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A new aerosol dynamical box model, Ion-UHMA (University of Helsinki Multicomponent 
Aerosol model for neutral and charged particles), is introduced in this paper. The model 
includes basic dynamical processes (condensation, coagulation and deposition) as well as 
ion–aerosol attachment and ion–ion recombination. The formation of particles is treated as 
model input or, alternatively, the model can be coupled with an existing nucleation model. 
Ion-UHMA was found to be able to reproduce qualitatively the measured time evolution of 
the particle number size distribution, when the particle formation and growth rates as well 
as concentrations of particles > 20 nm in diameter were taken from measurements. The 
simulated charging state of freshly formed particles during a new particle formation event 
evolved towards charge equilibrium in line with previously-derived analytical formulae. 
We provided a few illustrative examples to demonstrate possible applications, to which the 
Ion-UHMA model could be used in the near future.

Introduction

The formation of new atmospheric aerosol par-
ticles by nucleation and subsequent growth has 
been found to take place in a variety of environ-
ments ranging from clean polar areas to pol-
luted urban centers (see Kulmala et al. 2004b, 
Kulmala and Kerminen 2008, and references 
therein). Atmospheric aerosol formation is able 
to maintain a substantial background aerosol 

particle population over boreal forests during the 
spring to autumn period (Tunved et al. 2006, Dal 
Maso et al. 2007). It may give a signifi cant con-
tribution to the global budget of the total particle 
number concentration (Spracklen et al. 2006). 
After their growth to larger sizes, aerosol par-
ticles formed originally in the atmosphere may 
become cloud condensation nuclei and partici-
pate to cloud droplet activation (e.g. Kerminen 
et al. 2005, Laaksonen et al. 2005, Pierce and 
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Adams 2007, 2009, Spracklen et al. 2008, Mak-
konen et al. 2009, Wang and Penner 2009).

Several atmospheric nucleation pathways 
have been proposed, including homogeneous 
binary or ternary nucleation of different vapors, 
kinetic nucleation (Weber et al. 1996, Kuang et 
al. 2008) and heterogeneous nucleation (activa-
tion) on pre-existing molecular clusters (Hoppel 
et al. 1994, Kulmala et al. 2006, Sihto et al. 
2006, Riipinen et al. 2007). Both binary and 
ternary homogeneous nucleation can proceed via 
neutral pathways or they can be assisted by the 
presence of ions, the latter being usually termed 
as ion-induced or ion-mediated nucleation (e.g. 
Yu et al. 2006). Ions may also contribute to 
neutral nucleation by producing neutral clus-
ters via ion-ion recombination (Arnold 1980). 
When molecular clusters are present, as one 
might expect under many atmospheric condi-
tions (e.g. Kulmala et al. 2007), heterogeneous 
nucleation is preferred over homogeneous one 
and charged clusters tend to be activated before 
neutral clusters (Winkler et al. 2008). As a result, 
several nucleation mechanisms may be operat-
ing in parallel or over the course of the day, as 
indicated by recent measurements by Laakso et 
al. (2007b).

In order to quantify the regional and global 
effects resulting from atmospheric aerosol for-
mation, we should have better understanding of 
the initial steps of this phenomenon in different 
atmospheric environments (e.g. Kulmala et al. 
2004c). Continuous fi eld measurements play a 
key role in this regard. Unfortunately, the great 
majority of the conducted measurements are not 
suitable for investigating the very early steps of 
aerosol formation, since the used instruments do 
not usually measure particles smaller than a few 
nanometers in diameter. In this study, diameter 
always refers to Millikan (mobility equivalent) 
diameter.

Air ion spectrometers provide means to 
measure the number distributions of charged 
particles and ion clusters down to molecular 
sizes (Tammet 2006, Mirme et al. 2007, Asmi et 
al. 2009). Various kinds of air ion spectrometers 
have been applied in a number of short- and 
long-term fi eld studies and a lot of new insight 
into atmospheric aerosol formation has been 
obtained (e.g. Hõrrak et al. 2003, Vana et al. 

2004, Hirsikko et al. 2005, Iida et al. 2006, Kul-
mala and Tammet 2007, Siingh et al. 2007, Var-
tiainen et al. 2007, Junninen et al. 2008, Suni et 
al. 2008). Another type of instrument measuring 
both neutral and charged particles down to about 
3 nm is the ion-Differential Mobility Particle 
Sizer (ion-DMPS; Laakso et al. 2007a). The ion-
DMPS has been designed specifi cally to investi-
gate the relative role of neutral and ion-induced 
particle formation pathways (Kerminen et al. 
2007, Laakso et al. 2007a, Gagné et al. 2008).

Getting the full advantage of current air ion 
spectrometer and ion-DMPS measurements may 
not be possible without the help of a dynamical 
model that is able to capture the basic interac-
tions between ion clusters, charged and neutral 
particles, and condensing vapors. Here we will 
introduce a new dynamical box model for this 
purpose, called Ion-UHMA. The new model 
builds on the aerosol dynamical model UHMA 
(Korhonen et al. 2004) and the AEROION 
model (Laakso et al. 2002). It should be noted 
that a number of detailed models simulating the 
dynamics of molecular-size clusters have already 
been developed (Yu and Turco 2001, Laakso et 
al. 2002, Kazil and Lovejoy 2004, Lovejoy et 
al. 2004, Sorokin et al. 2006, Yu 2006). While 
extremely useful in studying ion-induced nuclea-
tion, these models simulate only clusters con-
taining sulfuric acid, water and their ion deriva-
tives. The Ion-UHMA does not aim to simulate 
the actual nucleation process but takes the for-
mation rates of neutral and charged particles as 
a model input. This way, the Ion-UHMA is not 
restricted to any particular nucleation mecha-
nism or specifi c chemical compounds. In addi-
tion to describing and testing the Ion-UHMA, 
we will present a few examples on its potential 
application to investigate atmospheric aerosol 
formation events.

Model description

Ion-UHMA is a zero-dimensional sectional box 
model, which simulates the dynamics of neu-
tral and electrically charged aerosol particles 
in atmospheric conditions. The emphasis of the 
model is on the difference between dynamics of 
neutral and charged nanometer-sized particles.
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Size and charge distribution description

The model is a zero-dimensional sectional box 
model. The upper and lower limits of the simu-
lated particle diameter range are specifi ed by 
the user. The particles in the model are divided 
into user specifi ed number of size sections and 
every size section is divided into three charge 
classes: neutral, negative and positive. Particles 
with multiple charges are treated the same way 
as the particles with one elementary charge. This 
causes very small errors for particles smaller 
than 20 nm in diameter and additional charge 
classes would make the model computationally 
too heavy. The fractions of negative and positive 
particles in the initial size distribution are treated 
as input parameters, with the same value for all 
size sections.

The sectional method used is the fi xed hybrid 
method (Jacobson and Turco 1995), in which 
the particles are divided into sections of fi xed 
size according to the volume of their core com-
pounds. The radii of particles are then deter-
mined by calculating the amount of noncore 
compounds, in our case assuming that the par-
ticles reach equilibrium with ambient ammonia 
and water. In case of particles being formed 
smaller than the smallest size section or grow-
ing beyond the largest size section, the particles 
are put into the nearest size sections conserving 
the particle volume concentration and under- or 
overestimating the particle number concentra-
tion.

The problem with the fi xed sections is the 
numerical diffusion; the artifi cial broaden-
ing of the distribution as the particles falling 
between two sections are divided into those two 
sections according to their core volumes. The 
hybrid method is capable of treating the relevant 
dynamical processes, if big enough number of 
size sections is used.

Besides the particle distribution described 
above, the model includes pools for negatively 
and positively charged clusters. The clusters 
represent particles with diameter smaller than 
~2 nm, which are constantly observed in the 
charged particle measurements. These clusters 
are allowed to attach to particles and to recom-
bine with each other. The production rate of 
clusters is treated as an input parameter. The 

formation of new particles may be set to act as a 
sink for charged clusters, if desired. The cluster 
mass, radius and mobility are input parameters, 
with different values for each charge class.

Particle composition

The particles in the model are divided into the 
size sections based on the volume of their core. 
The core compounds are sulfuric acid, water-
soluble organic compounds and an arbitrary 
number of insoluble compounds. The insoluble 
compounds describe insoluble organic matter, 
mineral dust and black carbon, and they are not 
allowed to condense to or evaporate from the 
particles. The water and ammonia contents are 
not included in the core of the particles, but their 
amount in the particles is calculated assuming 
that the particles are in equilibrium with ambient 
ammonia and water (Napari et al. 2002).

The chemical composition of particles is 
traced individually for each size and charge sec-
tion, but all the particles in one section have the 
same composition. It is possible to have particles 
that have the same size but different composition 
in the model, if the composition is different in 
different charge classes of one size section.

Aerosol microphysics

The dynamic equations governing the particle 
number concentrations in section i may be writ-
ten as:

  (1)
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  (2)

in which

. (3)

Here N is the particle number concentration, N
C
 

is the concentration of charged clusters, V is the 
volume of the core compounds in the particle, 
δV

m
 is the change rate of the volume of the core 

compounds in the particle due to condensation or 
evaporation of the compound m, P is the particle 
production rate, V

d
 is the deposition velocity, K is 

the coagulation coeffi cient, β
–1

 is the recombina-
tion coeffi cient of charged cluster and oppositely 
charged particle, β

0
 and β

1
 are the attachment 

coeffi cients of a charged cluster and neutral or 
similarly-charged particle, respectively, and d

p
 is 

the particle diameter. The upper (0, + and –) and 
lower indices (i, j, k and l) represent the charge 
class and size section of the particles respec-
tively, and z and y are the number of size sections 
and condensable compounds in the simulation, 
respectively. In the condensation/evaporation 
terms given here it is assumed that condensation 
dominates over evaporation. The last terms in 
Eqs. 1 and 2 represent the particles put into the 
section as a result of attachment and/or recombi-
nation of a charged cluster and a particle. Equa-

tions 1 and 2 are solved in the model using the 
Euler forward method. When the particle number 
concentration of a section is changed according to 
Eq. 1 or 2, the corresponding volume concentra-
tions of core compounds are changed accordingly.

Particle formation

The Ion-UHMA model does not aim to simu-
late the actual nucleation process. Instead, our 
approach is to take as model inputs the forma-
tion rates of neutral and charged particles at 
sizes (around 1.5–2 nm) where these particles 
are ready to grow by vapor condensation. This 
way, simulated particles can be thought to be 
nucleated thermodynamically or kinetically via 
neutral or ion-induced pathways, and the particle 
growth may either follow directly the nucleation 
process or start from the “activation” of charged 
or neutral clusters (Kulmala et al. 2006).

Condensation

Condensation of vapor molecules on the particle 
surfaces is the most important process behind 
the observed growth of aerosol particles in the 
atmosphere. Conventionally, the fl ux of molecules 
onto the particle surface is calculated assuming 
that the diffusion coeffi cient of the particle is neg-
ligible compared to that of vapor molecule. The 
assumption becomes less valid as the particles get 
smaller and eventually close to molecular sizes. In 
the Ion-UHMA the non-continuum effects in the 
collision rates are corrected using the formulation 
by Fuchs and Sutugin (1971), which is further-
more corrected according to Lehtinen and Kul-
mala (2003), to take into account the molecule-
like properties of nanometer-sized particles. The 
collision frequency of the molecules to charged 
particles is enhanced due to particle charging. In 
Ion-UHMA, this is taken into account using the 
equation (Lushnikov and Kulmala 2004)

 , (4)

where ξ is the correction to the collision fre-
quency, d

p
 is the particle diameter, e is the 

elementary charge, γ = 1/kT, were T is the 
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temperature in Kelvin degrees and k is the Boltz-
mann constant. A polar molecule can formally 
be described as a compound having a negative 
and positive charge set a part by a fi xed distance. 
This distance is denoted by r in Eq. 4.

The above formulation of collision fre-
quency leaves the mass accommodation coef-
fi cient of vapor molecules on particle surfaces 
as an input parameter. While some experimental 
studies suggest that the accommodation coef-
fi cient could be signifi cantly smaller than one 
for many compounds (Worsnop et al. 2001, 
Guimbaud et al. 2002, Davidovits et al. 2006), 
others report values close to unity (Hanson and 
Kosciuch 2003, Winkler et al. 2004, Voigtländer 
et al. 2007), which is furthermore supported by 
theoretical studies (Clement et al. 1996, Kulmala 
and Wagner 2001, Morita 2003). In our model, 
the value of the mass accommodation may be 
chosen individually for each compound, the 
default value being equal to 1 for all compounds.

The very low saturation vapor pressure 
of sulfuric acid makes it eager to condense 
onto particles. Usually only a small fraction of 
observed particle growth rate is caused by sul-
furic acid, but the very low volatility makes it a 
possibly important component of the growth of 
particles with diameter of few nanometers (see 
e.g. Fiedler et al. 2005). In Ion-UHMA, sulfuric 
acid is assumed to be nonvolatile.

One of the main problems in describing 
atmospheric condensation is the huge variety of 
low or semi volatile organic vapors and poor 
knowledge of their properties. Experimental stud-
ies suggest that growth of the particles is mostly 
due to organic vapors, at least in forested areas 
(O’Dowd et al. 2002, Allan et al. 2006, Smith 
et al. 2008), but detecting actual species is very 
diffi cult. For the sake of simplicity, the organic 
vapors in Ion-UHMA are described by only a few 
compounds. The number and properties of these 
compounds are set by the user depending on the 
work at hand. The properties used to describe 
the organic vapors are density, molar mass, sur-
face tension, diffusion volume, saturation vapor 
pressure over fl at surface, mass accommodation 
coeffi cient and hygroscopic growth factor. The 
saturation vapor pressure over the particle surface 
is calculated either by using the Kelvin equation 
or by using the nano-Köhler theory (Anttila et 

al. 2004). The former takes into account only the 
curvature of the particle and surface tension of the 
condensing compound, while the latter also takes 
into account the composition of the particle.

Coagulation

Coagulation includes three processes in the 
model: collisions between particles, attachment 
of cluster-ions to particles and recombination of 
charged clusters. The coagulation coeffi cients 
are calculated at the beginning of the simulation, 
after which they are recalculated when the value 
of ambient temperature or relative humidity has 
been changed by more than 1% or 20%, respec-
tively, or when the radius of particles in any sec-
tion has changed by more than 1%. The recom-
bination coeffi cient of clusters in the model is 
set equal to 1.6 ¥ 10–6 cm3 s–1 (Hoppel and Frick 
1990, Tammet and Kulmala 2005).

The coagulation coeffi cients are calculated 
using the fl ux matching theory according to 
Fuchs (1964). In case of one or both of the par-
ticles being charged, the coagulation coeffi cient 
is corrected according to Howard et al. (1973) 
and Mick et al. (1991). This correction takes into 
account both the Coulomb and Van der Waals 
forces.

The attachment coeffi cient between positive 
(negative) cluster ion and particle with i (–i) 
elementary charges is calculated using parame-
terized version (Hõrrak et al. 2008) of the theory 
presented by Hoppel and Frick (1986):

 , (5)

where Z is the mobility of clusters, x = ie2/
(2πd

p
ε

0
kT), ε

0
 is the electric constant, e is the 

elementary charge, k is the Boltzmann constant 
and T is the temperature.

Dry deposition

In dry deposition, particles are removed from 
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the carrier gas by collisions to surfaces. In Ion-
UHMA, dry deposition is treated using the semi 
empirical deposition model according to Rannik 
et al. (2003). The model is based on eddy cov-
ariance measurements of particle number fl uxes 
and particle size distribution measurements con-
ducted at Hyytiälä forest station in southern 
Finland. The used fl ux measurements are limited 
to particles with diameters from 10 to 500 nm. 
In the parameterization implemented to Ion-
UHMA, the model is extrapolated to sizes below 
10 nm while accounting for the size dependence 
of deposition velocity controlled by the Brown-
ian deposition mechanism.

In theory, the dry deposition is enhanced due 
to electrical interactions, and the role of electric 
deposition may be important, if the wind speed 
is low (Tammet et al. 2001). This is not taken 
into account in the Ion-UHMA model, in which 
charged particles are treated the same way as 
neutral particles when calculating the dry depo-
sition.

Model evaluation

Several tests were conducted in order to evalu-
ate the model performance. These tests included 
comparisons with the well-tested UHMA model, 
as well as both quantitative and qualitative 
examination of the dynamics related to charged 
particles and clusters. If the initial particle dis-
tribution is purely neutral, if new particles are 
formed via neutral nucleation and if the con-
centration of charged clusters is set to zero at 
all times, the Ion-UHMA should give the same 
output as the UHMA model, provided that the 
inputs are the same for both models. This was 
the case in all compared simulations, except the 
ones with coagulation. In those simulations there 
was a negligible difference due to non-continu-
ous calculation of the coagulation coeffi cients in 
the Ion-UHMA where the coeffi cients are recal-
culated only if particle radii or ambient tempera-
ture and relative humidity change substantially 
(see Coagulation).

The major differences between the dynamics 
of charged and neutral particles are the poten-
tially enhanced condensation onto charged par-
ticles and the differences in coagulation and ion-

aerosol attachment rates. The condensation fl ux 
into charged particles was greater than the fl ux 
into neutral ones according to Eq. 4. The overall 
effect of enhanced condensation on the particle 
population was found to be important for parti-
cles in the smallest size sections, but very small 
for particles larger than about 5 nm. Independent 
of the initial charge distribution, the particle pop-
ulation evolved towards charge equilibrium. This 
was partly due to coagulation, but mainly due to 
ion-aerosol attachment. Also the freshly formed 
particles evolved towards charge equilibrium, a 
topic which will be covered later in this paper.

Simulations

In this section, we present results from two sets 
of simulations (sets 1 and 2) and compare the 
results to measured data. The input parameters 
for set 1 do not represent any actual new particle 
formation event, but were chosen to give a pos-
sible description of conditions of a new particle 
formation event day in boreal forest. For set 2, 
the input parameters were mainly taken from 
measured data in order to test the model’s per-
formance in reproducing the behavior of particle 
size distribution in the atmosphere and to show 
possible ways to use the model in future studies.

Time evolution of the aerosol number 
size distribution during nucleation 
events

Set 1 included six simulations (cases 1–6), which 
were conducted using 60 size sections for the 
diameter range from 1.8 nm to 1.0 μm. The ambi-
ent temperature, relative humidity and ammonia 
mixing ratio were assumed to be equal to 283.15 
K, 50%, and 5 ppt, respectively. The initial size 
distribution was a combination of two lognormal 
modes (Table 1). The boundary layer height was 
set to raise from 200 to 600 m between 07:00 
and 11:00 and the rise was simulated by dilut-
ing the particle concentrations assuming mixing 
with particle free air. The sulfuric acid concen-
tration had a base level of 1.0 ¥ 105 cm–3 and 
the concentration was set to follow a sinusoidal 
pattern between 07:00 and 19:00, with a peak 
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concentration of 7.0 ¥ 106 cm–3. The organic vapor 
concentration was set to constant value of 2.0 ¥ 
107 cm–3. The density, molar mass, surface ten-
sion, diffusion volume and hygroscopic growth 
factor of the organic vapor were set to 1107 
kg m–3, 150 g mol–1, 30 ¥ 10–3 N m–1, 51.96 cm3 
and 1.0, respectively. The saturation concentration 
of the organic vapor over fl at surface was chosen 
to be equal to 1.0 ¥ 106 cm–3 and the saturation 
vapor pressure over the particle surface was cal-
culated according to nano-Köhler theory (Anttila 
et al. 2004, Kulmala et al. 2004a). As a result, the 
organic vapor begun to condense onto particles 
with a diameter of about 2.4 nm. The enhanced 
collision frequency of condensing molecules onto 
charged particles, described by Eq. 4, was taken 
into account only for sulfuric acid, for which the 
polarity assumption is valid. The initial ion cluster 
concentration and formation rate of clusters had 
values of 500 cm–3 and 5 cm–3 s–1, respectively, for 
both charges. The formation rate of particles was 
set to follow sinusoidal pattern between 08:00 and 
16:00, with the highest rate of 2.0 cm–3 s–1 occur-
ring at noon. At other times, there was no particle 
production. All particles were produced in the 
smallest section of corresponding charge class.

In case 1, completely neutral particle forma-
tion was assumed. In case 2, 10% of the freshly 
formed particles were assumed to be negatively 
charged and 5% positively charged. In case 
3, 50% of the particles were assumed to be 
formed negative and 50% positive. The values 
were chosen to cover both extreme situations of 
purely neutral and purely ion-induced nuclea-
tion, as well as one case with fraction of ion-
induced nucleation in line with predictions by 
Laakso et al. (2007a). The formation of charged 
particles was set to act as a sink for clusters of 
corresponding charge.

For cases 1, 2 and 3, a clear new particle 
formation event was observed for all charges 
(Figs. 1, 2 and 3). The newly formed mode grew 
eventually to sizes of some tens of nanometers, 
with negligible differences seen in the modal 
growth rate between the different charges. The 
concentrations of charged particles were smaller 
than those of neutral particles of the same size. 
With increasing particle diameter, however, the 
relative difference between the concentrations 
decreased. The diameters of charged clusters 
were smaller than the lower limit of the simu-
lated size range, so the clusters are not shown in 
Figs. 1–3.

A clear difference between the cases was 
observed in the smallest sizes. In case 1, charged 
particles were not clearly observable until around 
the diameter of 3 nm, the main reason being that 
the only source of these particles was the charg-
ing of originally neutral particles by ion-aerosol 
attachment. The clear gap between the charged 
clusters (< 2 nm) and smallest charged particles 
(~3 nm) is in line with atmospheric measure-
ments, in which a similar gap has frequently 
been observed (e.g. Hirsikko et al. 2007, Komp-
pula et al. 2007, Suni et al. 2008).

In cases 2 and 3, the population of charged 
particles included particles formed by ion-
induced nucleation as well as particles charged 
by ion-aerosol attachment. In case 3, concen-
trations of neutral particles in the smallest size 
sections were signifi cantly smaller than corre-
sponding concentrations in cases 1 and 2, but 
the difference decreased with increasing particle 
size and was not observable after the diameter 
of about 3 nm. Concentrations of neutral and 
total particles in the smallest sizes were clearly 
smaller in case 3 as compared with cases 1 and 
2. This can be explained by the combined effect 

Table 1. Parameters describing the initial particle size distribution of simulation cases 1–6 in set 1. The distribution 
comprises two lognormal modes with mean diameters, μ, the total particle concentrations, Ntot, and the standard 
deviations, σ. The particles are composed of sulfuric acid and an organic compound with the same fractions used 
for each size section. The fraction of negatively and positively charged particles is the same for both polarities and 
for each size section.

μ (nm) Ntot (cm–3) σ Fraction of Fraction of organic Charged fraction (%)
   H2SO4 (%) compound (%)

20.0 3.5 ¥ 103 1.6 60 40 15
80.0 0.064 ¥ 103 1.3 60 40 15
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Fig. 1. Evolution of particle 
size distribution during the 
simulation case 1 for (a) 
total, (b) neutral, (c) nega-
tively charged and (d) posi-
tively charged particles. 
Color indicates the parti-
cle number concentration 
(dN/d logdp) as a function 
of time and diameter. All 
particles were formed as 
neutral at 1.8 nm.

Fig. 2. Same as Fig. 1, 
except that the formation 
rate of neutral, negatively 
and positively charged 
particles were 85%, 10% 
and 5% of the total parti-
cle formation rate, respec-
tively.

Fig. 3. Same as Fig. 1, 
except that half of the 
particles were formed 
negatively charged and 
the other half positively 
charged.
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of purely ion-induced particle formation and 
enhanced condensation onto charged particles, 
which led to the rapid growth of freshly-formed 
particles. Most of the charged particles were, 
however, neutralized quite rapidly during their 
growth in case 3 (Fig. 3).

Particle charging state and evolution 
toward charge equilibrium

The charging state, S, is defi ned as:

 , (6)

where f
±
 is the fraction of positively or negatively 

charged particles, f
±,eq

 is the corresponding frac-
tion in charge equilibrium, N

±
 is the concentra-

tion of positively or negatively charged particles 
and N

tot
 is the total particle concentration. The 

charging state is a useful indicator that describes 
the relative importance of ion-induced and neu-
tral nucleation mechanisms (Iida et al. 2006, 
Vana et al. 2006, Laakso et al. 2007a, Gagné 
et al. 2008). Based on a number of simplifying 
assumptions, Kerminen et al. (2007) derived the 
following analytical formula for the behavior of 
the charging state as a function of particle diam-
eter during a new particle formation event:

 . (7)

Here, S
0
 is the value of S at d

p
 = d

0
 and the 

parameter K is defi ned as

 , (8)

where GR is the particle growth rate,  is the 
number concentration of positively or negatively 
charged clusters, and α is the ion-ion recombina-
tion coeffi cient.

In principle, the charging state S varies in 
time and parameter K varies both in time and 
as a function of particle size. When analyzing 
measurement data, only the median value of S 
calculated over the new particle formation event 
period for a small number of particle sizes can 

be determined (Laakso et al. 2007a, Gagné et al. 
2008). Thus, only a single value for the param-
eter K is obtained for each event. The value of S 
as a function of particle diameter and the value 
of parameter K are nevertheless obtained for 
both negatively and positively charged particles. 
Here, we used a similar time-averaging approach 
when determining the values of S and K from 
simulations.

In order to calculate the charging state during 
a simulation in Ion-UHMA, the equilibrium 
charged fraction as a function of diameter for 
present conditions is needed. The equilibrium 
charged fraction is obtained by simulating the 
attachment of charged clusters on a dummy par-
ticle population until a steady state is reached.

The charging state from the model for each 
size section was obtained as a median value over 
the duration of the event in that section. The 
growth rate of the particles, needed to calculate 
the K parameters in Eq. 8, was obtained from 
the model. The growth rate output from the 
model is given as a function of time and particle 
diameter for each charge class. In order to get a 
single value to calculate the K parameters, the 
growth rate was averaged over the duration of 
the event and over the size range 1.8–10 nm, and 
a weighted average was taken over the charge 
classes. The concentrations of charged clusters 
were obtained as average values over the dura-
tion of the event. Simulated value of the charg-
ing state in the smallest size section (d

0
 = 1.8 

nm) was used as the reference value of charging 
state (S

0
).

The charging states as a function of particle 
diameter was simulated for the cases 1, 2 and 
3, introduced in the previous section (Fig. 4a). 
In case 1, the charging state was initially below 
unity but increased as the neutral particles were 
charged while growing to bigger sizes. In case 3, 
the initial charging state was very high because 
all new particles were initially charged, but the 
charging state decreased rapidly, as the parti-
cles were neutralized. In case 2, the formation 
rates of negative and positive particles were 
not the same, which is clearly observed in the 
charging states. The charging state of positive 
particles showed a slight increase just after 2-nm 
size before its decrease. This resulted from the 
enhanced condensational growth of charged par-
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ticles, which increased the fraction of charged 
particle fl ux into bigger sizes. Such behavior was 
not observed for negative particles, for which the 
neutralization dominated over the increased fl ux 
of charged particles.

One of the assumptions made by Kerminen 
et al. (2007) in the derivation of Eq. 7 was that 
the particles grow at the same rate regardless 
of their charge. As a result, Eq. 7 is not able to 
capture the behavior of charging state of case 2 
(Fig. 4b). In order to compare the charging state 
obtained from the model with that given by Eq. 7, 
three new simulations were conducted (cases 4, 
5 and 6). Cases 4, 5 and 6 were exactly the same 
as cases 1, 2 and 3, correspondingly, except that 
enhanced condensation fl ux due to the presence 
of charges was not taken into account. Differ-
ences between calculated and simulated charging 
states for cases 4, 5 and 6 were very small and 
the behavior of the charging states as a function 
of diameter were qualitatively the same (Fig. 4c).

The charging state has been measured at 

the SMEAR II station (Laakso et al. 2007a, 
Gagné et al. 2008) and the diameter dependence 
of the measured charging states are similar to 
those seen in the simulations described above 
(Fig. 4d). The similarities in the behavior of the 
measured and simulated charging states (Fig. 
4d) are only qualitative, as measured data was 
not used as input for the model. The measured 
days depicted in Fig. 4d were chosen so, that the 
initial charging state observed was either very 
low or high. In the case of initially high charging 
state, the measured charging states also dropped 
below unity before converging towards unity.

As a whole, the behavior of the charging 
state produced by the model is similar to that 
observed in the measurements, including the 
dipping below unity before converging towards 
unity. Also, the charging state obtained using Eq. 
7 follows the simulated charging state very well, 
except in the case of heavily increased growth 
rate of charged particles, which could not be 
taken into account in the derivation of Eq. 7.

Fig. 4. Charging states (S) as a function of particle diameter from various methods. Blue and red indicate the charg-
ing state of negatively and positively charged particles, respectively. Green indicates the charging state of nega-
tively charged particles calculated using Eq. 7. (a) simulated charging states of negatively and positively charged 
particles for cases 1, 2 and 3. (b) simulated and calculated charging states of negatively charged particles for cases 
1, 2 and 3. (c) simulated and calculated charging states of negatively charged particles for cases 4, 5 and 6. (d) 
simulated charging states of cases 4 and 6, as well as measured charging states during 30 April and 4 April 2007 
(asterisk and circle, respectively).
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Application to measurement data

In order to test if Ion-UHMA is capable of 
reproducing the measured time evolution of the 
particle size distribution, a second set of simu-
lations (set 2) was conducted. The simulations 
were conducted using 60 size sections and the 
simulated diameter range was from 1.8 nm to 1.0 
μm. In these simulations, the following param-
eters were taken from measurements and used 
as inputs for the model: the particle size distri-
bution from 20 to 1000 nm, concentrations and 
average mobilities of charged clusters, growth 
rate of particles and the formation rate of neutral 
and charged particles with diameter of 1.8 nm. 
For the details of the method used to determine 
the formation rate of particles see Manninen 
et al. (2009) and Kulmala et al. (2007). The 
particle size distribution from 20 to 1000 nm 
was updated every 10 minutes using the meas-
ured values. The measured growth rates were 

obtained as average values over the events for 
three diameter ranges (1.7–3 nm, 3–7 nm and 
7–20 nm). The growth rates as a function of 
diameter were smoothed for the simulations in 
order to avoid step-like changes. The measure-
ments were conducted at the SMEAR II station 
(see Hari and Kulmala 2005) in Hyytiälä, south-
ern Finland, during the years 2006 and 2007 
(Manninen et al. 2009, Nieminen et al. 2009).

Fourteen days were chosen with the restric-
tions that all the data listed above were available, 
that a new particle formation event was observed 
during the day, and that the measured air masses 
were suffi ciently homogeneous. The last restric-
tion is crucially important, as Ion-UHMA cannot 
simulate processes associated with changes in air 
mass transport patterns.

The model reproduced quite well the 
observed time evolution of the particle number 
size distribution for each of the simulated days. 
An example of such a day is depicted in Fig. 5 

Fig. 5. Simulated (a, b and c) and measured (d, e and f) evolution of the particle number size distribution for 15 
September 2006. The evolution is shown for total (a and d), negatively charged (b and e) and positively charged 
particles (c and f). Color indicates the particle number concentration (dN/d logdp) as a function of time and diameter. 
The new particle formation rate, the growth rate of the particles and concentrations of particles larger than 20 nm in 
diameter were taken from measurements and used as input for the simulation.
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(the measured values used as input parameters for 
this example are diven in the Table 2). During the 
day the temperature rose from the minimum of 
275 K to the maximum of 285 K between 06:00 
and 15:00 and then decreased to 276 K between 
15:00 and 20:00. The concentration of negative 
clusters rose steadily from minimum of ~600 
cm–3 to a maximum of ~1100 cm–3 between 05:00 
and 18:00 and the concentration of positive clus-
ters was slightly higher than the concentration of 
negative ones. The total and charged particle con-
centrations were measured for the size ranges of 
3–1000 nm and 0.8–40 nm, respectively (Fig. 5d, 
e and f). In the simulations, the concentrations of 
particles from 1.8 to 20 nm in diameter were sim-
ulated and the concentrations of larger particles 
were taken from the measurements. As a result, 
we may compare simulations and observations 
over the diameter range 3–20 nm for total parti-
cles (Fig. 5a and d) and over the diameter range 
1.8–20 nm for negatively (Fig. 5b and e) and 
positively (Fig. 5c and f) charged particles. Fur-
thermore, we may look at the boundary between 
simulation and measurement at the diameter of 
20 nm (Fig. 5a, b and c). We may see that the 
evolution of particle concentrations were very 
similar and the concentrations at both sides of the 
boundary between simulation and measurement 
agreed well with each other.

In order to demonstrate potential ways to use 
Ion-UHMA in future studies, we conducted eight 
more simulations for each of the fourteen days 

mentioned above. In each simulation, we tried 
to reproduce the measured data of the particular 
day, with either the formation rate or the growth 
rate of particles multiplied by a factor of 2, 5, 
0.5 or 0.2. The resulting evolution of the particle 
number size distribution was then visually com-
pared with the measured one, to assess roughly 
whether a smaller or larger input growth rate 
or formation rate resulted in a better agreement 
between the simulation and measurements. Two 
examples of such simulations, associated with 15 
September 2006, are shown in Fig. 6. In one of 
the examples the formation rate of the particles 
was multiplied by 0.2 (Fig. 6a, b and c) and in 
the other the particle growth rate was multiplied 
by 0.5 (Fig. 6d, e and f). Visual comparison of 
the evolutions of particle number size distribu-
tions shown in Figs. 5 and 6 indicates that in 
this case, the agreement between the measured 
and simulated evolutions of particle number size 
distributions is worse, if the formation or growth 
rate of the particles in the model is multiplied by 
0.2 or 0.5, respectively.

For one of the days, the comparison was not 
reasonable due to signifi cant differences in the 
diameter dependence of particle number con-
centration. For the remaining 13 days, the best 
agreement between measurements and simula-
tion was usually obtained by multiplying the 
particle growth rate by a factor of 1 or 2. Factors 
above unity would suggest that the measured 
growth rate underestimates the real growth rate 
of the particles during the particular day. In the 
case of the particle formation rate, the best mul-
tiplier ranged from 0.2 to 5 between the different 
days. Since the simulated concentrations depend 
on both formation and growth rate of particles, 
in principle all the combinations of multipliers 
should be used to get full understanding on the 
best values. Also the comparison between meas-
ured and simulated evolutions of particle size 
distributions should be quantitative to get more 
precise results. This procedure was not done in 
this study, as our aim was only to show potential 
ways to use the model.

Summary and conclusions

Here, we have introduced a new aerosol dynami-

Table 2. Parameter values measured during 15 Sep-
tember 2006 and used as input in the model. The given 
values are averaged over the day, except for the growth 
and formation rates of the particles, which are aver-
aged over the event.

Parameter Value

Concentration of negative clusters 874 cm–3

Concentration of positive clusters 947 cm–3

Mobility of negative clusters 0.15 ¥ 10–3

Mobility of positive clusters 0.14 ¥ 10–3

Growth rate of 1.7–3.0 nm particles 2.21 nm h–1

Growth rate of 3.0–7.0 nm particles 2.99 nm h–1

Growth rate of 7.0–20.0 nm particles 4.02 nm h–1

Total formation rate of particles 1.1 cm–3 s–1

Formation rate of negative particles 0.12 cm–3 s–1

Formation rate of positive particles 0.10 cm–3 s–1

Temperature 279 K
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cal box model, Ion-UHMA, and tested its over-
all performance. The Ion-UHMA simulates the 
basic aerosol dynamical processes over the par-
ticle diameter range < 2 nm to 1000 nm using a 
sectional representation of the aerosol number 
size distribution. In each size section, three par-
ticle types are considered: neutral particles and 
particles containing a single positive or negative 
charge. Formation rates of new aerosol parti-
cle via nucleation are treated as a model input, 
which makes it possible to use measured new-
particle formation rate data or, alternatively, to 
couple Ion-UHMA with any nucleation model. 
The Ion-UHMA model includes also pools for 
molecular clusters, making it possible to simu-
late the ion-ion recombination and ion-aerosol 
attachment processes.

With a few illustrative examples, we demon-
strated that the Ion-UHMA model is capable of 
simulating the evolution of charged and neutral 

(total) particle populations during atmospheric 
nucleation events, as seen from observations. We 
showed further that the charging state of freshly-
nucleated particles evolves toward charge equi-
librium in line with our previously-derived ana-
lytical, yet approximate, formulae. This latter 
fi nding is crucial for determining the contribu-
tion of ion-induced nucleation to the overall 
new-particle formation rate using atmospheric 
measurement data.

Ion-UHMA could be used for several pos-
sible applications in the future. By combining 
Ion-UHMA simulations with ion spectrometer 
and ion-DMPS data from various locations, we 
should be able to get new insight into the very 
early steps of atmospheric new-particle forma-
tion. Especially, this might help us to resolve the 
continuing debate on the role of ions in atmos-
pheric nucleation (e.g. Iida et al. 2006, Gagné et 
al. 2008, Kazil et al. 2008, Yu and Turco 2008). 

Fig. 6. Two simulated evolutions of the particle number size distribution for 15 September 2006. The evolution is 
shown for total (a and d), negatively charged (b and e) and positively charged (c and f) particles. Color indicates 
the particle number concentration (dN/d logdp) as a function of time and diameter. In the simulation shown in a, b 
and c, the measured formation rate of the particles used as input in the model was multiplied by a factor of 0.2; 
and in the simulation shown in d, e and f, the measured growth rate of the particles used as input in the model was 
multiplied by a factor of 0.5.
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The Ion-UHMA model can also be used to esti-
mate how sensitive the dynamics of sub-5 nm 
particle populations are to different quantities, 
including measurement uncertainties. A concrete 
application in this regard would be to fi nd out 
how reliably particle growth rates can be deter-
mined from current ion spectrometer measure-
ments. Such information would be of high value 
for people analyzing the statistics of atmospheric 
nucleation events, as well as for people inserting 
nucleation parameterizations (see Kerminen et 
al. 2004, Mogdil et al. 2005, Kazil and Love-
joy 2007, Lehtinen et al. 2007) into large-scale 
atmospheric modeling systems.
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