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ABSTRACT

The rainout—reawval al $O, and the acidification of precipitation from siratiform clouds are simulated using a
one—dimensional. time-dependent model, parameterized microphysically in which dissolution and dissociation ef
pascous SO, and H,0,, and oxidation reaction in aqueaus phasc are taken nto account. The effects of dynamic fac-
tors. ncluding updraft flow and lurbulent transport, and the concentration of gaseous 3O, and H.0, being truns
parted inioe the clouds an pH value of Lhe precipitation, the canversion rate S7JF,—87FL and the wet deposition

rate of 8O- are discussed.
[. INTRODUCTION

With the development of industrialization and urbanization, more and more
anthropogenic pollutants (both gases and particles) are released inio the atmosphere thati se-
riously deteriorate the air quality. The wet removal of the trace gases and particles by clouds
and precipitation is one of the major self—cleaning processes in the aimosphere. With which
however. the multiphase chemical processes make the change of the chemicai constituent and
the pH value in cloud and rain. So far acid rain has been a public damage in many places in
ihe world. It is necessary to study the law of the wet removal by clouds and precipitation in
order Lo improve air quality and work out the strategy for controlling acid rain.

In current models of pollutant transportation, the product of species concentralion and
the wet removal rate is often expressed as a term of the wet deposition. Since the thermo—
dynamic and microphysical processes link with the multiphase process very closely, the wel
removal process is highly non—linear, and that the wet removaj rate would not be a simple
constant. Therefore it is an effective way to study such a complicaled process using a numeri-
cal model based on the observation and experiments.

In recent years, scientists have studied the acidification mechanism and rainoui removal
process of pollutants by cloudwater and rainwater, and some interesting results have been ob-
tained, Chameides(1984) and Seigneur et al.(1984) investigated the chemistry of cloudwater
using zero—dimensional models, which were undoubtedly useful for the study of chemical re-
action mechanism but the physical processes were so simple that only the condensation of
thecloudwater was taken into account and therefore formation of precipitation could not be
simulated. Hobbs ct al.{1984, 1986) investigated the effect of nucleation, rainout, washout of
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aeroso! and scavenging and oxidation of SO, on constituents of precipitation using
two—dimensional models of front cloud system. Chang(1986) discussed the mechanism of
forming HNQ. in the rain and snow system. We have developed a one—dimensional
time—dependent microphysically parameterized model of warm stratiform clouds. with which
the removal process of inert gases was discussed (1986). We found that the dissolution
scavenging of kghly soluble gases is greatly affected by the transport mechanism of the gases
into clouds and both updraft flow and twrbulent transport play important roles in the remov-
al process.

The major fuel in China is the coal which releases the main pollutani—S0, when burn-
ing. The precipitation scavenging and acidification processes are the solution of 8O, in
cloudwater and rainwater and oxidational reaclion in aqueous phase lakes place successively.
Martin(1983) pointed out thut when the pH value of water is less than 3. the reaction rate of
the S(/F) dissoluted in water and oxided by H,Q- is the highest and almost unvariable with
pH values in certain range. Based on those consideration. using one—dimensional time—de-
pendent model, the oxidation of SO in aqueous phase by H»O. as well as the relationship
between the removal rate of SO, by precipitation and its acidification, and the dynamic fac-
tors and concentration of the gases inputted into the clouds are discussed.

Il. PHYSICAL-CHEMICAL MODEL OF THE STRATIFORM CLOUDS

On the basis of given pressure and temperature at the cloud base as well as the given
updraft veloeity and turbulent transfer coeflicient, a one—dimensional, time—dependent mod:
el for warm cloud is developed with a hypothesis thal a pseudo—adiabatic temperature profile
in cloud is held. On the definite thermo—dynamic background, for three water contents, ie.
water vapor ((2,), cloud water (Q,) and rain water (). the parameterized micro—physi
cal processes are considered as condensation of water vapor into cloudwater or rainwaler (the
rates are written as CONDC and CONDR respectively), autoconversion of cloudwater into
rainwaler with the primary size (AUTO) and the coalescence of cloudwater into rainwater
{COLL). In cloudwater case, a monodisperse distribution with constant concentration of
droplets (¥,) is assumed. For rain drop, a dual-parameter distribution with a negaiive
power law is adopied. The equations for determining the concentration of the rainwater (¥)
and the function expanding the sized spectrum of rain drop (F). which trigger the
autoconversion process are inpuited when the three balanced equations of water conients are
given. The balance equation, considering the dynamic factors have the following basic form:
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where O, represents @,. (. @ N, and F. and therefore there are altogether five equa-
tions, W is the updralt velocity. ¥, is the average terminal fall velocity of the drops and
take nuil for both water vapor and cloud water, K is the coefficient for turbulent transfer,
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are the source terms or sink terms for microphysical processes. Details of thase sym-
&

dr
bols can be referred (o the Reference( 1986). In this paper, all the problems being discussed are
limited in the cloud {bounded with the top and base of the cloud). The given standard condi-
tions are 293 K for temperature and 900 hPa for pressure at the cloud base, 3 kin for cloud
depth, W=0.1 m<s and K=20 m” /s, Caleulation starts from vapor saturation of the
whole column. afterwards the cloud [orms by condensation, 60 min later the rain drop at the
middle part of the cloud is firstly forming as the cloud water content increases, at 70 min. ap-
pears the rainfall from the cloud base. at 100 min, the highest rain intensity comes. reaching
4.5 mm 7 h, then decreases and becomes steady gradually. Alter 200 min, the intensity of the
rainfadl is about 2.4 mm / h, the three waler contenls in the cloud are stationary, and the av-
erage total water content is 0.46 g/ kg. In general those results are similar to the behaviar of
cloud—rain developing in a warm stratiform cloud. The sensilivity test indicated that the
updraft flow was the key factor Lo control the evolution of cloud and precipitation. On the
contrary. the effect of turbulent trunsfer coefficient was not abvious (1986).

In this paper, these chemical processes. including the dissolution ef 8O, and H,0O, o
cloudwater and rainwater, dissaciation and oxidation are tuken into account. Given in Tuble
| are the equations ol dissolution, dissociation and oxidation reaction and their

correspondent constants.

Table 1. Equatians and Cansiants of Dissolution.  Dissociation and Oxidalon Reaction

DISSOLUTION
1HLO, . (H,00), K, . =9.7Ed = EXP 660001 < T-1 7 298} M - atm
1504, 150y, Kv;_ =1.23% EXPI3I2001 .~ T-1 7 298)! M 7 anm
DISSOCTATION

(801, HSD~H’ Ky =1.7E-2» EXP12090() < T-] 7 298)] M
HSOT . H'+507" Fg.=6E—% + EXPILI22() ~ T-1 " 29%)) M
CHEMICAL REACTION

[N AQUECL S PHASE

L8023 HH O, SO +2H Ko = SE4 = BXP 365041 7 T—1.7 2983) /10 1+[H'])

In aqueous phase. S{/F) includes (8C.},, . HSO; and SO, .and S(FP .ie SO;.
From Henry's law and dissociation equations. the concentration of S(/¥) can be
writien as

ISUN=P,, Ky (1+Eq H |+ Eq  Eq,/[H 1) (2}

where P, is the partial pressure of SO, ., Eq, and Eq. are the dissocialion constants,

K., isthesoluble constant of SO, in waler. The effective Henry's constant is defined as

H _(SO)=K,, (1+Eq, /[H 1+ Eq - Eq, /[H']). (3)

i

GO, CUIy and R{f) are used to represent the volume mixing ratio of the species / in gas
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phase, cloudwater and rainwater, respectively. The equivalent volume mixing ratio of the spe-
cies [ is supposed to be the votume mixing ratio of this species [ in gas—phase when it is
completely transformed from liquid to gas.

Similar to the water balance equations. 10 equations for gaseous SO; and H.O,,
SOV, S(FH, HaO. and H In agueous phase can be obtained. The source or sink terms n
Eq. (1) are written as

dG{8Q )|
Tdr ')| = = $CAVC(S0,} - SCAVR(S0,)

s

dG(H,0.)]

v%| = —SCAVCOH,0,) - SCAVR(H, 0.}
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where SCAVC and SCAVFR are the scavenging rates of the gases being dissolved into
water. According to Fick's diffusion law. with assumplions of sieady state and spherical
drops. the scavenging rate of the gases by water drop can be expressed by the following for-

mukd.

o r 4 N o e o
:sCALCU)—4nR(-M-D(”(1+3Rf~a) (G H, (0P

SCA VR(.’)z47TR.J'\;rD(!')F(RE)(G(n" il ) (5)

) Hrf)’r (ne
where 7 represents SO, and H.Q, . respectively. subscript ¢ and r represent cloudwater
and rainwater. 8 and N are the average radius and concentration of the drops, D is the
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molecular diffusion coeflicient. The corrective term of molecular boundary layer in Eq.{3} is
A 1

given by ( L+4f 73R x}) according to recommended formula by Schwartz (1983),
where / is the mean free way of molecules, # is the accommodation coefficient of gaseous
molecular collision on the surface of drops and takes 0.01 being as same as that of Chameides’
(1984). The ventilation factor tfor conveclive transporl of gaseous masses on the surfuace of
spheric drops are considered. The Frossling’s formula has FrRe)=1-023Re'" ", where
Re=2RV /t. is the Reynolds number for falling drops in the air. In the source and sink
terms included also are the transportation of species from cloudwater into rainwaler through
autoconversion and collision processes. 546C and S46R are included in the term  S{F/). and
formed by oxidation reaction of S(f¥) and H.O, in cloud—rain water. H™ cun be obtained
from various processes prescribed. From Martin's paper (1983) we have

d[S(UIFY /S dr =K [H.0,] [(80,),1= K (6
therefore.
S46C =K AQ,
S46R =K A4Q. .

where Ky, is the reaction coefficient, A is a unit exchange coefficient between liquid water
content (m / m) and mixing ratio of species (v < v).

The initial conditions are that the salurations of water vapor exist at every levels, mixing
ratios of the two gases distribute uniformly at every levels and keep constant at the bounds,
the water content of cloud and rain. as well as concentration of constituents are zero. For the
boundary cenditions. the cloudwater content and its concentration of species are supposed to
be zero: the rainwater content and concentration of its constituents at upper bound are zera,
but continuous al lower bound. As a matter of fact, CO, is added into this model and
pH = 5.6 for cloudwater is assumed at inilial time. Altogether there are 15 equations inchuding
prescribed § physical factors and 10 species. Taking 1s and 100m for time and space sieps.
respectively, the variations of profiles of every factor with time are obtained by solving equa-
tions using a finite—dilference method with forward time step for the time derivatives and up-
stream spatial differencing for advection terms. In cach case the evolution process of the
ctoud and rain is calculated for 4h.

1. RESULTS AND DISCUSSION

Under the condition of prescribed “STANDARD CASE", with given different initial
and boundary values of the gaseous 50, and H;0, and changing some other parameters,
numerical experiments have been done and some resulis are obtained.

1. The Time Variation of the Concentration of the Constituenis in Rainwater af the Clond Buse

1 ppbv is taken as the initial and boundary values for SO, and H:0- in light pollution
condition. Given in Fig.] are the variations of concenirations and pH values in rainwater af
the cloud base with time. 70 min later, the precipitation appears at the cloud base. while the

R R
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pH value and concentration of S{/¥} are minimum, then increase and keep steady. but the
curvesof H' , S(FN and H.O, inversely correlate with the curves of  S(/}) and pH. It is
eusy to undersiand why the maximum and minimum values occur at the beginning of the
rainfall at the ¢loud base. In the first 70 min, the time is long enough to dissolve S0 and
H.O, inlo cloudwaier and to form SO, then convert into  S(FA) in rainwater through
autoconversion and collision processes. The time is coincident with Chameides’s, i.e. about |
hour for the transformation time of SO,. Afterwards, steady distribution is gradually formed
due to the resulis of flux balance between gus inputted by updraft and turbulence and precipi-
tation outputted from the cloud base. There is not enough time to transform S(/IY in
cloud-rain water into S(}N) which will be seen in Fig.2.
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Fig.1. The coacentration of species and the pH value n rainwater at the cloud base {1: StFF), 2 H G,

A H', 40 S(bh. S pH)

The variation of pH value with time in Fig.1 may be used to explain the phenomena ob
served in some places that the miximum of acidity in the rain samples occurs at the beginning,
then decreases gradually. Besides, it is interesting that although the inpuited gaseous concen-
tration of 8O, and H.0O, is lower. the concentration of H,O, in rainwater is as high as 30

umel 7 1, and finally keeps at 20 ymol /1, which approximates to that observed by Ziku et al.
{1981) in Florida and Bahama.

2. The Concentration Profiles of  Species in Clowdwater and Ruinwater

In Fig.2, the profiles of species concentration in cloudwater and raipwater at 70 and 240
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min are drawn. From these curves. one can see that in bath cloudwater and rainwater, the
concentrations of all S(¥7), H.O and H' al 70 min are higher than the values al 240 min
and the value of S{(f}} at 70 min is one order lower than that at 240 min. In addition, the
concentration of S(f}) atl 240 min is much higher than the value of S(¥70. All of these
show that the dissolution of the gases in water and oxidation in aqueous phase at 70 min 15
more complete than that at 240 min.

T
70 min
2+
1 b—
E
2 0| ~\ |
E 3, i
2 240 min
I

10* 10"

[y {molin

Fig.2. The concenlration prafiles of species in cloudwaler and rainwater. solid line: ramwater. dash hine

clondwater. 1. 5(/F), 2 H,0. 3 S(FN, 4 H'.

The curves of species concentration bath in cloudwater and rainwater are almost over-
lapped each other at 70 min, but great differences beiween the two curves occur at 240 min. It
means that the micro—structure and microphysies of cloud and precipitation aflect the re-
moval and aciditative processes. It seems (o be not reasonable that someone uses the removal
rale and pH value of cloudwalter as the valugs of precipitation.
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3. The Effects of Updraft Flow, Turbulent Transpart and the Conceniration of {nput Gases
on the pH Value, the Conversion Rate of SiIV) 1o SVI) and the Wet Deposition
Rate of SO-

To discuss the effects of input parameters on various quantities in precipitation, a series
of numerical tests and a comparative study of the results at 240 min have been done, in which
various parameters are taken as 0.1. 0.05 m s for updraft velocity, 20, 40 m* /s for turbu-
lent transport coefficient, 1. 10 ppby for gaseous H,0- and 0.1 to 100 pphy for SO..

(1) The velationship of species conceniration in rainwater at the clowd
base with the parameters

Exuamples for four different values of parameters are listed in table 2. The results of sensi-
tivity tests are given in Qin’s paper(1986) which pointed out that the effects of the turbulent
transport coelficient on forming time and intensity of precipitation are not very strong but the
updraft velocity plays a dominant role in precipiation that the weaker the updrafl velacity is.
the smaller the intensily of rain and the later the time of forming rain would be. In compari-
son of example 2 with |, it can be seen that the smaller the intensity of rain is. the higher Lhe
concentration of the whole sulfur, the lower of H.O. and the smaller value of pH in rainwater
would be. thal is consistent with the general facts observed.

Tahle 2. Relationship af Concenlration of Speces 1n Runwater a1 Cloud Base at 240 mun with Parameters

[nput value of parameters and rain intensity of cloud base

GH.O, ppby 1.0 1.0 1.0 10.0
! mm -/ h 2.4 I I.1 23 14

Cancentration of specics and pH value in rainwater at cloud buse (mal /1)

S

In comparison of examples 3 and 4 with example I. it cun be seen that the increases of
values of turbulent transport coefficient K& make increase of concentration of the
whole § in rainwater, and  S(/I), but decrease of the pH value. The majer cause is due to
the more H,0; dissolution into water that will be discussed later. As the inpul concentration
of gaseous H:0, increases one order, more HyO» would dissolve inte rainwater and the con-
version rate from  S(/F) to StFN would be very high that makes increase of the concen-
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tration of the total § and H' in rainwater,
(2} The relationship between pH value of rainwater and parumeters

Given in Fig.J are the 4 lines of pH value v.s. concentration of gaseous 80., in which line
I represents the standard case: W=0.1 m./5, K=20 m’/ s and the input concentration of
gaseous HyO;, is 1 ppby; line 2 represents case 2: W=0.05 m / s and others are equal to the
values adopted in case I; line 3 represents case 3: K=40 m” 7 s; and line 4 represents case 4:
G(H;G,)=10 ppbv.
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Fig.J. The vanation of pH value of rainwater with the cancentration of gascaus SO, 1: standard case, 2:

W=005m/s 3K=40 m°s, % G{H,0.9=10 pphy,

Fig.3 shows that the pH values decrease with the increase of concentration of gaseous
SQ.. It is easy (o understand since the higher concentration of gaseous $0., the more 5 dis-
solved into rainwater, the smaller the pH value of rainwater would be. The lines in Fig.3 dis
play that the rainout removal of SO, and acidification of rainwater are non—linear. When
the concentration of gaseous SO, is either near 1 ppbv or very high, the variation of pH
value is not sharp. but in the middle of the curves, the variations of pH value are very great.
For example, when the concentration of SO, decreases from 100 ppbv ta 10 ppbv, the con-
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centrations of H* in rainwater only decrease hy « factor of 0.5 in case 1, and larger than 0.5
in case 4. In the contrary, when concentrations of SO, decrease from 10 to 1 ppbv, the con-
centrations of H" in rainwaler for cases 1 and 4 decrease by a factor of 0.33 and 0.2
respectively.

In comparison of cases 2. 3 and 4 with case 1. one can see that the pH value of rainwaler
reduces either due 1o the decrease of updrafi velocity or the enhancement of turbulent trans-
port coefficient and inpuf concentration of gaseous H.0,, bul this decrease is not propor-
tional to the variations of those parameters and the maximum decrease is related (o the input
concentrittion of gaseaus  $O.. In case 2, the updralt velocity is only half of the value of case
1. the pH values decrease in the range of 0.1 to 0.3. For SO.=1 ppby, the pH value reduces
1o 0.3, i.e. the concentration H' is double of that in case 1. The pH values in case 3 are
about 9.1 less than the values along curve 1. The pH values for curve 4 are the smallest and
the greatest decrease appeurs at the end of high concentration of guseous 5O, where the pH
value is 1.7 less than that in case 1. 1t means the H' conceniration in rainwater is factars 4
higher. The range from which the greatest decrease of pH value takes place is consistent with
that from which the maximum conversion rate of S(I}) w0 S(FI) appears, which will be
described in the following paragraph.

(Y The conversion rvate of S(HV, fo StV in oraimvater

The ratio of S(FD o the total sulfur SUT=S{F) in rainwater. . is defined as a
measure that  5(/1) dissolved in rainwater is oxidated into  S(¥A. The relationship be-
tween proportional coeflicient ¢ and input concentration of guseous SO, is given in Fig.4,
and from which we can tind that by decreasing updraft velocity. enhancing turbulent trans-
port or by increasing input concentration of H Q.. the raw of conversion fram  S(71) 1o
S(FT may be raised and therefore can make the pH value decreuse. This is consisten! wilh
the results in Fig.J.

One can also see in Fig. 4 that the maximun conversion rate does nol take place at the
minimum input value of SO, bul in a suitable range of input value of SCa. which is relative
1o the turbulent transport. In Qin's paper (1986). the relationship between the turbulent
transport and high soluble gases was described. H20; is a high soluble gas with a solubility
coefficient being aboat 10° mol <1 - aim. Following the evolution ot clouds and rain. the
concentration of H,O, in the middle part of the clouds would be very low owing o the deple-
tions of dissolution. oxidation and fallout of rain. The concenirations at both bounds are
supposed 1o be constant so that a lurge concentration gradient inside the cloud van be formed
and H-0- is trunsported into the cloud through turbulence. This maximum cancentration
aradieni does not take place in the case of minimum input concentration of $O., and when
the concentration of SO is too high. the relative value of H,O- would be oo low. therefore,
the maximum conversion rate should be in the suitable range of G, concentration.

In this paper anly the removal processes in clouds are discussed, therefore it is difficult to
keep constani cancentration of H.O, al the cloud base owing to the removal of H-0; below
the cloud. Kwmar(}19%2} pointed out that the concentration of H,0; below the cloud base
would exponentially decreuse with time. The prescribed results are only suitable o u
steady~—state condition in which gaseous H>0, could be compensated.
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C=~S({(VI)/S(V)+S(VDh

01 1 10 100
G(SO,} ppby

Fia4. The varatien of conversion tate of  SUN S S wilh the inpul concentration of SO, {The

parameters here are the same as that in Fig. 3.
(4) The remoaval rate of SO; by ithe precipitating cloud svstem

As a measure of the removal rate of SO, by the cloud system. the wet deposition velocity
of SO.. F,, is defined as the ratio of the fallout flux of the total sulfur, S{HS(FD in the
precipitation from the cloud base to the concentration of gaseous 50, at the cloud base.

 (Rsury+ resvm) - (v - W)
Vi = G(S0.) ' 7

In Fig.5, the relationship between 1, and the input SO, concentration is given. The
curves in Fig. 5, display that the maximum removal rates occur at the ends of lower concentra-
tion of SO, and the rates reduce with the increase of gaseous SO, concentration. In com-
parison of curve 1 with 2, il can be found that the removal rates af SO0, decrease when
updraft flow weakens. From curve 3, the rate increases when turbulent transport enhances,
that makes enhancing the conversion from S({¥) to  S(F{} but this increment of wet re-
moval is not very large. From curve 4 we find that the increase of H,0; can also enhance the
wel removal because the enhancement of conversion makes more 5O: to be dissolved into

water and oxided.
Eor the standard case, the wet deposition velocity decreases from about 20 ta 1.2 cm /5,

e e ntbcn £ -
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when the input concentration of gaseous 50, increases from 0.1 10 100 ppbv. If the velocity
is divided by 3 km. the cloud depth. the mean removal rate obtained would be from 24% / h
o 1.4% < h. these values are fess than the values in a closure system which is aboui
100% # h.

iy
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_.r———‘r—'—-r'—“—‘-[— N T

o

G{SQ,) Ppby

Fig.5. The variation of the removal deposition velocity of gaseous $Q, with 3G, input concentration. {The

parameiers here are the same as that in Fig.3).
IV, CONCLUSION

in this paper, the mechanism of the removal of SO, by precipitation in a stratiform
cloud and the acidity of the precipitation are investigated with a simple one—dimensional
time—dependent model. The resulls are consistent with those observed and can be used to
interprete some {acts. From prescribed results, following conclusions can be obtained.

{1} The effects of the precipitation in a stratiform cloud on the removal of S0, and pre-
cipitation acidity are non—linear processes and the relationships between these processes and
the dynamic factor, microphysics and input concentration of the gases are complicated.

{2) The updraft flow in clouds controls the evolution of the cloud and precipitation, rain
intensity and water content, the removal of 50, as well as the concentration and acidity of
species on rainwater. The weaker updraft velocity is, the less the water content of rain. the
weaker the inensity of precipitation and the smaller removal rate of 80, would be, but the
targer the concentration of total sulfur in rainwater and the higher acidity would be.

{3} The turbulent diffusion can affect the transpert of gases from the bounds into clouds.
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Stronger turbulent coefficient may help transporting H,0O., into clouds that makes increasing
the conversion rate from S(/) to S(VI}. Therefore, it can enhance the remaoval of
SO, and the acidily of the rainwater. However, there is a shortage of data for turbulent
transport coefficient which varies with cloud, so that the uncertainty would exist significantly.

(4) The gaseous H;(, is high soluble and strong oxidient. The concentration of
H,0. in rainwater can exist if there is a suitable concentration of gaseous H,0, lransporied
into clouds. H,O4 could convert S{fl¥} into S{¥f} in waler and enhance the wet removal
and acidity of the rainwater. So far very few observational data for both gaseous
H,0, and H,O; in the water have been obtained. Therefore much attention should be paid
on observation.

(5) The model in this paper is very simple in bath physics and chemistry. Here only the
processes in clouds are discussed but the processes outside, especially the process of washout
removal under the clouds not only affect the concentration of species in rain water falling
down on the ground, but also affect indirectly the concentration of species transported into
the clouds from the cloud base. As a matier of fact. there are some other gases such as O,
NO,. NH., HNO,, hydrocarbon and aerosols that can participate chemical reaction pro-
cesses in cloud—precipitation system. It is necessary to improve this model for advanced re-

search.
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