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[1] In this paper we present parameterized equations for calculation of sulfuric acid–
water critical nucleus compositions, critical cluster radii and homogeneous nucleation
rates for tropospheric and stratospheric conditions. The parameterizations are based on a
classical nucleation model. We used an improved model for the hydrate formation
relying on ab initio calculations of small sulfuric acid clusters and on experimental data for
vapor pressures and equilibrium constants for hydrate formation. The most rigorous
nucleation kinetics and the thermodynamically consistent version of the classical binary
homogeneous nucleation theory were used. The parameterized nucleation rates are
compared with experimental ones, and at room temperature and relative humidities above
30% they are within experimental error. At lower temperatures and lower humidities the
agreement is somewhat poorer. Overall, the values of nucleation rates are increased
compared to a previous parameterization and are within an order of magnitude compared
with theoretical values for all conditions studied. The parameterized equations will reduce
the computing time by a factor 1/500 compared to nonparameterized nucleation rate
calculations and therefore are in particular useful for large-scale models. The
parameterized formulas are valid at temperatures between 230.15 K and 305.15 K, relative
humidities between 0.01% and 100%, and sulfuric acid concentrations from 104 to 1011

cm�3. They can be used to extrapolate the classical results down to 190 K. The
parametrization is limited to cases where nucleation rates are between 10�7 and 1010

cm�3s�1, and the critical cluster contains at least four molecules. INDEX TERMS: 0305
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1. Introduction

[2] Sulfate aerosols play an important role in the Earth’s
climate system and in atmospheric chemistry. They scatter
solar radiation back to space, thereby cooling the atmos-
phere and act as condensation and ice nuclei for the
formation of clouds, one of the most important elements
in the climate system. Sulfate aerosols are formed in the
atmosphere due to secondary particle production, i.e.,
homogeneous nucleation from sulfuric acid and water, and

by the possible participation of other species like ammonia
[Korhonen et al., 1999; Kulmala et al., 2000].
[3] New particle formation has been observed in situ in

various parts of the atmosphere: in the marine boundary
layer [Covert et al., 1992; Hoppel et al., 1994; O’Dowd et
al., 1998], in the vicinity of evaporating clouds [Hegg et al.,
1991; Wiedensohler et al., 1997], in Arctic areas [Shaw,
1989; Wiedensohler et al., 1996; Pirjola et al., 1998] and in
forests [Kavouras et al., 1998; Kulmala et al., 2001].
[4] Observations have also shown that new particle for-

mation takes place also in the upper troposphere and in the
stratosphere. A large number of small particles have been
observed in the remote free troposphere [Clarke, 1992,
1993], in the upper tropical troposphere [Brock et al.,
1995], near the tropopause [Schröder and Ström, 1997; De
Reus et al., 1998] and in the polar lower stratosphere in the
springtime [Wilson et al., 1989]. A large-scale nucleation
event has also been detected during the Subsonic Assess-
ment: Contrails and Clouds Effects Special Study (SUC-
CESS) campaign in the vicinity of a deep convective storms
in the midlatitude upper troposphere [Twohy et al., 2002;
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Clement et al., 2002]. These observations suggest that new
particles are formed in the upper regions of the atmosphere
due to low temperatures, intensive sunlight and low pre-
existing number concentration. Homogeneous nucleation of
sulfuric acid and water has turned out to be an important
process for stratospheric aerosol formation in a volcanically
disturbed atmosphere. After the eruption of Mt. Pinatubo an
increase of 1–2 orders of magnitude in the concentration of
condensation nuclei in the volcanic layers was found [Desh-
ler et al., 1992]. 98% of the observed aerosol was volatile
[Deshler et al., 1993; Sheridan et al., 1992].
[5] There is an ongoing effort to include fully explicit

size-resolving sulfate aerosol microphysics in global mod-
els. These models cover a wide range from two dimensional
models [Bekki and Pyle, 1992; Tie et al., 1994; Weisenstein
et al., 1997], to three dimensional chemistry transport
models [Pitari et al., 2002]. Recently also regional models
[Schell et al., 2001] and global-scale models [Timmreck,
2001; Wilson et al., 2001] with explicit aerosol dynamics
are developed.
[6] In large-scale models which consider aerosol dynam-

ics, it is often necessary to use parameterized nucleation
rates in order to save computing time. We have therefore
recently introduced a parameterization for sulfuric acid–
water nucleation rates for tropospheric conditions [Kulmala
et al., 1998]. However, this parameterization is valid only
between 233 K and 298 K and for relative humidities
between 10% and 100% and can not be applied globally.
This is particularly critical for the upper tropical troposphere
with temperatures below 200 K which is a preferred region
for homogeneous nucleation. It is therefore necessary to
extend our parameterization to lower temperatures and
lower humidities to cover all altitudes from the boundary
layer to the stratosphere.
[7] Although new theoretical approaches [Laaksonen and

Oxtoby, 1995; Arstila et al., 1998; Kusaka et al., 1998] have
been developed in the last years, the classical nucleation
theory [Seinfeld and Pandis, 1998] is still the only approach
which can be used in atmospheric applications, particularly
in atmospheric models. The more sophisticated nucleation
models rely on potentials describing realistically the inter-
actions between nucleating molecules. Reliable potentials
exist for ideal substances like argon, and partially satisfac-
tory models have been developed for pure water, but for
other atmospheric molecules the potential construction is
incomplete.
[8] It is important to make sure that the predictions using

the classical theory are made using thermodynamically
consistent theories with detailed thermodynamics [Korho-
nen et al., 1997; Clegg et al., 1998]. However, molecular
approaches are needed to confirm the results obtained by
classical theories. We have recently investigated the homo-
geneous nucleation of sulfuric acid and water under atmos-
pheric conditions using the most rigorous nucleation
kinetics, the thermodynamically consistent version of the
classical nucleation model and an improved model for the
formation of sulfuric acid water hydrates [Noppel et al.,
2002]. This improved model for hydrate formation in
sulfuric acid–water nucleation is based on ab initio calcu-
lations of small sulfuric acid clusters and on experimental
data for vapor pressures and equilibrium constants [Noppel
et al., 2002; Noppel, 2000]. It was shown [Noppel et al.,

2002] that the nucleation rates derived with the revised
theory are in most cases within the observational error. The
values are however higher compared to our old parameter-
ization [Kulmala et al., 1998]. The differences can be
explained by several approximations in the old parameter-
ization which are partly erroneous in the kinetic part. In
addition the activity coefficients [Taleb et al., 1996] which
are used in the old parameterization [Kulmala et al., 1998]
deviate significantly from the experimental values in some
cases.
[9] Here we will present a new and revised parameter-

ization for the binary homogeneous nucleation rate of
sulfuric acid and water for tropospheric and stratospheric
conditions as an extension of our old parameterization for
tropospheric conditions [Kulmala et al., 1998]. The theo-
retical model of the classical nucleation theory and the
improved hydrate interaction model is outlined in section
2. In section 3 we briefly describe the applied thermody-
namic quantities. In section 4 the new parameterizations are
presented. In section 5 the present results are compared to
laboratory experiments and our old parameterization by
Kulmala et al. [1998]. Section 6 summarizes the results.

2. Theory and Model

[10] Here we will give only a brief overview of the
classical nucleation theory. For a more detailed description
the reader is referred to our earlier work [Kulmala et al.,
1998; Noppel et al., 2002] and references therein.
[11] Nucleation is formation of supercritical stable clus-

ters. The critical cluster can be identified by finding the
maximum of the formation free energy with respect to
number of water and acid molecules. The critical cluster
composition can be solved from the equation

vw x*ð Þ ln rfreea

rfreea;s x*ð Þ ¼ va x*ð Þ ln rfreew

rfreew;s x*ð Þ ; ð1Þ

where va and vw are the composition dependent partial
molar volumes of acid and water, respectively. ri

free is the
number concentration of free molecules of component i in
the nucleating vapor and ri,s

free(x) is the number concentration
of component i in saturated vapor above a solution with
sulfuric acid mole fraction x. The asterisk refers to the
critical cluster.
[12] Sulfuric acid tends to form hydrates in the vapor

phase. These small clusters of acid and water molecules
have negative formation energy, they stabilize the vapor and
hinder nucleation. In nucleation experiments the total con-
centration of sulfuric acid molecules (containing also the
acid molecules bound in hydrates) is measured, but the
concentration of free acid molecules (not bound to hydrates)
enters the nucleation energetics (e.g. via equation (1)). The
number concentrations of i-hydrates r(1, i) are given by
[Alberty, 1983]

r 1; ið Þ ¼ K1 � K2 . . . � Ki

rfreew

r0

� �i

rfreea ; ð2Þ

where Ki are the equilibrium constants for the successive
additions of water molecules to an acid molecule. Their
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temperature dependent values are given by Noppel et al.
[2002]. The equilibrium constants are calculated at a
reference vapor concentration r0 = p0/(kT ) where the
reference pressure p0 is set to 1 atm, T is the temperature
and k is the Boltzmann constant. The ratio of the total acid
concentration to the number concentration of free acid
molecules in the gas phase is [Jaecker-Voirol et al., 1987;
Noppel, 1998]

�freea

�freea

¼ 1þ K1

�freew

�0
þ � � �

þK1 � K2 . . . � Ki

�freew

�0

� �i

þ � � �

þ K1 � K2 . . . � KN

�freew

�0

� �N

: ð3Þ

Here N is the number of water molecules in the largest
hydrate taken into account and ra

total is the total number
concentration of sulfuric acid molecules in the vapor phase,
including the ones bound in hydrates. We assume that the
concentrations of hydrates with more than one acid
molecule are negligible, and that the concentration of water
vapor is not significantly affected by the hydrate formation
(rwfree = rw

total).
[13] The radius of the critical cluster is given by the

Kelvin equation

r* ¼ 2s x*ð Þvi x*ð Þ
kT ln rfreei =rfreei;s x*ð Þ

� � ; ð4Þ

where s is the surface tension of the solution. Equation (1)
ensures that the value of r* is independent of the choice of
the component i = a, w. The work of formation for the
critical nucleus is

W* ¼ 4

3
pr*2s x*ð Þ: ð5Þ

and the general expression for nucleation rate J is [Trinkaus,
1983; Arstila et al., 1999]

J ¼ Z � r 1; 2ð Þ � exp � W*�W 1; 2ð Þð Þ
kT

� �
ð6Þ

where r(1, 2) and W(1, 2) are, respectively, the number
concentration and the formation energy of a sulfuric acid
dihydrate, and Z is a kinetic pre-factor. The product of the
two last terms is the equilibrium concentration of critical
nuclei [Noppel et al., 2002]. Here we use the dihydrate (one
sulfuric acid bound to two water molecules) as a reference
size. Any other cluster size, whose formation energy is
known from experiments and/or ab initio calculations could
alternatively be chosen as the reference point for the
distribution.

3. Thermodynamical Parameterizations

[14] In order to solve the composition and the radius of
the critical cluster and subsequently to calculate the nucle-

ation rate we need to know the surface tension, density of
the solution as well as the equilibrium vapor pressures of
sulfuric acid and water above a flat surface of the solution.
For pure water we use the saturation vapor pressure (Nm�2,
T in K) according to Preining et al. [1981]

pw ¼ exp 77:34491296� 7235:424651=T � 8:2 ln Tf

þ 5:7113 � 10�3Tg ð7Þ

and for sulfuric acid vapor pressure (Nm�2, T in K) we use
the formula based on the work of Ayers et al. [1980], which
is corrected for lower temperatures by Kulmala and Laak-
sonen [1990]:

pa ¼ 101325 exp Lþ 10156
1

360:15
� 1

T
þ 0:38

545

��

� 1þ ln
360:15

T

� �
� 360:15

T

� ���
ð8Þ

The value of the parameter L = �11.695 was fitted to
various experimental and ab initio data in our recent paper
[Noppel et al., 2002].
[15] We fitted a polynomial form to the experimental

surface tension data of Sabinina and Terpugow [1935],
Morgan and Davies [1916], Suggitt et al. [1949], Hoffmann
and Seeman [1960], and Myhre et al. [1998] in the temper-
ature range 233–323 K. The experimental data points of
Myhre et al. [1998] with sulfuric acid mass fraction 0.291
deviate for the trend of other points, and they were not used
in the fitting. The following fit gives the surface tension s
(J/m2) for all sulfuric acid mass fractions xm where the
solution is liquid:

s xm; Tð Þ ¼ a xmð Þ þ Tb xmð Þ ð9Þ

where the coefficients are given by

a xmð Þ ¼ 0:11864� 0:11651xm þ 0:76852x2m � 2:40909x3m

þ 2:95434x4m � 1:25852x5m

b xmð Þ ¼ �0:00015709þ 0:00040102xm � 0:00239950x2m

þ 0:007611235x3m � 0:00937386x4m þ 0:00389722x5m

[16] The experiments of Myhre et al. [1998] are the only
ones conducted at temperatures below 273.15 K. To
illustrate the validity of our surface tension expression at
the low temperatures stratosphere and upper troposphere,
Figure 1 shows the comparison between our surface
tension fit and the experimental data of Myhre et al.
[1998].
[17] Density data r (g/cm3) for the sulfuric acid solution

at 273–373 K from the National Research Council [1928]
are fitted to a polynomial function:

r xm; Tð Þ ¼ a xmð Þ þ b xmð ÞT þ c xmð ÞT 2 ð10Þ
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[18] Here T is temperature of the liquid and xm is the mass
fraction of sulfuric acid. The coefficients a(xm), b(xm) and
c(xm) are obtained from the following equations:

a xmð Þ ¼ 0:7681724þ 2:1847140xm þ 7:163002x2m � 44:31447x3m

þ 88:75606x4m � 75:73729x5m þ 23:43228x6m

b xmð Þ ¼ 1:808225 � 10�3 � 9:294656 � 10�3xm � 0:03742148x2m

þ 0:2565321x3m � 0:5362872x4m þ 0:4857736x5m

� 0:1629592x6m

c xmð Þ ¼ �3:478524 � 10�6 þ 1:335867 � 10�5xm

þ 5:195706 � 10�5x2m � 3:717636 � 10�4x3m

þ 7:990811 � 10�4x4m � 7:458060 � 10�4x5m

þ 2:58139 � 10�4x6m:

This fit also reproduces well the low temperature (220K–
300K) densities reported by Myhre et al. [1998] as shown in
Figure 2.
[19] Activity coefficients for the water–sulfuric acid

solution are crucial parameters in the nucleation calculations
[Taleb et al., 1996; Clegg et al., 1998]. The most rigorous
method for evaluating the activity coefficients has been
presented by Clegg and Brimblecombe [1995] and Clegg et
al. [1998]. It includes ionic solutes, and gives the measured
thermodynamic properties quite accurately. However, from
a computational point of view, it is slow and valid only up
to a sulfuric acid mole fraction of 0.42. In a recent study
[Noppel et al., 2002] we have compared the thermodynamic
model of Clegg and Brimblecombe [1995] and Clegg et al.
[1998] with the liquid phase activity model of Zeleznik
[1991]. We have shown that the resulting hydrate distribu-
tions and nucleation rates do not differ significantly. For our
parameterization we will use the activity coefficients by
Zeleznik [1991] because their formulation saves computer
time and is valid also at high sulfuric acid concentrations
found in critical nuclei.

4. Nucleation Parameterizations

[20] The parameterization is valid for the temperature
range 230.15–300.15 K, relative humidities 0.01–100%
and total sulfuric acid concentrations 104 � 1011/cm3. These
limit have been set by atmospheric conditions and the
thermodynamical data described in the previous section.
To allow nucleation calculations in the conditions of upper
troposphere and stratosphere we have extended our param-
eterization down to the temperature 190 K. This involves
extrapolations of thermodynamical data outside the exper-
imental regions. Figures 1 and 2 show that the surface
tension and density parameterizations behave smoothly even
below 230 K. The fit is only valid at a region where it
produces nucleation rates in the range 10�7 � 1010 1/(cm3s)
and the total number of molecules in the critical cluster given
by equation (13) is at least 4. Also the cases where the
critical cluster would be a hydrate (clusters with one sulfuric
acid and 1–5 water molecules) are excluded from the region
of validity. Note that when using the fit for mole fraction and
nucleation rate it is important to use also equation (13) to
check that these restrictions on cluster size are not violated.
[21] The mole fraction of sulfuric acid in the critical

cluster is given by

x* ¼ 0:740997� 0:00266379T

� 0:00349998 ln Nað Þ þ 0:0000504022T ln Nað Þ

þ 0:00201048 ln
RH

100

� �
� 0:000183289T ln

RH

100

� �

þ 0:00157407 ln
RH

100

� �� �2
�0:0000179059T ln

RH

100

� �� �2

þ 0:000184403 ln
RH

100

� �� �3
�1:50345 � 10�6 T ln

RH

100

� �� �3
;

ð11Þ

where Na is the total gas phase concentration of sulfuric acid
(1/cm3), T is the absolute temperature and RH is the relative
humidity in percent.

Figure 1. Comparison between the surface tension para-
meterization (lines) and the experimental surface tension
data of Myhre et al. [1998] (symbols). Different lines types
and symbols represent different mass fractions xm of sulfuric
acid in the liquid.

Figure 2. Comparison between the density parameteriza-
tion (lines) and the experimental density data ofMyhre et al.
[1998] (dots). Different lines represent different mass
fractions of sulfuric acid in the liquid.
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[22] The nucleation rate is given by an exponential of a
third order polynomial of ln(RH/100) and ln(Na)

J 1= cm3s
	 
� �

¼ exp a T ; x*ð Þ þ b T ; x*ð Þ ln RH=100ð Þf

þ c T ; x*ð Þ ln RH=100ð Þ½ 
2þd T ; x*ð Þ ln RH=100ð Þ½ 
3

þ e T ; x*ð Þ ln Nað Þ þ f T ; x*ð Þ ln RH=100ð Þ ln Nað Þ

þ g T ; x*ð Þ ln RH=100ð Þ½ 
2 ln Nað Þ þ h T ; x*ð Þ ln Nað Þ½ 
2

þ i T ; x*ð Þ ln RH=100ð Þ ln Nað Þ½ 
2þj T ; x*ð Þ ln Nað Þ½ 
3g; ð12Þ

where the coefficients a(T, x*) . . . i(T, x*) are functions of
temperature and critical cluster mole fraction x* (calculated
using equation (11)):

a T ; x*ð Þ ¼ 0:14309þ 2:21956 T � 0:0273911 T 2

þ 0:0000722811 T 3 þ 5:91822

x*

b T ; x*ð Þ ¼ 0:117489þ 0:462532 T � 0:0118059 T2

þ 0:0000404196 T 3 þ 15:7963

x*

c T ; x*ð Þ ¼ �0:215554� 0:0810269 T þ 0:00143581 T 2

� 4:7758 � 10�6 T 3 � 2:91297

x*

d T ; x*ð Þ ¼ �3:58856þ 0:049508 T � 0:00021382 T 2

þ 3:10801 � 10�7T3 � 0:0293333

x*

e T ; x*ð Þ ¼ 1:14598� 0:600796 T þ 0:00864245 T 2

� 0:0000228947 T 3 � 8:44985

x*

f T ; x*ð Þ ¼ 2:15855þ 0:0808121 T � 0:000407382 T 2

� 4:01957 � 10�7T3 þ 0:721326

x*

g T ; x*ð Þ ¼ 1:6241� 0:0160106 T þ 0:0000377124 T 2

þ 3:21794 � 10�8T3 � 0:0113255

x*

h T ; x*ð Þ ¼ 9:71682� 0:115048 T þ 0:000157098 T2

þ 4:00914 � 10�7T 3 þ 0:71186

x*

i T ; x*ð Þ ¼ �1:05611þ 0:00903378 T � 0:0000198417 T 2

þ 2:46048 � 10�8T 3 � 0:0579087

x*

j T ; x*ð Þ ¼ �0:148712þ 0:00283508 T � 9:24619 � 10�6T 2

þ 5:00427 � 10�9T 3 � 0:0127081

x*
:

[23] The total number of molecules in the critical cluster
ntot is given by

ntot ¼ exp A T ; x*ð Þ þ B T ; x*ð Þln RH=100ð Þf

þ C T ; x*ð Þ ln RH=100ð Þ½ 
2þD T ; x*ð Þ ln RH=100ð Þ½ 
3

þ E T ; x*ð Þln Nað Þ þ F T ; x*ð Þln RH=100ð Þln Nað Þ

þ G T ; x*ð Þ ln RH=100ð Þ½ 
2ln Nað Þ þ H T ; x*ð Þ ln Nað Þ½ 
2

þ I T ; x*ð Þln RH=100ð Þ ln Nað Þ½ 
2þJ T ; x*ð Þ ln Nað Þ½ 
3g; ð13Þ

where the coefficients A(T, x*) . . . I(T, x*) again depend on
temperature and critical cluster mole fraction x* (from
equation (11)):

A T ; x*ð Þ ¼ �0:00295413� 0:0976834 T þ 0:00102485 T2

� 2:18646 � 10�6T3 � 0:101717

x*

B T ; x*ð Þ ¼ �0:00205064� 0:00758504 T þ 0:000192654 T 2

� 6:7043 � 10�7T3 � 0:255774

x*

C T ; x*ð Þ ¼ 0:00322308þ 0:000852637 T � 0:0000154757 T 2

þ 5:66661 � 10�8T 3 þ 0:0338444

x*

D T ; x*ð Þ ¼ 0:0474323� 0:000625104 T þ 2:65066 � 10�6T2

� 3:67471 � 10�9T 3 � 0:000267251

x*

E T ; x*ð Þ ¼ �0:0125211þ 0:00580655 T � 0:000101674 T 2

þ 2:88195 � 10�7T3 þ 0:0942243

x*

F T ; x*ð Þ ¼ �0:038546� 0:000672316 T þ 2:60288 � 10�6T2

þ 1:19416 � 10�8T 3 � 0:00851515

x*

G T ; x*ð Þ ¼ �0:0183749þ 0:000172072 T � 3:71766 � 10�7T 2

� 5:14875 � 10�10T 3 þ 0:00026866

x*

H T ; x*ð Þ ¼ �0:0619974þ 0:000906958 T � 9:11728 � 10�7T 2

� 5:36796 � 10�9T 3 � 0:00774234

x*

I T ; x*ð Þ ¼ 0:0121827� 0:00010665 T þ 2:5346 � 10�7T2

� 3:63519 � 10�10T3 þ 0:000610065

x*

J T ; x*ð Þ ¼ 0:000320184� 0:0000174762 T þ 6:06504 � 10�8T2

� 1:42177 � 10�11T 3 þ 0:000135751

x*
:

[24] The radius of the cluster in nanometers is given as a
function of the mole fraction and the total number of
molecules in the cluster:

r nm½ 
 ¼ exp �1:6524245þ 0:42316402x*þ 0:3346648 ln ntotð Þ½ 
:
ð14Þ

[25] Figure 3 shows a comparison between the theoretical
and parameterized nucleation rates. The comparison is made
at over 2000 points evenly distributed over the whole validity
range of the parametrization, including the boundaries. The
ratio of the theoretical over the parameterized nucleation rate
Jtheor/Jparam varies between 0.14 and 6.9. Most of the points
are concentrated around the value 1 on the vertical axis
representing a perfect fit. The largest deviations occur for
high and low nucleation rates close to the boundaries of the
validity region. Actually, in the nucleation rate range of
roughly 10�6 to 107 1/(cm3s) the parameterization gives
correct results within a factor of 3. The largest deviations
correspond to low relative humidities (below 1%), high
sulfuric acid concentrations (above 108/cm3) and small crit-
ical clusters (below 15 molecules), but no such trends was
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observed for the temperature. The critical cluster mole frac-
tion varies between 0.17 and 0.62, and the deviation of the fit
from the theoretical results x*theor-x*param ranges from �0.004
to +0.006 as seen in Figure 4. It can be seen that high mole
fractions are predicted less accurately than the low ones. The
total number of molecules varies between 4 and 70 molecules
and the deviation ranges from�0.6molecules to +1molecule,
and the cluster radius varies between 0.35 nmand 0.92 nmand
the deviation is between �0.007 nm and +0.001 nm. The
comparisons of parameterized number of molecules and
radius to the theoretical values are shown in Figures 5 and
6, respectively. The computing time required by a program
using the parameterized nucleation rate is about 0.02% (1/
500) of the time used by the full theoretical calculation. It
should be noted that the activity coefficients of Zeleznik
[1991] are already computationally rather fast. Thus, the time
saving would be significantly larger if compared to the
calculation time using the computationally more demanding
activity coefficients by Clegg et al. [1998] as is the case with
the ternary parameterization by Napari et al. [2002].
[26] Solving the nonlinear equation (1) for the critical

cluster mole fraction is the most time consuming part of the

nucleation rate calculation. A program that uses the para-
meterized critical mole fraction (equation (11)) instead of
solving equation (1), but otherwise has the full theoretical
model, requires about 4% of the time of the full model. The
method with only the mole fraction parameterized produces a
slightly more accurate result for the nucleation rate than the
nucleation rate parameterization, (ratio of nucleation rates
between 0.97 and 7.56), but the total number ofmolecules and
the radius of the critical cluster are not estimated any better
than with the parameterized equations given above. This
method should only be used together with exactly the same
model (i.e., the same version of classical model, kinetics,
surface tension, density, activities and hydrate description) as
was used in this paper, otherwise the result may be severely
inaccurate or even unphysical. A slightly modified nucleation
model may itself produce results that agree well with our
results, but if used together with the mole fraction parameter-
ization presented here the deviations can be drastic. We
recommend using the full parametrization in order to avoid
compatibility problems.
[27] The threshold concentration (1/cm3) of sulfuric acid

(total) that produces the nucleation rate J = 1/(cm3s)

Figure 3. Comparison between the parameterized and the
theoretical values for the nucleation rate.

Figure 4. Comparison between the parameterized and the
theoretical values for the critical cluster mole fraction.

Figure 5. Comparison between the parameterized and the
theoretical values for the total number of molecules in the
critical cluster.

Figure 6. Comparison between the parameterized and the
theoretical values for the critical cluster radius.
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depends on temperature and relative humidity according to
the following equation:

NJ¼1
a 1=cm3

� �
¼ exp

"
� 279:243þ 117:344

RH

100

þ 22700:9

T
� 1088:64

T

RH

100
þ 1:14436T � 0:0302331

RH

100
T

� 0:00130254T 2 � 6:38697 log
RH

100

� �
þ 854:98 log

RH

100

� �
T

þ 0:00879662T log
RH

100

� �#
: ð15Þ

[28] The ratio of the theoretical value to the parameter-
ized value for threshold concentrations varies between 0.93
and 1.13. Figure 7 shows that equation (15) reproduces the

threshold concentrations well at the whole temperature
range.

5. Results and Discussion

[29] Unfortunately there are no experimental thermody-
namical or nucleation rate data for stratospheric conditions.
However, recently Eisele and Hanson [2000] measured a
nucleation rate approximately 106/(cm3s), at 236 K and a
relative humidity of 55%. Figure 8 compares our results at
these conditions with the experimental data point and the
old parameterization by Kulmala et al. [1998]. We also
show the number of molecules in the critical cluster
according to the classical theory. The theory overestimates
the nucleation rate by 1–3 orders of magnitude compared to
this experiment at this low temperature. It must be noted
that at the experimental conditions of Eisele and Hanson
[2000] the applicability of the classical theory is question-
able since the predicted critical cluster size is only 4
molecules. The applicability of our parametrization is
restricted to critical clusters containing at least four mole-
cules which explains the kink seen in the curve representing
the parameterization at sulfuric acid concentration 109/cm3.
The difference between the old and the new parameter-
ization is not significant at the experimental conditions.
[30] Viisanen et al. [1997] made nucleation rate experi-

ments at 298 K and two different relative humidities. Ball et
al. [1999] measured nucleation rates at 295.15 K and
different relative humidities as a function of sulfuric acid
concentration. Figures 9 and 10 show experimental data
points with error bars as well as the theoretical and para-
meterized nucleation rates as a function sulfuric acid con-
centration. The results of the old parameterization by
Kulmala et al. [1998] are shown for comparison. Viisanen
et al. [1997] estimate that the nucleation time in their
experiments is between 1 s and 50 s, and they report the
maximum sulfuric acid concentrations in the nucleation
zone. We estimated that the minimum concentration is 0.6

Figure 7. Comparison between the parameterization
(equation (15)) (lines) and the theoretical values (symbols)
for the threshold sulfuric acid concentration required for
nucleation rate J = 1/(cm3s).

Figure 8. The nucleation rate as a function of total sulfuric acid concentration at 236 K and relative
humidity 55%. The measurement of Eisele and Hanson [2000] and the results of the old parameterization
by Kulmala et al. [1998] are also shown as well as the theoretical predictions for the critical cluster size.
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times the maximum, and calculated error bars of the
experimental points in Figure 9 based on these uncertainties
in the nucleation time and the sulfuric acid concentration.
The experimental point at relative humidity 52.3% and acid
concentration 1.25 � 1010 cm�3 is left out due to the large
uncertainty of the measured nucleation rate. Ball et al.
[1999] estimate that the sulfuric acid concentration in the
nucleation zone is 22 (�67%/+200%) times higher than the
one measured at the end of their chamber. We have
indicated this uncertainty as horizontal error bars of the
experimental points of Ball et al. [1999] in Figure 10. We
only show the results of Ball et al. [1999] for relative
humidities 7.5% and 15.3% The results for relative humid-
ity 10% demonstrate a behaviour in between the results for
7.5% and 15.3%. At the measurements with relative humid-
ities lower than 5% the nucleation rates are mostly
extremely low, and the numerical inaccuracies are of the
same order of magnitude as the theoretical results, and
comparison with experiments worthless.
[31] If the true sulfuric acid concentrations at the experi-

ments are close to the lower limit of the uncertainty regions

and the true nucleation rates are at the higher end, the theory
as well as our new parametrization agree well with the
experiments around room temperature and relative humid-
ities above 30%. The present parameterization gives con-
sistently clearly higher nucleation rates than the one by
Kulmala et al. [1998]. The reasons are differences in the
model, most significantly in describing the hydrates, and
mistakes in the treatment of the kinetics behind the earlier
parameterization. The differences are discussed in detail in
our earlier paper [Noppel et al., 2002]. At the experimental
conditions of Ball et al. [1999] the relative humidities are
lower and the agreement between classical theory (and thus
the parametrization) and the experiments is poorer. Com-
parison between Figures 10a and 10b indicates that the
classical theory gives a too strong relative humidity depend-
ence of the nucleation rate compared to the experiments.
[32] The temperature and relative humidity dependence of

the theoretical nucleation rate and the parameterization at
selected conditions are shown in Figures 11 and 12. These
figures illustrate that the parametrization reproduces the

Figure 9. The nucleation rate as a function of total sulfuric
acid concentrations at 298 K and relative humidities (a)
38.2% and (b) 52.3%. The measurement of Viisanen et al.
[1997] and the results of the old parameterization by
Kulmala et al. [1998] are also shown.

Figure 10. The nucleation rate as a function of total
sulfuric acid concentrations at 295.15 K and relative
humidities (a) 7.5% and (b) 15.3%. The measurement of
Ball et al. [1999] and the results of the old parameterization
by Kulmala et al. [1998] are also shown.
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temperature and relative humidity dependences of the theo-
retical nucleation rate well everywhere in the validity region.

6. Conclusions

[33] In the present work we have constructed parameter-
izations for nucleation of sulfuric acid–water mixtures at
stratospheric and tropospheric conditions. We also present
new expressions for surface tension and density fitted on a
wide range of data. The collected density data covers the
temperature region 220–300K, and the surface tension data
the region 233–323 K. We present new parameterizations
for the critical nucleus composition and radius, number of
molecules in the cluster, and homogeneous nucleation rate.
We also give an expression for the threshold concentration
of sulfuric acid which produces the nucleation rate 1/(cm3s).
The parametrization reproduces the nucleation rate given by
the classical theory well within order of magnitude in the
range of nucleation rates 10�7�1010/(cm3s) at temperatures
190.15�305.15 K. Below 230 K the nucleation rates are
merely extrapolations from the higher temperatures since
these low temperatures are outside the experimentally con-
firmed validity regions of the thermodynamic parameter-
izations. The validity of the fit is restricted to cases where
the total number of molecules in the critical cluster is at least
four. The present nucleation model and parameterization
produces nucleation rates 1–4 orders of magnitude higher
than the earlier parameterization [Kulmala et al., 1998]. The
validity region of the new parametrization is larger than that
of the old one, including lower temperatures, lower relative
humidities and a wider range of nucleation rates. Our
parameterization can therefore be applied over the whole
atmosphere. We recommend the use of our parameteriza-
tions in large-scale models since they reduce the required
computer time significantly, at least by a factor of 1/500.
[34] The nucleation rates calculated using the classical

theory and thus the parameterization are within experimen-
tal region at room temperature and relatively high humid-
ities. At low temperatures and/or relative humidities the

deviation from experiments is somewhat larger, and the
dependence of theoretical nucleation rate on relative humid-
ity differs from the observed one. At low temperatures the
critical clusters are often very small, and the classical
approach based on the capillarity approximation is expected
to fail. Extensive molecular level studies are needed to pin
down the reasons for the failure of the classical theory to
predict the observed nucleation rates.

[35] Acknowledgments. This work was supported by the European
Commission under contract EVK-2002, project PARTS, Academy of Fin-
land (project 47668) and the Bundesministerium für Bildung, Forschung
und Technologie.
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source of new atmospheric particles, Nature, 404, 66–69, 2000.

Kulmala, M., et al., Overview of the international project on biogenic
aerosol formation in the boreal forest (BIOFOR), Tellus, Ser. B, 53,
324–343, 2001.

Kusaka, I., Z.-G. Wang, and J. H. Seinfeld, Direct evaluation of the equili-
brium distribution of physical clusters by a grand canonical Monte Carlo
simulation, J. Chem. Phys., 108, 3416–3423, 1998.

Laaksonen, A., and D. W. Oxtoby, Gas-liquid nucleation of nonideal binary
mixtures, I, A density functional study, J. Chem. Phys., 102, 5803–5810,
1995.

Morgan, L. J., and C. E. Davies, The properites of mixed liquids I, Sulfuric
acid–water mixtures, J. Am. Chem. Soc., 28, 555–568, 1916.

Myhre, C. E. L., C. J. Nielsen, and O. W. Saastad, Density and surface
tension of aqueous H2SO4 at low temperatures, J. Chem. Eng. Data, 43,
617–622, 1998.
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