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Abstract—The drop size effect on the rate and mechanism of sulfur dioxide oxidation in tropospheric clouds
is analyzed. In the daytime, the oxidation rate decreases as the drops grow. This effect is due to the fact that the

liquid-phase reactions slow down because of a decreasing influx of oxidizing species, namely, H,O,, OH ",

HO, , and O;. The effect of the nonuniformity of OH and O distribution in the drop bulk on the reaction rate

is discovered.
DOI: 10.1134/S0023158406060024

Hydrophilic substances, including SO,,, and NO,,,
[1], are absorbed from the air by cloud droplets to be
oxidized there. It has been established by field (Great
Dun Fell, GDF) experiments that most of the atmo-
spheric SO, is oxidized just in cloud droplets [2].' In
the daytime, this self-cleaning is due to O3, HyOx ),
and O, influx from the gas phase [3]. The oxidation

with oxygen involves the SO;S(aq) radical [4]. The for-
mation of this radical is an indirect result of the entrain-

ment of OH; and, to a lesser extent, NO_;(g) from the
gas phase [5] and of the liquid-phase photolysis of

H,05q» NO3(yq [11, FeOHf;) [6], etc. The extent of

OH; entrainment is illustrated, e.g., by the 2- to 3-fold
decrease in the hydroxyl concentration recently
observed in a cloud zone [7]. No matter what the mech-
anism of the liquid-phase processes in clouds, the
dynamics of these processes is governed by the liquid-
water content of the gas (L = Vaq/ Ve, where Vis the vol-
ume of the phase) and by the drop radius (r). The orig-
ination of size effects in atmospheric chemical reac-
tions [8] can readily be understood by analyzing the
effect of drop growth at a constant L.

An increasing drop size not only causes an obvious
deceleration of the liquid-phase reactions because of a
decreasing flux of OH; and other radicals but also
slows down the liquid-phase transport of entrained spe-

! The studies quoted here are part of the field investigation of atmo-
spheric phenomena carried out in the framework of a
EUROTRAC project (subproject Ground-Based Cloud Experi-
ment).

cies: Tyq = ré /1t2Daq(i) [9], where T, is the characteristic
time of diffusion in the drop and D,.(i) is the diffusion
coefficient. The characteristic time of transport
increases with increasing r,, and, in large drops, it can
exceed the characteristic time of the chemical reaction.
The competition between these processes is also influ-
enced by the reactivity of the species entrained from the
gas. The higher the reactivity of the species, the smaller
the drop size at which the diffusion limitations come
into play. The entrainment of species from the gas
phase is accompanied by reactions occurring in the sub-
surface layer of the drop, which result in a nonuniform
distribution of entrained species in the drop volume.
Under these conditions, most of the impinging species
return to the gas phase [8]. However, the growth of
drops may be accompanied by the opposite process,
which is favored by chemical and photochemical reac-
tions generating free radicals in the bulk of the drop
[8]. The net effect of the near-surface and bulk reac-
tions involving free radicals on the rates of the oxida-
tion reactions in the water droplets of tropospheric
clouds has not been studied adequately [8, 10, 11].
Here, we consider this effect in the oxidation of atmo-
spheric SO, ,), which is the main source of acidic pre-
cipitation.

Box Model of the Convective Cloud

Our kinetic analysis of chemical processes in clouds
will be based on the reduced model (RM) of atmo-
spheric SO, oxidation [12]. In this work, RM is used
in the simulation of the self-cleaning dynamics of air
heavily polluted with sulfur dioxide (Table 1). Events
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Table 1. Gas composition and the initial concentrations of gas components in the reduced model (RM)

813

Component Concent_r}ation, Component Concent_r?tion, Component Concent_ration, Component Concent_r3ation,
cm cm cm cm
CH,0, 2.55x10° || CO, 3.62x10'2 || HNOyy, 6.10 X 10° || NOyy, 6.40 x 10
CH,OH, 123x10% || COyy, 8.40x 10" || HNOj 4.00%x10° || NOy, 7.00 % 10*
CH,,, 519x107 || H, 543x 107 || HNOyy, 6.60x10° || O, 2.48 %103
CH;0, 377x10" || Hyg 2.55x 108 || HOy(y 6.00x 10% || O('D), 1.28 x 1073
CH;0,,, 4.56 x 108 || Hy0, 5.94% 107 || Ny, 1.92x 10" || Oy 5.34x10'8
CH;0H, 44410 || HyOy 2.55x 10 || N,0, 7.65x 10 || Oy 8.01 x 10"
CHyq 4.15x10" || HCO, 731107 || NyOsq 7.13x10> || OH, 4.00 x 10°
CH,0,,, 7.46 % 10! NO, 2.60%x10% || SOy 9.00x 10'°

of the self-cleaning of a continental atmosphere with
a similar SO, content have been observed, e.g., in
GDF experiments [2]. Our research has so far been
limited to the role of small drops (r, = 1 pm) in air
self-cleaning [12]. Here, we focus on the drop size
effect in this process.

The size and volumetric concentration of drops in
tropospheric clouds vary widely. Averaging these
parameters over a large number cloud generation
events and various cloud types leads to the following
inferences. The size of most of the drops is between a
few and ~10 wm. The drop concentration ranges
between tens and ~10° cm™. The concentration of
large drops with a radius above 10?> um is usually
lower by a factor of 10°~10°. During rainfall, this con-
centration increases, which is evidence of the variabil-
ity of the size distribution of cloud drops [13].
According to earlier reports [14-16], large drops are
present not only in rain clouds but also in ordinary
clouds. It is essential that, in spite of their low concen-
tration, they may contain a considerable amount of
liquid water. For example, for drops with r, = 5 um,
whose concentration in the cloud is the highest, the
corresponding normalized amount of liquid water
(L/rg) is 3 x 107 um™' [17]; that is, L = 1.5 x 10~7. For
raindrops with r, = 103 um, which precipitate with a
velocity of 10 mm/h, the normalized amount of liquid
is 3 x 10719 um' [18] and, hence, L = 3 x 1077. The
variation of the dynamics of chemical processes dur-
ing the lifetime of a cloud was beyond the scope of our
analysis. All calculations were carried out under the
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assumption that the liquid water occupies a constant
fraction of the gas volume (L = 10°).

The drop size effect on the dynamics of chemical
and photochemical processes in the atmosphere has
been the subject of a number of publications. Here, we
use a mathematical approach suggested by Schwartz
and Freiberg [9]. The essence of this approach is briefly

described below.? In an earlier study, this approach was

2 According to Schwartz and Freiberg [9], the steady-state distribu-
tion of a model reagent in drops is analyzed in terms of the equa-
tion

1d ZdCaq
aqr_ZE'(r ar )—kL(r)Caq+P(r) =0
subject to the boundary conditions (dC,y/dr),—¢ = 0 and
Caglro)=C :q - Here, C, is the reactant concentration in the lig-
uid at the distance r from the drop center, k;(r) is the effective
first-order rate constant of reactant consumption (s_l), and C ;‘q is

the reactant concentration on the drop surface. The consumption
of the reactant in second-order reactions is neglected because of
the low rates of these reactions [9]. The term P(r) in the above
equation is the rate of generation of the reactant by liquid-phase
chemical and photochemical reactions. The solution of this equa-
tion for P(r) = 0 is presented in [9]. It has been demonstrated that

C :q can be calculated using the drop-average reactant concentra-

tion Cyq:

- coth 1)1
=g
q
Here, coth(g) is the hyperbolic cotangent and g = r¢E; is a di-
mensionless parameter, where &; = (kL(i)/Daq)l/2 (cm™) is a quan-
tity characterizing the so-called reaction length of the reagent (/;).
Some complication arises for P(r) # 0. Even in this case, it is still

possible to relate C:q to E‘aq [8].
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Table 2. Chemical reactions in water drops

ERMAKOV et al.

. kias . kias
No. Reaction | mol-! ¢! No. Reaction 1 mol-! ¢!
. . SO + O3,y —> SO +
1A |HO) (g +HOj —= HyOnug + Ong | 83%10° || 13A | >3 + D3 4(aq) 1.5% 10°
O2ag)
. -+ HO - -
on |HO2) + O2a) =~ HaiO2ag + O2aa* | 70 107 || 1ap [FSO3Ga) + O3 —= HSOu4pagy +| 5 5
OH,, O2a9)
HSO5, ) + HyO0p + H — SO5,.) + SOy, +HSOG ) —>
3A* Sa) 2T T g YD T 69107 || 154 |7 e e 32x 108
H,O +2H,, HSO4aq) +SO03)
— 2= 2-
SO, +S050 —* SOsy +
4A  |SO3,, +OH,, —= OH,, +S05, 46x10° || 16A |7 109 3(aq) 4(aq) 32x108
SO3aq)
SA  |HSOj, +OH,, —= H,0+S05, 27x10° || 17A [3O56a *HO2q) == HSOsq) +| 1 75 10°
OZ(aq)
— — + . — — 2—
oax | Osm *HS O * Hag 1L0x 107 || 184 |2 056 + Q20 T 8%5w Tl 5
2503, +3Hy O2ag)
— _ 2—
SO/, +HSO5 ., —> SO; ) +
TIA  |N,O«. + H,O —= 2H' +2NO%,. 50%x10° || 194 | @@ 3 Y0 T 2 0% 10
2%-5(aq) 2 aq 3(aq) — +
SOy4(aq) + Hyg
NO; o + HSO3 ) —> NO3 oy + SOsqy + HSO3 0y —
8A S e 3 13x10° || 20A |~ °®9 ) 3.4%10°
$O309) + Heug) HS050u) +50509)
—e 2— —e
. . SO5i,) +S057 —> S04 +
9A  |NOj g +SO0%ug —= NO3ug +S050aqy| 30X 10° [[ 214 | 200 777309 YD T 55108
S O4ag)
—. 2 2—
SO;,., +SO3,. —= SO, +
10A | o T : 15%x10° || 224 |7 09 3(a) >(a) 2.1x10°
O33aq) + O3ag) — 2020+ OHyy SO
3(aq)
. . 2
1A |SO,+0; %% HSOj () + Ogaq + Hy | 24x10* || 23A gosmq) +8050q) = S$20s00) + | 13107
2(aq)
12A |S0504) + Osag — SO5ia) 25x10° || 24A |35 +5Osa —= 250uaq) +| g7 107
Oxag)
* The rate constant of this reaction has dimensions of 12 mol ™2 s~".
KINETICS AND CATALYSIS Vol. 47 No. 6 2006
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used in the simulation of sulfur dioxide and formalde-
hyde oxidation in the marine atrnosphere.3

The set of differential equations was numerically
integrated for a unit volume of a gas uniformly filled
with monodisperse drops, taking into account earlier
reports [8, 9]. In the framework of RM, concentration

averaging as in [8, 9] was made for OH;q, O3aq), and

NO;(aq) 4 The drop size was varied between 0.1 and

103 wm [17-19]. All calculations for the dynamics of
liquid-phase processes were carried out under the
assumption that, even in the largest drops, the transport
of reactants is only due to molecular diffusion [20]. The
calculated data presented below refer to the daytime.
The photodissociation coefficients of the light-sensitive
components of the gas phase were calculated for the
noontime of the day of equinox at 60° N and a height of

3 The variation of the concentrations of atmospheric components in
the gas and liquid phases is described by the equations

dc C:O
—£=pP,-5,-|C,-—X—|Lk,
de 8 F % KLLRET
G
dc (o
9 _ pl_sCylc,-—2 |k,
deo e g LReT)

where C, is the concentration of a given component in the gas
phase (molecules per cubic centimeter of cloud), Py and S, are
the total formation and consumption rates of the component in

the gas-phase reactions (molecules (cm3 cloud)’] s’l), Pan and

G . .
Saq are the total formation and consumption rates of the compo-

nent in the liquid-phase reactions (em3s™), C ;qu is the compo-
nent concentration on the drop surface (in 1 cm? of cloud), Ky(i)
is the Henry constant (mol 1! atm™"), R® is the universal gas con-
stant (0.082 1 atm mol™! K’l), T is temperature (K), and %, is the
transfer coefficient (s_l). As in an earlier study [10], it was as-
? 4r, -

. here D,(i) is the diffusi
3Dg(i)+30)iocj , where g(l)ls e diffusion

r

sumed that k; = {

coefficient in the gas phase (cmz/s), ®; is the mean thermal ve-

locity of molecules in the gas (cm/s), and o is the dimensionless

accommodation coefficient. The gas-liquid chemical reactions
are accompanied by acid-base processes, hydrolysis, and com-
plexation in the drop phase. In the calculation of the equilibria in
these processes, the set of liquid-phase reactions is augmented
with the corresponding forward and reverse reactions. The ratio
of their rate constants is taken to be equal to the equilibrium con-
stant of the acid—base or another liquid-phase process [10].

I

The contribution from the reactions involving NOé(aq) is many

times smaller than the contribution from the reactions of OH;‘q

because of the low concentration of nitrate radicals in the gas
phase in the daytime. For this reason, the observed effects are

hereafter ascribed to the reactions involving OH;lq and ozone, al-

though the reactions involving NOg(aq) are also taken into con-
sideration.
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Table 3. Photodissociation processes in the liquid phase

1

No. Process Jias 87

36A [NOj () "2~ NO,, + OH,, +OH,, 2.6x 107
37A |HyOpyq = 20H,, 7.2 %107
38A INOj () “20- NOyyq + OH,, + OH,, [43x 107

Note: J;4 is the photodissociation coefficient of the component in
the liquid-phase.

1 km [12]. The photodissociation coefficient data for
liquid-phase components were taken from [1, 10]. The
scattering of UV radiation on the surface and in the bulk
of a convective cloud was neglected. The integration
time (7,,,) was varied between 0 and 10* s. The chemi-
cal and photochemical processes in the gas and liquid
phases, as well as their kinetic and thermodynamic
parameters, were taken to be the same as in our earlier
work [12]. For this reason, here we present only the lig-
uid-phase data necessary for discussion (Tables 2—4).

OH;(] Radical

Figure 1 plots the calculated drop-average concen-

tration of hydroxyl radicals ([OH;q] ) as a function of

ro for two different 7., values. In these calculations, we
took into account both the variation of the radical flux
(hereafter referred to as the S/V factor for brevity) and

the nonuniformity of OH;q and ozone distribution in

the drop bulk. Clearly, the OH;q concentration varies
nonmonotonically as the drop grows. For small drops

(0.1-1 pm), [OH;q] is nearly constant. This constancy

of [OH;q] persists in spite of the fact that the interfacial

area and the volumetric concentration of drops decrease
by a factor of 10 and 107, respectively. The descending

portions of the [OH;q] curves indicate that, as the drop
grows from 1 to 1000 pm, the concentration of
hydroxyl radicals decreases less rapidly than the OH;
flux from the gas (the OH;q concentration decreases by

a factor of ~10%, while the flux intensity decreases by a
factor of ~10%). Therefore, there are other sources of

OH_ , which are the bulk chemical reaction (10A) and the

aq
photochemical reaction (37A) (Tables 2, 3).

Let us first consider the data referring to small
drops. According to our calculations, the absolute con-
centration of hydroxyl radicals in these drops is
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Table 4. Dissociation equilibria in water drops

ERMAKOV et al.

Forward Reverse
-> «
No. Equilibrium Kz, mol/l A, N Agog» .
l—(n— 1) Ea /R, K 1—(}1— 1) Ea /R’ K
mol "V s mol Vg
1E* | COyyq) + HyO === HyCO3y 7.7x107 | 43x1072 9250 5.6 x 10* 8500
2E  |H,COsq == H,, +HCOj ) 43x107 | 2.15x 10* - 5x 1010 -
3E  |H,0 == H,, +OH,, 1.8 x 10716 | 2.34 x 107 6800 1.3 x 10" -
4E | HySO0yq = HS Oy, + Hy, 1.0 x 10? 5.0 x 10'? - 5% 100 -
- . 2- —11 10
SE |HCOj,,, == H,, +CO3,, 4.7% 10 2.35 1820 5x10 -
6E  |HNO,,q, = H,, +NO,,, 53x10* | 2.65x 1077 1760 5x10'° -
7E  |HNOjy,, = H,, +NOj,, 22 1.1x 10" -1800 5% 1010 -
8E |HNOyuq = Hy, +NO, LOX 105 | 5.0x10° - 5x10'° -
° — O -5 S5 10
9E  |HOj3q) = Oaiag + Hig 1.6 x 10 8.0 x 10 - 5x%10 -
10E  |HSOj,,, = Hi, +S03,, 6.22x 107 | 3110 ~1960 5x10'° -
- s 2- —2 9 11
HE  |HSO,,,, = H,, +S0;., 1.02x 102 | 1.02x 10 ~2700 1x 10 -
- — 2- —10 10
12E |HSOj,,, = H;, +S05,, 4.0% 10 20 - 5x10 -
13E%#| SOyaq) + HyO,q = HS O3,y + Hiy 3.1x10* | 627 x 10* ~1940 2x 108 -

. s . . 2 2 . L
Note: K is the equilibrium constant, 7 is the reaction order, A298 and Ea are the preexponential factor at 298 K and the activation energy

< <
of the forward reaction, and A,qq and E, are the preexponential factor at 298 K and the activation energy of the reverse reaction.

* K;g has dimensions of 1/mol.
** Kg is dimensionless.

[OH; 1/, = 0.1 um = 2.1 X 1072 mol/l (Fig. 1a). Accord-
ingly, the probability of these radicals being entrained

is YoH(ry=01 pm) = (I = You/Vou) = wsa/VYou =

3.3x 1073, where ‘i’OH and q’OH are the hydroxyl

fluxes from the gas to the liquid and vice versa, respec-
tively. This Yo value is more than one order of magni-

tude smaller than the OH; accommodation coefficient

(0og = 5 x 1072 [10]). Most of the OH; radicals

impinging on the drop surface leave the drops to return
to the gas phase. Their penetration into the drop is lim-
ited by the hydroxyl solubility. Indeed, the characteris-
tic time of the establishment of a local (surface) ther-

modynamic hydroxyl solution equilibrium is Tgy =
D,( OH’ )(4KH(OH; YRET/0L o Doy )* = 1075 5. This time
is sufficient for the OH;q radicals to diffuse to a depth no
higher than Aoy = (D,(OH, ) Toy)"? = 10 cm [9].
From this very thin layer, which is saturated to equi-

librium, OH;q radicals diffuse into the free volume of
the drop. The uniformity of their distribution in the
drop is governed by the ratio between the reaction
length oy = &yusa = (Dyg(OH )/ksa[HS O340 1(1 +

kynKioelksal Hy 1)'2  (the distance traveled by a
hydroxyl radical during its lifetime) and r,. Under the

KINETICS AND CATALYSIS Vol. 47 No. 6 2006
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conditions examined, loy = (D,(OH )T54)"? = 1 um
(Tables 1, 2, 4). Therefore, reactions (4A) and (5A) can
cause a decrease in the equilibrium OH;q concentra-
tion only in drops larger than 1 um (gon = lou/fo < D).
This inference is confirmed by comparing the calcu-
lated near-surface and bulk concentrations of these

species, which are, respectively, [OH;q]Surf
10°K;(OH, )RET[OH, /N, = 2 x 1072 mol/l and

[OH;q] ~ 2.1 x 1012 mol/I (Fig. la).5 The similarity of

these concentrations is evidence that the OH;q radicals

entrained from the gas are uniformly distributed
throughout the volume of a small drop. However, it

does not follow from the above that the OH;q loss reac-

tions (4A) and (5A) do not occur in small drops. Con-
versely, these reactions in small drops proceed at the

highest rate, since the concentration of OHE;q radicals

involved in these reactions is close to its equilibrium
value (Fig. la). Accordingly, the contribution from

OH; entrainment to sulfur dioxide oxidation is the
largest in the case of small drops; however, ‘i’OH [(Wyp +

wss) > 1 and q’ox—x [(wya + ws,) > 1. The above-noted

OH;‘q concentration plateau at drop sizes below 1 um
(Fig. 1a) is the graphical implication of these ine-
qualities. For larger drops (ry = 1 um, goy = 1), reac-
tions (4A) and (5A) would be expected to dominate
over OH;q diffusion and, accordingly, the surface

(equilibrium) concentration of hydroxyl radicals would
be expected to differ from the drop-average concentra-

tion: [OH,, lo/[OH,,] 2 1. Here, it is necessary to

remember the other sources of hydroxyl radicals,
namely the chemical reaction (10A) and the photo-
chemical reaction (37A) (Tables 2, 3). The effect of

these reactions on [OH;q ] will be clear if our calculated

data are compared to the analytically found distribution
of the concentration of an entrained model reagent in

the drop [9].6 Schwartz and Freiberg [9] found the
steady-state distribution of this reagent in the drop by
solving the diffusion equation. It was assumed that the

5 Lty = 10° s
The value [OH(g)]TO:O.l um

concentration in the gas phase.
® This comparison between calculated data will be correct if the

changes in the rates of the liquid-phase processes due to r varia-

tion do not cause radical changes in the gas phase concentration
of the reagent. According to our calculations, an increase in the
drop size from 0.1 to 10 mm causes only a small (15%) increase

~ 2 x 10% cm™ is the hydroxyl

in the OH;; concentration. A similar increase in [OH;iq] in pass-
ing from small to larger drops was noted in [8].
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[OH;, 1. mol/1

10—12

10-

10—14

10715

(b)

Ll Ll Lol MR VT |

107! 100 10! 10? 103
g, Wm

Fig. 1. Effect of the drop size in tropospheric clouds on (a)

[OHz;q] and (b) SOHM (see text) for to, = (1) 10% and (2)5x

103 s (daytime). L = 1075, For the concentrations of gas
components, see Table 1.

reagent is consumed only through a first-order reaction.
The OH;q radicals in our model are consumed in the

same way, because [OH;q] < [SO_%(_aq)] and [OH;q] <

[HSO5(,q) ]- It can therefore be assumed that the con-

sumption of these species in the bimolecular reac-
tions (4A) and (5A) obeys a first-order rate law. Our

calculations lead to ([OH,, /[ OH;yl,, = 1 um) = 1.08.

A similar result is obtained if data reported in [9] are
used. Their identity is evidence of a minor role of pro-

cesses (10A) and (37A) in OH;q formation in micron-

sized drops. The main source of OH;q radicals in small
drops is apparently the entrainment of these radicals
from the gas phase. For r, = 10 pm, which is close to
the size of the most abundant drops in a typical cloud,
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our calculations lead to ([OH,, Ju/[OH 15, = 10 um ) =
2.6. According to Schwartz and Freiberg [9], the same
ratio between the surface and drop-average concentra-
tions of the model reagent is ~7. This difference between
the concentration ratios suggests that, in our case, there
are other sources of OH;q in the drops (that is, reac-
tions (10A) and (37A) take place). The same is evident
from Fig. 1b. The curves shown in Fig. 1b represent the
results of our calculations concerning the effect of the

nonuniformity of [OH,,] and Oj,, distribution in the

drop bulk on [OH;q] . This nonuniformity was charac-

terized by the quantity 3oy = 8 X 100%/[ OH,, ], where

8 =[OH,,] — [OH,, ]. The first term in this difference
is equal to the OH;q concentration calculated taking

into account both the S/V factor and the OH.;1q and O3,
distribution nonuniformity factor. The second term is
equal to the OH,’1q concentration calculated for the case

of a uniform distribution of all components in the drop.
In essence, Fig. 1b illustrates the difference between

the OH;q concentrations under the uniform and non-
uniform OH;‘q and Oj, distribution conditions as a
function of drop size. It can be seen in Fig. 1b that an
adverse effect of the OH,, distribution nonuniformity

is initially manifested. This effect is significant starting
at ry= 1 um (=lgy). For ry = 5 um, taking into account

this factor decreases [OH;q] by ~20% relative to the

uniform distribution of hydroxyl radicals. The data pre-
sented in Fig. 1b are also in qualitative agreement with
our data concerning the effect of processes (10A) and

(27A) on [OH;q] . In particular, it is clear that, for the

smallest drops, the decrease in the OH;O1 concentration

due to the near-surface reactions (4A) and (5A) is not
compensated for by the chemical and photochemical

generation of OH;q in the drop bulk. The effect of these

processes on [OH;q] is manifested starting at a much
larger drop size (Fig. 1b). This is indicated by the
decrease in the descent rate of the OH;q concentration
at ry = 7-8 um in a growing drop. The slight descent is
followed by an ascending portion of the curve in spite
of the decreasing OH" “permeability” of the drop. Cal-
culations have demonstrated that the maximum in the
don = f(ry) curve is solely due to reaction (10A). Fur-

thermore, it follows from Fig. 1b that the effect of this
reaction persists up to r, = 25-30 um, after which

ERMAKOV et al.

[OH;q] decreases again. This is caused by the deceler-
ation of reaction (10A) due to its near-surface localiza-

tion; Io, = (DyfkioalOaag])" = 50 um (Fig. 1b).

Indeed, reaction (10A) somewhat raises [OH;q] in

larger drops as well. This is indicated, for example, by
the above-mentioned disagreement between the

descent rate of the OH;q concentration and the

decrease in ¥y . However, the rate of this reaction in

large drops is insufficiently high to compensate for the
unfavorable effect of ozone consumption in the subsur-
face layer of the drop. The contribution from the pho-

tolysis of dissolved hydrogen peroxide to OH;q gener-
ation is also small. The effect of this process is observed
only in the largest drops, when the OH; and O, fluxes
are almost exhausted. This is indicated by a comparison

between the calculated ‘i’OH values and the rates of
reactions (10A) and (37A) (Tables 2, 3). For example,

for ry= 102 um, Yoy = 1.7 x 10* cm™ s1. Under these

conditions, wigy = 2 X 10° cm™ s7! and wy;, = 1.6 X
10*cm™ s7h; ie., wigs + 2ways = 2.3 X 10° em™ 57!

(>\_POH) and WIOA/W37A > 1.

HO.Z(aq) Radical

The drop size effect on the sum of the HOé(aq) and

O;('aq) concentrations (hereafter designated [HO;(aq)]
for brevity) is illustrated in Fig. 2a. As in the case of
OH,

aq » the data obtained reflect the overall effect of two

factors on [HO;(aq)], namely, the S/V factor and the

nonuniformity of the bulk distribution of OH,, and
O3,q due to their near-surface reactions. Calculations
have demonstrated that, unlike the reactions involving
OH’, the liquid-phase reactions involving HO,

markedly reduce the concentration of these radicals in
the gas phase. Most of these species in clouds are lost
through liquid-phase reactions. A comparison between
the plots shown in Figs. la and 2a suggests that,

although these plots seem to be similar, the [HO;(aq)]

plateau is dozens of times as long as the OH;1q plateau.

Note also that, although ¥y, and q’oa are similar, the
species concentration ratio in the plateau region (i.e.,

([HO34q)] + [Oy(sq)] )/[OH,,]) is as large as ~10* The
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rate of [HOQ(aq)] decline is approximately one order of
magnitude lower than the rate of the decrease in the

intensity of the HOé(g) flux into the drop (‘f’Hoz ). Since

there are no HO;(aq) sources in the drops (see Table 2),
this fact means that, firstly, the growth of the drops is
accompanied by a decrease in the loss rate of HO;(aq)

and, secondly, the determining factor in the loss of this
species is the quadratic-law reactions (1A) and (2A).
From the data presented in Fig. 2a, it can be found that

the probability of HO;(g) being entrained by the finest
drops is close to the same probability for OH;,:

YHOZ(roz 0.1 um) = (1 - l<i’HOZ /q‘HOZ) = 4 X 1073. The Cal'
culated probability is, however, only ~2.5 times lower
than the oo, value accepted in calculations [10]. Evi-

dently, the dynamics of HO,, o) entrainment by the fin-

est drops is determined by chemical reactions in the lig-
uid phase. The above facts are due to the difference

between the reactivities and solubilities of OH  and

HO, [1]. The HO,,,, radical, which is less reactive,

participates in the recombination reactions (1A), (2A),
(17A), and (18A), along with being consumed in reac-
tion (10A) according to a linear rate law. Drop growth
causes changes not only in absolute reaction rates but
also in the ratios of these rates. Above the critical size
(gon=1), reactions (1A) and (2A) will dominate in their
competition with reactions (17A) and (18A). This is a
consequence of reactions (4A) and (5A) occurring on
the surface, which result in a dramatic decrease in the

SO;('aq) generation rate and, accordingly, in the rates of

reactions (17A) and (18A): (W74 + Wiga)/(Wia+ Wop) =
1:0.7. Furthermore, the increase in the rates of reactions
(1A) and (2A) diminishes the role of reaction (10A):
above the critical drop size, the wga/(W; 5 + W,a) ratio
decreases steadily. For larger drops, the competition
between reactions (1A) and (2A) and reactions (17A) and
(18A) is also affected by the bulk chemical reaction (10A)
and the bulk photochemical reaction (37A) (see above).

~10),
(Wi7a + WigaA)/(Wia + Wys) = 11 3.2. Since the hydroper-

For example, for r,= 10 um (‘i’HO2 / l%I’OH)

ro =10 um

oxyl radical is more soluble than OH ", it takes a longer
time to reach the equilibrium hydroperoxyl saturation
of a drop. Accordingly, the hydroperoxyl radical pene-

trates deeper into the drop: Ayo = (DyTyo,)"* =
4 x 1072 cm. Comparing this value with the reaction length
for this species, o, = (Dyy/ki54)"* = 6 X 107 cm, we

obtain Ay /Iy, > 1; that is, the dissolution of HO;(g)
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[HOj(sq) 1, mol/1

108

107°

6H0£(aq) » %

103

Lol
107! 10° 10! 10 103
T, WM

Fig. 2. Effect of the drop size in tropospheric clouds on (a)
[HO'Z(aq)] and (b) BHO.Z( ) (see text) for t,, = (1) 10% and
aq

(2) 5% 10% s (daytime). L = 1075,

species is inevitably accompanied by their loss. Here,
(k) (k17A[SO;(.aq) Do+ (kISA[SO;(-aq) Dt o=
2(k17A[SO;('aq)])*‘. As a consequence, the equilib-
rium liquid-phase concentration of these species cal-
culated using the Henry law, [HO;(aq)] = 10° x
Ku(HO,,) )RETTHO, ) /N, = 1.5 x 1078 mol/l, is not

reached under atmospheric conditions. This is also
indicated by computer-calculated data (Fig. 2a): the

calculated HO,., and O,,, concentrations are

approximately 1.5 times lower than the equilibrium
concentrations.

Calculations have demonstrated that the effect of

chemical reactions on [HO;(aq)] is more pronounced
for shorter exposure times (Fig. 2a). For micron-sized
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[SAV)] x 1071° cm™3

0
10! 10° 10! 102 103

85(1\/), %o

8r (b)

0
107! 10° 10? 102 10°

Fig. 3. Drop size effect on (a) the concentration of unreacted
sulfur dioxide [S(IV)], and (b) SS(IV) (see text) for t,, =

(1) 10% and (2) 5 x 10% s (daytime). L = 1079, the initial
SO, concentration is 3.5 ppb, and the initial H,O, con-
centration is 1 ppb. The inset shows the time variation of
[SAV)]; for drop sizes of (3) 1, (4) 10, (5) 102, and

(6) 10° um.

drops, shortening the exposure time causes a nearly
twofold decrease in the HOé(aq) concentration because

of reactions (1A) and (2A) proceeding at a higher rate.’
At first glance, it might seem that the adverse effect of

7 According to calculated data, the increase in r( at small 7., values
slows down SO,y oxidation. In the absence of buffer admix-

tures, pHrO =20-30 um /pHr0 —0.0um > 1. As a consequence, the
equilibrium HO.Z(aq) == H"+ O;;aq) (9E) (Table 4) is shifted
to the right and the rate of reaction (2A) increases rapidly, imply-

ing a decline in the calculated [HO’Z( aq)] value.

ERMAKOV et al.

these reactions on [HO;(aq)] does not extend to larger

drops (Fig. 2a). Indeed, the [HO;(aq)] i, = 100 =f(rp) plot

shows an ascent as the drop size is increased. The cause
of this apparent contradiction is the retardation of the

cross recombination (HO3(,q/O5(,q) + SOs (reac-
tions (17A) and (18A)) due to the consumption of
OH;q radicals near the surface. It is due to the resulting
“economy” in HO,,,/O, .y that, in spite of the higher
loss rate of these species (reactions (1A), (2A), and
(10A)) and in spite of the decrease in ‘i‘HOZ , the concen-
tration of these species increases as the drops grow at
t., = 10° (Fig. 2a).

A measure of the indirect effect of the nonunifor-
mity of OH,, and Os,,, distribution in the drop bulk on

[HO, ] is the quantity 3y, (Fig. 2b).8 For compar-
atively small drops (r, <5 wm), calculations indicate
only a slight increase in the HO;(aq) concentration
(8H02 = 10%), which is due to the above-mentioned

retardation of reactions (17A) and (18A). For large
drops, the surface localization of the reactions involv-

ing OH™ and O; exerts a much stronger effect on

[HO, g . For example, 8, = 100% for ry = 300 um

and 1000% for ry=10° um. The dramatic strengthening
of this effect is obviously due to the fact that the abso-
lute rates of liquid phase reactions are much lower in
large drops. Calculations have demonstrated that the
rate of reaction (10A) in gas volume terms is 2 X
10° cm s7! for ry = 10> um and is almost two orders of
magnitude lower for r, = 10° um. As a consequence,
even comparatively small changes in the concentrations
of OH;(aq) and Os,q) due to a decrease in the flux of
these species from the gas phase, as well as variations
in the rate of reaction (10A), cause large changes in

[HO;(aq)] .

Sulfur Dioxide

The self-cleaning of the atmosphere from sulfur
dioxide in the absence of water drops is a rather slow
process [1, 21]. For an SO, ,, concentration of ~3.5 ppb,
the self-cleaning rate does not exceed =(0.04 ppb/h
(1%/h) [12]. Water drops markedly intensify the pro-
cess, as is demonstrated in the inset in Fig. 3a. The

8 5H02 was calculated in the same way as dg.
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[SAV)], = f(#) plot presented here shows how the con-
centration of unreacted sulfur dioxide, including the
species dissolved in water, varies with time. Here,
[SAV)], = [SOygl, + [sulfite] N,L/10° = [SOygl: +
[HSO,, |,NAL/10°. For ry=1 um and L = 10, the time-
average self-cleaning rate, including the liquid-phase
reactions, is ~2 ppb/h (50%/h) [11]. In the calculation
of [S(IV)],, we took into account the S/V factor and the

near-surface consumption of OH;(aq) and Oj,g). This
strong effect of water drops on SO, oxidation is obvi-
ously due to the fact that liquid-phase sulfite oxidation
reactions are included in the calculation [2, 22, 23].
Therefore, the contribution from these reactions can be
viewed as a characteristic of the oxidizing properties of
cloud drops with respect to sulfur dioxide absorbed
from the gas phase. It is clear from the curves presented
in the inset in Fig. 3a that [S(IV)], decreases nonuni-
formly with time: the process has a rapid and a slow
stage. The former is observed for ., < 10° s; the latter,
for z,, > 10% s. As the drops grow, the kinetic difference
between the rapid and slow stages vanishes against the
background of the slowdown of SO,,, oxidation. This
is evident from the [S(IV)], = f(r,) plots for 7., = 10° and
5% 103 s (Fig. 3a, vertical dashed marks in the inset). At
ro> 100 um, there is a well-defined slowdown of SO,
oxidation (an increase in the concentration of unreacted
SO, and its ionic forms).

In an earlier work [12], we demonstrated that the
rapid stage of self-cleaning is hydrogen peroxide trans-
port from the gas phase followed by the liquid-phase
reaction  H,0,,, + HSO;5,, (BA); here,
AISOV)], _ o = [H2On)l, <o = 2.7 X 10 ¢m™

(Table 1). The self-cleaning route due to ozone influx is
much less pronounced. At 7, = 103 s, it accounts for no
more than 2% of the reacted SO, ). At this time point,
nearly all of the ozone in the gas phase is reacted. Nev-
ertheless, the self-cleaning of the gas from SO, is not
terminated (Fig. 3a). Therefore, other oxidation pro-
cesses also occur in the drops. It is surprising that, after
H,0,, is exhausted, the reaction between hydrogen
peroxide and sulfite (3A) continues to play a significant
role in [SO,)] diminution and in the slow stage. The
source of H,O,,q, under these conditions is the recom-

bination of HO;(aq) and O;('aq) radicals (reactions (1A)
and (2A)). According to our calculations, the contribu-
tion from SO, oxidation with oxygen also becomes
significant. In small drops, this process is initiated by
the entrainment of hydroxyl radicals from the gas
phase: OH;q + soi(‘aq) /HS O3, (reactions (4A) and

(5A)). The process involving SO;_.S(aq) develops
through reactions (12A), (17A), and (18A) and ends as
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reaction (6A). Thus, at the slow stage of self-cleaning,
the oxidizing properties of small drops with respect to

SO, are influenced by the influx of OH, and HO,,,

from the gas phase.9 It is, therefore, clear why the self-
cleaning rate in the slow stage decreases as the drops
grow (Fig. 3a). This effect is caused by the decrease in
the rates of liquid-phase reactions involving hydrogen
peroxide and these radicals due to a decrease in the flux
of these species into the drops. The contributions from
the peroxide and radical entrainment routes to SO,
oxidation depend on both r, and f.,. For small drops
(ro <1 um) and 7., =5 X 10° s, up to ~60% of the sulfur
dioxide is converted via the oxygen route. For larger
drops, for example, those with r, = 10?> um, the contri-
bution from the oxygen route of oxidation does not
exceed ~30%. This is due to the adverse effect of the
S/V factor and of the nonuniformity of the rates of the
reactions involving OH;q and Oj,q) in the drop bulk. A

clear notion of the size effects in the formation of SO,
oxidation properties of the drops is provided by Fig. 3b.
Here, the measure of these effects is O yyy. This quantity
was calculated in the same way as 8oy and Sy, : 8sqry) =
0100%/[S(IV)]. Drop growth, which increases the role
of the near-surface consumption of OH;q and Oj,),
may seem to exert only a slight effect on [S(IV)],. The
sy, value calculated for short exposure times is no
greater than ~3% even for the largest drops. This result
is in agreement with the data indicating that hydrogen
peroxide arriving from the gas phase plays the domi-
nant role in SO, oxidation (Fig. 3a). However, the
adverse effect of the near-surface reactions of OH;q
and Oj;,q) In the formation of the oxidizing properties
of the drops is obvious even under these “unfavorable”
conditions. Note that the 8y, data plotted here mask
the actual slowdown of SO, oxidation due to the near-

surface reactions of OH;q and Os,q), because they inev-

itably involve a number of compensation effects. For
example, as the drop size grows from 1 to 10 um, a

9 For short exposure times, the self-cleaning of the atmosphere
from SOy 4) due to the influx of HyO,(,) dominates over the other

self-cleaning routes for all r,. This is indicated by the inflection at
rp = 150 mm in the curve shown in Fig. 3a. The characteristic
time of H,O,4 diffusion from the gas into the drop,

Taitf(HxOxg)), Which is proportional to r(z), is longer than f,, =

103 s under these conditions. As a consequence, further drop
growth causes the sulfur dioxide consumption to decrease
roughly following the law A[S(IV)], = [HyOyg)lfex/Taiff(HoO2(g)) ~
l/ré. As the drop size increases, the concentration of unreacted

sulfur dioxide, including dissolved ionic forms, approaches
nearer and nearer to its initial value, [S(IV)]L Y (Fig. 3a).
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nearly twofold decrease in the rates of reactions (5A)
and (6A) is accompanied by a nearly equal increase in
the rates of reactions (1A)—(3A). It is also essential that
the effect of the near-surface reactions is considered for
a high rate of SO, influx from the gas phase. Therefore,
a decrease in the SO, concentration must cause an
increase in Ogy). This indirectly indicates that &gy,
grows in passing from ., = 10° to 5 x 10° s (Fig. 3b).
This deduction is confirmed by direct calculations: for
micron-sized drops and 7., =5 X 10° s, a doubled v,
value is obtained for an SO,, concentration of
1.75 ppb.

Another interesting feature is that Ogy, varies non-
monotonically as the drops grow. The plots in Fig. 3b
indicate local dips in the SO,,, oxidation ability of the
drops. The first dip (for 7., = 10° s) is observed at ry;, =
1.5 um; the second, at ry) = 250-300 um. The first par-
ticle size is nearly equal to the calculated [,y value.

Since OH;q radicals are uniformly distributed in
micron-sized and smaller drops, the secondary species

SO;S(aq) and HSOs,q , which enhance the oxidizing
properties of the drops, are also uniformly distributed
there. In particular, it is clear from the liquid-phase
reactions presented in Table 2 that two sulfite molecules

per HSOs,,, species are oxidized (reaction (6A)).

Therefore, reaction (6A) is suppressed in drops with a
size larger than ry, (that is, under such conditions that

the near-surface processes involving OH;q proceed at
high rates). As a consequence, sulfite consumption
slows down and &gy, increases (Fig. 3b). This interpre-
tation of the “fine structure” of the oxidizing properties
of the drops is in qualitative agreement with the above-
mentioned finding that Oy, shifts to larger 7y values
as t., is increased (Fig. 1b). Obviously, increasing ¢.,
leads to a higher SO, conversion and, accordingly, a
lower [S(IV)], value (Fig. 3a). The increasing sulfur
dioxide conversion acidifies the liquid phase in the
drops. Equilibrium (13E) (Table 4) shifts to the left-
hand side, the bisulfite ion concentration decreases, and
lon increases. By examining the &gy, curve referring to
t, = 5 x 107 (Fig. 3b) in the light of these consider-

ations, we deduce that the OH;q radicals penetrate to a

depth of 1.5-2 wm under these conditions. This dra-
matic increase in the penetration depth is in agreement
with the calculated change in the bisulfite ion concen-

tration in the drops, specifically, [HSO3,q, | ~ léH Ctis
now clear why the oxidizing properties of the drops
strengthen at r, = 7-8 um (Fig. 3b). This effect is due to
the generation of >/, radicals (reaction (10A)) in the
drop bulk. This process reinitiates sulfite consumption

ERMAKOV et al.

. —e H .
via the oxygen route: O,,q + Ojug AT OH,,

HSO3, 0,, HO, - HSO3, H* + 2-
(5A), (12A), (17A) HSOS(aq) (6A) 3Haq + 2SO4(aq)'

This sulfite oxidation route, which is of secondary
importance for the smallest drops, is crucial for larger

drops.10 The largest drop size for which the reinitiated
oxygen route is still significant is apparently deter-
mined by the width of the near-surface ozone consump-

tion zone: Iy, =50 pum (Fig. 3b). For drop sizes larger

than [, , a local weakening of the oxidation properties
is again observed, which is indicated by a spike in the
dsqvy curve (Fig. 3b). The restrengthening of these
properties at ry 2 ryq, is due to the reinitiation of the

oxygen route of liquid-phase HSOj;,,, oxidation. This

time, OH;q is provided by the photodissociation of
H,0,(,q) dissolved in water. For short exposure times,
when the sulfur dioxide concentration in the gas phase

can be taken to be constant,

ZHZOZ

(Dy(Hy05,q)/k3 o [HSO3 11, = 0 )"* =3 x 10° um. This
estimate indicates that the H,0,,, molecules arriving
from the gas phase are uniformly distributed in the larg-
est drops (gy,0, << 1). The oxygen oxidation of sulfite

proceeds according to the familiar scheme H,0, v,

. HSO;, 0,, HO, _ HSO3, H' N

OH,, “(G5A), (12A), (I7A) HSOyj, —6A) 3H,, +
72—

2S04(aq)‘

Comparison with the Results of Field Experiments

In the framework of the GDF program, there was an
integrated investigation into the dynamics and mecha-
nisms of chemical processes in clouds supplemented
with a study of the microphysics and chemical compo-
sition of aerosol particles and cloud drops, determina-
tion of the composition of atmospheric air, and weather
monitoring [2]. One of the GDF subprojects included
measuring the SO,,, concentration along the wind
direction, from the north foot of Great Dun Fell (Moor-
house, MH) through the summit (SU) to a site on the
opposite side of the hill (Mine Road, MR) [22, 23]. A
reliable indication of a decrease in [SO,)] upon con-

10 The photolytic decomposition of the nitrite ion (reaction (38A)),
nitrate ion (reaction (38A)), and hydrogen peroxide (reaction

(37A)) do not contribute significantly to OH;lq formation under
these conditions. For example, the contribution from hydrogen
peroxide photolysis to OH;iq generation in drops with ry = 10 um

(tox = 10° s) is no greater than 1% of the contribution from the

reaction O;(aq) + O3(49)-
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tact between polluted air and an orographic cloud!! was
obtained at the SU site on May 5, 9, and 10, 1993. For
the cloud formation event on May 5, 1993 (from
7:00 p.m. to 9:00 p.m.), the average air self-cleaning
rate was <1 ppb/h. From SU to MR, the volumetric lig-
uid-water content changed from (3.5 + 0.13) x 107 to
(1£0.05) x 107 and [SO,)] changed from 0.43 +0.43
to 0.37 £ 0.18 ppb; [H,O,)] at the MR site was
0.32 £ 0.27 ppb. The correctness of the SO, concen-
tration measurements was confirmed by revealing a
positive correlation between the increase in the sulfate
ion concentration normalized with respect to the tracer

(Na* ion) concentration ([SOi_ ]/[Na*]) and the
H,0,,q concentration. This correlation is evidence
that, in the event considered, the oxidation of most of
the SO, involved hydrogen peroxide, since the
H,0,,,, concentration in drops with [S(IV)] = 10~ mol/l
was close to zero. In the cloud formation events on
May 9 and 10, 1993, the time-average self-cleaning

rate was 5 and 4 ppb/h, respectively.12 Similar rates of
air self-cleaning from SO, were observed in earlier
experiments [24], and they are close to the rate calculated
in this work for the rapid self-cleaning stage, which is
~3.5ppb/h ([SOy,] = 3.5 ppb, [HO,] = 1 ppb,
L =107 and r,=1 um). Agreement between the results
of our calculations and the experimental data is also
evident from the fact that the self-cleaning of atmo-
spheric air on May 5, 1993, took a comparatively short
time (a few minutes); that is, the key role in the process
was played by H,O,). Of particular interest are the
results obtained with the use of an impactor separating
aerosols into size fractions [22]. It was demonstrated
that the increase in the normalized sulfate ion concen-

tration [SO?[ J/[Na*] in aerosol particles, which was
observed on May 5, 1993, is mainly due to liquid-phase
SO, oxidation. The authors of that study related this
process to the in-cloud activation (spreading and subse-
quent dissolution) of dry aerosol particles with a size of

0.2-0.5 um followed by their redrying.13 However, it
was impossible to reconstruct the size of the drops in
which liquid-phase SO, oxidation had taken place in

1 Orographic clouds result from the elevation and cooling of a
humid air mass moving over a hilly or mountainous terrain.

12 May 9, 1993: [SOyq)] =4.2 £ 4.3 ppb, L = (4.6 + 1.5) x 107 (SU);
[SOyg)] = 0.86 £ 0.8 ppb, L = (1.6 £ 0.6) x 10”7 (MR). May 10,
1993: [SOyg)] = 4.19 £ 1.55 ppb, L = (7.2 £ 1.3) X 1077 (SU);
[SOy(g)] =0.74 £0.17 ppb, L = (2.4 £ 1.2) X 1077 (MR).

13 Although iron ions (~20 X 107 g/m3) were detected in the aero-
sol particles in parallel experiments [25], no positive correlation

was observed between their concentration and the SOy oxida-
tion rate.
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the cloud, because the impactor did not allow drops to
be discriminated according to their size. It was only
found that most of the water collected had been 5-um
drops. Therefore, in that experimental study, the infer-
ence that liquid-phase SO, oxidation occurs mainly in
small drops could be made only from the short time
taken by air self-cleaning.
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