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North America can be expected to lead to regional de- 
creases in CCN number concentrations in the future. 

Current and future trends of CCN number concentra- 

tions clearly depend on a large variety of processes and 
emission trends. 

Although the simulation results give evidence of a 
considerable sensitivity of sulphate aerosol size distri- 
butions and CCN number concentrations to changes in 
SOx emissions and H9. O9. background concentrations, 
additional studies have to be performed with an im- 
proved version of NARCM to assess the importance of 
these effects in climate change scenarios. To produce 
more realistic aerosol size distributions, NARCM will 
be extended in the future to include organic aerosols 
and an explicit parameterization of aerosol activation. 
Other planned model improvements concern the treat- 
ment of oxidant chemistry. The photochemical produc- 
tion of H•.O•. and O3 will be explicitly included in a 
future model version in order to improve the effects of 
meteorology, aqueous phase chemistry, and emissions 
on oxidant concentrations. 

Appendix A' Gas/Droplet Equilibrium 
The effective rate constants Fx and F9. in (1) are given 

by 

In (A1) and (A2) the factors fx and fa account for 
the partition of the the species between the aqueous 
and gaseous phase and depend on the Henry's law co- 
efficients [ Tremblay and Leighton, 1986; Leighton et al., 
1990] of the species: 

f• - 7fso2 fo3 KsKHo , (A3) 

f•. - 7 fso2 fHaoa KHS KHp , (A4) 

where 7 is the dimensionless volume fraction of cloud 
liquid water. The parameters fsoa, fos, and fsaoa are 
the fractions of the individual species in the gas phase. 
They are calculated as functions of the dimensionless 

__ 

Henry's law constants K•s, K•o, and K•p' 

fsoa - (l+7K•sKs)-I (A5) 
fos - (1+7K•o) -1 (A6) 

f•aoa- (l+••p) -• (a;) 
with 

Ks--•Hs 1+ [H+] + Kxs K•.s ) 
The Henry's law constants used in (A3) to (A7) are 

given in Table A1. 

Fx - Ro3 fx , (A1) 

Fa- Ru2oa faß (A2) 
Appendix B' Growth of Sulphate 
Aerosol Due to in-Cloud Oxidation 

The rate constants Roa and RHaO2 are calculated ac- 
cording to expressions given by Maahs [1983] for 03 and 
Martin [1984] for H202' 

Nos 

RH202 

= {4.4 x 10 TM exp(-4131/T) 
+2.6 x 103 exp(-966/T) [H+] -x} (M s) -x 

= 8 x 104 exp [-3650(1/T - 1/298)] 
{0.1 + [H+]} -x (M s) -x . 

The general equation describing the growth of aerosol 
species can be written for bin i as 

OCi 
Ot = Ii + Ai_l/2 - Ai+l/2 , 

where// is a parameter for formation of the species in 
bin i, and Ai-x/2, Ai+•/2 are parameters for the mass 
transfer between adjacent bins due to the growth of the 
particles or droplets [e.g., yon Salzen and Schliinzen, 

Table A1. Equilibrium Constants Used for the Parameterization of the Cloud Chemistry 

Equilibrium Constant a 

Equilibrium Relation Constant Expression K (298) a Unit 

SO2(g) + H20(aq) 44 SO2(aq) 

SO2(aq) 44 H + q- HSO] 

HSO• 44 H + + SO 2- 3 

Os(g) + H20(aq) 440a(aq) 

H202(g) + H20(aq) 44 H202(aq) 

Kss- [SO2(aq)] 1.23 3120 M 
[SO2(g)] atm 

K•s = [H+] [HSO•] 1.7 x 10 -2 2090 m 
[SO2(aq)] 

K2s = [H+] [SO]-] 6.0 x 10 -s 1120 M 
[HSO•] 

[O3(aq)] 1.15 x 10 -2 2560 M Kso= [Os(g)] atm 
KHP -- [H202(aq)] 9.7 X 10 4 6600 M 

[H20•.(g)] atm 

aValues reported by Chameides [1984]. Constants K(298) and a are in K = K(298)[a (1IT - 1/298)]. 
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1999a]. The assumption of a purely volume controlled 
growth of activated sulphate aerosol due to in-cloud ox- 
idation (section 2.1) gives 

Ci 

Ii- CS042_ FCS(iV) , 
with the sulphate concentration Cso •- - •-•-i Ci in the 
activated aerosol. Simple representations of Ai_1/2 and 
Ai+l/2 can be obtained by using upstream differences: 

C•- •_/_2 d• 
Aj = ATj_i/2 dt 'withj-iq-1/2' 

To calculate dT/dt, assume the growth of a single sul- 
phate particle by production of additional sulphate due 
to in-cloud oxidation. Let m(0) be the mass of the par- 
ticle before and m be the mass after the addition of 
mass due by in-cloud oxidation. Since 

m _ Dp 3 = 10a(•_•(0) ) 
Opt(0) 

for all particles, it follows that 

T-C(0)+õ log Csol _(0) ' 
Finally, calculating dT/dt at t - 0 and using the mass 
balance of sulphur species gives 

Aj = %-1/2 5f_S(I._V_) with j -- i + 1/2 
Cso •- 3 AqOj_l/2 In 10 ' ' 

Appendix C' Parameterization of 
Aerosol Nucleation 

The nucleation term knucl and the exponent $ for 
binary homogeneous nucleation of sulphuric acid and 
water vapor in (8) are parameterized according to the 
approach of Kulmala et al. [1998]. This approach has 
been reformulated in order to obtain a simple expression 
of the form given in (8). It can easily be shown that the 
original approach can be written in this form with 

knucl- exp(b d + c)(Cs2s04,c) -a , 

and the exponent 

(C1) 

S - a + 0.0102b. (C2) 

The sulphuric acid concentration CH2SO4,c needed to 
produce a nucleation rate of I particles cm -3 s -1 in (C1) 
is given (in molecules cm -3) as 

CH2sO4, c -- exp (-14.5125 + 0.1335 T 
- 10.5462 RH + 1958.4 RH/T ) , 

where T denotes the temperature (in K) and RH is the 

relative humidity divided by 100%. The parameters a, 
b, c, and d in (C1) and (C2) are given as 

a - 25.1289- 4890.8/T- 8.2295- 10 -aTRH, 
b - 7643.3/T- 7.2165.10 -aT/RH, 
c = -1743.3/T, 

0.0154 RA 
d - 1.2233- - 0.0415 lnNw 

RA + RH 

+0.0016 T, 

where RA is the relative acidity divided by 100% and 
Nw is the water vapor concentration (in molecules 

Finally, the factor gc in (8) is used to calculate 
the number of H2SO4 molecules produced per s and 
cm 3 from the nucleation rate knucl C S (which is in H2SO4 

cm -• s). For completely dry aerosol, gc is given by 

g½ -- 
7r r) dry (Dpdry) 3 NA rp 

6 MH2SO4 

Appendix D' Mass Transfer Between 
Adjacent Bins 

/N_ A N A/c - and A c The terms A 1/2, i+1/2, 1/2, i+1/2 in 
(11) are calculated using the positive definite advec- 
tion scheme of Bott [1989] which can, for example, be 
written for A7_1/ and A c with j - i + 1/2 and an 2 i+1/2 
arbitrary small constant e as 

max(h,- • , 0) . (D1) A• = max(It,j,max(It•., O) + e) 
The parameters I + t,j-1/2 and It,j-l/2 in (D1) are given 
as 

2 

ajk [1- (1- 2c•) k+l] •D2) : Y•" (k + 1)2/•+1 k=0 

2 

[ = •(k+l) 2 k+l (-1) +1 , (D3) k=O 

with the Conrant number cj given by 

4 x 106 D Dp F(Kn) A MH2SO 4 Atfij_l/2 Fy, t+A t 
Cj ---- (Dpdry)3 ^dry '-•H2SO4 ' /3p NA In 10 At 

(D4) 

In (D4) •a•y is the dry particle density, N• is Avo- • rp 

gadro's number, and MH2so4 is the molar mass of 
H2S04. 

The coefficients ai• in (D2) and (D3) are calculated 
from the sulphate concentrations in each bin: 

ajo -- Cj_i/2 • 
- 1/2 (C•+•/2 - C•-3/2), 
- 1/2 (C•+•/2 - 2 C•_x/2 + C•-3/2) ß 
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