my—1)~7mg (7
dr
ds
- =" (8)
dsg
B, 9
de My (%)

with initial conditions, m,(0)=1, myz(0)=1, 5,(0)=0,
and s4(0) =0 where the dimensionless dependent var-
iables are defined as,

M, My Sa Sp (10)
Mmy=——= Mg=——, Sp=—v, Sp=-—r
ATMY TR MY AT MY TP M
and the dimensionless parameters are,
kM2 M3 kg, E
T=thy, a=——, f=—=t, y=—=, f=—r0 (1])
kda Mg kda kdaMA

The dimensionless time has been defined relative to
the characteristic time for vapor deposition, x is the
ratio of the evaporation rate to the vapor deposition
rate, B is the ratio of the initial gas-phase concentra-
tion of A(g) to the corresponding concentration of B(s),
y is the ratio of the aerosol deposition velocity to the
vapor deposition velocity, and & is the ratio of the
emission rate of A to the initial vapor deposition rate.

Case 2: A(g)=B(aq)

In Case 2 a vapor species A(g) is reversibly trans-
ferred to the aqueous phase consisting of droplets of
liquid water C. The liquid water of the fog, M.
(¢ water/¢ air), is assumed to remain constant with
time, applicable during the rapid growth period of the
fog (Pandis and Seinfeld, 1989b). The fog is assumed to
consist of monodisperse droplets of constant diameter
d, and to be spatially homogeneous. Let H be the
constant height of the fog. The vapor species and the
aqueous droplets are both deposited with different
deposition velocities (Fig. 1b).

The main difference between Cases 1 and 2 is that in
Case 2 the flux of A from the aqueous to the gas phase
depends on its aqueous phase concentration, whereas
in Case 1 the flux of A from the dry aerosol phase to
the gas phase is independent of the quantity of A that
exists in the aerosol particles as B(s). Let M, now be
the mass concentration of species A in the gas phase,
and Mj its mass concentration in the aqueous phase.
The equations that describe the evolution of the mass
concentrations of A and B are (Pandis and Seinfeld,
1989a):

dM, o

dr = —kn(McM,— KyMp)—ks,Ma+E4 (12)
dM

dt“=km<M8MA—KHMB)—kchB (13)

where k., is the combined rate coefficient for gas-phase
plus interfacial mass transport, K, a numerical con-
stant (no units) defined by Kj;=1/K,,RT with K, the
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effective Henry's Law constant of species A, R the ideal
gas constant. and T the temperature (Pandis and
Seinfeld, 1989a). The remainder of the symbols are the
same as in Case 1. The deposited amounts S, and Sy
are described once more by Equations (3) and
(4). Initially, as in Case 1. equilibrium is assumed be-
tween the two phases and from Henry's Law, M$
=K M3/ M2

To simplify the present problem we assume that the
effective Henry's Law constant of the species remains
constant with time. This is exactly true for species that
do not dissociate upon dissolution (e.g. O;, NO,,
HCHO) and a very good assumption for species that
weakly dissociate for the pH range of interest (1-8) like
H,0,. To use the above assumption for species like
SO, with a strongly pH dependent solubility we have
to assume that the pH of the aqueous droplets remains
constant. By non-dimensionalizing Equations(12) and
(13) one obtains, together with the Equations (8) and
(9) that describe the dimensionless deposited amounts:

dm,

——=—ams—mg)—m, +6 (14)

dr

dmg

d—=0‘ Blms —mg)—y my (15)
T

with the same initial conditions as in Case ! and
dimensionless dependent variables defined by Equa-
tion (10). The dimensionless parameters are the same
asin Case 1 (Equation 11) except § that is defined as 8
=MY/MS=Ky/M2. The parameter § physically re-
presents the distribution ratio of A between the gas
and aqueous phases at equilibrium.

Case 3: A(g)+ B(g) == AB(s)

In Case 3 two gas-phase species react to produce
volatile aerosol AB(s) and all three species are depos-
ited on the ground. The aerosol particles are assumed
to consist of AB(s) with mass concentration M 5 and
nonvolatile matertal that is not influenced by the
above equilibration process and has mass concentra-
tion M,,. Hence, the total aerosol concentration is
M, g+ M,, (Fig. 1c). Assuming that the reaction of A
and B takes place on the surface of the aerosol
particles and is mass transfer limited the differential
equations of the model are

dM
th = —kn(Map+M)(My—M,)—ksuM s+ E,
(16)
dM
dtB= —kn(Mag+ M, )(Mg~Mg)—kyMg+ Eg
(17)
dM
thB:km(MAB"i'an)(MA'*'MB_MAS_Mﬁs)
—kaM ap (13)
ds,
—=k4 M 1
< =kaMa (19)

20

ds
d_B=kdbMB (20)
dS,.g
dr as‘¥1 AB (21

Once more equilibrium is assumed initially between
the gas species A and B and AB in the aerosol phase.
At t=0 the surface is introduced,

M A(0)= M3, Mg(0)=M3=M., /M3, M,5(0)=M3%5
(22)
(23)

The mass concentrations of A(g) and B(g) on the
aerosol surface are calculated using the equality of the
molar fluxes of A and B to the aerosol surface and the
equilibrium condition M ,;Mp,= M .. Their values are

M.,
- MBs

5A(0)=Sg(0)=S,5(0)=0.

MAs

My, =0.5[Mg—uM,
+(Mg—uM,)?
+4uM )]
(24)

with u= ug/u, the ratio of the molecular weights of the
two gases.
Non-dimensionalizing Equations (16)-{21) one gets

dma _ 1 25
P —0,(my—my ) (1 +0,mpg)—ma+0s (25)
dmy my
——=—0| mg—— |(1+0,mup)—03mp
dt o,
0s0¢
26
- (26)
dm,g
e =0,0g(l +0,mup)(Mmy + 0amp—my,
—Mg)—0aMpy @7
ds,
A 28
dt A (28)
dsy
B_ 29
dr 73 (29)
ds
AR G aMag (30)
dz

with initial conditions
ma(0)=1, mg(0)=1,
55(0)=0, s,5(0)=0

map(0)=1, s,(0)=0,
(31

where the dimensionless dependent variables are de-
fined as

S Ma My Ma
A ‘Mg, B Mg? AB MRB’
Sa Sy Sas
Sp=—, Sp=— Sap=—or (32)
A IWR B Mg AB M?\B
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and the dimensionless parameters are

k kman MQAB kdb
T=1lKyy O1=—T 0G2= y, O3=—,
“ ' kda z an ’ kda
. kds o= EA p _EB
4=7 5= T 19’ 6= .~ ¢
kda kdaMg EA
M, Mj M3
Oy=— =2 gg=— (33)
TME Mg M3s

The dimensionless time has been once more defined
relative to the characteristic time for vapor deposition,
o, is the ratio of the mass transfer rate to the gas-phase
deposition rate, ¢, is the ratio of the initial aerosol
concentration of AB to the corresponding concentra-
tion of the rest of the aerosol species, o5 is the ratio of
the deposition velocities of the two gas-phase species,
o4 is the ratio of the aerosol deposition velocity to the
deposition velocity of Alg), o5 is the ratio of the
emission (or gas-phase chemical reactions) of A to its
initial deposition rate, o, is the ratio of the emission
rates of A and B, g, is the ratio of the initial gas phase
concentrations of A and B, and finally o is the ratio of

the initial concentrations of gas species A and aerosol
of AB.

SOLUTION OF THE MODEL EQUATIONS

Case 1

The solutions of Equations (6)—(9) with the corres-
ponding initial conditions are

my=m+(1—m3)e” O For (34)
B1=3)  _iran
—m axy pe~ 35
mg mB+(1+a)(y—l—a)e e (35)
sammT (e ) (6)
apy(1—9)
e T (e~ tan
S T e )
+P(1—e"7) (37
where
o0—1 1 1
) R
1+ |y—1l—a vy
and
+é o—1
= o P01 (39)

mg= 3
P (1 +a)

In the above formulas m;, and m} are the steady-
state values of m, and my in Equations (6) and (7).
These steady-states are nonnegative and therefore
physically significant only if 6>1. Note that for =0
the above equations give us the solution of the depos-
ition problem if one neglects the equilibration pro-
cesses between the two phases. Such quantities are

Tl+d

AE(A) 24:8-D

noted using a (*):
mi=0+(1—0)e™" mf=e"7"

st=0t+(1=8)(1=e™™) sg=l—e 7"  (40)

Case 2

The solutions of Equations (14), (15), (8) and (9) with
the corresponding initial conditions are

ma = Qe+ Wers +mii, @1)
1+a+4 1+a+4, .|
mg= St W 2y my (42)
o
S.,\=m;'[—!—(l —ellt)—4—(1 —e“‘) (43)
Ay L]
1+a+4
SB=‘,'MSB‘L‘——V—Q(—1—)(1 _ellr)
ody
W +a+i
B e VR (@)
oAy

with 4, and 4, the eigenvalues of the system given by

hya= —%[(1+a+aﬂ+y)i((l+a

—aB—7y+ 4a2ﬂ)*] (45)

and with m}, and mj the steady-state values of m, and
mg,

Mo +7) daf
my=————) my=———— (46)
af+ay+y af+ay+y
and
1+, —mi(1+a+4 B
0= 2 mAi Z Ay)+amy 47)
27— 4
W=—1+A‘_mj‘f1+a+;t‘)+am:’. (48)
Ay—4y

If one neglects the equilibration processes between
the two phases the corresponding variables are given
by Equations (40).

Case 3

The system of ordinary Equations (25)-(30) with
initial conditions given by Equation (31) is solved
numerically using a standard Gear routine.

Neglecting the gas—aerosol phase equilibration pro-
cesses is equivalent to setting o, =0 in Equations
(25)<(30). The corresponding solutions of this simpli-
fied system are denoted by using a (*) and are:

+ 1_6556 oo
0387

s¥=ost+(1—0o5)(l—e")

0506 050 _
r(1-22) (17
G304 030

sXp=1—e"°

mi=cgs+(l—o5)e™"

mfg=e" "

s§=

(49)
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THE DEPOSITION RATIO

A simple way of assessing the effects of the equilibra-
tion processes on wet or dry deposition is to compare
the predictions of the full models described above with
those of the corresponding models where the equili-
bration processes are neglected. To facilitate this
comparison we define the deposition ratio at the time
t, DR(t), as the ratio of the total species mass that has
been deposited since t=0 in gas, aerosol and aqueous
solution forms, when the equilibration processes are
taken into account, to the same quantity when the
equilibration processes have been neglected. Values of
the deposition ratio close to unity mean that the
equilibration processes do not affect significantly the
deposition of species. Values of the deposition ratio
larger than one correspond to deposition enhance-
ment by the equilibration processes while values smal-
ler than one represent deposition suppression.

Using the above definition for the deposition ratio
one obtains for the three cases presented above:

Bsa+sg

DR(t)=DR,(1)=
1(2) 2(0) Bet 15t

OgSpa+0+0gSg+ Sap

DR,(1) (50)

oSk + 0,055 + 555

The deposition ratio is a function of time and due to
the initial assumed equilibrium state in all the above
three cases, DR(0}=1. This can be easily shown be-
cause the mass transfer terms in all the differential
equations vanish at t=0 and the equations for both
approaches to the deposition problem are the same.
The behavior of DR as t— oo depends on whether
emissions of material are occurring. If no emissions of
material enter the system it is clear that for both
approaches all the initially present material will be
eventually deposited on the ground and therefore
DR(e0)=1. The cases with vapor emissions present
will be examined independently below.

In order to facilitate comparisons it is useful to
define a specific time t* at which all the comparisons
will be made. In direct analogy to the half life of a
species, we define, for Cases 1 and 2, t* as the time at
which the total deposited mass of A (in both gas and
aerosol or gas and aqueous forms) equals half the
initially present mass of A. Therefore when there are
no emissions of A, t* equals the half life of A. For Case
3 at time t* the total deposited mass of A, B and AB
equals half their initially present mass. Henceforth all
the results will refer to the time t* unless specifically
stated.

EFFECTS OF EQUILIBRATION PROCESSES ON DRY AND
WET DEPOSITION

Case 1

The. model developed for Case 1 is applicable, for
example, to secondary organic condensible species.
Possible examples include nitro-cresol from the gas-
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phase photooxidation of toluene, glutaric and adipic
acid from the photooxidation of cyclopentene and
cyclohexene. Species C then corresponds to the re-
mainder of the material found in the aerosol phase.

Relatively little is known about the vapor pressures
of organic species that are found in secondary organic
aerosols. For the purposes of this study the range of 5
x107% to 5x 1073 Pa (Stern er al., 1987: Tao and
McMurry, 1989) will be investigated. This range cor-
responds to values of M., between 0.3 and 3 pgm ™3,
The mass of condensible organics has been predicted
to vary roughly from zero to 10 ugm™3 (Pilinis and
Seinfeld, 1988). Average particle mass concentrations
range from 20 ugm™2 in clean air to values up to
200 ugm™>. A value of 80 ugm ™3 representative of a
polluted urban atmosphere will be used for our calcu-
lations. The deposition velocity of aerosol particles
depends on particle diameter, wind speed. atmo-
spheric stability, and surface characteristics. It varies
roughly from 0.003 cms™' for particles of 0.5 um
diameter to 10 cms ™! for the 10 ym particles (McMa-
hon and Denison, 1979; National Center for Atmo-
spheric Research, 1982; Wesely and Shannon, 1984)
and for a mixing height varying between 100 and
2000 m the aerosol deposition constant kg, is in the
range between 107% and 1073s~'. There is little
information available on the dry deposition velocities
of condensible organic vapors so, based on reported
values for species like PAN (McRae and Russel, 1984),
we assume a range of 0.1 - 0.5 cms ™!, corresponding
to a vapor deposition rate constant k,, between 5
x 1077 and 5x 10™%s ™!, The mass transfer constant
k, varies from 10" m3s~! ug~! for 10 ym diameter
particles to 1072 m3s™! ug~! for 0.1 um particles.
The source of these condensible organics in the atmo-
sphere is the gas-phase photooxidation of their parent
hydrocarbons. The source rate E, can be estimated
from the average concentrations of the primary or-
ganic precursors and the corresponding rate constants
to be between <0.001 uygm ~3s~ ",

Using the above information one can derive the
range of the dimensionless variables of our model
applicable to condensible organics. They are approx-
imately:

2<ag2x10% 0018, 1073y 103,

0<5<3x 103,

The first case discussed is for rapid mass transfer
between the gas and aerosol phases, a=1000. The
deposition ratios are presented in Fig. 2 as a function
of B and y. When no source of the organic species A is
present (6=0), and because the system starts from
equilibrium, the gas-phase concentration of A cannot
exceed its saturation value. Therefore in this case A
does not condense at any time to the aerosol phase
and the particles evaporate in an attempt to maintain
equilibrium. This non-symmetry in the system is de-
picted in Fig. 2a and for y =1 (deposition velocity of
the particles exceeds the deposition velocity of the
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Fig. 2. Deposition ratio DR,(r*) (total deposition with equilibration processes over deposition without) as a
function of the initial species distribution § and the ratio of the deposition velocities ; for rapid mass transfer (x
=1000) and two production-emission rates of A(g) J. (2) § =0: No emission: (b) § = 10: strong emission source.

vapor) the equilibration process does not significantly
affect the deposition. The material in the aerosol phase
is preferentially deposited on the ground and only
small quantities are transferred to the gas phase. On
the contrary when y<1 (deposition velocity of par-
ticles is less than that of the vapor) the equilibration
processes can become very important depending on
the relative quantities of the initial concentrations. As
the gas-phase material is rapidly deposited, the mater-
ial in the slowly deposited aerosol phase evaporates in
an effort to maintain equilibrium. This transfer of
material from the slowly depositing phase to the
rapidly depositing phase enhances significantly the
total deposition, and the larger the difference in the
deposition velocities of the two phases the larger the
enhancement. Additionally the significant enhance-
ment is observed only when the initial concentration
of the organic in the aerosol phase exceeds its initial
gas-phase concentration (§ < 1). If the initial mass of A
exceeds significantly the aerosol mass (83> 1) the trans-
fer of relatively small quantities of A from the aerosol
to the gas phase and their subsequent rapid deposition
does not affect the total amount of A deposited. When
B=001 and 7=0.001 the equilibration processes re-
sult in a ninefold increase of the total deposition.

If the organic condensible species A is produced in
the gas phase much slower than it is deposited (6 =0.1)
the behavior of the system is qualitatively the same as
in the case of §=0. The main effect of this small source
of A is the reduction of the deposition enhancement
observed for 7 <1 and B < 1, because of the increase of
the mass of A in the gas-phase. Under optimum
conditions (§=0.01, y=0.001) the enhancement of
deposition is fivefold

When the gas-phase production rate of A equals its
deposition rate (6 =1) the gas-phase concentration of
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A remains constant and equal to its equilibrium value.
Hence, no transfer of mass takes place between the two
phases and the equilibration processes do not play any
role. In this case, DR,(t)=1, for all ¢.

If the gas phase production rate exceeds the depos-
ition rate (6 = 10), the gas phase becomes supersatura-
ted in A and condensation of A to the aerosol phase
takes place. If the vapor deposits faster than the
aerosol phase (y <0.1) this transfer of A causes signific-
ant reduction of the total deposition (Fig. 1b). This
reduction is more pronounced for organics with low
vapor pressures or high initial aerosol concentration
of the organic and it can be as much as-eightfold. On
the contrary if the aerosol particles deposit faster than
the vapor itself, the condensation of vapor resuits in a
significant enhancement of total deposition if the mass
of A in the gas phase exceeds the corresponding mass
in the aerosol phase (> 1).

A further increase of the production rate of A
compared to its vapor deposition rate (6 = 100) results
in the same qualitative features as the case with 6=10.
Quantitatively this increased production rate en-
hances the significance of the equilibration processes.
Under the appropriate conditions the total deposition
rate decreases 50 times (§=0.1, y=0.001) or increases
48 times (§=1000, y= 1000).

The effects of the rate constant of mass transfer can
be studied by comparing Fig. 2b with Fig. 3. A
decrease of the parameter « (due to low total aerosol
loading or larger average particle diameter, etc) by two
orders of magnitude does not change the qualitative
behavior of the system but decreases the importance of
the equilibration processes. For example, for =0 the
maximum deposition enhancement is reduced from 9
(«=1000) to 8.4, for 6= 10 from 7.7 to 3.2 (Fig. 3) and
for 6=100 from 48 to 6.
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Fig. 3. Deposition ratio DR,(t*) (total deposition

with equilibration processes over deposition without)

as a function of the initial species distribution § and

the ratio of the deposition velocities y for slow mass

transfer {x=10) and strong emission source of A(g)
(06=10).

Case 2

The model developed for Case 2 can be applied to
species that do not dissociate upon dissolution in
water like O;, NO,, NO, HCHO and PAN or disso-
ciate weakly in the pH range of interest (from 1 to 8)
like H,O,. Several important pollutants like SO,,
HNO;, etc, dissociate upon dissolution and therefore
their solubility depends on the droplets’ pH. To apply
the same model to these species one must assume that
the pH is not affected by the dissolution of species A
and neglect aqueous phase reactions.

The liquid water content of a fog has been found to
vary between 0.05 and 0.5 gm ™2 that corresponds to
values of MQ between -5x10°% and 5x 1077
(¢ water/¢ air) (Seinfeld, 1986). The effective Henry’s
Law constant Ky ranges from 2x 1073 M atm ™! for
species like NO (Schwartz and White, 1981) to 1016 M
atm ™! for HCI for pH = 7. Because of the assumptions
outlined above the range of pH around 7 where strong
acids like HNO; and HCI have such a large solubility
that they cause a dramatic pH decrease will be omitted
from this discussion. Therefore this study concentrates
on a range of Ky from 5x107% to 5 and to a
corresponding range of 8 from 0.1 to 108,

The typical diameter of a fog droplet varies between
10 and 40 um corresponding to mass transfer con-
stants k,, between 106s~! and 7 x 10*, The gas-phase
deposition velocity is between 0.1 and 1 cms™?! and,
assuming a fog height of 100 m, the gas phase depos-
ition rate constant k,, is between 10~ % and 10~ s™!
and the dimensionless variable « is 30 <o <5 x 10%.

Experimental data provided by Dollard and Uns-
worth (1983) suggest that during fog episodes the
turbulent droplet flux to a grass surface is 1.8+0.9
times the droplet sedimentation rate for wind speeds
3-4ms™!. At wind speeds less than 2 ms™~* , typical of

24

radiation fog episodes, their measurements showed
that the total droplet deposition rate was almost equal
to the droplet sedimentation rate. Based on the above
data, the droplet deposition velocity varies roughly
between 0.3 and 3cms™! resulting in k,, values
between 3x 107° and 5x 1074 and y values in the
range 0.3<y<50.

The case examined here is for a typical mass transfer
rate (d, =20 um), 2= 1500, with gas-phase sources of A
ranging from nonexistent (6 =0) to strong (6= 100).
The calculated values of the deposition ratio DR, for
t* are shown in Fig. 4. If there are no sources of A in
the gas phase (6 =0) then the equilibration processes
affect significantly (more than 20%) the total depos-
ition of A over a relatively small range of the dimen-
sionless parameters § and y, namely when y>7 and
1 < B<100. Therefore the fog droplets should deposit
seven times faster than the vapor species before a
maximum 20% increase in total deposition occurs.
When the deposition velocity of the aqueous phase
becomes 50 times larger than the corresponding vapor
deposition velocity, the deposition is enhanced 2.5
times by the equilibration processes. If the deposition
velocities of the two phases are sufficiently different,
the solubility of A in the aqueous phase determines the
importance of the equilibration processes. The max-
imum influence is observed for values of § around 10
that correspond to effective Henry’s Law constants
from around 8 x 10°* Matm™! for dense fogs (liquid
water content 0.5 gm~3) to 8 x 10* M atm ™! for light
fogs (liquid water content 0.05 gm ~3).

In Case 2 the emission/production rate of A influ-
ences the deposition ratio considerably less than in
Case 1. This is mainly due to the fact that the aqueous
phase has a limited A dissolution capacity, while
unlimited amounts of A can condense on the dry
acrosol phase. The extent of these effects can be
realized by comparing Figs 4a and 4b. For a strong
source of A in the gas phase (§=100) the maximum
deposition enhancement is threefold. An extra inter-
esting region appears when the deposition velocity of
the droplets is less than half of the vapor deposition
velocity. Then for very soluble species (Henry’s Law
constant 10° - 107 Matm~?) the equilibration pro-
cesses cause a reduction of the total deposition by as
much as a factor of 2.

In conclusion, the deposition of species with very
low solubilities like O;, NO,, NO and PAN for which
B> 10*is generally not affected by their transfer to the
aqueous phase. The deposition of highly soluble spe-
cies like HNO; and HCI for which f<0.1 will be
affected only if their gas-phase deposition velocity
exceeds the fog droplet deposition velocity. In that
case the total deposition will decrease significantly in
the presence of the fog. The deposition of species with
small solubilities like CH;OH (K,;=220 M atm™?)
will be enhanced slightly (around 15-20%) under
optimum conditions. Finally the deposition of species
that have solubilities in the optimum range, (10° -
