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ABSTRACT 

Concentrations of ions and the catalytic active trace metals iron and manganese, pH-values 
and S(IV)-oxidation rates are calculated in cloud droplets of different size in the beginning 
stage of a cloud. The calculations are based on size-dependent chemical composition of mixed­
aerosol particles. The condensation process is modeled by using an adiabatic parcel model. 
High concentrations of all ions and metals arc found in the interstitial particles. Sulfate, 
nitrate and ammonium have concentrations in the range l.4· 10-2 to 2.4 moles/I. The 
pH-values are generally between 1.3 and 1.7. In the small, activated cloud droplets of 
approximately 5 µm radius, ions and metals have the smallest concentrations in the order of 
l0-6 to 10-4 moles/I for the ions and lo-s to l0-7 moles/I for Mn and Fe. Higher 
concentrations up to 7.5· 10- 2 moles/I are found in the larger, growing droplets for the ions as 
well as for the metals. These concentrations are used to calculate the initial oxidation rates of 
sulfur(IV) to sulfur(VI) in the presence of hydrogen peroxide, ozone and the catalytic active 
metals Fe and Mn. Depending on the initial pH-value the oxidation rates can differ 
considerably in different sized cloud droplets. Regarding the whole parcel, the largest fraction 
of sulfate is produced in the large liquid water volume of the cloud droplets. In the interstitial 
particles, only a negligible fraction is produced. Basic droplets can increase the initial 
production rate of S(VI) considerably, but small droplets will become acidic after a few 
seconds by the given pressures of 0 3 and S02 . The oxidation rates in large, basic droplets 
would also be high, but they are limited by gas-phase diffusion of the reagents to the droplets. 
The initial oxidation rate of S(IV) calculated from summing the rates of the individual droplet 
classes is higher than the rate calculated for bulk cloud water with mean chemical 
composition. 

1. Introduction 

The development of cloud droplets on aerosol 
particles has been modeled in a number of studies 
for approximately the past 30 years. By compari­
son with measurements (e.g., Diem, 1948), 
Mordy (1959) already found that an adiabatic 
parcel model is suitable for description of the 
number concentration and the size of cloud 
droplets near the cloud base. These models show 
that most of the water condenses on the small 
activated cloud droplets with radii of 4 to 5 µm 
which originate from aerosol particles with dry 
volume equivalent radii between 0.04 and 0.2 µm 
(sizes given in this section are for an updraft 

velocity of 1 m/s and a rural aerosol type). The 
smaller particles are not activated in the cloud 
and form the interstitial aerosol with radii smaller 
than 0.4 µm. The growth rate of the largest 
aerosol particles is limited by the diffusion of 
water vapor to their surface. They need a longer 
time to reach their critical radii, as they are not in 
the region of unstable growth (Fig. 1). Thus, 
particles with dry volume equivalent radii larger 
than approximately 0.2 µm are not activated near 
the cloud base (Jensen and Charleson, 1984; 
Hanel, 1987). However, in this paper, they will be 
called "large droplets" for three reasons: they are 
growing in the cloud; their radii are larger than 
the radii of the activated droplets; their size 
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Fig. I .  Relative humidity f ,  above the surface of the 
droplet. The critical radius rc and the critical relative 
humidity f, are marked. For r >  rc ,  no equilibrium 
radius exists for a given relative humidity: the droplet is 
activated and grows unstable. 

is large enough that they can be scavenged 
by falling precipitation particles (Jensen and 
Charlson, 1984). The largest droplets have radii 
of approximately 30 pm even near the cloud 
base. They can grow further by coalescence 
(Pruppacher and Klett, 1978). 

Measurements of the chemical composition of 
the aerosol particles have shown a different com- 
position for fine particles (smaller than approxi- 
mately 2.5 pm diameter) and for coarse particles 
(larger than 2.5 p m  diameter). The fine particles 
are mainly composed of sulfate, nitrate, and 
ammonium and are usually acidic (Brosset, 1976; 
Harrison and Pio, 1981). The larger coarse-mode 
particles mainly consist of mineral dust or sea salt 
and sometimes they are basic. The largest mass 
fractions of iron and manganese are usually 
found in the coarse mode, but the fine particles 
also contain these metals (Milford and Davidson, 
1985). 

The oxidation rates of sulfur(1V) by ozone and 
by oxygen catalyzed by iron and manganese 
depend on the pH-value of the aqueous solution 
and on the concentrations of the metals 
(Hoffmann and Calvert, 1985). Therefore, differ- 
ent oxidation rates in droplets of different sizes 
are expected, dependent on the pH-values and 
the concentrations of the catalytic active metals. 

Previous studies of this oxidation process do 
not consider the aerosol properties in detail. 
Tremblay and Leighton (1986), Walceck and 
Taylor ( I  986) and Hough (1 987) model the cloud 

water as a bulk phase. They found pH-values in 
the range of approximately 3.0 to 5.5. In this 
range of pH-values, HzOz makes a large contri- 
bution to the sulfate production, except when 
daytime photochemical reactions produce a con- 
siderable amount of the radicals H 0 2  and O H  
(Hough, 1987). Lee (1986) considers cloud 
droplets of different size on a basis of a simplified 
aerosol composition. The droplets have pH- 
values in the range between less than 2 and 5.3. 
He also found a large influence of H,O,. 

In this study, the model calculations are based 
on mixed aerosol particles to get droplet pH- 
values and metal concentrations as realistic as 
possible. The chemical compositions of the 
aerosol types used are derived from measure- 
ments. The initial stage of the cloud is especially 
investigated, in which the chemical composition 
of the cloud droplets is influenced by the compo- 
sition of the aerosol particles which have acted as 
cloud nuclei. The concentrations of ions and 
catalytic active metals in different sized droplets 
can be used directly as input data for cloud 
models with more complex microphysics and 
dynamics. 

2. Methods 
An adiabatic parcel model (Hanel, 1987) is 

used. A parcel of air containing 60 size classes of 
aerosol particles with dry volume equivalent radii 
between 0.01 and 10 p m  is transported upward 
with a constant velocity w.  The model calcu- 
lations are started at 60% relative humidity. A 
linearized version of the droplet growth equation 
is used, which can be integrated analytically 
(Hanel, 1987). Particles with small thermo- 
dynamic relaxation times are in equilibrium with 
the ambient relative humidity. For these par- 
ticles, the equilibrium radii were calculated. The 
calculation of their radii by integrating the 
droplet growth equation would require very small 
time steps for numerical stability. By using the 
equilibrium condition, these problems can be 
avoided. 

The relative humidity f ,  at the surface of a 
droplet or particle with radius r and dry volume 
equivalent radius ro is described by the following 
equation : 

r 

A" 
( r / r J 3  B" - 1 1. 1; = exp (-- - 

Tellus 41B (1989), 1 



34 W. SEIDL 

Eq. (1) is necessary for calculation of the conden- 
sation growth by the droplet growth equation (see 
Appendix), and for calculation of the equilibrium 
radius of an aerosol particle. The equation con- 
tains two simplifications: The curvature par- 
ameter Ao and the activation parameter B“ are 
defined for infinite dilution of the electrolyte 
solution. The use of these parameters is possible, 
because cloud droplets and aerosol particles at 
relative humidities near 100% consist of diluted 
electrolyte solutions. With these parameters, a 
fast evaluation of the equilibrium radius and an 
analytical integration of the droplet growth 
equation are possible. However, the size of an 
aerosol particle at smaller relative humidities is 
described schematically, and in particular, a 
hysteresis effect (Hanel, 1976) cannot be 
described. 

The curvature parameter for infinite dilution 
Ao contains the surface tension of a pure water 
droplet: 

(2) 

with uw the surface tension, p, the density of 
pure water and R, the specific gas constant of 
water vapor. 

The activation parameter B“ describes the 
hygroscopicity of the droplet for infinite dilution 
of the electrolyte solution. Measurements of the 
activation parameter are difficult and are there- 
fore rare. Hanel (1976) and Hanel and Lehmann 
(1981) measured the growth of aerosol particles 
with increasing relative humidity and determined 
the activation parameter by extrapolation of their 
data to infinite dilution. Hoppel (1979) and 
Fitzgerald et al. (1982) used another method: 
They segregated the aerosol particles by size 
using a diffusion battery and measured the 
supersaturation necessary to activate them in a 
cloud condensation chamber. From the known 
size and supersaturation of the particles, the 
activation parameter can be calculated. 

The information about the activation par- 
ameter obtained by these authors is not sufficient 
for use as input data for this study for two 
reasons. First, there are very few size-segregated 
measurements. Hanel and Lehmann (1981) per- 
formed two measurements on samples from 
Deuselbach, a rural location in Germany, and 
Fitzgerald et al. (1982) segregated the aerosol into 

2.u, 
P,. R,, T 

A0 = 

3 size categories, but all smaller than 0.1 km. 
Secondly, there is no direct relation to the chemi- 
cal composition of the aerosol particle, especially 
to the concentrations of H+ or OH- and to the 
catalytic active metals iron and manganese. 

Therefore, the activation parameter is evalu- 
ated from the chemical composition of the par- 
ticles. For this, it is assumed that the particles in 
a specific size range are mixed particles all of the 
same composition of different electrolytes and 
insoluble material. The activation parameter can 
be written in the following way: 

(3) 

with M, the mean molar mass of the ions i 
(Thudium, 1978): 

C m ,  
(4) 

This description was chosen because the ions are 
usually determined by chemical analysis of 
aerosol samples, taken by multistage impactors. 
Here, po is the mean density of the dry particulate 
material and p, the density of the pure water. M ,  
is the molar mass of the water, rn, the mass of the 
water-soluble material of the particles, mo the 
total dry mass of the particles, m, the mass and MI 
the molar mass of the ion i. 

The mean bulk density of the dry particulate 
material can be calculated according to Hanel 
(1976): 

1 mk 

Po = ~’ ( 5 )  
MkIPok 

For the soluble fraction, the density cannot be 
determined from the concentrations of the ions 
directly; they had to be “combined” with 
substances beforehand. The positive ions were 
distributed among the negative ions according to 
the relative frequency of the negative charges: 

n: ‘z;  
n,. = *’ 

v,, . c n; . z; 
I 

with n the mole number and z the number of 
elementary charges of the positive ions i and the 
negative ions j .  nl, is the mole number of the 
substance i j  and vv is the number of the positive 

Tellus 41B (1989), I 



IONIC CONCENTRATIONS AND INITIAL S(1V)-OXIDATION RATES IN DROPLETS 35 

ions per molecule of the substance i j. This simple 
apportionment is possible because the mean 
density does not depend strongly on the distri- 
bution of the ions to substances. Table 1 shows, 
e.g., that the sulfates always have a higher 
density than the chlorides, and that the ratio is 
nearly the same. Therefore, different apportion- 
ments of the ions to substances based on the same 
ionic concentrations result approximately in the 
same mean density. This was tested for some 
ionic compositions typical for atmospheric aero- 
sol by preferring one time substances with high 
densities and the other time substances with low 
densities. The differences of the mean densities 
were not larger than + 3 %. 

This simple apportionment of the ions to elec- 
trolytes should be used only for determination of 
the mean bulk density, because the apportion- 
ment is different from the real one. The electro- 
lytes are, however, dissolved in aerosol particles 

Table 1.  Dry densities ofelectrolytes 

Densities (g/cm3) 

NO: CI- S0.i- Br- OH- 

H+ HNO, HZSO, 
1.503 1.841 

NHf “,NO, NH,CI (NHJ2S0, NH,Br 
1.725 1.527 1.769 2.429 

Na+ NaNO, NaCl Na2S0, NaBr NaOH 
2.261 2.165 2.680 3.203 2.130 

K+ KNO, KCI K2S0, KBr KOH 
2.109 1.984 2.662 2.750 2.044 

CaZ+ Ca(NO,)? CaClz CaSO, CaBrz Ca(OHj2 
2.504 2.150 2.960 3.353 2.240 

Mg2+ MgClz MgSO, MgBr, Mg(OH), 
2.320 2.660 3.720 2.360 

AP+ AICI, AI,(SO,), AIBr, AI(OH), 
2.440 2.710 2.640 2.420 

Fe3+ FeCI, Fe,(SO,j, 
2.898 3.097 

PbZ+ Pb(N0,j2 PbClz PbSO, PbBr, 
4.530 5.850 6.200 6.660 

Zn’+ ZnSO, 

MnL+ MnSO, 
3.540 

3.250 

3.603 

3.012 

Cu’+ cuso, 

Cr3+ Cr?(SO,h 

at high relative humidities and in cloud droplets, 
so that an apportionment of the ions to the real 
electrolytes is not necessary. (However, even by 
this simple apportionment, for the given ionic 
concentrations, e.g., for the fine particles, 
the largest mass fraction of the water-soluble 
material consists of the electrolytes (NH,),S04, 
HISO,, NH,N03, . . ., which are commonly 
observed in the atmpsphere.) 

3. Input data sets 

To get reliable results on the concentration of 
ions and catalytic active metals in droplets, com- 
plete data sets of the size-dependent chemical 
composition of the aerosol particles have to be 
chosen as input data. In the literature, no single 
data set suitable for this has been found. There- 
fore, two types of aerosol composition have been 
created based on suitable measurements. 

For Case A, two sets of measured aerosol 
composition have been fitted, one containing 
ionic concentrations (Schumann et al., 1986), the 
other elemental concentrations. For a back- 
ground location in Switzerland, Schumann et al. 
(1986) measured the ionic composition of an 
aerosol sample taken by a multistage impactor. 
They analyzed the ions NHt ,  SO:-, NO?, CI-. 
Na+, K+,  Mg?+, Ca’+. In general, the highest 
mass fraction of the water-soluble mass of a rural 
aerosol consist of these ions. Thus, the concen- 
trations of H+ or OH- can be derived reliably 
from electroneutrality. This data set contains no 
information on the insoluble mass fraction and 
the catalytic active metals. Therefore, a data set 
of elemental concentrations with a similar size 
distribution of sulfur measured at  a sample from 
the Wetterau, a rural location in Germany 
(Richter and Watjen, 1980) was fitted. Addition- 
ally, the assumption was made that 50% of the 
fine-particle mass is water-insoluble carbon- 
aceous material. This was done because measure- 
ments at rural locations in the USA showed a 
similar feature (e.g., Reible et al., 1982). 

A second data set (Case B) used for this study 
was also measured at an aerosol sample from a 
rural location in Germany. Hofken et al. (1981) 
analyzed concentrations of ions and metals of an 
aerosol probe sampled by a multistage impactor 
at Solling, a forested location in Germany. This 
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3.0- 

data set is suitable for this study because the ions 
sulfate, ammonium, nitrate and chloride, are 
analyzed together with the concentrations of the 
catalytic active metals iron and manganese. For 
the fine particles, the analyzed ions normally 
have the largest mass fractions of the water- 
soluble material, so the concentration of H+ can 
be calculated reliably from the condition of 
electroneutrality. Unfortunately, the metal ions 
Na+, K + ,  Mg'+ and Ca*+, which normally have 
high mass fractions of the water-soluble material 
in the coarse particle mode, were not measured. 
To evaluate the H+ concentration from electro- 
neutrality, assumptions about the concentrations 
of these metal ions had to be made. The concen- 
trations of the elements were calculated from 
their mean ratio to iron in the earth's crust. This 
method has to be regarded as a rough estimation 
only. It neglects the fact that ions can also 
originate from other natural sources like sea salt 
or anthropogenic sources like road dust or fly ash. 
However, the atmospheric life-times of coarse- 
mode particles are short, and therefore they 
mainly originate from local sources. The 
measurement site was located in a continental, 
forested area. Therefore, contributions from sea 
salt or anthropogenic sources are not likely. 
However, they cannot be excluded. 

No additional fraction of carbonaceous 
material has been assumed in this case. There- 
fore, the water-soluble mass fraction is larger in 
this case than in Case A, resulting in a higher Bo. 
Through this the influence of different mass 
fractions of water-soluble material can be tested. 
The soluble part of the metals was obtained by 
using measured data of the size-dependent 
soluble fractions of elements (e.g., Lindberg and 
Harriss, 1983). This procedure gave the mass 
fraction of the metal ions. From electroneutrality, 
it is derived that the coarse mode particles are 
also acidic. Acidic coarse particles have been 
measured, e.g., by Harrison and Pi0 (1981). 

To evaluate the mean dry density of the 
particulate material, the water-insoluble fraction 
of the elements was assumed to be present as 
oxides for both data sets. This assumption is 
usually made when aerosol mass is accounted 
from elemental measurements (e.g., Stelson and 
Seinfeld, 1981). The densities of the oxides were 
taken from the Handbook of Chemistry and 
Physics (1986) (Table 2). For organic carbon, a 

density of 1.4 g/cm3 and for elemental carbon a 
density of 2 g/cm3 were used (Sloane, 1984). 

The values for Bo and po obtained for the two 
cases (Fig. 2) are in the same range as activation 
parameters and dry densities measured by Hanel 
(1976) and Hanel and Lehmann (1 98 1). 

The assumptions made to obtain the concen- 

Table 2. Dry densities of insoluble substances 

Densities (g/cm3) Densities (gicm') 

AlzO, 3.97 ZnO 5.61 
SiOz 2.65 MnO 5.43 
FezO, 5.24 CuO 6.40 
NazO 2.27 Crz03  5.21 
KzO 2.32 TiOz 4.20 
MgO 3.58 EC 2.00 
CaO 3.25 OC 1.40 
PbO 8.00 

1.5 

3.0 
L 

- 1.0 

: w. 

- 0.5 

1 , o - l o o  0.1 ro l p m l  1.0 0.01 

1.0 I 1 t 
0.01 0.1 1lO 10 100 

ro l p m )  

Fig. 2. Dry density po and activation parameter 
P plotted against the dry volume equivalent radii ro of 
the aerosol particles used as input data for the model. 
-: dry density pa. ~~~ : activation parameter Bo. 
(a) Case A, mixed dataset Greppen/Wetterau. (b) Case 
B, dataset Solling. 
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Table 3. Comparison of densities and activation parameter evaluated from substances--ions/elements 

Densities (gicrn’) 

Substances lons/elements 

P O  tP P O  Bo Chemical data from 

Denver Davis (1984) 
fine 2.04 0.23 1.95 0.24 
coarse 2.68 0.11 2.84 0.10 

fine 2.51 0.29 2.98 0.30 
coarse 2.81 0.05 2.95 0.09 

East Helena Davis and Maugham (1984) 

trations of the substances from the elemental 
concentrations introduced an uncertainty in the 
dry densities and the -activation parameter. To 
test the procedure, a comparison was made for 2 
sets of aerosol composition for which both the 
concentrations of salts and minerals and the 
concentrations of elements are available. Davis 
(1984) and Davis and Maugham (1984) measured 
the concentrations of salts and minerals by X-ray 
diffraction on aerosol samples from Denver and 
East Helena. From the tabulated elemental con- 
tents of the minerals (Deer et al., 1963), the 
authors determined the elemental composition of 
the particles. The values for the mean density and 
the activation parameter were calculated directly 
from the concentrations of salts and minerals and 
were then compared with values obtained from 
the elemental composition by using the procedure 
described above (Table 3) .  The comparison 
showed deviations up to 10% for the Denver case 
for both the activation parameter and the mean 
dry density. In the case of East Helena, larger 
deviations occurred for the density of the fine 
particles and the activation parameter of the 
coarse particles. This aerosol was sampled near 
anthropogenic sources and contained a large 
amount of heavy metals like Zn and Cu. For such 
a case, the evaluation of the dry density and the 
activation parameter from the ions/elements 
seems to give larger errors. 

The gas-phase concentrations of SOz (3.5. lo-’ 
atrn), 0, (3.4.10-* atm) and HzOz (1.9.10-9 atm) 
were taken from measurements of Heikes et al. 
(1987) over eastern USA. For COz,  a value of 
3.3.10-4 atm is assumed. 

4. Chemical model 

The concentrations of ions and catalytic active 
metals were calculated from the radii of the cloud 
droplets or interstitial particles, the dry volume 
equivalent radii and the mass fractions of the 
respective ions or metals. This was done for Na+, 
K+,  Caz+, Mg*+, N H t ,  NO:. CI-, total sulfate 
and the metals Fe and Mn. Then, the pH-value, 
the liquid phase concentrations of the trace gases 
in the droplets, the soluble part of the catalytic 
active metals and finally the initial oxidation 
rates of S(1V) were calculated. In the following 
section, the method of the calculation is described. 

First, for all individual particle classes, the pH- 
values and the relevant ionic concentrations were 
calculated by holding the pressure of SO2 con- 
stant. From the condition of electroneutrality 
(Table 4), the concentration of H+ was deter- 
mined by an iterative scheme considering the 
equilibria listed in Table 5. The charges of the 
ions, which were not explicitly considered in the 
equilibrium equations (e.g., CI-, Na+, . . .), were 
combined in the term I,,,. In this study, 
ammonium was also included in this term, al- 
though the formalism is able to describe the 
equilibrium between ammonium and ammonia. 
This was done because the mass fractions of NH: 
in the individual particle classes have been 
derived from the measured values. These mass 
fractions should not be changed in this case 
study. By considering equilibrium between NH, 
and the NH: concentrations in the particles, 
these mass fractions would have been changed in 
relation to the NH, pressure assumed. 
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In cases of large droplets in which the oxi- 
dation rate of S(1V) is limited by gas phase dif- 
fusion, the concentrations of SO,(aq.), HSOy and 
SO:- are set to zero. It is assumed, that the 
droplets are well-mixed and that all dissolved 
S(IV) has reacted when the liquid phase reaction 
is faster than the gas phase diffusion of SO?. 
Table 4. Conservation of' mass and eondition of 
electroneutrality 

Liquid phase: 
Mass budgets: 
[S(VI)] = [SO:-] + [HSO;] 
[Fe,] = [Fe(OH),] + [Fe3+] 
[Mn,] = [Mn(OH),I + [Mn'+] 
Condition of electroneutrality : 
[H+l+ [NH:] + 2[Mn'+l+ 3[Fe3+l + [x,,,] 

= [HSOj] + 2[SOi-] + [HSO;] + 2[SOj-j + [HCO-] + 2[COj-] + [OH+] 

Pso 
ST = ~ + 1 LJ([SOz(aq.)lJ + [HSOS], + [SO;-], 

RT  , 
+ [HSO;], + [SO:-],) 

Pco. 
CT = - + 1 L,([COdaq.)l, + [HCOSI, 

RT I 

+ [COi-I,) 

Table 5. Equilibrium conditions 

No activity coefficients were considered 
together with llic ionic concentrations. This could 
be done because the concentrations of the ions 
were generally very small. Only for the interstitial 
particles, and in some cases also for the large 
droplets, were the concentrations of the order of 
magnitude 0.1 to 1 moles/l. In this range, an 
activity correction may change the equilibria to 
some extent. However, for the interstitial par- 
ticles, the sulfate production is small and in the 
large droplets, the oxidation rate of S(IV) is 
transport-limited as described later. Thus, it can 
be assumed that the sulfate production rate in the 
parcel will not change very much by using the 
activity correction. 

When the ionic Concentrations have been 
establiskd for all size classes, the pressure of SOz 
was adjusted so that the sulfur mass was con- 
served. This was also reached by an iterative 
loop, because SOz dissolves in the droplets, 
dependent on pH-value. The same was done for 
COz and has to be done for NH3 if it is to be 
considered in the model calculations. 

After establishing the concentrations of the 
ions and the conservation of the S(IV) mass, the 
oxidation rates of sulfur(1V) to sulfur(V1) were 
calculated by using the rate equations listed in 
Table 6 .  Here, the oxidation due to ozone, hydro- 
gen peroxide and due to oxygen by the catalysts 
iron and manganese, was considered. 

To test the assumption of equilibrium between 
gas and liquid phase, 4 characteristic times 
according to Schwartz and Freiberg (1981) are 
evaluated : T ~ , ~ ,  is the characteristic time associ- 
ated with the chemical reaction of the substance c 

K, = 3.13.10W exp(3155/T) 
K Z  = 1.9.10-5 exp(2022/T) 
K, = 2.3. exp(1671/T) 
K., = 2.57.10-6 exp(2473/T) 

K ,  = 1.69,10-'J exp(6707/T) 
K ,  = 1.97.10-' exp(7920/T) 
K s  = 3.1 exp(2389/T) 

K , ,  = 6.08.10-5 exp(4107/T) 

K ,  = 1.58.10-39 

K9 = 1.58.10-13 

K , ,  = 1.8.10-' 
K,' =3.16.10-* 
K I 3  =5.01.10-' 
K, . ,  =6.31.10-" 

Hoffmann and Calvert (1985) 
Tremblay and Leighton (1986) 
Tremblay and Leighton (1986) 
Hennes (1983) 
Hoffmann and Calvert (1985) 
Hoffmann and Calvert (1985) 
Hwang and Dasgupta (1985) 
Hoffmann and Calvert (1985) 
Hoffmann and Calvert (1985) 
Hoffmann and Calvert (1985) 
Tremblay and Leighton (1986) 
Stumm et al. (1987) 
Stumm et al. (1987) 
Stumm et al. (1987) 

~~ 
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Table 6. Oxidation rates 

Hydrogen peroxide: 
d[S(VI)] - 80000 exp(- 3650/T+ 12.2483)~[H,O,(aq.)].[SO,(aq.fi 

dr 0. I + [H+] 
Martin (1984) 

Ozone : 

d[S(V1)l = {4.39.10" exp(-4131/T) + 2560 exp(966/T)/[H+]}.[S(IV)].[03(aq.)] 
di 

iron-manganese synergism : 

d[S(V1)l = 5.83.1019.[H+]-0~'J.[Fe3+].[MnZ+].[S(IV)] exp(-8431/T) for pH Q 4.2 

d[S(V1)l = 5.38.10Z5~[H+]o-b7~[Fe3+]~[Mn2+]~[S(1V)] exp(-8431/T) for pH > 4.2 

Maahs (1983) 

Ibusuki and Takeuchi (1987) di 

di 

in the liquid phase : 

(7) 

This characteristic time is defined for a first- 
order reaction. The S(IV) oxidation can be 
considered as a pseudo-first-order reaction only if 
O3 and H 2 0 2  are present in excess throughout the 
droplet. This assumption does not hold in every 
case as will be described later. However, the 
characteristic time can be used to estimate which 
processes have to be considered. 

T,,,, is the characteristic time required for gas- 
phase diffusion to supply an amount of reagent to 
the droplet necessary to produce a concentration 
of dissolved reagent in equilibrium with the bulk 
gas-phase reagent concentration : 

T,,,, = i r 2  D ,  qHRT, (8) 

with D, the diffusion constant in the gas phase 
and H the Henry-law constant of the specific gas. 
q is a correction factor which describes the 
dissociation of the dissolved gas in the liquid 
phase, e.g., for S(IV), q is the ratio between the 
total concentration of S(1V) in the liquid phase 
and the concentration of the dissolved SO,(aq.). 
R is the universal gas constant and T the absolute 
temperature. 

Two other characteristic times have been 
evaluated : T ~ , ~ , ,  the characteristic time associated 
with the diffusion of the dissolved gas in the 
liquid phase 

(9) zdd = r zn-2D- i  
' I '  

with D, the molecular diffusion constant of the 
dissolved gas in the liquid phase. For this, it is 
assumed that no internal circulation is present in 
the small cloud droplets, and that the dissolved 
gas is transported by molecular diffusion only. 
Td.,. is the characteristic time associated with the 
diffusion in the gas phase: 

7dg = r2  n-2  D - '  8 '  

Because limitation of the reaction rate by gas 
phase diffusion was found for some droplet 
classes, the chemical reaction rates were com- 
pared with the rate of increase of the reagent 
concentrations by gas-phase diffusion. The gas- 
phase diffusion of reagents to the surface of the 
droplet is set to maximum, because the con- 
centrations of the dissolved gases were set to 
zero (see above) and therefore, they have no 
saturation pressure above the surface of the 
droplet : 

with M the molecular mass of the reactant, L the 
volume of the electrolyte solution of the droplet 
and ps the gas phase density of the reactant. 

The velocity of the reaction is limited either by 
the liquid phase S(1V) oxidation rate or by the 
rate of reagent supply by gaseous transport. Thus, 
the real rate is the minimum of both rates for 
each reactant O,, HzOz and 02. The oxidation 
rate of S(1V) is the minimum of the sum of the 
individual rates and the rate of supply of SOz by 
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In the case where the reaction is limited by SOz 
transport, the apportionment of the sulfate 
production to the individual oxidants is the same 
as if there were no transport limitation. 

To obtain the total oxidation rate for the whole 
parcel, the oxidation rates of the individual 
droplets were summed up, and weighted by the 
volumes of the electrolyte solution of the 
individual droplets. 

5. Results 

The size distribution of the aerosol particles at 
the start of the model calculations is shown in 
Fig. 3a for case A and in Fig. 4a for case B. By 
integration of the size distributions, the number 
concentrations of the aerosol particles are ob- 
tained which are 3237 particles/cm3 for case A 
and 5526 particles/cm3 for case B. Such concen- 
trations are typical for rural, continental aerosol. 
The equilibrium radii at the start of the model are 
calculated from eq. ( I ) .  This formula gives only 
approximate values at relative humidities below 
100%. It can be used, because the equilibrium 
radii are used for the initialization of the model 
only and at higher relative humidities, eq. ( I )  
gives more accurate values. 

The initial temperature is 8.7"C. By adiabatic 
cooling, the parcel has a temperature of 0°C at 
the cloud base. 

In the cloud, the size distribution is split up 
into the growing droplets and the interstitial 
particles. In Figs. 3b and 4b, the size distri- 
butions are shown at the end of the model calcu- 
lation (approximately 370 m above the cloud 
base), for an updraft velocity of 1 m/s. At this 
height above cloud base, the maximum relative 
humidity in the cloud has been passed, no more 
smaller particles are activated and therefore, the 
cloud droplet concentration has reached a stable 
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Fig. 3 .  Size distribution of aerosol particles and 
droplets for case A, mixed dataset Greppen/Wetterau. 
(a) Size distribution of aerosol particles at 60% relative 
humidity. All particles are in equilibrium with the 
ambient relative humidity at the start of the model 
calculation. (b) Size distribution of interstitial particles 
(left) and cloud droplets (right) at a level approximately 
370 m above the cloud base (end of the model calcu- 
lation). In the cloud, the activated droplets have grown 
rapidly and have reached radii of approximately 5 pm. 
The interstitial particles are in equilibrium with the 
ambient relative humidity. They are smaller than 
0.4 pm. 

value. At a greater height, entrainment is more 
likely than near the cloud base. Then, a closed 
parcel model is not adequate for description of 
the microphysical processes exactly. The updraft 
velocity of 1 m/s was chosen, because then the 
results of the chemical model are most applicable. 
At a higher updraft velocity, the residence time 
of the parcel near the cloud base is too small for 
production of a considerable amount of sulfate, 
and at a greater height, entrainment should be 
considered, as mentioned above. At a smaller 
updraft velocity, the large droplets have high 
sedimentation velocities and the sedimentation of 
the droplets cannot be described in a closed- 
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Fig. 4. Same as Fig. 3, but for case B, dataset Solling. 
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parcel model. The mean radii of the cloud 
droplets in both cases are approximately 5 pm, a 
value typically found during measurements near 
the cloud base (Diem, 1948; Blyth and Latham, 
1985). In both cases, nearly the same concen- 
tration of growing droplets has established: 1068 
~ m - ~  for case A and 1 I12 ~ m - ~  for case B. The 
number concentration of droplets and their mean 
radius depend on the updraft velocity and the 
aerosol type (Hanel, 1987). 

Figs. 5, 6 show the apportionment of the liquid 
water and the dry particulate mass to the 
individual size classes. For example, if one of the 
histogram bars reaches 0.1, then 10% of the 
liquid water, or of the dry particulate mass per 
unit volume, is in this size class. At the beginning 
of the model calculations, the deviations between 
the apportionment of the dry mass and the liquid 
water are caused by the different activation 
parameters of the small and large particles (Figs. 
5a, 6a). The absolute liquid water content is very 
small: 4.6.10-s g/m3 for case A and 1.6.10-s 
g/m3 for case B. But one should bear in mind that 
these values are derived from the particle radii, 
which are calculated from the approximate 
eq. (1). 

0 01 01 10 10 100 
r,(prnl 

Fig. 5. Apportionment of the dry particulate mass m, 
and the liquid water mixing ratio r,  to the particle size 
classes: Am,/m, and Ar*/r* as functions of the volume 
equivalent radius r, of the particles for case A. 
mixed dataset Greppen/Wetterau. -: Ar*/r,,. ......: 
Am,jm,. (a) Apportionment at 6006 relative humidity 
(start of the model calculation). (b) Apportionment at a 
level approximately 370 m above the cloud base (end of 
the model calculation). 
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Fig. 6. Same as Fig. 5 ,  but for case B, dataset Solling. 
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At the end of the model calculations, the 
situation is totally different. The liquid water 
content is 0.56 g/m3 for case A and 0.55 g/m3 for 
case B. Most of the liquid water is on the 
activated droplets which have grown by an order 
of magnitude or more from their initial radius 
(compare Figs. 3b, 4b). The growth rate of the 
larger droplets was limited by diffusion of water 
vapor to their surface. Therefore, the radius of 
the largest droplets, for example, has increased 
only by a factor of 3. The interstitial particles 
have also not grown very much. In the cloud, 
they still are in equilibrium with the relative 
humidity of the surrounding air. 

Consequently, we get the following picture of 
the concentrations of ions and metals (Table 7). 
In the interstitial particles (classes no. 1 and lo), 
sulfate, nitrate and ammonium have high concen- 
trations, of the order of 0.1 to 1 moles/l. On the 
small, activated droplets (class no. 20), minimum 
concentrations of ions and metals are found, due 

to the high ratio between the liquid water mass 
and the mass of the dry particulate material. The 
concentrations of sulfate, nitrate and ammonium 
are in the range to moles/l. Iron and 
manganese have concentrations of the order of 

and lo-' moles/l. The small concentrations 
of the catalytic active metals have the conse- 
quence, that the catalytic oxidation of S(1V) is 
not important in the activated droplets as is 
discussed later. Due to the smaller growth rates of 
the large droplets, the ions have higher concen- 
trations in these droplets, of the order of 
moles/l for sulfate and nitrate in the largest 
droplets. 

These concentrations are taken as input data 
for the chemical model. In both cases, the pH- 
values are very different for the different sized 
droplets. In Table 7, the pH-values for equilib- 
rium between gas and liquid phase are listed. The 
interstitial particles are generally acidic. In case 
A, one class of the interstitial particles is initially 

Table 7. Concentrations of ions and catalytic actice metals 

Concentrations (moles/l) 

Case A :  mixed dataset Greppen/Wetterau 

class 1 10 20 30 40 50 60 

r ( p m )  0.0187 0.0834 4.93 6.44 10.0 19.1 30.5 
ro (pm) 0.0106 0.0299 0.0944 0.299 0.944 2.99 9.44 

so;- I I 5.9.10-' 1.4.10-' 1.2.10-5 4.0. lo-' 2.5.10-3 2.7.10-3 1.7. lo-' 
NO: 1.6.10' 3.8. lo-' 5.3.10-5 1.3,10-3 6.6. lo-' 1.3. lo-' 3.5.10-2 
CI- 
NH: 2.4.10' 5.7.10-' I . 3 . 1  O-J 1.3.10-' 1.2.10-2 8.9.10-3 4.6. lo-' 
Fe 5.7.10-2 1.4. lo-" 2.1.10-7 2.0.10-5 1.0.10-3 6.0. 10-3 7.5.10-2 
Mn 5.7.10-4 1.4.10-' 2. I ' 10-8 1.6. lo-' 3.9.10-5 1.7. lo-" 1.7. 
PH 1.43 1.62 5.39 3.17 6.81 7.55 7.71 

~ 
- 7.2.10-9 2.5.10-' 9.1.10-5 - ~ 

Case B :  Solling 

class I 10 20 30 40 50 60 

r ( p m )  0.0275 0.131 5.35 6.58 10.3 18.2 31.3 
ro (pm) 0.0106 0.0299 0.0944 0.299 0.944 2.99 9.44 

so:- 1 I 3.9.10-1 7.3.10-2 3.3.10-5 5.6. 3.3.10-' 8.4.10-3 1.7.10-' 
NO: 1.4.10-' 2.8. lo-' 1.3.10-b 5.7.10-5 1.3. lo-' 1.3. lo-' 4.4.10-2 
Cl- 1.8.10-2 3.6.10-3 1.7.10-' 1.4.10-' 2.2. 10-4 2.6.10-3 1.8.10-2 
NH: 5.0. lo-' 9.5.10-2 

Mn 6.2.10-.' 1.2.10-4 5.6. lo-' 1.2.10-h 1.6. lo-' 5 .5 .10 -5  4.5.10-4 

4.2. lo-' 1.1.10-3 7.0. lo-' 3.6.10-3 - 

Fe 2.5. I 0 - 3  4.9.10-4 2.3.10-7 6.8. 2.3. lo-' 6.3.10-5 5.4. lo-" 

PH 1.23 1.49 4.21 3.91 2.71 1.24 0.69 

I )  Total sulfate ([Sol-] + [HSO;]). 
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basic and would have a pH-value of 6.9. The 
activated droplets are also acidic, but because of 
the high dilution of the electrolyte solutions, the 
pH-values are in the range from 4 to 5 .  They are 
influenced in part by the solution of the gases 
SOz and COz into the droplets. But still, the 
composition of the aerosol particles, which had 
acted as condensation nuclei, has an influence to 
the pH-value of the activated droplet (compare 
class no. 20 in Table 8 for cases A and B). 

The pH-values of the larger droplets depend 
strongly on the composition of the coarse aerosol 
particles. They can contain a large amount of 
nitrate and may be acidic, as in case B. Then the 
droplets are acidic, too, and due to relative high 

concentrations of the electrolyte solutions, the 
pH-values are below 2. If the large aerosol par- 
ticles are initially basic as in case A, by equilib- 
rium between gas and liquid phase, large 
amounts of SOz and COz dissolve into the 
droplets. Therefore, the pH-value decreases to 
values near 7. But for SOz, no equilibrium exists 
because of the fast oxidation in these droplets, as 
is discussed later. 

In Table 8, the characteristic times (eqs. 
(7)-( 10)) are listed together with the sulfate 
production rates under two conditions: first, 
equilibrium between gas phase and liquid phase 
for SOz, O3 and HzOz,  and second the reaction 
rate according to eq. (12), where transport 

Table 8. Oxidation rates of’sulfur(Ir/) and characteristic times 

Case A :  mixed dataset Greppen/Wetterau 

class 1 10 20 30 40 50 60 

r (pm)  0.0187 0.0834 4.93 6.44 10.0 19.1 30.5 
ro (pm) 0.0106 0.0299 0.0944 0.299 0.944 2.99 9.44 

L * g  )’ 
0 3  4.4.10-” 8.7.10-” 3.0.10-7 5.2.10-7 1.3.10-6 4.5.10-6 1.2.10-5 
HzOz 2.1.10-4 4.2.10-3 1.5.10+’ 2.5.10+’ 6.0.10+l 2.2.10+2 5.6.10+‘ 
S(IV) 1.5.  3.7.10-8 4.4.10-1 4.8.10-’ 8.0.10+’ 4.5.10+’ 2.3.10+‘ 
L a .  3, 
0, 7.2.10+’ 5.7.10+2 1.0.10-3 1.3.10+’ 8.6.10-’ 1 .o. 10-8 3.5.10-9 
HiOz 8.7,10+’ 8.0.10+* 6.5.10+’ 6.5.10+’ 6.5.10+’ 6.5.10+* 6.5.10+’ 

%.a. 3’ 2.0.10-8 3.9.10-7 1.4.10-3 2.3.10-’ 5.7.10-3 2.0.10-2 5.2. lo-’ 
S ( W  1.3. lo-’ 7.0. lo-’ 6.2.10+’ 1.9. I 0‘’ 3.0.10° 5.4.10-1 3.7.10-1 

5d.g. 2.8. lo-” 5.6. lo-” 1.9.10-7 3.3.10-7 8. I .10-7 2.9. 7.5.10-6 

Equilibrium 

DH I .43 I .62 5.39 3.17 6.81 7.55 7.71 

I . 5 .  lo-’ 9.0.10-7 1.9.10-7 8.4.10-4 7.1.10-2 2.1 .lo-! 1.5,10-7 
dr 
by 

Fe + Mn 0.081 0.009 <0.001 <O.OOl < O . O O l  <0.001 <0.001 
0 3  < O . o O I  < 0.001 0.793 <0.001 1 .000 1.000 1.000 
HzOz 0.919 0.991 0.207 1.000 <0.001 <O.oOI  <O.oOI  

Transport limitation 

1.43 1.62 7.01 3.17 8.79 9.85 10.04 

~. ::VIP 2,8,  2.9. lo-’ 9.3.10-’ 3.5.10-7 2.3.10-5 6.2. 2.5.10-’ 
di 
by 

Fe + Mn 0.081 0.009 <0.001 <O.OOl <0.001 <O.oOl < O . o O I  
0 3  <0.001 < 0.001 1.000 <0.001 0.999 0.996 0.989 
H,O’ 0.919 0.991 <O.OOl  1 .oOo 0.001 0.004 0.01 1 
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limitation in the gas phase is included. The pH- 
values under both conditions are also listed. 

The characteristic time T ~ , ~ ,  depends on the 
reaction rate and the concentration of the 
reagent. Consequently, the characteristic times 
T ~ , ~ ,  are very different for ozone, hydrogen per- 
oxide and S( IV). For ozone, T ~ , ~ ,  is small for basic 
droplets because the reaction rate with S(1V) is 
large and the liquid phase concentration of ozone 
is small. The liquid phase concentration of H 2 0 2  
is larger by orders of magnitude than the 
concentration of ozone, and the reaction rate 

Table 8-continued 

with S(IV) is smaller. Therefore, T ~ , ~ .  for the 
reaction of HzOz is between 650 and 850 s. For 
S(IV), the liquid phase concentration as well as 
the reaction rate depend very much upon the pH- 
value of the droplet and the concentrations of the 
oxidants. However, for the droplets with high 
pH-values, this characteristic time is larger for 
S(IV) than for ozone caused by the higher liquid 
phase concentrations of S(1V). For ozone and 
hydrogen peroxide, T~~~~ is independent of the 
pH-value. For these reagents, it depends only on 
the droplet radius and increases with increasing 

Case B : Solling 

class I 10 20 30 40 50 60 
ro (pm) 0.0106 0.0299 0.0944 0.299 0.944 2.99 9.44 
r (pm) 0.0275 0.131 5.35 6.58 10.3 18.2 31.3 

5.2.10+' 
5.8.10+' 
I .  I .lo-' 
4.4.10-8 
6.4. lo-'' 

1.8.10-l 
8.8.10' 
4.7.10-2 

1.7. lo-' 
3.8.10+' 
4.8.10+' 
8.2.10-4 
1.2.10-7 

2.0.10-l 
9.6.10' 
8.6. 

5.3.10-1 
3.8.10+' 
9.0.10O 
8.9.10-6 
1.3. 

2.6.10-~ 

4.6.10-3 
1.2.10+' 

2.6.10' 
3.8.10+' 
3.4.100 
1.2.10-3 
1.7. 

5.6.10-7 
2.7.10+' 
8.2. lo-' 

8.7.10+' 
4.0.10+' 
I .9.10- ' 
2.5.10-3 
3.6.10-7 

I .7.10+' 
8.3.10+' 
3.5.10-4 

7.2.10+2 

1.0.10-1 

1.1.10-6 

1. I .  1 0 + 3  

7.8.10-3 

5.5.10-6 
2.6. lo+* 
9.9.10-' 

8.1.10+* 

2.0.10-2 
2.5.10-' 
3.5.10-6 

3. I . 1 0 + 3  

Equilibrium 

1.23 I .49 4.21 3.91 2.71 I .24 0.69 

3. I . lo-' 2.5.10-' 3.3.10-7 3.2.10-' 3.2.10-7 2.1.10-7 2.3.10-7 
dr 
by 

F e f  Mn 0.344 0.030 <0.001 <0.001 <O.OOl  0.027 0.549 

H ?OZ 0.656 0.970 0.982 0.995 1 .ow 0.973 0.451 
0 3  <O.OOl  <0.001 0.018 0.005 <0.001 <0.001 10.001 

Transport limitation 

I .23 1.49 4.21 3.91 2.71 1.24 0.69 
3,2.10-' 2.6.10-7 3.4.10-~ 3.4.10-7 3.3.10-' 2.2.10-7 2.5.10-7 

dr 
by 

F e + M n  0.344 0.030 < O . O O l  <0.001 <0.001 0.027 0.549 

H '0' 0.656 0.970 0.982 0.995 1.000 0.973 0.451 
0, < 0.001 <0.001 0.018 0.005 <O.OOI < 0.00 I <0.001 

I )  Total sulfate ([SOi-]+ [HSO;]) 
moles I- '  SKI.  

s. 
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radius. For S(IV), z,,,~ also depends on the pH- 
value due to the pH-dependent dissociation. For 
droplets with high pH-values, z,,,~ is very large 
because of the high liquid phase concentration 
necessary to maintain equilibrium with the gas 
phase. Therefore, T~~~~ for S(IV) is of the order of 
16,000 to 35,000 s for the largest, basic droplets. 

The sulfate production rates are listed for 
equilibrium between gas and liquid phase and for 
transport limitation in the gas phase. As men- 
tioned in Section 3, if the S(IV) reaction was 
limited by diffusion of S O , ,  the liquid phase 
concentration of S(IV) was set to zero. This has 
two consequences: a t  first the pH-value is higher 
in these droplets (e.g., case A, classes 40 to 60) 
than in S(IV) equilibrium. The second conse- 
quence is due to the fact that the parcel is closed : 
the S02-pressure is higher, if no S(1V) dissolves 
in large droplets with high pH-values. Especially 
in case A, the difference is remarkable: pso2 is 
3.48,10-9 atm if transport limitation is con- 
sidered. In the equilibrium case, the pressure is 
lowered to 1.83.10-9 atm. Further, due to the 
higher SO2 pressure, the sulfur production rates 
are higher in particle classes with no transport 
limitation, e.g., the interstitial particles (classes 1 
and 10). 

In the interstitial particles, sulfate is produced 
mainly by HzOz and, to a smaller fraction, by the 
synergism of iron and manganese because of the 
high metal concentrations. The sulfur production 
rates are in the range of 1.5.10-' to 3.2.10-' 
moles I-' SKI. In case A, the initial basic class no. 
16 of the interstitial particles has an initial sulfate 
production rate which is higher by orders of 
magnitude than the production rates of the other 
interstitial particles together (Table 9). However, 

this class could be acidic after a short time, 
because the sulfate production is not limited by 
gaseous transport (see below). 

The activated droplets have higher pH-values 
than the acidic interstitial particles. Therefore, 
the oxidation of S(IV) by ozone also becomes 
important beside of the oxidation by hydrogen 
peroxide. Due to the small metal concentrations, 
the contribution of the catalytic oxidation by 
manganese and iron is not important. For acidic 
droplets, the sulfate production is not limited by 
gaseous diffusion because of the small size of the 
droplets. The production rates are not much 
different from the interstitial particles; they are 
still smaller than 9.3. lo-' moles I-' s-I. Only for 
droplets with high pH-values in the basic range, 
is the reaction of S(IV) with ozone fast and 
therefore, is limited by gaseous diffusion of SO2 
(e.g., class no. 20 in case A). However, this size 
class is a borderline case. By an equilibrium 
liquid phase concentration of S(IV), the pH-value 
decreases to 5.39 and the reaction rate is not 
limited by gas phase transport. 

If the large droplets are acidic, sulfate is pro- 
duced in a similar way as in the interstitial 
particles (case B). The main contributions come 
from HzOz and the iron-manganese synergism. If 
the droplets have high pH-values as in case A, 
S(IV) is mainly oxidized by the reaction with 
ozone. For equilibrium between gas and liquid 
phase of O3 and SO,, the production rate would 
be of the order of moles I-' s-I. However, by 
comparing the characteristic times z~,,. and T ~ ~ ~ ~ ,  

one can see that q.,, is smaller by orders of 
magnitude than T~~~~ for the largest basic droplets 
for ozone and S(IV). Therefore, the assumption 
of equilibrium between the gas and liquid phase 

Table 9. Time for doubling initial dry mass of aerosol particles by the initial sulfate production rate 

Initial Initial Volume Time for 
S(V1)- dry of H2S04- doubling 

Initial prod. rate part. mass solution prod. rate init. mass 
Class no. Case pH-value moles 1-' s-I g 1 g s-1 S 

15 A 2.40 3.4.10-7 l.0.10-15 3.9.10-17 1.3.10-zL 791,000 
16 A 9.10 3.3.10-2 1.4. lo-' 7.7. lo-' 2.5. lo-' ' 5.9 
20 A 7.01 9.3.10-5 5.8.10-15 5.0.10-'3 4.6.10-" 1.3 
20 B 4.21 3.4.10-7 7.5. 6.4.10-13 2.2. 344 
50 A 9.85 6.2. 2.9. lo-' O 2.9. lo-' ' 1.8. lo-' ' 16,400 
50 B I .24 2.2.10-7 2.8.10-'O 2.5.10-" 5.4.10-Ib 525,000 
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Table 10. Oxidation rates in total parcel. Sum of size classes and bulk cloud water 

dS(VI)/dr (moles m-3 s-l) 

Size classes Size classes Bulk 
equilibrium transp. Itd. cloud water 

Case A : interstitial particles 2.6. lo-' ' a) 

activated droplets 2.4. lo-" 
large droplets 8.0.10-8 
sum 8.0.10-8 
production by Fe + Mn <0.001 

0 3  0.998 
HzOz 0.002 
PH 

3.1 . lo-' O b, 

3.1.10-8 
3.2.10-10 
3.2. lo-' I . I .  10-9 

10.001 0.780 
0.996 0.005 
0.004 0.215 

4.27 

Case B:  interstitial particles 3.2.10-15 
activated droplets 2.2.10-10 
large droplets 1.0.10-9') 
sum I .2.10-9 
production by Fe + Mn <0.001 

0 3  0.828 
HZOZ 0.172 
PH 

3.4.10-15 
2.3. lo-" 

6.6. lo-'' 2.4. 
<0.001 0.012 

0.664 0.004 
0.336 0.985 

4.3. 10-1Od) 

3.85 

Comments 
Case A :  size class 16 is initially basic. Sulfate production rate of interstitial particles without class 16: 
"'2.0. moles I X - ~  s-I. 
b, 3.7.10-15 moles m-3 s-I. 
Case B: size classes 32-39 have high pH-values and make the main contribution to the sulfate production of the 

large droplets: 
pH-values between 5.30 and 6.59, dS(VI)/dt = 1.0.10-9 moles m-3 s-l, by 0, 0.996, by H,Oz 0.004. 

d'pH-values between 7.16 and 7.84, dS(VI)/dr = 4.3.10-10 moles m-I SKI, by O3 0.999, by HZO2 0.001. 

is not valid for these droplets. The characteristic 
time of chemical reaction is much smaller than 
the time necessary t o  saturate the droplet with the 
reagent by gas-phase diffusion. The reaction is 
limited by the transport of both SOz and O3 to 
the surface of the droplet. Therefore, the trans- 
port limited sulfate production rate is smaller by 
orders of magnitude than the rate for equilibrium 
(Table 8, case A). 

Now, the sum of the sulfur production rates in 
all droplets in the parcel shall be considered 
(Table 10). Despite the similar oxidation rates per 
liquid water volume, with respect to the whole 
parcel more sulfate is produced in the larger 
liquid water volume of the droplets than in the 
interstitial particles. The absolute value of the 
initial sulfate production rate depends mainly on 
the pH-value of the individual droplets. If 
droplets with high pH-values are present, the 
initial rate is higher by up to 2 orders of magni- 

tude. Then, the sum of the production rates of the 
individual droplet classes is higher than the oxi- 
dation rate calculated for the mean chemical 
position of the bulk cloud water. 

6. Conclusions 

In this study, the initial sulfate production 
rates in cloud droplets and interstitial particles 
are calculated from the given aerosol composition 
and the separately given gas pressures of SOz, O3 
and H z O z .  The result is that basic droplets 
considerably increase the initial sulfate pro- 
duction rate in the parcel. But then the question 
arises, of how long can the rate be as high as this 
because sulfuric acid is produced under the pre- 
vailing conditions (no NH3) and therefore, the 
pH-value of the droplets and consequently, the 
sulfate production rates would be lowered. In 
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Table 9 for selected size classes, the time is 
calculated during which the mass of the dry 
particulate material is doubled by production of 
sulfuric acid. In case A, one class of interstitial 
particles is initially basic (no. 16). After 5.9 s, the 
mass of the produced sulfuric acid is equal to the 
mass of the initial dry aerosol particle. Then, the 
particle would be acidic and the sulfate pro- 
duction rate would be as low as for the particle 
class 15, which was initially acidic. For com- 
parison, for this class, it would take 791,000 s to 
double the mass by sulfuric acid production, a 
time which is longer than the life-time of most 
cloud types in the atmosphere. For the activated 
cloud droplets (size class 20), the situation is 
similar. A basic droplet (as in case A) would be 
acidic in even a shorter time than a basic inter- 
stitial particle. However, an acidic droplet with a 
pH-value of approximately 4 would also produce 
a large amount of sulfuric acid, so that the mass 
of the dry particulate material is doubled within 
344 s, a time comparable to the residence time of 
a small cumulus. This is caused by the large 
volume of the electrolyte solution, in which the 
sulfate production occurs, compared to the 
volume of the particulate material in a dry state. 
For the large droplets (class no. SO), transport 
limitation is effective if  they are basic (as in case 
A). The result is that the sulfur production rate is 
only an order of magnitude higher than the one of 
acidic large droplets. Both times for doubling the 
initial mass are very long compared to the life- 
time of many clouds in the atmosphere. These 
droplets also have a considerable sedimentation 
velocity, so their residence time in the atmos- 
phere is limited, too. 

Thus, the small basic droplets and particles, 
which cause a higher initial sulfate production 
rate in the parcel would be acidic after a short 
time under the given pressures of the gases SOz, 
H z 0 2  and 0,. The existence of small basic 
aerosol particles seems to be unrealistic under 
these conditions. The conclusion is that there are 
inconsistencies between the chemical compo- 
sition of the aerosol particles and the pressures of 
the gases used as input data, which were taken 
from different measurements. For a future study, 
the aerosol composition and the pressures of the 
gases should be taken from a single measurement, 
in which they are measured simultaneously. In a 
further extension of the model, the aerosol com- 

position should be brought into equilibrium with 
the partial pressures of SOz, NH, and HNO, in 
an initial step. 

Despite the inconsistencies between the chemi- 
cal composition of the particles and the pressures 
of the gases, the results of the present study show 
under which circumstances the individual oxi- 
dants are important. Hydrogen peroxide is the 
main oxidant in acidic activated cloud droplets 
and can increase the sulfate mass fractions of the 
aerosol particles which had acted as condensation 
nuclei within a short time. In acidic interstitial 
particles and large cloud droplets, hydrogen per- 
oxide is also an important oxidant. But in these 
cases, the oxidation catalyzed by an iron-manga- 
nese synergism is also important, when the con- 
centrations of the metals are high enough. In 
basic particles and droplets, ozone is the main 
oxidant, because the concentrations of iron and 
manganese ions are small because of the small 
solubility of the metals. However, the effect of 
ozone is limited. In basic large droplets and large 
aerosol particles, the reaction rate depends on the 
transport of SO2 and O3 in the gas phase. Small 
droplets and particles will be acidic after a short 
time, if H2S0, is produced. Then, the main 
oxidant will be no longer ozone, but hydrogen 
peroxide. There may be one exception: if the 
pressure of NH, is high enough, so that the pH- 
value of the particle or droplet can be held higher 
than 4.5 or 5 for a certain time. This point should 
be investigated by a future version of the model 
in which the sulfate production over the whole 
ascent of the parcel is integrated. 

7. Summary 

The condensational growth of mixed aerosol 
particles has been described by an adiabatic 
closed parcel model. The concentrations of ions 
and catalytic active metals have been calculated 
in different sized interstitial particles and cloud 
droplets at a level approximately 370 m above the 
cloud base. In the activated droplets which have 
a radius of approximately 5 pm at that level, the 
ions and the metals have the smallest concen- 
trations of about I O +  to 10-4 moles/l for the ions 
and to lo-’ moles/l for the catalytic active 
metals. The ions and metals have higher concen- 
trations in the interstitial particles and the large 
droplets. 
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Initial sulfate production rates have been 
calculated based on the concentrations of the ions 
and the catalytic active metals. In acidic cloud 
droplets and interstitial particles, sulfate is pro- 
duced mainly by the reaction of S(IV) with HzOz.  
In droplets with high metal concentrations, the 
reaction of S(1V) with O2 catalyzed by a syner- 
gism of iron and manganese also makes an 
important contribution to the sulfate production. 
In activated droplets, the volume of the electro- 
lyte solution in which the sulfate production 
occurs, is large compared to the volume of the 
aerosol particle in the dry state. Even if the 
droplets are acidic, a sulfuric acid mass equal to 
the mass of the initial particle is produced in a 
time comparable to the residence time of a small 
cumulus. For basic large droplets, the sulfate 
production rate is limited by gas phase diffusion 
of SO2 and 03. The transport limited rate is 
smaller by orders of magnitude than the rate 
calculated under equlibrium conditions. For 
smaller basic activated droplets and interstitial 
particles, the sulfate production is not limited by 
gas-phase diffusion and therefore they should be 
acidic after a few seconds, under the given 
pressures of SO2 and 0,. A consequence of this is 
that in future study, the input data should be for 
cases where the gases and the size-dependent 
chemical composition of the aerosol were 
measured simultaneously. Further, an initial step 
to establish equilibrium between the gas pres- 
sures and the chemical composition of the par- 
ticles should be included in the model. 
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9. Appendix 

The condensation model according to Hanel 
(1987) is used. A special feature of the model is 
the use of a linearized version of the droplet 

growth equation. It is presented here in brief. For 
more complete information, see Hanel (1987). 

The linearized droplet growth equation 

dr2 
~ = -2Dh6,,r2 + 2Dh6,(t - th) 
dt 

+ 2Dh(.fh + 6hr& (2.1) 
(A.1) 

can be solved analytically with the solutions : 

r2  = r i  + 2Dh(Jh -.fib)(t - th) + Dh6,(t - t,)' 

for 6,, = 0, (A.2) 

for a,, # 0. (A.3) 

Here the subscript b denotes the value at  the 
beginning of the time step. f is the relative 
humidity of the environment, f ,  the relative 
humidity immediately above the surface of the 
droplet. r is the radius of the droplet, D the 
parameter for water vapor diffusion in air 
corrected for the heat transfer between the 
droplet and the environment, and 6, the change 
of the environmental relative humidity with 
time : 

6, is defined as 

(A.4) 

From eq. (A.3), it can be seen that for a particle 
for which an equilibrium radius exists (6, < 0) ,  a 
thermodynamic relaxation time can be defined as 

Hanel (1987) compared this new method with the 
conventional Runge-Kutta-Method and found 
deviations smaller than 1 %  in the radius for 
particles with dry volume equivalent radii larger 
than 1 pm. Larger deviations up to 3.3% occur 
only for smaller particles and a very small change 
of the ambient relative humidity 6,. 
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