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ABSTRACT

The purpose of this study is to investigate the possible chemical pathways
determining the acidity and chemical composition of cloud water and the role
played by individual cloud droplets. A kinetic cloud chemistry model (CCM)
involving the aqueous phase chemistry of sulfur species and aerosol loadings
is developed for a modeling approach. The solution chemistry involves SO,
HNO3, HC1, NH3, CO,, O3 and H,0, gases and the oxidation of SAV) by
03 and H,0,. The scavenging of acidic (H,SO,), neutral (NH4);SO4 and
NH4NO3), maritime (NaCl and KCiI), and continental (CaCO3; and MgCOQ3)
aerosols are included in CCM. A scheme is developed to investigate the de-
pendence of the acidity and chemical composition in cloud droplets upon
their sizes. Using the Khrgian-Mazin droplet size distribution, the model
simulations show that contrary to expectations, smaller droplets have higher
pH values although the sulfate ion concentrations in them are much higher
than in larger droplets. This seems to result from the loadings of carbonate
aerosols. If the latter is excluded, the pH value for the smallest droplet can
be even below 2.0. The variation of pH with size for larger droplets is not
significant. The acidity in smaller droplets is most sensitive to the mass load-
ing of aerosol particles. The dilution effect in larger droplets is clearly seen.
The model results are compared with direct measurements made in clouds at
Mt. Mitchell, NC. The data on cloud water acidity with a temporal resolution
of about 10 min are available. Cloud droplet size distribution was simultane-
ously measured using Forward Scattering Spectrometer Probe (FSSP). A case
study comparing the model results with the observations is presented and the
dependence of the chemical composition of cloud water upon droplet size is
analyzed. A qualitative agreement between the model predictions and direct
observations is found.
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1. INTRODUCTION

The chemical composition of atmospheric aerosols varies significantly with size (Prup-
pacher and Klett, 1980). Aecrosol properties evolve due to chemical reactions, nucleation,
and growth by molecular diffusion and coagulation (Lee, 1983). Subsequently, cloud droplets
form on the condensation nuclei whose water solute portion is primarily composed of sulfate,
nitrate and other species. During the cloud droplet spectral evolution, the chemical properties
and resulting acidity will change due to molecular diffusion of pollutant gases into droplets,
and the coagulation between droplets of different sizes and chemical composition (Lee, 1986).
The above size dependency of cloud acidity and chemical composition in clouds will alter
the overall air pollution budget in a region containing clouds. Therefore, clouds play an
important role of removing and redistributing the atmospheric pollutants (Saxena and Lin,
1990; Lin and Saxena, 1991a, b).

According to the experimental study conducted by Noone et al. (1988), the volumetric
mean-solute concentration in cloud droplets of 9-18 ym sampled from a maritime stratus cloud
was a factor of 2.7 smaller than that of cloud droplets of 18-23 um. During the Po Valley
Fog Experiment 1989 (Heintzenberg, 1992), The size dependence of the mass concentration
of nonvolatile material in fog droplets was studied (Ogren et al., 1992), indicating that the
mass concentration decreases monotonically with droplet size over the entire observed range
of 1 to 40 um in diameter.

As for the modeling studies, using an entraining air parcel cloud model, Flossmann
et al. (1985) suggested that the mass mixing ratio of aerosols is larger in smaller than
larger drops when condensation and collision-coalescence are the dominant processes. On
the contrary, other theoretical studies (Hegg and Hobbs, 1979; Jensen and Charlson, 1984)
found that the total mass concentration of aerosols is smaller inside the smaller drops when
nucleation scavenging is the controlling process. Hegg and Larson (1990) indicated that such
size dependency may affect the sulfate production rate in the cloud. Pandis and Seinfeld
(1990) found that during the period of dense fog, solute concentration in droplet diameters
larger than 10 um increases with size, and the growth factor is 3.6 for droplet diameters from
10 to 2042m.

In this paper, a diagnostic cloud chemistry model is developed to simulate the cloud
acidity due to scavenging of aerosols and gases by cloud droplets in open and closed systems.
A scheme is also developed to calculate the dependency of pH value and chemical compo-
sition in cloud droplets upon their sizes. The model is aimed at identifying and quantifying
the effect of individual chemical processes on the final acidity of cloud droplets. The model
simulations are also compared with the measurements performed during a cloud event at a
remote mountain site.

2. CLOUD CHEMISTRY MODEL

The cloud chemistry model includes the absorption of trace gases, the oxidation of aque-
ous phase SO, and the scavenging of acidic (H2SO,), neutral ((NH4)2SO4 and NH4NO3),
maritime (NaCl and KCl), and continental (CaCO3 and MgCO3) aerosols. In this study, it
is mainly considered that the solution chemistry involves the SOz, HNO3, HCl, NH3, CO,,
O3 and H20, gases and the oxidation of S(IV) (the oxidation state 4 of dissolved sulfur
in solution) by O3 and Hy0- (Schwartz, 1984). The relevant chemical reactions with the
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equilibrium constants or rate expressions are listed in Tables 1-3 for the solubility processes,
aqueous equilibrium expressions, and reactions of S(IV) oxidation, respectively. Easter and
Luecken (1988) have also provided similar information.

It is assumned that all aerosols considered in this study are totally soluble within the
aqueous phase, and as a result, at the instant of cloud formation, these are immediately
incorporated into the aqueous phase (see Table 4).

2.1 Model Formulation for an Open System

In an open system, the gaseous concentrations are assumed to be constant. Based on
chemical reactions considered in this study and the theory of electroneutrality, when equilib-
rium between gas and aqueous phases in cloud droplets is established, the concentrations of
all ions in the liquid satisfy the following equation:

[H*] + [NH4*] + [CAT'] + 2[CAT?"] = [OH] + [Cl] +

1
[HSO37] + 2[SO3%] + 2[SO4>] + [NOy] + [HCO37] + 2[CO3*] , @

where CAT represents the dissolved but unreacted cations such as sodium, potassium, calcium,
magnesium, and so on. The concentrations of the ions in liquid can be expressed in terms
of [H*), for example,

[NH{]= ’;’(w‘" [H" 1P, (2)
[OH')= [ﬁzl (3)
[cri= [HIf] Prc (4)
[HSO;]= ’f;’fi' Peo, 5)
[SO§'1=£’[-’ff—:']§‘ipso, (6)
[NO; = ’E’;IK; Pavos (7
[HCO; )= 2222 (8)
[CO% )= 5—[§—f—p (9)

In the above equations, K}, is the Henry’s law coefficient for the species z such as { for HCl,
¢ for CO2, s for SO2, a for NH3, n for HNO3 and w for water; p,, is the gas concentration
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Table 1. Solubility constants used in model computations.
(Units for solubility constants are mole !~} atm ™)

Solubility process Solubility constant Reference*
SO2¢g) «> SO2(aq) Ks = [SO2(g)/[SOx(aq)] = exp(-10.25 +3121.7/T) 1
COz(gy > CO2,q) Kne = [CO2(g))/[CO2[aq)) = antilog(-14.018 -+ 2385.7/T + 0.015264xT) 2
HNOj3() > HNOj3(ag) Kpn = (HNO3(g) V[HNO3(2q)] = exp(3659/T) 3
HCligy > HClgyqy K= [HCl(g)) {HCliggy] = 1540 4
NHj(g) <> NHaggq) Kia = (NHag))/[NH3(aq)] = 12.187/T antilog(-1.69 + 1477.7/T) 5
H20;(g) <> H2023sq) K = [H202(g)M[H202(aq)} = exp(-12.24 + 6981.6/T) 6
O3(g) <> O3(aq) Kno = [O3(g)}/[O3(aq)] = 1.402x10-5 exp(2013.1/T) 7
* 1: Hales and Sutter, 1973, Johnstone and Leppla, 1934;

2: Harned and Davis, 1943;

3: Schwartz and White, 1981;

4: Chen ér al., 1979, temperature dependence uncertain, assumed constant;

5: Hales and Drews, 1979,

6: Martin and Damschen, 1981,

7: Wagman et al., 1968.

Table 2. Aqueous equilibriumn expressions used in model computation.
(Unit: mole {~1(M), unless otherwise noted.)

Equilibrium process Equilibrium constant Reference*
SOz(ag) ¢» H*+ HSO3- K1 =H*][HSO5)/[SOz(aq)] = exp(-10.965 + 1972.4/T) 1
HSOj5 <> H* + S04 K,z = [H*][SO32)/[HSOx ] = exp(-23.14 + 1954.7/T) 2
COjaq) > H* + HCOy K.; = [B*][HCO5)/[COz(aq)] = antilog(14.8435 - 3404.71/T - 0.032786xT) 3
HCOj3- < H*+ CO52 Kc2=[H*][COsJ/[HCO5"] = antilog(6.498 - 2902.39/T - 0.02379xT) 3
HNO3(aq) > H+ NOy Kgp = [H*)[NO3)/[HNO3(q)] = exp(815.3/T) 4
HClaqy <> H* + CI Ky =6310 5
NHj(eg) ¢> OH" + NHz* Ka; = [OH'J[NH4*)/[NH;3 ()] = Kw antilog(0.09018 + 2729.92/T) 6
H;0 ¢ H*+OH- K. = [H*][OH-] = antilog(-4.098 - 3245.2/T - 2.2362x105/T2

-3.984x107/13) (M?) 7

* 1: Hales and Sutter, 1973; Johnstone and Leppla, 1934;
2: Weast, 1984; Beilke and Gravenhorst, 1978,
3: Harned and Davis, 1943;
4: Schwartz and White, 1981; Wagman er al,, 1968;
5: Cruz and Rennon, 1978, temperature dependence uncertain, assumed constant;
6: Hales and Drews, 1979;
7: Weast, 1984,
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Table 3. Acrlueous chemical reactions used in model computation.
(Units are mole !~*(M) for aqueous concentrations and M s~ for reaction rates.

Reaction Reaction Rate Reference*

S(IV) + HyOzaq; — S04 d[SO4ZJ/dt = 8.3x109[HyO(aq)l[SO2(aq}/(0. 1+ [H'D) 1
S(IV) + O3aq) —> SO4*- d[SOg2)/dt = (k{HSO3" ] +k2[SO3% 1)[O3(aq)]

kj = exp(33.33 - 6140/T)

kz = exp(41.67 - 6000/T) 2

* 1: Martin and Damschen,' 1981;
2: Erickson et al, 1977.

Table 4. Aerosol particles are assumed to be 100% dissolved into the cloud droplets.

HySO4(s) — 2H* + SOZ-
(NH4)2S04¢5) —> 2NHg* + SO
NHgNO3s) > NHy* + NOy-
NaCl¢sy — Na*+Cl-

KCligy = K+ CI

CaCQys) —» Ca?* + COy

MgC03(S) — Mg"’+ + CO5-

of species x; K ;;is the dissociation equilibrium constant for species x; subscript ¢z denotes
the order of dissociation. By replacing the ion concentrations in E(L (1), except the [H]
with the relationship expressed in Egs. (2)-(9), a cubic equation of [H™] is formed as follows.

A[H*] + B[H*]? + C[H*] + D =0, (10)

where A, B, C and D are the function of the above p, and k;. These coefficients can be
expressed by

KoK Py
A=l At
X, (11)
B=[CAT"]+2[CAT*]-2[S0O%], (12)

C = (KK Pyey + KK Pso, + KK Prvo, + K, .K.\Pco, + K, 5 (13)
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and

= 'Z(K K zpso +thK chzpCO,)‘ (14)

In Eq. (12), the sulfate ion concentration is calculated as follows.

[SO¥], = [SO],_, +(d[502

——) A, (15)
where At is the integrated time. According to the oxidation rate of S(IV) ([SO2(aq)]+
[HSO; ]+[SO§“]) by O3z and HzO; as listed in the Table 3, the rate of change of {SOi_]
can be computed. Thus, Egs. (2)-(10) are solved iteratively for [H*] for each time step.
The iteration is stopped when the absolute error of two consecutive pH values is within the

error limit (in this study, the error limit is 0.001). The other ionic concentrations are then
calculated based on Egs. (2)-(9).

2.2 Model Formulation for a Closed System

In a closed system, for an air parcel without mass exchange with the environment, the
total concentrations of these gases in both gaseous and aqueous phases are assumed invariable.
This is a good assumption when the air parcel is regarded as a reactive chamber and the
relative importance of chemical reactions involved can be investigated. If p; represents
the initial gaseous concentration and ¢, is the aerosol mass concentration of species z, the
following relationship shows the conservation of the mass for species x when it dissolves
into cloud droplets (Walcek and Taylor, 1986):

P+ 2L = L (LRT (16)
MX

where L, R and T are the cloud liquid water content (LWC), the universal gas constant
and the temperature of cloud droplets, respectively. Some justification for unit conversion is
needed in the equation. The M, is the molecular weight of species x. The [(x)] represents
the dissolved gas z. For instance, [(z)] is the sum of [NH3(aq)] and [NHZ’] for gaseous
NHj3;, and the above two states of NH3 in the aqueous phase can be expressed by Henry’s
law coefficient and equilibrium constant based on Henry’s law and Eq. (2). Therefore,
for instance, the gaseous concentration of NH3 in Eq. (2) is replaced by the following

relationship:
Pha + 3 RT

NH,

1+(K,, +%<£L[H+])LRT - (17

P, =

w

Similarly, the other gaseous concentrations can be modified as follows.

0 Gxici
p + - R
_ o My, (18)
Pua = : X K ’
1+ (K, + ["’ i‘)LRT
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Plo, +-129 RT
- M}mo,
Provo, = K. K ’ | (19)
1+(K,, + 22 21)LRT
[H']
Plo, + 22 RT
PCO, = K. K MC]? K K s (20)
1+(th+ hcicl + he :lzcz)LRT
[H]  [H"]
2 P, ~[S(V) oxidized ]LRT |
SO, = , (21
Lok, +Refa  Kalalay pr
[H"] [H*]
Pi.0, ~[H,0, consumed for oxidation of S(IV)]LRT
p}{;o, = , (22)
1+K,,LRT
and
Po, —[0; consumed for oxidation of S(IV)]LRT (23)

Pos = 1+K,_LRT

In Eqs. (17)-(20), the partial pressures of NH3, CO2, HCl and HNO3 gases contain the in-
formation regarding the mass loading of ammonium, carbonate, chloride and nitrate aerosols.
The above aerosols will dissolve in cloud droplets and produce small amounts of their gaseous
phase. Therefore, clouds can act to convert aerosol particles to trace gases (Walcek and Tay-
lor, 1986).

2.3 Modeling of Acidity in Individual Cloud Droplets

In the above subsections , the cloud water acidity is modeled for both open and closed
systems. The pH values are obtained by assuming all cloud droplets of an equal size.
However, the solute concentration in individual cloud droplets is dependent upon the cloud
formation and growth processes, resulting in the dependence of droplet acidity upon the
droplet size.

In order to model the acidity in individual cloud droplets, in Eq. (10), the coefficients
A, B, C and D are rewritten by adding the subscript j, representing the cloud droplet of
radius ;. Considering the equilibrium between gaseous and aqueous phases in individual
cloud droplets, the Eq. (16) can be rewritten as follows:

M

RT d
fo + 421 )3 +Z[(x)j In(r;)L,RT , (24)

x Jj=1
where L; is the individual LWC for the droplet of radius r;. Any terms associated with
L RT are rewritten as the sum of the contributions of individual cloud droplets. For instance,

Eq. (17) is rewritten as follows:
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Prw, + Do RT

Mg,
P, = )
: u KK & . (25)
1+K5az;n(r)-)LJ.RT+%Z[H 1,7(r,)L,RT
i= w =

where the subscript 7 denotes the cloud droplet size category of r;. The relationships for
other gases are also modified following the above principle. As a result, the above equation
is expanded into mz equations for a cloud droplet size distribution which is categorized into
m classes. For example, m is 25 for a given cloud droplet size distribution. These 25 sets
of equations are simultaneously solved using the iteration method with the least square error
within 0.1%.

3. EXPERIMENTAL SETUP

The experimental site is located at Mt. Mitchell (35°44’05"N, 82°17'15""W), North
Carolina, the highest peak (2,038 m MSL) in the eastern USA. An observation tower of 16.5
m extending about 10 m above the Fraser fir trees, was fully instrumented with meteorological
sensors, The microphysical instruments were mounted at the top of the tower. The cloud
water and cloud droplet size distributions were concurrently measured during the 1987 field
season. The cloudwater was collected using a California Institute of Technology active-
cloud-water collector (Jacob et al, 1985). The collected cloud water was delivered via
a teflon tube to a Cloud and Rain Acidity/Conductivity analyzer (CRAC, see Paur, 1987)
for a real-time measurement of cloud water acidity and also for storage of the samples for
later chemical analysis when the amount of collected cloudwater accumulated to 50 ml.
This amount of cloudwater may represent a sampling time of about 5-10 min. A detailed
description regarding this collecting system may be found elsewhere (see Aneja et al., 1990).
The cloud droplet size distributions were detected using a Forward Scattering Spectrometer
Probe (FSSP, see Dye and Baumgardner, 1984). The cloud liquid water content was also
computed by integrating the cloud droplet distribution. The details of the experimental setup
can be found in Saxena et al. (1989) and Saxena and Lin (1990).

4. RESULTS AND DISCUSSION
4.1 Model Simulation of Cloudwater Acidity

In order to test the cloud chemistry model, the temperature and liquid water content are
assumed to be constant (288 K and 0.5 g m ™2, respectively) and the air parcel is assumed to
be a closed system without mass exchange with the surrounding environment in most cases.
The initial conditions for the gaseous and aerosol concentrations for 10 cases are listed in -
Table S.

The oxidation of SO, by H207 and O3 is investigated in Cases 1-3. In Figure 1 is
shown the time variation of the pH values, the sulfate ion concentrations produced by the
oxidation of S(IV). The curve for the pH value sharply drops from 4.89 to below 3.8 after
about 5 min of reaction time, as shown in Figure 1(a). In contrast, concentration of sul-
fate ions goes up to more than 80 pM. It is found that about 10% of SO, is dissolved into
the cloud droplets when H,O; is almost consumed for the oxidation of S(IV). Only about 2%
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Table 5. The initial condition for the simulation of acqueous phase
chemiswry in cloudwater.

Case 1 28 4 S 6 7 gb 10

Gas concentration (ppb)}
COz (ppm) 320 320 320 320 320 320 320 320

NH; 1 1 1 1 1 1 1
S0, 10 10 10 10 10 10 10 10
HNO;3 1 1 1 I 1 1 1
HC! 1 1 1 1 ! 1 1
 H0; 1 1 1 1 1 1 1
O3 50 50 50 50 50 50 50 50
Aerosol loading (pg m-)
HS04 2 2 2
(NH4)S04 2 2 2
NH,NO; 2 2 2
NaCl 2 2 2
KCl 2 2 2
CaCO; 2 2 2
MgCOs 2 2 2
Meteorological parameters
T (K) 288 288 288 288 288 288 288 288

LWC(gm3) 0.5 0.5 0.5 0.5 0.5 0.5 05 0.1-1.1

a, Case 3 is the same as Case 2 but H;O5 and O3 are remained in constant.
b. Case 9 is the same as Case 8 but H20; and Os are remained in constant.

of Ojz is involved into the oxidation of S(IV). The pH value and sulfate ion concentration
almost remain constant when the concentration of HoO, drops to near zero. It is evident that
the oxidation of S(IV) is primarily accomplished by H2O2. Cases 2 and 3 include the same
gases but for Case 3 the entrainment of the H,O2 and Oj is allowed. As a result, more than
95% of the SO2 is oxidized by entrained H202 and Oj after 30 min of reaction time in Case
3, as shown in Figure 2. When the SO, is almost oxidized, the sulfate ion concentration in
Case 3 is more than four times that in Case 2. The final pH value in Case 3 is about 3.2
and is lower by 0.5 unit when compared with Case 2. Entrainment of pollutants seems to
significantly modify the cloud water acidity.

In Cases 4-7 we explored (see Table S) the influences of scavenged aerosols on the cloud
water acidity, including the acidic (H2SO,), neutral ((NH4),SO4 and NH4NO3), maritime
(NaCl and KCl), and continental (CaCO3 and MgCQOj3) aerosols. The results are shown in
Figure 3. The sulfate and nitrate aerosols are major contributors to the cloud water acidity.
Carbonate aerosols increase the pH value when they.are just scavenged by cloud droplets.
However, increased sulfate ions by the oxidation of S(IV) offset the above effect of carbonate
loadings. The neutralized ammonium sulfate and nitrate aerosols reveal the moderate effect
of acidifying the cloud water. In Figure 3(b), the suifate ion production for Case 7 is slightly
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Fig. 1. The simulation results of Case 1. (a) pH value, (b) sulfate ion concentra-
tion, and (c) concentrations of SO; (annotated as 1), H,O2 (annotated as
2) and O3 (annotated as 3) remaining in the air.
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Fig. 2. Comparison of Cases 2 (solid line) and 3 (dashed line). (a) pH value, (b)
sulfate ion concentration, and (c) SO2 remaining in the air.

higher than that in Case 5. This is because the oxidation rate of S(IV) by O3 at pH=5 is
more than 10 times that at pH=4. More sulfate ions are produced when carbonate aerosols
are just scavenged by the cloud droplets and increase the pH value to about 5.5 in Case 7.
The results of Case 6 for sea salt aerosols are not included in Figure 3. The sodium and
potassium chlorides are neutral. When they are scavenged by the cloud droplets, the chloride
aerosols can be converted to HCI gas. However, the converted amount is exlremely small
due to the very large Henry’s law coefficient of HCI which is of the order of 103 M atm ™.

As shown in Figure 4, the comparison of Cases 8 and 9 is similar to that of Cases 2 and
3, but the former includes the scavenging of aerosol particles (Table 5). The difference in
the pH values for Cases 8 and 9 is significantly larger than that for Cases 2 and 3, resulting



Neng-Huei Lin 53

6 LRAANRRAREREARASARRRE RELRD 150
(a) | -
] 120 F
I —— -
h Z of
\ 7 & 9of
B~ A

Rt B 1
30F

PR ERTRETREERTRUERE N SURTUERRVE 4]

0 10 20 30 40 50 60 g0 10 20 30 40 50 60
Time (min) Time (min)

Fig. 3. Comparison of Cases 4 (solid line), 5 (dashed line) and 7 (broken line).
(a) pH value, (b) sulfate ion concentration.

from the addition of ammonium and carbonate aerosols in the former cases. The higher
sulfate ion concentrations illustrated in Figure 4 as compared to those in Figure 2 are due to
sulfate loadings. '

To investigate the dependence of cloud water acidity upon cloud liquid water content
(LWC), Case 10 is run for the LWC from 0.1 to 1.1 gm~2 with a 0.2 g m—3 increment. In
Figure 5 are shown the pH value and sulfate ion concentration as functions of LWC after the
reaction time of 10 min. The dilution effect of the cloud water can be seen in Figure 5(a) in
which the pH value for LWC = 1.1 g m~2 is about one unit higher than that for LWC = 0.1
g m~3. For the latter, the pH value is even below 3.0. It is noteworthy that the sulfate jon
concentat3ion dramatically drops from about 750 to 225 ;M as the LWC varies from 0.1 to
03 gm™.

4.2 Dependence of Cloudwater Acidity upon Cloud Droplet Size

In the previous subsections , the cloud water acidity has been modeled for both open
and closed systems. The input LWC is a measure of the total mass (in g) of ail cloud
droplets in a unit volume (in m®). Therefore, in the cloud chemistry model, the pH values are
obtained by assuming all cloud droplets to be of equal size. However, the solute concentration
in individual cloud droplets is dependent upon the cloud formation and growth processes,
resulting in the dependence of droplet acidity upon droplet size. Modeling the acidity in
individual cloud droplets involves large uncertainties and difficulties in properly describing
the dynamic growth of such cloud droplets and the chemical reactions involved. In this
subsection, the acidity and chemical compositions of individual cloud droplets are modeled
based on the cloud chemistry model developed in the preceding subsections.

Theoretical studies (Hegg and Hobbs, 1979; Jensen and Charlson, 1984) have found that
total solute mass concentration is smaller inside the smaller drops when nucleation scavenging
is the controlling process. In contrast, Flossmann et al. (1985) suggested that the mass mixing
ratio of aerosols is larger inside smaller drops when condensation and collision-coalescence
are the dominant processes. Noone et al. (1988) observed that the mean solute concentration
in cloud droplets of 9-18 ym sampled from a maritime stratus cloud is a factor of 2.7 smaller
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Fig. 4. Comparison of Cases 8 (solid line) and 9 (dashéd line). (a) pH value, (b)
sulfate ion concentration, and (c) SO, remaining in the air.
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Fig. 5. The effect of cloud liquid water content (LWC) in cloud chemistry. (a) pH
value and (b) sulfate ion concentration as a function of LWC at reaction
time of 10 min, assuming the same initial condition as that of Case 8.

than that of cloud droplets of 18-23 ym. The dynamics of cloud formation and growth
processes strongly influence the solute concentration in cloud droplets. In this study, the
aerosols are assumed to be completely incorporated into cloud droplets by either nucleation
or impaction scavenging regardless of their loadings. No dynamic growth of cloud droplets
is considered. :

The cloud droplet size distributions measured by FSSP at the Mitchell site (Saxena et
al., 1989; DeFelice, 1990) were found to be well described by the Khrgian-Mazin droplet
size distribution (see Pruppacher and Xlett, 1980) as follows,

n(r) = Pr? exp(-Qr), (26)
where n(r)dr represents the number concentration of droplets in the radius range (r, 7 4dr).
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The parameters P and () can be related to any two moments of the distribution. In terms of
the total concentration N and the average radius 7, then,

N = / n(r) dr_QS, (27)

and

'——1— Cmnr r=E
ey [ =5 (28)

The liquid water content of the cloud can be expressed as follows.

LWC (gm™) = 10°(4/3)pw /00 r*n(r)dr, (29)

o]

where p,, is the density of water in g cm™2 and r is in cm, For such a distribution one can
find the following approximate values,

P =145 x 107°(LWC /p,,7°), (30)
and '
N =1.07 x 1077 LWC /py). (31

Given the average droplet size and liquid water content, the corresponding parameters
P and () for the Khrgian-Mazin droplet size distribution can be obtained, and therein, Eq.
(26) can be integrated on a specified range of droplet size (r1, r2) and after integration,

P -
Nﬁhm)—aegﬁ-+—r+aﬂﬁji (32)
By means of Eq. (32), the cloud droplet size spectra with respect to S liquid water
content classes (0.1, 0.3,0.5,0.7and 1.0 g m~—?) and 25 droplet size categories are evaluated.
The results are shown in Figure 6, predictably revealing that the modal droplet radius becomes
larger as liquid water content increases, but the higher droplet concentration corresponds to
the lower liquid water content class.
The solute mass in each cloud droplet for species = is assumed to be proportional to
the radius of the cloud droplet. Thus, the mixing ratio wz ~(ug g ~1) of solute mass to the
mass of the cloud droplet of radius r can be expressed as follows:

Wz r = m .
(4/3“7'3,01«0)23':1 7'3'”("’3')

Using the above described Khrgian-Mazin droplet size distribution, the mixing ratios for
liquid water content ranging from 0.1 to 1.0 g m ™2 can be calculated as a function of droplet
sizes. For simplicity, the microphysical processes between the cloud droplets are ignored.
The cloud droplet size distribution is assumed to be steady dunng the model simulation (about
10 min).

(33)
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Fig. 6. Khrgian-Mazin droplet size distributions at five LWC classes (n1-nS rep-
resent the LWC values of 0.1, 0.3, 0.5, 0.7 and 1.0 g m ™3, respectively.),
used for simulating the acidity in individual‘ cloud droplets.

In order to test the dependency of the cloud droplet acidity on its size, the corresponding
cloud droplet size distribution for liquid water content of 0.5 g m™—3 is used as a representative
distribution. The initial condition is assumed the same as that for Case 8 (shown in Table 5).
As a result, smaller droplets have higher pH values (i.e. less acidic) although the sulfate ion
concentrations in them are much higher than in larger droplets, as seen in Figure 7(a). When
the droplet sizes are greater than 2.5 um, the variation of pH values with droplet sizes is not
significant. Contrary to conventional behavior, the solid-line curve exhibits less acidity for
smaller droplets. This is a consequence of the neutralizing capacity of carbonate aerosols.

Once the latter is exhausted, the acidic aerosols are responsible for producing stronger
acidic content (lower pH values) as the droplet size increases. The model simulation is also
performed for the case in which the carbonate aerosols are excluded. As seen in Figure 7(a),
the result is opposite to the previous one of full inputs. When the droplet sizes are greater
than 1.5 pm, the pH values change within only 0.2 unit. The smaller droplets have higher
acidity.

By comparing the above two cases, the smaller droplets are found to be most sensitive to
aerosol loadings, primarily resulting from their smaller volumes. Although the larger droplets
are assumed to have more aerosols dissolved, their resulting pH values are not sensitive to
variation in droplet sizes. In Figure 7(b) are shown the sulfate ion concentrations produced
in these two cases. It is found that the concentrations in the case of full inputs (Case 8 in
Table S) are only slightly higher than that in the other case for those droplets of larger than
3.5 pm. In contrast, the sulfate ion concenwration differs by a factor of two for the smallest
droplet. The pH value for the smallest droplet in the case of full inputs is about 4.3 unit
lower than that in the other case. The dilution effect in larger droplets can be seen in these
model simulations. The carbonate aerosols significantly neutralize the acid aerosols in the
case of full inputs. The sulfate and nitrate aerosols are the dominant species to acidify the
cloud droplets, especially for the smallest droplet. ‘

In the above case of no carbonates, the volume-weighed pH value over the cloud droplet
size distribution is 3.40. The bulk pH value as calculated in Case 8 is at the same level, but
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Fig. 7. The dependence of the acidity of cloud droplets upon their sizes. Com-
parison of the model simulations for the following conditions: (1) full
inputs (same as that of Case 8), and (2) excluding the carbonate aerosols.
Solid and dashed lines represent the former and latter, respectively. (a)
pH values and (b) sulfate ion concentra(ions as a function of cloud droplet
size. In (b), the sulfate concentration for condition (2) is reduced by a
factor of 10 in order to differ from condition (1).

slightly larger than the volume-weighed one. However, when the solute mass is assumed to
be proportional to r? and r® (see Eq. (33)), the volume-weighed pH values go up to 3.42
and 3.43, respectively.

For the full model inputs, the simulations are further performed for five LWC classes
as described previously. The results are shown in Figure 8. In general, the higher the liquid
water content, the smaller the acidity in cloud droplets (Line 1 in Figure 8). For the case
of the lowest liquid water content, the acidity is significantly higher than those for other
cases. However, the acidity in cloud droplets may not be a linear function of the liquid water
content, as seen in the case (Line 3) of LWC =0.5 g m 2. The cloud droplet size distribution
is another factor to influence the cloud droplet acidity, because the mixing ratio of aerosols in
cloud droplets is strongly dependent upon their sizes. Lines 2 and 4 in Figure 8 have almost
identical dependence of pH and sulfate ion concentration upon the droplet radius, although
the corresponding LWC values are 0.3 and 0.7 g m 2, respectively. The corresponding size
distributions (n2 and n4 in Figure 6) are also different.

4.3 Comparison with Experimental Results

For comparison between model simulations and experimental results, the cloud micro-
physical, dynamic and chemical features during a cloud event of August 19, 1987 observed
at Mt. Mitchell, NC, are studied. In Figure 9 are shown the mean sizes of cloud droplet size
distributions measured (DeFelice and Saxena, 1990) by a Forward Scattering Spectrum Probe
(FSSP), cloud liquid water content, sulfate and nitrate ion concentrations and the correspond-
ing pH values detected (Kim and Aneja, 1992) by a real-time cloud/rain and conductivity
analyzer.

In Figure 9 is shown a time series for four observed parameters: (a) mean cloud droplet
size, (b) liquid water content (LWC), (c) concenwration of sulfate and nitrate ions, and (d)
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Fig. 8. (a) pH value, (b) sulfate ion concentration as a function of cloud droplet
size at five LWC classes (which are annotated by 1-5, respectively) as
shown in Fig. 6. The initial condition is the same as that of Case 8.
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Fig. 9. The cloud micro physical parameters and cloudwater chemistry measured
at the Mt. Mitchell site during the cloud event of August 19, 1987. (a)
Mean size, (b) LWC, (c) sulfate and nitrate ion concentrations and (d) pH
value of cloud droplets. "
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real-time observations of pH of cloud water — an indicator of the acidity of cloud droplets.
As pointed out by DeFelice and Saxena (1990), the prevailing winds producing this cloud
event were from WNW and were conducive to bringing continental aerosols (such as CaCQOj3
and MgCQO3) to the site. After the onset of the cloud event, the pH of cloud droplets
(Figure 9d) decreased during the first two hours, and so did the concentrations of sulfate
and nitrate ions, although the mean cloud droplet size and liquid water content increased
during the same period of time, suggesting the diffusional/condensational growth of cloud
droplets during formative stages. The decrease in pH is similar to the model results displayed
in Figure 7(a) represented by the solid-line curve. The observed dependency of sulfate ion
concentration (Figure 9c) upon droplet size follows the trend displayed in Figure 7(b). This
qualitative agreement with the model results is indeed encouraging since it lends support to
the assumptions upon which the model is based. It also indicates that the model could be
used as an effective diagnostic tool for realistic assessment of the cloud water acidity and
analysis of its dependence upon the droplet size.

Upon reaching a minimum pH after two hours (Figure 9d), the acidity of cloud droplets
decreased (pH increased) as the mean cloud droplet size (Figure 9a) and the liquid water
content (Figure 9b) increased. This trend is the result of the condensational growth process
that continues after the neutralizing capacity of continental aerosols is exhausted as shown
by the broken line curve in Figure 7(a). During its dissipative stages, the cloud entrained
surrounding dry and polluted air. Consequently, the mean droplet size and LWC decreased
with simultaneous increase in sulfate ion concentration. This lowers the pH of evaporating
cloud droplets as shown in Figure 9(d). The observed variation of pH of cloud droplets with
their sizes is thus in qualitative agreement with the model results. This modeling study can
help identify and quantify the effect of individual chemical processes on the acidity of cloud
droplets when these have achieved a state of chemical equilibrium.

5. CONCLUDING REMARKS

A cloud chemistry model (CCM) has been developed as a diagnostic tool to assess
acidity of cloud water under varying conditions of aerosol and gaseous-precursor loading.
The solution chemistry involves SOz, HNOj3, HCl, NH3, CO;, O3 and H20, gases and the
oxidation of S(IV) by O3 and H,0;,. The model includes the scavenging of acidic (H»SOj,),
neutral (NH;)2SO4 and NH4NO3), maritime (NaCl and KCI), and continental (CaCOj3 and
MgCO3) aerosols. A scheme is developed for investigating the dependence of the acidity
and chemical composition in cloud droplets upon their sizes.

The results of this study indicate that

e about 10% of gaseous SO is in general consumed for producing the S(IV) and the
sulfate ions,

¢ the addition of aerosols strongly affects the acidity of cloud droplets, the effect being
strongest in smallest droplets,

e the scavenging of sulfate and nitrate aerosols is the most efficient mechanism to acidify
the cloud water.

Qualitative agreement is also found between direct observations of the trend in pH
variation with the droplet size and the model predictions. Although in its present form the
model does not include the dynamics of clouds, it is feasible to link the developed model
with a dynamic cloud model.
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