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Abstract. A parameterization of the activation of a lognormal size distribution 
of aerosols to form cloud droplets is extended to the case of multiple externally 
mixed lognormal modes, each composed of a uniform internal mixture of soluble and 
insoluble material. The K6hler theory is used to relate the aerosol size distribution 
and composition to the number activated as a function of maximum supersaturation. 
The supersaturation balance is used to determine the maximum supersaturation, 
accounting for particle growth both before and after the particles are activated. 
Comparison of the parameterized activation of two competing aerosol modes with 
detailed numerical simulations of the activation process yields agreement to within 
10% under a wide variety of conditions, including diverse size distributions, number 
concentrations, compositions, and updraft velocities. The parametization error 
exceeds 10% only when the mode radius of the two size distributions differs by an 
order of magnitude. Errors for the mass fraction activated are always much less 
than errors for the number fraction activated. 

1. Introduction 

Aerosol activation is the process in which particles 
that are suspended in the atmosphere grow to form 
cloud droplets. Although the number concentration of 
activated aerosols does not directly influence the cloud 
liquid water content, it does largely determine the cloud 
droplet number concentration. For a given cloud liquid 
water content the cloud droplet number concentration 
strongly influences the •nean droplet size, which influ- 
ences cloud reflectivity and the autoconversion of cloud 
droplets to form precipitation. Thus aerosol activation 
influences not only droplet number but also cloud reflec- 
tivity and cloud liquid water content. Moreover, nucle- 
ation scavenging of aerosol (one of the primary means 
for cleansing the atmosphere of particulate matter) de- 
pends directly on the aerosol activation rate through 
the incorporation of particles in cloud droplets and in- 
directly through the influence of aerosol activation on 
precipitation. 

Although much about the aerosol activation process 
is understood quite well [Pruppacher and Klett, 1997; 
Seinfeld and Pandis, 1998], the complete aerosol activa- 
tion theory is far too complex to be directly applied to 
the large-scale models that need to represent the process 
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to determine the fate and impacts of aerosol. Because 
aerosol particles must compete with each other for wa- 
ter in a given cloud [Ghan et al., 1998], any treatment 
of the activation process must treat the competition 
between all particles upon which water can condense. 
In addition, aerosol activation is a dynamic process as 
the supersaturation with respect to water first grows in 
an updraft when few particles have been activated and 
then decreases when many particles are activated and 
grow spontaneously. Such changes in supersaturation 
typically occur on timescales of tens of seconds, far too 
short to be explicitly resolved by large-scale models. 

Parameterizations of aerosol activation are therefore 

needed for large-scale models. The parameterizations 
must account for the competition between aerosol par- 
ticles and for the dependence of the competition on par- 
ticles size and composition and on the supersaturation 
forcing rate (i.e., the updraft velocity). 

Squires [1958], Twomey [1959], and Squires and 
Twomey [1960] developed the first parameterizations 
of aerosol activation. These parameterizations assume 
particles grow from zero radius when the supersatu- 
ration reaches either zero (Squires) or the critical su- 
persaturation for activation of the particles (Twomey). 
The parameterizations are expressed in terms of a par- 
ticular assumed dependence of the number activated on 
supersaturation, N: cS k. 

The aerosol size distribution in the Squires [1958] and 
Twomey [1959] parameterizations is not explicitly re- 
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quired. However, Jiusto and Lala [1981] and Herbert 
[1986] used the K6hler theory to show that for pure 
soluble salts the form of the supersaturation spectra, 
N - cS k is consistent with an aerosol size distribution 
that follows a power law, 

dn 
=a -b (1) da 

where a is the particle radius. This yields an unbounded 
number concentration at zero radius and hence an un- 

bounded droplet number concentration at infinite su- 
persaturation and updraft velocity. This weakness has 
recently been corrected by Cohard et al. [1998] using a 
modified form for the supersaturation spectra. 

Von der Erode and Wacker [1993] noted that the 
aerosol size distribution can be represented more realis- 
tically in terms of the multimode lognormal distribution 

da : Z Ni exp , (2) i--1 X/•Gi 2 ln2ai 
where Ni, ami, and ai are the total number concentra- 
tion, geometric mean dry radius, and geometric stan- 
dard deviation of aerosol mode i, respectively. Von der 

Erode and Wacker [1993] showed that the K6hler the- 
ory can be used to express the supersaturation spectra 
of activated particles (also known as the cloud conden- 
sation nuclei spectra) N(S) in terms of the lognormal 
parameters. 

Ghan et al. [1993] took this approach one step fur- 
ther, using a single lognormal aerosol size distribution 
to derive an aerosol activation parameterization that 
is naturally bounded at high updraft velocity. In con- 
trast to the Squires [1958] and Twomey [1959] approach, 
Ghan et alo neglected droplet growth after the super- 
saturation exceeds the critical supersaturation for the 
particle, instead treating growth by assuming that at 
maximum supersaturation the radius of each particle is 
given by its critical radius for activation. 

Guided by results of detailed numerical simulations of 
the aerosol activation process, Abdul-Razzak et al. [1998] 
(hereafter denoted part 1) combined the strengths of 
the Twomey [1959] and Ghan et al. [1993] treatments of 
droplet growth by treating growth beginning at the crit- 
ical radius when the supersaturation exceeds the critical 
value for the particle. This approach yields an activa- 
tion parameterization in terms of all of the parameters 
of the aerosol size distribution. 

Although the parameterizations of Ghan et al. [1993] 
and part I perform well for a single aerosol size distri- 
bution, they do not treat the more realistic case of mul- 
tiple lognormal size distributions. Ghan et al. [1995] ex- 
tended their single-mode parameterization to the mul- 
timode case, but the parameterization is limited by its 
neglect of particle growth after activation• 

In this paper we extend the single-mode aerosol ac- 
tivation parameterization of part I to the multimode 
case. Section 2 describes the development of the pa- 
rameterization. In section 3 we evaluate its performance 

under a variety of conditions. We summarize its perfor- 
mance and outline future work in section 4. 

2. Parameterization 

The multimode version of the activation parameteri- 
zation is based upon the same assumptions as the single- 
mode version (part 1), except that it treats multiple 
aerosol modes, each composed of internal mixtures of 
material and each competing with each other for water. 
The reader should refer to part I for symbol notation 
and for background on the derivation of the parameter- 
ization. 

The treatment of internal mixtures of aerosol mate- 

rial for each mode I involves only the hygroscopicity 
parameter, which is defined 

• ½eM•opa 
- , 

Map•o where v is the number of ions the salt dissociates into 

within water, ½ is the osmotic coefficient, e is the mass 
fraction of soluble material, M•ois the molecular weight 
of water, p• is the density of the aerosol material, M• is 
the molecular weight of the aerosol material, and p•ois 
the density of water. The mean hygroscopicity param- 
eter averaged over all components j (j - 1, J) of the 
aerosol material in aerosol mode i can be expressed, 
following the approach of HSnel [1976] and Pruppacher 
and Klett [1997], 

•i •w •j•l •ij "ij Oij •ij/Maij • (4) J 

P• •=1 r•/p• 

where r• is the mass mixing ratio of component j and 
mode i. 

The treatment of multiple aerosol modes requires a 
generalization of several equations in part 1. In partic- 
ular, the condensation rate is expressed 

• •s dri dni(S •) dw = 4•p• • 2 dS • (5) dt ri dt da 

where ri is the radius of the droplet forming on aerosol 
type i. 

Following the method described in part 1, an expres- 
sion for the maximum supersaturation can be derived 

Smax - 1/ 

{• 1 • (•)• (S•)]•}• - + 

where 

fi - 0.5 exp(2.5 In 20' i) (7) 

gi -- 1 + 0.25 In cri (8) 

Smi-- V•i 3ami (9) 
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Figure 1. Parameterized (line) and numerically sim- 
ulated (diamond) number fraction activated for aerosol 
mode 1 as a function of the mode 2 number concentra- 

tion. Both aerosols have lognormal size distributions 
with number mode radius 0.05 •m and cr- 2 and 
are composed of 100% ammonium sulfate. The num- 
ber concentration of mode 1 is 100 cm -3 o 

is the critical supersaturation for activating particles 
with radius equal to the mode radius a,•i, 

rli = 27rpqNi (11) 
Here A accounts for surface tension effects in the KShler 

equilibrium equation (see part 1), V is the updraft ve- 
locity, G accounts for diffusion of heat and moisture to 
the particles (see part 1), and c• and -), are coefficients 
in the supersaturation balance equation (see part 1). 

With Smax determined, the dry radius of the smallest 
activated particle for each mode follows from (7) of part 
1, 

( Smi (i- I I). (12) aci -- am• Smax • '"• 
The total number and mass activated are then 

I 

111 - erf(ui)] (13) 

M __ • 1 [1 - erf(ui 3x/• in a,)] (14) ZMi• 2 ' 
i--1 

where 

ln(aci/ami) 2 ln(Smi/Smax) 
= . (15) ui - x/• in cri 3x/• In cri 

Note that the function fi(cr) has been altered from that 
listed in part 1. This change reflects the retuning of the 
parameterization to better agree with detailed kinetic 
activation simulations using a baseline number mode 
radius of 0.05 /•m instead of the much smaller value 

(0.01 /•m) used in part 1. The larger baseline size is 
more appropriate for the accumulation mode particles 
that largely determine the total number activated. 

3. Evaluation 

To evaluate the multimode parameterization, we per- 
form a series of aerosol activation simulations using the 
multimode version of the numerical model described 

in part 1. The numerical model uses 50 bins, equally 
spaced in aerosol number, to represent the aerosol size 
distribution for each mode. The conditions explored 
in this evaluation largely correspond to those consid- 
ered by Ghan et al. [1995]. The baseline conditions 
are initial temperature T = 294øK, initial pressure 
p - 100,000 Pa, initial supersaturation $ = 0, updraft 
velocity V - 0.5 m s-l, and aerosol size distribution pa- 
rameters ami : 0.05 /•m, Ni = 100 cm -3 , and ai = 2, 
with the aerosol composed entirely of ammonium sul- 
fate (v = 3, 0 = 1, M: 132, pa = 1.77 gcm -3 ).The 
values of the gas kinetic parameters used to determine 
the modified thermal conductivity and modified diffu- 
sivity in the numerical model are the same as those used 
in part 1. 
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Figure 2. Parameterized (line) and numerically sim- 
ulated (diamond) number fraction activated for aerosol 
modes I and 2 as functions of the mode 2 number con- 

centration. Both aerosols have lognormal size distribu- 
tions with number mode radius 0.05 /•m and rr = 2. 
Mode 1 is composed of 100% ammonium sulfate with 
a number concentration of 100 cm -3 Mode 2 is com- 
posed of 10% ammonium sulfate and •0% insoluble ma- 
terial 
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Figure 3. Parameterized (line) and numerically sim- 
ulated (diamond) number fraction activated for aerosol 
modes I and 2 as functions of the mode 2 soluble mass 
fraction. Both aerosols have size distributions with 
number concentrations of 100 cm -3 . number mode ra- 
dius 0.05/•m and cr = 2. Mode 1 is composed of 100% 
ammonium sulfate, while mode 2 is composed of 
monium sulfate and an insoluble component. 

In our evaluation we will compare the prediction of 
the parameterization with the numerical model simula- 
tion. The number and mass activated in the numerical 

solutions will be determined at the time of maximum 

supersaturation, assuming all particles with critical su- 
persaturation less than the maximum supersaturation 
will be activated. Thus kinetic limitations on aerosol 

activation [Chuang et al., 1997] will be neglected in the 
evaluation, leaving such consideration for future work. 

Our evaluation will focus on the competition between 
only two externally mixed aerosol modes. Although the 
parameterization is formulated in terms of an arbitrary 
number of modes, evaluation for two modes is indicative 

of the performance for a small number of modes. Future 
papers will address the performance for a large number 
of narrow modes approximating a sectional rather than 
a modal representation of the aerosol. 

The first test is for the case of two identical modes. 

Figure I compares the parametric and numerical es- 
timates of the number fraction activated for the first 

mode as a function of the number concentration of the 

second mode. The fraction activated is the same for 

each mode, with the parameterization matching the nu- 
merical solution very well. 

The second test is for two different modes, the first 
composed entirely of ammonium sulfate, the second 

with only 10% ammonium sulfate and the rest insoluble 
material with a density of 1.77 gcm -3 . Figure 2 shows 
the number fraction activated as a function of the num- 

ber concentration of the second mode. Although the pa- 
rameterization consistently underestimates the fraction 
activated, the error is < 10% for number concentrations 

ranging from 100 - 5000 cm -3 . The parameterization 
correctly predicts the smaller fraction activated for the 
second mode. 

To explore the dependence of the performance on 
composition more fully, Figure 3 shows the number frac- 
tion activated for each mode as a function of the soluble 

mass fraction of the second mode. Although the pa- 
rameterization consistently underestimates the fraction 
activated, it does correctly predict the weak decrease in 
the activation of the first mode and the strong increase 
in the activation of the second mode with increasing 
soluble mass fracion of the second mode. The errors 

are < 10% for soluble mass fractions of 10 - 100%. 

Measurements of aerosol size distribution usually in- 
dicate multiple size distributions with distinct mode 
radii [Whitby, 1978; O'Dowd et al., 1997]. To evalu- 
ate the parameterization, Figure 4 shows the number 
fraction activated as a function of the number mode 

radius of the second mode. The parameterization cor- 
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Figure 4. Parameterized (line) and numerically sim- 
ulated (diamond) number fraction activated for aerosol 
modes 1 and 2 as functions of the mode 2 number mode 
radius. Both aerosols have size distributions with num- 
ber concentrations of 100 cm -3 and cr = 2 and are com- 
posed of 100% ammonium sulfate. The number mode 
radius of mode 1 is 0.05/•m. 
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Figure 5. Parameterized (line) and numerically sim- 
ulated (diamond) number fraction activated for aerosol 
modes 1 and 2 as functions of updraft velocity. Both 
aerosols have size distributions with number concentra- 

tions of 100 cm -a , number mode radius 0.05 ttm, and 
a = 2. Mode 1 is composed of 100% ammonium sulfate, 
while mode 2 is composed of 10% ammonium sulfate 
and 90% insoluble material. 

ization predicts the activation of the large mode very 
well. However, it underestimates the number activated 
for the small mode by up to 25%. The mass fraction 
activated, however, is parameterized quite well. 

Finally, we consider the case of an external mixture of 
three aerosol modes with size distributions based upon 
measurements. Whitby [1978] fitted aerosol measure- 
ments to three lognormal modes, which he calls nuclei, 
accumulation, and coarse. Table 1 lists the number con- 
centration, number mode radius, and geometric stan- 
dard deviation for each mode of Whitby's clean conti- 
nental aerosol. The surface area concentration 

2 exp[2(ln a)2], s - 4TrNa,• 

also listed in Table 1, is dominated by the accumulation 
mode, although the contribution of the coarse mode to 
surface area is 20% of the accumulation mode surface 

area. Figure 9 compares the parameterized and simu- 
lated number fraction activated of each mode as a func- 

tion of the updraft velocity. The parameterization cor- 
rectly predicts the much weaker activation of the nuclei 
mode and the nearly complete activation of the coarse 
mode. Errors in the parameterized activation of the ac- 
cumulation mode are < 10% for updraft velocities of 
0.01-5 m s -1. 

4. Conclusions 

The aerosol activation parameterization derived in 
part 1 and extended to multimode case in this paper 
shows considerable skill when compared with numerical 

rectly determines the strong dependence of the activa- 
tion of both modes on the mode radius of the second, 

with errors of < 10% for mode radius 0.01 - 0.5 pm. 
Another important parameter in aerosol activation 

is updraft velocity. Figure 5 shows the number frac- 
tion activated as a function of updraft velocity for two 
modes, the first composed entirely of ammonium sul- 
fate and second composed of only 10% soluble mate- 
rial. The parameterization estimates the number frac- 
tion activated for both modes to within 10% for updraft 
velocities ranging from 0.01 to 5 m s -1. 

The mass fraction activated is important for the nu- 
cleation scavenging of aerosol from the atmosphere. It 
is always larger than the number fraction activated for 
a polydisperse aerosol size distribution. Figure 6 shows 
the mass fraction activated as a function of updraft ve- 
locity for the same conditions as in Figure 5. The pa- 
rameterization predicts the mass fraction activated very 
well. 

The most difficult conditions to treat are when the 

mode radii of the modes are very different. Figures 7 
and 8 show the number and mass fraction activated, 
respectively, as functions of updraft velocity for two 
modes, the first with a mode radius of 0.2/•m and the 
second with a mode radius of 0.02/•m. The parameter- 
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Figure 6. As in Figure 5, but mass fraction activated. 



6842 ABDUL-RAZZAK AND GHAN: 'MULTIMODE AEROSOL ACTIVATION 

- g 0.6 
•'• 0.4 

.• 0.2 

z o.o 

ß simulated 

---parameterized 

O.Ol o.1 1 lO 

Table 1. 'Whitby Aerosol Parameters 

Aerosol Mode 

Nuclei Accumulation Coarse 

N cm- 3 1000 800 0.72 
a.• /•m 0.008 0.034 0.46 
rr 1.6 2.1 2.2 

s /zm 2 cm -3 1.26 33.9 6.8 

From Whitby [1978]. 
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Figure 7. Parameterized (line) and numerically sim- 
ulated (diamond) number fraction activated for aerosol 
modes I and 2 as functions of updraft velocity. Both 
aerosols have size distributions with number concentra- 

tions of 100 cm -3 and cr = 2 and are composed of 100% 
ammonium sulfate. The number mode radius of mode 

1 is 0.2/_tm, while that of mode 2 is 0.02/_tm. 
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Figure 8. As in Figure 7, but mass fraction activated. 

integrations of the aerosol activation process. Errors in 
the number fraction activated seldom exceed 10% for 

the wide range of conditions investigated. Errors in the 
mass fraction activated are even smaller. The parame- 
terization generally underpredicts the maximum super- 
saturation and hence the number and mass activation. 
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Figure 9. Parameterized (line) and numerically sim- 
ulated (diamond) number fraction activated for nuclei, 
accumuluation, and coarse Whitby [1978] clean conti- 
nental aerosol modes as functions of the updraft veloc- 
ity. All modes are assumed to be composed of 100% 
ammonium sulfate. 
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This bias cannot be corrected without a substantial in- 

crease in the complexity of the parameterization. 
However, much work remains. In our evaluation of 

the parameterization, we have neglected kinetic limita- 
tions on the activation process. Although the numeri- 
cal integrations used to evaluate the parameterization 
could have determined the number activated from the 

particles with radius larger than their critical size, we 
chose instead to assume that particles are activated if 
their critical supersaturation is less than the maximum 
supersaturation in the numerical integration. Further 
adjustments to the parameterization will be required to 
account for kinetic limitations. 

This study has also neglected complicating factors 
associated with the aerosol material properties. In par- 
ticular, we have neglected the influence of surfactants 
on surface tension and have assumed the solute is suffi- 

ciently soluble that its concentration does not increase 
as the droplet grows. Shulman et al. [1996], Liet al. 
[1998] and Facchini et al. [1999] showed that surfac- 
tants can, by reducing surface tension, significantly re- 
duce the critical supersaturation of particles. In addi- 
tion, Shulman et al. [1996] and Laaksonen et al. [1998] 
showed that the dependence of dissolution on droplet 
size can substantially alter the shape of the KShler 
curve of particles. These effects are particularly impor- 
tant for organic compounds that comprise a substan- 
tial fraction of cloud condensation nuclei [Novakov and 
Penner, 1993; $axena et al., 1995; Rivera-Carpio et al., 
1996; Novakov et al.• 1997]. The influence of these or- 
ganic compounds on the solute term in the KShler equa- 
tion can be determined from the organic solute molec- 
ular weight and organic solute concentration [Shulman 
et al., 1996], but measurements of the dependence of 
the organic solubility on the concentration of the inor- 
ganic solute concentration are needed for more organic 
acids. Such information can readily be applied to pa- 
rameterizations of aerosol activation. The influence of 

organic surfactants on surface tension has recently been 
parameterized by Liet al. [1998] in terms of the surfac- 
rant component of the particle mass. Cruz and Pandis 
[1997, 1998] have shown that the KShler theory can be 
applied to highly soluble organic acids. Parameteriza- 
tions of aerosol activation can therefore be extended to 

account for the influence of surfactants on the activation 

process. 

Finally, we have restricted our evaluation to the case 
of two rather broad aerosol modes. The parameteriza- 
tion could also be applied to the case of a large number 
of narrow modes consistent (in an approximate sense) 
with a sectional representation of the aerosol size dis- 
tribution. Further work is needed to assess the perfor- 
mance of the parameterization under such conditions. If 
successful, the parameterization could be used in mod- 
els that use a sectional treatment of the aerosol size 

distribution. 
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