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Abstract

In this study we have provided simple analytical formulae to estimate the growth rate of
a nucleation mode due to self-coagulation and the apparent growth rate due to coagu-
lation scavenging by larger particles. These formulae were used on a set of simulations
covering a wide range of atmospheric conditions. The modal growth rates were deter-5

mined from the simulation results by summing the contribution of each process, by cal-
culating the increase rate in the count mean diameter of the mode and by following the
peak concentration of the mode. The results of these three methods were compared
with each other and the means used to estimate the growth rate due to self-coagulation
and coagulation scavenging were found to work quite well. We also investigated the10

role of charged particles and electric interactions in the growth of a nucleation mode.
Charged particles were found to increase the growth rate due to both self-coagulation
and coagulation scavenging by a factor of ∼1.5 to 2. In case of increased condensa-
tion onto charged particles, the total condensational growth rate of a nucleation mode
may increase significantly in the very early steps of the growth. The analytical formu-15

lae provided by this paper were designed to provide the growth rates due to different
processes from aerosol dynamic simulations, but the same principles can be used to
determine the growth rates from measurement data.

1 Introduction

Atmospheric nucleation is the dominant source of aerosol particles in the global at-20

mosphere (Spracklen et al., 2006; Kulmala and Kerminen, 2008; Yu et al., 2010), and
a significant contributor to particles capable of acting as cloud condensation nuclei
(Spracklen et al., 2008; Merikanto et al., 2009; Pierce and Adams, 2009). The efficacy
by which nucleated particles reach climatically-relevant sizes depends essentially on
two competing factors: the nuclei growth rate and the scavenging of nuclei by various25

removal processes (Kerminen et al., 2001; Lehtinen et al., 2007; Pierce and Adams,
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2007; Kuang et al., 2009; Gong et al., 2010). Of specific interest in this regard is the
growth rate of sub-20 nm diameter nuclei, since they are most susceptible for coagula-
tion scavenging by larger pre-existing particles.

After being formed at about 1.5 to 2 nm (Kulmala et al., 2007), nucleated particles
grow in size by condensation of low-volatile vapors, nuclei self-coagulation, and possi-5

bly by heterogeneous reactions (e.g., Stolzenburg et al., 2005). Condensation of polar
vapors, such as sulfuric acid, is enhanced by the presence of charges in the grow-
ing nuclei (Laakso et al., 2003; Nadykto and Yu, 2003; Lushnikov and Kulmala, 2004).
Charges also influence nuclei coagulation rates, the effect of which is most pronounced
for nuclei of opposite charge (e.g., Hoppel and Frick, 1986; Hõrrak et al., 2008). In ad-10

dition to the real growth, an atmospheric population of nuclei may also experience
apparent growth due to the preferential removal of the smallest nuclei (Stolzenburg et
al., 2005). The main removal mechanism in this regard is coagulation scavenging, dry
deposition being usually of minor importance (Kerminen et al., 2004). From modeling
point of view, nuclei self-coagulation and coagulation scavenging can be treated quite15

accurately, whereas condensation and heterogeneous processes are problematic be-
cause of our improper understanding on the vapors participating into these processes
and the general lack of knowledge of vapor properties (e.g., Nieminen et al., 2010;
Wang et al., 2010).

Several methods have been developed for determining nuclei growth rates from at-20

mospheric observations. All of them rely on particle number size distribution measure-
ments of either total or of charged particles. The simplest available methods follow the
time evolution of a distinct nucleation mode as it grows to larger sizes (e.g., Dal Maso et
al., 2005; Hirsikko et al., 2005). These methods provide very limited amount of informa-
tion on how the growth rate varies with nuclei size, and practically no information on the25

contribution of individual processes to the observed growth. Roughly the same is true
for the method by Iida et al. (2008) designed for more complex nuclei growth situations.
Process-level information on the nuclei growth can be obtained using inverse modeling
procedures based on solving the aerosol general dynamic equation (Verheggen and
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Mozurkewich, 2006). Such approaches work best for laboratory measurements and,
to our knowledge, have not yet been applied to atmospheric measurements.

The main goal of this paper is to improve our ability to model and analyze nuclei
growth rates in the atmosphere. To start with, we will introduce a few very simple an-
alytical formulae by which the role of individual growth processes can be estimated5

from either model or measurement data. The performance of these formulae will be
tested with a comprehensive set of model simulations, which requires addressing a
few numerical issues. The paper will be completed by a thorough analysis of the nu-
clei growth behavior due to condensation, self-coagulation and coagulation scavenging
in the presence of charges in aerosol particles. Heterogeneous reactions will not be10

considered here, since the mechanistic understanding of that process is still far from
complete. We aim to address the following specific questions: (1) how accurately can
we estimate the nuclei growth rates due to individual processes by using simple an-
alytical formulae, such as the ones derived here?, (2) what are the main numerical
problems in simulating nuclei growth with a sectional model, and how these problems15

can be dealt with?, (3) what is the relative importance of the considered real and appar-
ent growth processes in different atmospheric situations and for different nuclei sizes
and (4) how is nuclei growth affected by the presence of charges?

2 Tools and methods

In this work, we describe simple methods that can be used to estimate the growth20

rate of a nucleation mode from simulation data obtained using a sectional model. The
processes participating in the growth are condensation, self-coagulation and coagula-
tion scavenging. Additionally, we investigate the importance of charged particles in the
growth of a nucleation mode.
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2.1 Theory

2.1.1 Definition of growth

We assume that aerosol particles are spherical and thus have a well-defined diameter.
By growth of a single particle we mean the increase of the diameter of that particle. The
particle diameter increases due to condensation of vapor molecules onto the particle5

surface, which is the only process participating in the growth of a single particle in our
approach.

For the growth of a particle population, we need to define the population and to spec-
ify the diameter that we use to describe the population. The growth of the population
is then the increase in that diameter. In this study, we use two different definitions of10

a diameter describing the nucleation mode: the diameter of the peak of the particle
number size distribution and the count mean diameter of particles smaller than 45 nm
in diameter. In a sectional model, the count mean diameter (d ∗

p) can be calculated
using the following equation:

d ∗
p =

∑n
i=1Nidp,i∑n

i=1Ni

, (1)15

where dp,i and Ni are the diameter and number concentration of particles in section i ,
and the section n is the last section with diameter ≤45 nm.

A particle population grows in size through the condensational growth of each par-
ticle in the population. The condensational growth rate, GRcond, may not be the same
for all particles in the mode, but a single value can be assigned for the population as20

an increase rate of the diameter describing that population. A population also grows
due to self-coagulation and coagulation scavenging. Self-coagulation decreases the
particle number concentration in the mode, but increases the average diameter of the
particles, which results in the growth of the diameter describing the population. Coag-
ulation scavenging decreases the number concentration of particles in that population,25
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and the small particles are removed more rapidly than the big particles. Thus, the di-
ameter describing the population increases, but the growth is only apparent, as none
of the particles in the mode get any bigger.

One problem in defining the growth rate of the growing mode due to scavenging of
particles by larger particles, GRscav, is the separation of these two groups of parti-5

cles. In our approach, we have chosen to estimate the value of GRscav by calculating
the increase rate in the count mean diameter of particles smaller than 45 nm due to
scavenging by particles larger than 45 nm in diameter.

2.1.2 Condensation

Under most atmospheric conditions, aerosol particles grow mainly due to condensation10

of vapors onto particle surfaces. In the kinetic regime, the molecular flux onto a particle
of diameter dp is (e.g., Seinfeld and Pandis, 2006)

J =
π
4
d2

p να(c∞−cs), (2)

where v is the mean speed of the molecules, c∞ and cs are the number concentration
of condensing molecules far away from the particle and the saturation vapor concen-15

tration at the particle surface, respectively, and α is the molecular accommodation
coefficient. The time derivative of the particle volume is then dVp/dt= JVm, where Vm
is the volume of the condensing vapor molecule. The growth rate of a particle diameter
due to condensation is then

GRcond=
1
2
Vmνα(c∞−cs). (3)20

In these conditions the growth rate depends on the particle diameter only through the
Kelvin effect, which affects the value of cs. For a non-volatile vapor, cs is negligible and
the growth rate is constant as a function of diameter.

The condensational growth of bigger particles is typically modeled using a contin-
uum regime expression with a transition regime correction factor (Fuchs and Sutugin,25
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1971). This approach results in a condensational growth rate that is different to the
constant value of growth rate in the kinetic regime. The condensational growth rate
of particles ∼100 nm in diameter deviate 17% from the constant value and the devi-
ation increases as a function of diameter. Thus the assumption of a constant growth
rate is quite good for particles <100 nm in diameter. Furthermore, taking into account5

the molecular-like properties of the very smallest particles introduces diameter depen-
dence into the growth rate for particles <10 nm in diameter (Lehtinen and Kulmala,
2003; Nieminen et al., 2010). In this case, the corrected growth rate of 4.5 nm sized
particles deviates by 20% from the constant value. The growth rates analyzed from
the ambient measurements typically show an increase in the condensational growth10

rate as a function of particle diameter (e.g., Manninen et al., 2010). Nevertheless, we
will keep the condensational growth rate of neutral particles constant as a function of
diameter in this study. This affects the dynamics of the particles in the simulations, but
simplifies the analysis of the simulation results. The conclusions made in this paper
are not affected by this choice.15

Condensation of polar molecules may lead to increased condensational flux onto
charged particles. We take this into account by multiplying the molar flux onto a particle
surface with the following factor (Lushnikov and Kulmala, 2004):

ξ
(
dp
)
=1+

γe2r

d2
p

(4)

Here e is the elementary charge, dp is the particle diameter in nanometers and γ =20

1/kT , where T is the temperature and k is the Boltzmann constant. A polar molecule
can formally be described as a compound having a negative and positive charge set a
part by a fixed distance. This distance is denoted by r in Eq. (4).

2.1.3 Self-coagulation

To estimate the growth rate due to self-coagulation analytically, we make a simplifying25

assumption that the particle number size distribution of a growing population can be
2083
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described by a monodisperse distribution. This distribution has four parameters: the
number concentrations of neutral, negative and positive particles (N0, N−, N+) and the
diameter of the particles (dp). Here we assume that N0, N− and N+ are equal to the
total number concentration of neutral, negative and positive particles in the population
and dp is the count mean diameter of the population. The total volume concentration5

can be expressed as

Vtot =NVp =N
πd3

p

6
, (5)

where Vp and Vtot are the volume of a single particle and the total volume concentra-
tion of particles in the mode, respectively. Assuming that Vtot stays constant, we can
calculate the growth rate due to self-coagulation:10

GRscoag=
ddp

dt
=−

dp

3N
dN
dt

. (6)

For a monodisperse distribution with three charge classes, the time derivative of the
total number concentration due to self-coagulation is the following:

dN
dt

= −1
2

(
k00
(
dp
)
N2

0 +k−−
(
dp
)
N2

−+k++
(
dp
)
N2

+

)
−k0−

(
dp
)
N0N−−k0+

(
dp
)
N0N+−k−+

(
dp
)
N−N+. (7)15

Here k00, k−− and k++ are the self-coagulation coefficients of neutral, negative and pos-
itive particles, respectively, k0− and k0+ are the coagulation coefficients of negative and
positive particles to neutral particles, k−+ is the coagulation coefficient of negative and
positive particles and N is the total number concentration of particles. Using Eqs. (6)
and (7), we get the following equation for the growth rate due to self-coagulation:20

GRscoag
(
dp
)
=

dp

3N

[
1
2

(
k00
(
dp
)
N2

0 +k−−
(
dp
)
N2

−+k++
(
dp
)
N2

+

)
+k0−

(
dp
)
N0N−+k0+

(
dp
)
N0N++k−+

(
dp
)
N−N+

]
. (8)
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Assuming that all the particles in the mode are neutral, Eq. (8) simplifies to

GRscoag
(
dp
)
=
dp

6
k00
(
dp
)
N, (9)

where N is the total number concentration of particles in the mode.

2.1.4 Coagulation scavenging

In the atmosphere, nucleation mode particles are scavenged by coagulation with pre-5

existing larger particles, which will be denoted as a background in this study. The
coagulation with the background decreases the particle number concentration in the
nucleation mode by a diameter dependent rate, with small particles coagulating more
rapidly than bigger ones. This results in the apparent growth of the nucleation mode
as the count mean diameter of the mode increases. The phenomenon was studied for10

a growing lognormal mode by Stolzenburg et al. (2005). Here we develop a theory that
applies for distributions of any shape.

Using a discrete representation of the particle number size distribution, the value of
coagulation sink for the particles in a section i is

CoagSi=
∑q

j=p
ki ,jNj , (10)15

where ki ,j is the coagulation coefficient between the particles in sections i and j and the
background particles are in the sections from p to q. If other processes are neglected,
the time derivative of the concentration of particles in section i is

dNi

dt
=−CoagSiNi . (11)

If we describe the size of the mode by using the count mean diameter (d ∗
p) of the20

mode (Eq. 1), the growth rate due to coagulation scavenging can be defined as a time
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derivative of that diameter:

GRscav=
dd ∗

p

dt
=

d
dt

(∑n
i=1Nidp,i∑n

i=1Ni

)
. (12)

After performing the derivation in Eq. (12) and using Eq. (11), the GRscav simplifies to

GRscav=d
∗
p

∑n
i=1CoagSiNi∑n

i=1Ni

−
∑n

i=1CoagSiNidp,i∑n
i=1Ni

=d ∗
p×CoagS∗−

(
dp×CoagS

)∗ , (13)

where star denotes the count mean value over the nucleation mode.5

In Eq. (13), all the particles are assumed to be neutral. The coagulation coefficients
are substantially different if one or both of the particles are charged, so we need to
extend Eq. (13) to consider also particle charges. In this case, the count mean diameter
of the nucleation mode is

d †
p =

∑n
i=1

(
N0

i +N−
i +N+

i

)
dp,i∑n

i=1

(
N0

i +N−
i +N+

i

) , (14)10

where N0
i , N−

i and N+
i are the number concentrations of neutral, negative and positive

particles in the section i , respectively. The background particles scavenging the nucle-
ation mode particles also have different charges, which should be taken into account
when calculating the coagulation sinks of the nucleation mode particles:

CoagS0
i =
∑q

j=p

(
k0,0
i ,j N

0
j +k0,−

i ,j N−
j +k0,+

i ,j N+
j

)
(15)15

CoagS−
i =
∑q

j=p

(
k−,0
i ,j N0

j +k−,−
i ,j N−

j +k−,+
i ,j N+

j

)
(16)

CoagS+
i =
∑q

j=p

(
k+,0
i ,j N0

j +k+,−
i ,j N−

j +k+,+
i ,j N+

j

)
, (17)
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where ka,b
i,j is the coagulation coefficient between particles in sections i and j , with a

and b denoting the charge classes of those particles. The growth rate due to coag-
ulation scavenging can again be calculated as the time derivative of the count mean
diameter (d †

p):

GRscav = d †
p

∑n
i=1

(
CoagS0

i N
0
i +CoagS−

i N
−
i +CoagS+

i N
+
i

)
∑n

i=1

(
N0

i +N−
i +N+

i

)5

−

∑n
i=1

(
CoagS0

i N
0
i +CoagS−

i N
−
i +CoagS+

i N
+
i

)
dp,i∑n

i=1

(
N0

i +N−
i +N+

i

) , (18)

or simply

GRscav=d
†
p×CoagS†−

(
dp×CoagS

)† , (19)

where dagger denotes the count mean value over the nucleation mode with three
charge classes.10

2.2 Model

We have used the aerosol dynamical box model Ion-UHMA (University of Helsinki Mul-
ticomponent Aerosol model for neutral and charged particles) which simulates the dy-
namical processes governing the time evolution of the aerosol particle size distribution
(Leppä et al., 2009). In the model, particles are divided into a user-specified num-15

ber of size sections and three charge classes, namely neutral, negatively charged and
positively charged particles. The model solves the number concentration of particles
in each size section and each charge class. Besides particles, the model includes
pools of charged clusters or molecules that are smaller than 1.5 nm in diameter. The
actual nucleation process is not simulated in Ion-UHMA, but the formation rate of new20

2087

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/2077/2011/acpd-11-2077-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/2077/2011/acpd-11-2077-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 2077–2122, 2011

Atmospheric new
particle formation

J. Leppä et al.
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particles is used as an input parameter in the model. This approach incorporates an
assumption that the new particle formation and growth are independent of each other,
which is quite plausible based on our current understanding on atmospheric nucleation
(Kulmala et al., 2000, 2004). Here, particles are assumed to be formed at 1.5 nm,
which is reasonable based on available atmospheric measurements (Kulmala et al.,5

2007; Manninen et al., 2010). The concentrations of particles and charged sub 1.5 nm
clusters are tracked separately. The processes used in this study were condensation,
coagulation and ion-aerosol attachment.

In Ion-UHMA, the diameters corresponding to size sections are fixed and the size
sections are divided equally on a logarithmic scale. As the particles in section n grow10

due to condensation during one time step (∆t), their diameter increases to a value
between the diameters corresponding to sections n and n+1 (dp,n < dp,x < dp,n+1).
Those particles are then divided to sections n and n+1 in such a way that the number
and volume concentrations of particles are conserved (see, e.g., Jacobson, 2005):

Nn =
d3

p,n+1−d3
p,x

d3
p,n+1−d3

p,n

(20)15

Nn+1 =
d3

p,x−d3
p,n

d3
p,n+1−d3

p,n

(21)

Here, Nx is the number concentration of particles with diameter dp,x. This leads to
underestimation of count mean diameter of the particle population and, furthermore,
effectively lower growth rate due to condensation. The count mean diameter after the
particles are divided into the two sections is20

d ‡
p =

dp,nNn+dp,n+1Nn+1

Nn+Nn+1
. (22)
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J. Leppä et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The condensational growth rate is GRcond = (dp,x −dp,n)/∆t, but the effective growth

rate of the count mean diameter is GReff = (d ‡
p −dp,n)/∆t. Using these definitions and

Eqs. (20), (21) and (22), we get the following relation between GRcond and GReff:

GReff=
3d2

p,n+3dp,n∆dp,n+∆d2
p,n

d2
p,n
(
1+ f + f 2

) GRcond, (23)

where ∆dp,n is the increase in diameter of the particles in section n due to condensation5

during one time step and f is dp,n+1/dp,n. By assuming ∆dp,n � dp,n, GReff can be
approximated as

GReff=
3

1+ f + f 2
GRcond. (24)

The ratio between the diameters corresponding to consecutive sections, f , approaches
unity with increasing number of size sections, and thus the GReff approaches GRcond. It10

should be noted that Eq. (24) can only be used to estimate the effective condensational
growth rate in a sectional model with fixed sections divided evenly on a logarithmic
scale.

If the condensational flux onto charged particles is increased according to Eq. (4),
the condensational growth rate of charged particles is increased and thus the con-15

densational growth rate of the total population is increased. In this case, the effective
growth rate of the total population can be estimated

GReff,charged=
3

1+ f + f 2

N0
n+ξ

(
dp,n
)(

N−
n +N+

n
)

Nn
GRcond, (25)

where n denotes the section with maximum concentration.
In Ion-UHMA, the coagulation coefficients are calculated using the flux matching the-20

ory according to Fuchs (1964), and when one or both of the particles are charged, the
coefficients are corrected according to Howard et al. (1973) and Mick et al. (1991). The
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particles produced by coagulation are divided into the two sections with corresponding
diameters closest to the diameter of the produced particles according to Eqs. (20) and
(21) (Lehtinen and Zachariah, 2001). The charge is conserved in coagulation, except
when two singly-charged negative or positive particles collide, in which case the result-
ing particle is still singly-charged as there are only three charge classes in the model5

(neutral, negative and positive).
The attachment coefficients of charged clusters and particles in Ion-UHMA are calcu-

lated using the parameterized version (Hõrrak et al., 2008) of the theory presented by
Hoppel and Frick (1986). The ion-aerosol attachment has negligible effect on the par-
ticle sizes, but in most of the cases it is the major factor driving the particle population10

towards the charge equilibrium (Kerminen et al., 2007). Depending on the input values,
i.e. the nucleation mechanism, some of the freshly formed particles may be charged.
As the newly formed particles start to grow to bigger sizes, they are also subject to the
attachment of clusters, which charges the neutral particles and neutralizes the charged
ones. Eventually, the particle population approaches the charge equilibrium.15

2.3 Simulation setup and parameters

This study consists of three different sets of simulations (Set 1, Set 2 and Set 3). In
each simulation, the simulated particle diameter range was from 1.5 to 1000 nm. The
number of size sections used was 80 in Sets 2 and 3, but it was varied in Set 1. The
formation of new particles was modeled by assuming a nucleation rate that follows a20

sinusoidal pattern as a function of time. The new particle formation was assumed to
start at the beginning of the simulation and the duration of new particle formation was
varied. The mean nucleation rate over the period of particle formation was used as an
input parameter in the model. The growth rate of neutral particles due to condensation
was used as input as well, and it was kept constant as a function of time and particle25

diameter. The pre-existing particle population was modeled by a single log-normal
mode with a peak diameter of 150 nm and standard deviation of 1.5. The concentration
of particles in the pre-existing mode was varied in the model.
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2.3.1 Set 1 – numerical diffusion and error due to sectional approach

Set 1 simulations were conducted in order to test how much the numerical diffusion
affects the condensational growth of a particle mode and how well we can estimate
the error in the increase of count mean diameter by using Eq. (24). In this set, only
new particle formation and condensation was modeled, the concentration of particles5

in the pre-existing mode was set to zero, and all particles were assumed to be neutral.
In Set 1, the following parameters were varied: the duration of new particle formation,
condensational growth rate and number of size sections. The values of the parameters
are presented in Table 1 and all the combinations of the input parameters were used
in the simulations. The different combinations of the duration of new particle formation10

and the value of GRcond were used to produce nucleation modes with varying widths.
The width of the mode may affect the modal growth rate through numerical diffusion.

2.3.2 Set 2 – self-coagulation and coagulation scavenging

Set 2 simulations were conducted in order to test how well we can estimate the growth
rate due to self-coagulation using Eqs. (8) and (9) and the apparent growth rate of15

the nucleation mode caused by the scavenging by larger particles using Eqs. (19) and
(13). In Set 2, the following parameters were varied: the condensational growth rate of
neutral particles, new particle formation rate, duration of new particle formation, con-
centration of particles in the pre-existing particle population and whether the charged
particles and electric interactions were included or not. The values of the parameters20

are presented in Table 2, and all combinations of the parameters were used in the
simulations.

The parameters used in Set 2 were chosen to represent new particle formation
events with wide ranges of mode widths and particle concentrations. The concen-
trations of background particles were chosen to yield condensation sink values from25

7.3×10−4 to 1.5×10−2 s−1, which covers most of the observed values of condensation
sink during new particle formation events in continental background areas (Birmili et al.,
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2003; Held et al., 2004; Dal Maso et al., 2007). Higher values of background particle
concentrations were excluded, since only high values of new particle formation rates
would yield observable events under such conditions. It should be noted that these
are the values of condensation sink in the beginning of the simulation, but the value
increases as the background particles grow due to condensation. All of the parameter5

values are atmospherically relevant, but some of the parameter combinations may not
be realistic.

All the simulations were conducted both purely neutral and with charged particles
and electric interactions included. In the simulations with charged particles, 10% of the
particles were formed charged with equal amount of both polarities. The concentrations10

of charged sub 1.5 nm clusters were kept constant at 1000 cm−3 for both polarities,
and the attachment of these clusters into aerosol particles was simulated. The chosen
fraction of particles formed charged and the concentrations of charged clusters are in
line with the measurements conducted at a field station in a boreal forest (e.g., Laakso
et al., 2007; Gagné et al., 2008; Manninen et al., 2010). The particle charges were15

taken into account in the coagulation coefficients, but the value of GRcond was assumed
to be the same for the neutral and the charged particles.

2.3.3 Set 3 – charges

Set 3 simulations were conducted in order to investigate the range of effects that elec-
tric interactions may have on particle growth rates. In this set, new particle formation,20

condensation, ion-aerosol attachment, self-coagulation and scavenging by larger par-
ticles were all modeled. The varied parameters were the concentration of charged
clusters, the fraction of ion-induced nucleation (the percentage of particles formed
charged), and whether condensation onto charged particles was enhanced accord-
ing to Eq. (4) or not. The values of varied parameters are presented in Table 3. In25

all simulations in Set 3 the average new particle formation rate, duration of new parti-
cle formation, condensational growth rate of neutral particles and the concentration of
pre-existing particles were 5 cm−3 s−1, 3 h, 3 nm h−1 and 600 cm−3, respectively.
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The concentrations of charged clusters were chosen to include extremely low and
high values as compared with atmospheric concentrations (Hirsikko et al., 2010) to
provide estimates on the minimum and maximum effects that charged clusters may
have on the growth of the nucleation mode. Also for the fraction of ion-induced nucle-
ation, the values are chosen to cover the extreme cases of purely neutral or ion-induced5

nucleation, as well as a couple of cases closer to those observed in the atmosphere
(Manninen et al., 2010). In case there is a sign preference in the onset of ion-induced
nucleation (Winkler et al., 2008; Gagné et al., 2010), the formation rates of charged
particles may be asymmetrical, a possibility which is also covered in the input parame-
ters.10

2.4 Determining the growth rates

The total growth rate of the nucleation mode was determined from the simulation results
using three different ways:

1. By calculating the growth rate due to condensation, self-coagulation and coagula-
tion scavenging using Eqs. (24), (9) and (13), respectively, and by summing them15

up to obtain calculated total growth rate (GRcalc). In case charged particles are in-
cluded, Eqs. (8) and (19) are used instead of Eqs. (9) and (13), respectively, when
calculating the growth rate due to self-coagulation and coagulation scavenging. If
also the condensational flux onto charged particles is increased, then the growth
rate due to condensation is calculated using Eq. (25) instead of Eq. (24).20

2. By estimating the total growth rate from the increase of count mean diameter of
particles smaller than 45 nm in diameter (GRCMD). The count mean diameter of
the nucleation mode is calculated for each moment of time from the simulation
data and the value of GRCMD is obtained as the time derivative of the count mean
diameter. The 45 nm limit was chosen in order to have minimal amount of pre-25

existing particles in the range, but also not to lose nucleation mode particles out
of the range either.
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3. By following the peak concentration of the growing mode (GRpeak). The diameter
of the peak of the mode was determined by fitting a second order polynomial
to normalized concentration values of five consecutive sections with the highest
concentration in the middle. The particle concentrations were normalized using
either the linear (dN/ddp) or logarithmic (dN/d (logdp)) width of the sections. The5

growth rate was then obtained as a slope of a first order polynomial fitted to time
and diameter coordinates of the mode peak.

The growth rates GRcalc and GRCMD are not totally independent of each other, since
Eqs. (24), (8) and (19) are also based on the change rate of count mean diameter.
However, in case GRcalc and GRCMD give similar values, we can be quite confident10

with our estimates of the growth rates due to different processes. Also, during the new
particle formation the value of GRCMD cannot be used to estimate the total growth rate,
as the freshly formed particles affect the count mean diameter of the mode, but there
is no such restriction for the value of GRcalc.

Of these three growth rates, GRpeak is the most sensitive to the shape of the mode15

and to changes in that shape. Our approach of using only a few points around the
maximum concentration to localize the peak of the mode minimizes the effect of the
shape of the mode on the growth rate.

3 Results and discussion

3.1 Numerical issues20

There are four numerical issues related to this work: problems in following the peak
of the nucleation mode, normalization of the simulated data, numerical diffusion and
error in the increase in the count mean diameter due to the sectional approach. The
last two of these issues are important for numerical modeling of new particle formation,
whereas the two others are relevant also when analyzing measurement data.25
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The diameter of the peak of the mode is usually determined by fitting a log-normal
function to the particle number size distribution (e.g., Hussein et al., 2004). This
method gives relatively good estimates on both the shape of the mode and the di-
ameter of the peak of the mode. However, if the shape of the mode is not close to
log-normal, the fit may not be very good. In such cases, the number of data points5

chosen for the fitting affects the result: more points usually results in a better overall
agreement between the data and the fitted function, but the localization of the peak of
the mode gets worse.

Our approach of choosing only a few points around the maximum concentration em-
phasizes the localization of the peak of the mode, but there is a problem in using so10

few points. In case the peak concentration is found in section n, the values of sections
from n−2 to n+2 are used to determine the location of the peak. Now, if the maximum
concentration is still in section n at the next moment of time, the same sections are
used to determine the location of the peak. In this case, the peak shifts towards bigger
sizes, but the shift is somewhat smaller than in case of the maximum concentration15

being found at the section n+1. Thus the difference between consecutive mode peak
diameters fluctuates. As a result, the value of GRpeak determined from these diam-
eters also fluctuates (Fig. 1, left panel). As the fluctuation makes the comparison of
results challenging, an arcus tangent function was fitted to the GRpeak values (Fig. 1,
left panel).20

The simulated data describes the particle number size distribution as number con-
centrations of particles in each size section. Depending on the simulated size range
and the number of size sections used, the sections have different widths and thus rep-
resent different portions of the distribution. The data have to be normalized in order
to have comparable distributions. The usual way to do this is to divide the number25

concentration of a section with the linear (dN/ddp) or logarithmic (dN/d (logdp)) width
of the section. These two normalizations are related as follows:

dN

d
(
logdp

) = ln10×dp
dN
ddp

. (26)
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As the diameter dependence in Eq. (26) indicates, the normalization affects the shape
of the mode and also the diameter of the peak of the mode. Thus, the normalization
also affects the value of GRpeak, an example of which is shown in Fig. 1 (left panel).
The diameter dependence is introduced to a supposedly constant growth rate, if the
logarithmic normalization is used (Fig. 1), an effect which is emphasized when the5

mode is wide (long period of particle formation and big growth rate of the particles).
The usage of a logarithmic normalization also underestimates the growth rate of the
mode. In the analysis of simulations in Set 2 and Set 3, only a linear normalization was
used.

Numerical diffusion is a well-known problem that usually emerges in numerical mod-10

els having fixed sections or grids (e.g., Jacobson, 2005). In this work, the numerical
diffusion was caused mainly by numerical treatment of condensational growth. As de-
scribed in Sect. 2.2, the particles from one section are divided into two sections after
their diameter has increased due to condensation, which results in an artificial broad-
ening of the mode and also changes the shape of the mode. The division of particles15

into two sections also underestimates the increase in count mean diameter, which was
demonstrated in Sect. 2.2.

We are now able to estimate the error in total growth rate caused by both the nu-
merical diffusion and the sectional approach by comparing the values of GRcond, GReff
and GRpeak. By definition, the difference between the values of GRcond and GReff is the20

error in the count mean diameter due to sectional approach, whereas GRpeak is also
subject to numerical diffusion. The error due to numerical diffusion depends both on
the width of the mode and the number of size sections used in the simulation, but the
error due to sectional approach depends only on the number of size sections (Fig. 2).
In this work, the magnitudes of these two sources of errors are quite similar, the values25

ranging from a few percent to around 20 percent.
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J. Leppä et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.2 Determining the growth rates

In Sect. 2.4 we described the three methods we use to determine the total growth rate
of the mode. The results of these methods for one example simulation are depicted in
Fig. 3. For sizes >5 nm in diameter, the values of GRpeak, GRCMD and GRcalc are very
similar. The value of GRCMD cannot be determined for smaller sizes due to ongoing5

particle formation: as long as new particles are added to the nucleation mode, the
value of GRCMD is smaller than the actual modal growth rate as newly formed particles
decrease the count mean diameter. The value of GRpeak cannot be defined in the
smallest sizes due to the changes in the shape of the mode. In principle, the fitting of a
second order polynomial described in Sect. 2.4 can be done after the peak of the mode10

is observed, but in practice the shape of the mode changes so rapidly at this stage that
the value of GRpeak overestimates the modal growth rate. The small difference between
the value of GRpeak and the two other modal growth rates in sizes >5 nm is mainly due
to numerical diffusion.

The value of GRcalc consists of the growth rates due to condensation (GReff), self-15

coagulation (GRscoag) and coagulation scavenging (GRscav) (Fig. 3, left panel). With the
value of GRcalc being quite close to the values of GRCMD and GRpeak, we can be quite
confident that our methods of estimating the growth rates due to these three processes
work reasonably well. In the example case depicted in Fig. 3, 57 to 91% of the total
growth was due to condensation, 0 to 10 % was due to self-coagulation and 3 to 41%20

was due to coagulation scavenging.

3.3 Coagulation

3.3.1 Self-coagulation

In order to estimate the growth rate due to self-coagulation, GRscoag, using Eqs. (8) and
(9), the total particle concentration and the representative diameter has to be specified.25

The total, neutral, negative and positive concentrations were chosen to be equal to the
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sum of total, neutral, negative and positive particles in the range 1.5 to 45 nm. For the
diameter, the count mean diameter of particles smaller than 45 nm was used.

The growth rates related to an example simulation of Set 2 are depicted in Fig. 3.
In this example case, the duration of new particle formation was 3 h, the mean new
particle formation rate was 10 cm−3 s−1, the input value of GRcond was 3 nm h−1 and the5

concentration of background particles was 600 cm−3. In this case, the growth due to
self-coagulation is small, but increases with increasing particle diameter, even though
the concentration of nucleation mode particles decreases after the center of the mode
has grown to around 4 nm in diameter (Fig. 3, right panel). The value of GRscoag is
clearly smaller when calculated using Eq. (9) (all particles considered neutral) instead10

of Eq. (8).
In the results from all simulations in Set 2, the value of GRscoag increased approxi-

mately linearly with the increasing particle number concentration (Fig. 4). To illustrate
the diameter dependence, the mean growth rate due to self-coagulation was calculated
for the following three size ranges: 1.5 to 3 nm, 3 to 7 nm and 7 to 20 nm. The ranges15

were chosen to match those used in the analysis of measurement data (e.g., Hirsikko
et al., 2005; Manninen et al., 2010). There is a clear difference between GRscoag cal-
culated for the different size ranges, with bigger particles yielding higher growth rates.
When two similarly-sized particles combine to form one bigger particle, the difference
between the initial and residual diameters increases with increasing initial diameter,20

which is demonstrated by the explicit diameter dependence in Eq. (9). This is the main
reason for the increase of GRscoag with an increasing diameter, though it is further
strengthened by the increasing self-coagulation coefficient as a function of diameter in
the given size ranges.

The value of GRscoag was bigger when the charged particles were included in the25

simulation. This was due to coagulation coefficients between charged and neutral
particles, as well as between oppositely charged particles, being bigger than the cor-
responding self-coagulation coefficients of neutral particles. For larger particles, the
difference between the coagulation coefficients involving a charged particle and those
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involving only neutral particles gets smaller, but the fraction of charged particles gets
bigger. As a result, the difference between the charged and neutral cases prevails also
in the bigger sizes.

For a given number of nucleation mode particles, the value of GRscoag shows some
variability between different simulations (Fig. 4). The variability is largest for the small-5

est size range, and for simulations involving charged particles. Most of the variation is
due to averaging over the size ranges: a simulation with a fairly constant concentra-
tion of nucleation mode particles (big condensational growth rate and small coagula-
tion sink) and a simulation with rapidly decreasing concentration (small condensational
growth rate and big coagulation sink) may give approximately the same average con-10

centration of nucleation mode particles, but the growth rates due to self-coagulation in
these two simulations may be different.

3.3.2 Coagulation scavenging

In our example case (Fig. 3), a significant part of the growth of the nucleation mode
is caused by the apparent growth due to scavenging by larger particles up to sizes15

of about 5 to 10 nm. In general, the value of GRscav increases during the period of
the new particle formation due to the changes in width and shape of the nucleation
mode. On the other hand, GRscav decreases as a function of the particle diameter,
as the difference in the relative sizes of the particles in the mode decreases. In our
example case, these two properties are in balance at about 4 nm diameter, whereupon20

a maximum value of GRscav is reached.
The values of GRscav from the simulations in Set 2 are depicted in Fig. 5 as a function

of condensation sink. The value of GRscav depends, by definition, on the coagulation
sink of the particles in the growing mode due to scavenging by larger particles. To
describe the amount of larger particles, and thus the coagulation sink, we use the25

condensation sink, as it is not diameter dependent. In order to clarify the condensation
sink dependence of the GRscav, we grouped the results into four categories according
to the condensation sink: <7.3×10−4, 7.3×10−4 to 2.2×10−3, 2.2×10−3 to 4.4×10−3
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and >4.4×10−3 s−1. The limits were chosen to match the values of condensation sink
of the pre-existing particles in the beginning of the simulation for the three smallest
concentrations of the pre-existing particles used in the simulations (Table 2). Most of
the simulations with the largest concentration of pre-existing particles were discarded
from this part of the analysis for either of the following two reasons: there was no5

observable event because the particles were scavenged too rapidly, or the growing
mode crossed the 45 nm limit during the determination of the growth rate.

In order to illustrate the diameter dependence of the growth rate due to scavenging,
we calculated the mean value of the growth rate for three size ranges: 1.5 to 3 nm, 3
to 7 nm and 7 to 20 nm. The blue and red marks in the Fig. 5 correspond to the mean10

values of the growth rate for simulations with or without the charged particles included,
respectively. The grey and black lines denote the average values of condensation sink
and growth rate due to scavenging for the three size ranges and four condensation sink
ranges described above.

The value of GRscav increases linearly with an increasing condensation sink (Fig. 5),15

which was expected based on Eq. (13). The values of growth rate for a given value of
condensation sink vary over an order of magnitude depending on the diameter of the
centre of the mode, the width and shape of the growing mode and whether the charged
particles are included or not. The inclusion of charged particles increases the value of
GRscav by a factor of ∼1.7 on average with approximately the same relative increase in20

each particle size range.
The value of GRscav is biggest for the second size range, even though the difference

to the first size range is quite small. This behavior is caused by the increase in GRscav
during the period of new particle formation and the decrease in GRscav as a function of
diameter, as described earlier in this section.25

The diameter dependence and inclusion of charged particles cannot explain all the
variation in the values of GRscav as a function of condensation sink. The rest of the
variation is due to varying shapes and widths of the growing modes as well as the
averaging over the diameter ranges.
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J. Leppä et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.3.3 Semi-apparent growth due to self-coagulation

In self-coagulation, the particle concentration in the mode decreases, but the average
diameter increases, and thus the mode grows in size. If the mode is wide enough, the
relative difference in the volumes of the particles in the mode may be several orders
of magnitude. As a result, the coagulation between the smallest and biggest particles5

is essentially a sink for the smaller ones. Such coagulation increases the count mean
diameter of the mode and also shifts the peak concentration of the mode to bigger
sizes, though the real increase in the diameter of the bigger particles is very small.
This kind of growth may be described as semi-apparent.

A significant amount of semi-apparent growth was observed in simulations with wide10

nucleation modes and high particle number concentrations. The semi-apparent growth
rate decreases as a function of particle diameter, as the relative difference in the par-
ticle sizes within the mode decreases. The ongoing particle formation increases the
semi-apparent growth rate as the nucleation mode gets wider. In the simulations where
semi-apparent growth was observed, the concentration of nucleation mode particles15

was > 1×104 cm−3. The concentration needed in order to have significant amount of
semi-apparent growth is very much dependent on the width and shape of the mode.
For example, in the simulations with the nucleation mode narrower than 10 nm and
significant amount of semi-apparent growth, the concentration of nucleation mode par-
ticles was >8×104 cm−3.20

3.4 Charges

In the previous section we showed that charged particles increase the values of
GRscoag and GRscav because of the bigger coagulation rates. The magnitude of this ef-
fect depends on the number concentration of charged particles in the nucleation mode
and pre-existing background aerosol. The fraction of charged particles in the smallest25

sizes is dominated by the fraction of particles being formed charged (ion-induced nu-
cleation). When the particles grow to larger sizes, the fraction of charged particles is
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affected by two processes: neutralization of charged particles through ion-ion recom-
bination and charging of neutral particles through ion-aerosol attachment. Eventually,
the fraction of charged particles in the mode approaches the charge equilibrium. The
time it takes to reach the charge equilibrium depends mainly on the total growth rate of
the nucleation mode and the concentration of charged clusters (Kerminen et al., 2007).5

The bigger the growth rate and the smaller the concentration of charged clusters, the
longer it takes to reach the charge equilibrium and the bigger the particles have grown
by that time. If the initial fraction of charged particles is higher than predicted by the
charge equilibrium, the fraction of charged particles decreases to a value below the
charge equilibrium and then starts to approach the equilibrium value. This behavior10

results from the increasing fraction of charged particles in the charge equilibrium as a
function of particle diameter.

Let us consider a situation, in which new particles are formed and then grow to
bigger sizes by condensation. Let us assume further that some of the particles are
formed as charged and the nucleation mode is subject to self-coagulation, coagulation15

scavenging and ion-aerosol attachment. In this scenario, the total growth rate of the
mode depends on the fraction of charged particles in the mode via both of the above-
mentioned coagulation processes and also via condensation, if polar molecules are let
to condense more rapidly on charged particles.

The fraction of charged particles in the smallest sizes depends mostly on the frac-20

tion of particles formed as charged. When the fraction of ion-induced nucleation is
increased, the growth rate due to self-coagulation is increased in the smallest sizes
(Fig. 6, panel a). If the concentration of charged clusters is increased, the fraction
of charged particles approaches the value in charge equilibrium more rapidly. This is
important for the growth rate due to self-coagulation only if the fraction of ion-induced25

nucleation is high (≥10%), in which case the increase in concentration of charged clus-
ters decreases the growth rate due to self-coagulation (Fig. 6, panel a).

When the enhanced condensation flux onto charged particles due to electric interac-
tions is taken into account, the condensational growth rate of the total nucleation mode
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increases (Fig. 6, panel b). If the fraction of ion-induced nucleation is increased, the
total condensational growth rate increases due to bigger fraction of charged particles
in the smallest sizes. With a bigger condensational growth rate, the fraction of charged
particles approaches the value in charge equilibrium more slowly, which is a positive
feedback for the increase in condensational growth rate. Increasing the number of5

charged clusters has an opposite effect: the fraction of charged particles approaches
the value in charge equilibrium more rapidly, which results in a smaller condensational
growth rate (Fig. 6, panel b).

The increase in the total condensational growth rate due to increased condensation
flux onto charged particles increases the growth rate due to self-coagulation via two10

effects. First of all, the total particle number concentration stays higher due to bigger
condensational growth rate, as the coagulation processes have less time to remove the
particles. Secondly, the fraction of charged particles stays higher, as described above
(Fig. 6, panel a).

The coagulation rate between a nucleation mode particle and any background par-15

ticle is increased when either of these two particles is charged, as compared to a
case when both particles are neutral. Thus, the apparent growth rate due to coagula-
tion scavenging is increased, if charged particles are included in a simulation (Fig. 6,
panel c). The fraction of charged particles in the nucleation mode usually plays a minor
role in this process, as the coagulation sink of neutral particles in the nucleation mode20

is also increased due to the charged background particles.
A more complicated issue is the shape of the nucleation mode: the broader the

nucleation mode the bigger the growth rate due to coagulation scavenging. If the
fraction of charged particles is high and the condensation flux onto charged particles
increases, the total condensational growth rate increases. The increase in the total25

growth rate is diameter dependent, since both the fraction of charged particles and the
increase in condensation flux decrease as a function of particle diameter. Due to the
increased condensational growth in the small sizes, the count mean diameter of the
nucleation mode increases rapidly. Now, as the condensational growth rate decreases
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as a function of diameter, the smaller end of the mode grows more rapidly than the
bigger end of the mode. As a net result, the nucleation mode grows more rapidly but
stays narrower. This phenomenon is illustrated in Fig. 7, where the total particle num-
ber size distribution is depicted for a simulation with only neutral particles (neutral case)
and a corresponding simulation with purely ion-induced nucleation and increased con-5

densation onto charged particles (charged case). As a result, the growth rate due to
coagulation scavenging is smaller in simulations with pure ion-induced nucleation and
increased condensation onto charged particles than in other simulations with charged
particles included (Fig. 6, panel c).

4 Implications to growth rate analysis10

The modal growth rate determined from the measured data has frequently been used
to estimate the concentration of condensable vapors (e.g., Kulmala et al., 2001; Kris-
tensson et al., 2008) as well as their source rates (Kulmala et al., 2005). In such
analyses, only the growth rate due to condensation should be used to determine the
vapor concentrations. However, the growth rate determined from the time evolution of15

the center of the mode is also subject to other processes, e.g. coagulation. If a regional
new particle formation event has been observed in the measured evolution of total par-
ticle size distribution, the modal growth rate is often determined by fitting a line to the
time and diameter coordinates of the mode peak. The coordinates can be determined
using either of the following methods:20

Method 1: A log-normal mode is fitted to the particle number size distribution at
each moment of time to determine the diameter of the peak of the mode (Hussein et
al., 2004; Dal Maso et al., 2005).

Method 2: A normal distribution is fitted to the measured concentrations of each size
section/channel to determine the moment of time of the maximum concentration in that25

size (Lehtinen and Kulmala, 2003; Hirsikko et al., 2005).
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If Method 1 has been used to determine the modal growth rate, the growth rate due
to self-coagulation and coagulation scavenging should be subtracted from the modal
growth rate to get the growth rate due to condensation. In order to determine the growth
rate due to self-coagulation, the nucleation mode has to be defined. The growth rate
due to self-coagulation can then be estimated using Eq. (9). For the growth rate due5

to coagulation scavenging, the coagulation sinks of the differently sized particles in the
nucleation mode have to be determined, after which the growth rate due to coagulation
scavenging can be estimated using Eq. (13).

If Method 2 has been used and the coagulation sink stays approximately constant
during the new particle formation event, only the growth rate due to self-coagulation10

needs to be subtracted from the modal growth rate in order to get the growth rate
due to condensation. The concentration of particles in a given size section/channel
at a given moment of time decreases due to coagulation scavenging, but the relative
decrease in the concentration stays constant as a function of time when the coagulation
sink stays constant. Thus, the moment of maximum concentration in a given size15

section/channel does not change due to coagulation scavenging. The growth rate due
to self-coagulation still has to be taken into account, which can be done the same way
as with the Method 1.

If the data are taken from an aerosol dynamical model with fixed sections, the growth
rate due to condensation obtained with the two methods described above is the effec-20

tive condensational growth rate. In order to determine the vapor concentrations, the
real condensational growth rate is needed. The difference between these two values
of condensational growth rate is caused by the numerical diffusion and the division of
particles into sections when condensation is simulated. The error due to numerical dif-
fusion is very case dependent, as demonstrated in Fig. 2. If the sections in the model25

are equally divided on a logarithmic axis, the error due to division of particles can be
estimated using Eq. (24).
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5 Summary and conclusions

The processes governing the growth of a nucleation mode are condensation, self-
coagulation and coagulation scavenging. The growth due to coagulation scavenging is
only apparent, as the particles in the mode do not get bigger. The growth due to self-
coagulation may be partly semi-apparent, in the case of sufficiently high concentration5

of nucleation mode particles and wide enough nucleation mode. In semi-apparent
growth, the mode grows mainly due to removal of particles in the mode with very little
real growth of the particles. Charged particles may affect the growth rate due to these
processes by increasing the condensational flux of polar molecules onto charged par-
ticles, and by coagulation rate between a charged and a neutral particle being bigger10

than the corresponding coagulation rate of two neutral particles.
The method of fixed size sections used in simulating the condensational growth of

the particles was found to underestimate the condensational growth rate of the mode as
the division of the particles into the sections underestimates the count mean diameter
of the mode. The error in the value of condensational growth rate in this study was15

3 to 13%, depending on the number of size sections used. This error can be taken
into account with a simple equation derived in this paper. Numerical diffusion was
found to decrease the observed condensational growth rate of a nucleation mode with
a value depending on the width and shape of the mode. The error in the value of
condensational growth rate in this study was 2 to 18%.20

We provided analytical formulae to estimate the growth rate of a nucleation mode
due to self-coagulation and the apparent growth rate due to scavenging by larger par-
ticles. These formulae were used on a set of simulations covering a wide range of
atmospheric conditions. The modal growth rates were determined from the simulation
results by summing the contribution of each process, by calculating the increase rate25

in the count mean diameter of the mode and by following the peak concentration of
the mode. The results of these three methods were compared with each other and
the means used to estimate the growth rate due to self-coagulation and coagulation
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J. Leppä et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

scavenging were found to work quite well. We also demonstrated that the dN/ddp

normalization should be used, instead of the dN/d (logdp) normalization, when deter-
mining the growth rate from the time evolution of the peak concentration.

We investigated the role of charged particles and electric interactions in the growth of
a nucleation mode. Charged particles were found to increase significantly the growth5

rate due to both self-coagulation and coagulation scavenging. The growth rate due
to self-coagulation was increased on average by a factor of ∼2 when the count mean
diameter of the mode was in the range of 7 to 20 nm and by a factor of ∼1.5 when the
count mean diameter was <7 nm. The growth rate due to coagulation scavenging was
increased by a factor of ∼1.7 on average.10

In case of increased condensation onto charged particles, the total condensational
growth rate of a nucleation mode may increase significantly in the very early steps
of the growth. With 10% of particles formed charged and concentration of charged
sub 1.5 nm clusters set to 1000 cm−3, the condensational growth rate of the mode was
increased by around 35%, when the count mean diameter was smaller than ∼3 nm.15

This effect is even bigger, if more particles are formed charged, or if the concentration
of the charged clusters is smaller, as the charge equilibrium is reached more slowly.

The analytical formulae provided by this paper were designed to provide the growth
rates due to different processes from aerosol dynamic simulations, but the same prin-
ciples can be used to determine the growth rates from measurement data. The ap-20

proach of describing the mode using the count mean diameter instead of the center of
the mode might be useful when analyzing the growth rate of the mode in the very early
stages, where the mode has not yet achieved the lognormal shape.
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J. Leppä et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|
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Table 1. The values of varied parameters used as input in the model in Set 1.

Parameter Values used as input in the model

Number of size sections 50/80/120/200
Duration of new particle formation 1/3/6 h
Condensational growth rate of neutral particles 1/3/10 nm h−1
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Table 2. The values of varied parameters used as input in the model in Set 2. The values of
new particle formation rate are mean values over the particle formation period.

Parameter Values used as input in the model

Concentration of particles in the pre-existing mode 60/200/600/1200 cm−3

Total new particle formation rate 1/5/10/50/100 cm−3 s−1

Duration of new particle formation 1/3/6 h
Condensational growth rate of neutral particles 1/3/10 nm h−1

Charged particles and electric interactions included On/Off
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Table 3. The values of varied parameters used as input in the model in Set 3.

Parameter Values used as input in the model

Concentration of charged clusters 100/1000/10 000 cm−3

Fraction of particles formed negative and positive 0&0/1&1/5&5/7&3/10&0/50&50%
Increased condensation onto charged particles On/Off
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Fig. 1. Left panel: growth rates of an example simulation as a function of diameter. The
solid blue (red) line denotes the value of GRpeak when linear (logarithmic) normalization is
used. The blue (red) dashed line denotes an arcus tangent function fitted to values of GRpeak.
The black solid and dashed lines denote the values of GRcond and GReff, respectively. Right
panel: arcus tangent functions fitted to values of GRpeak for simulations with varied input growth
rate and duration of new particle formation (NPFD). The blue and red lines denote the used
normalization as in left panel with solid, dashed and dotted lines corresponding to particle
formation durations of 1, 3 and 6 h, respectively. The black solid and dashed lines denote the
values of GRcond and GReff, respectively. The blue and red curves correspond to black lines
directly above them.
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Fig. 2. The error in condensational growth rate as a function of the width of the mode.
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Fig. 3. Left panel: calculated growth rates due to different processes and total growth rates
determined using different methods for an example case. The red lines denote the calculated
values and the blue line denotes the calculated value without charges taken into account. The
solid black and dashed green lines denote the growth rates determined from the mode peak
and calculated from the count mean diameter, respectively. Right panel: the concentration of
nucleation mode particles as a function of count mean diameter.
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Fig. 4. The growth rates due to self-coagulation from the simulations in Set 2 averaged over
size ranges (1.5 to 3, 3 to 7 and 7 to 20 nm). The red and blue marks denote simulations with
or without the charged particles, respectively, and the size of the marker denotes the size range
over which the average is taken.
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Fig. 5. The growth rates due to coagulation scavenging from the simulations in Set 2 averaged
over size ranges (1.5 to 3, 3 to 7 and 7 to 20 nm). The red and blue marks denote simulations
with or without the charged particles, respectively, and the size of the marker denotes the size
range over which the average is taken. The points connected with lines denote the average
growth rates of simulations with the values of condensation sinks in the ranges < 7.3×10−4,
7.3×10−4 to 2.2×10−3, 2.2×10−3 to 4.4×10−3 and > 4.4×10−3 s−1. The grey and black lines
correspond to simulations with or without the charged particles, respectively, and solid, dashed
and dashed-dotted lines correspond to size ranges 1.5 to 3, 3 to 7 and 7 to 20 nm, respectively.
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Fig. 6. Calculated values of the total growth rate and growth rate due to different processes.
In the legend, the first number denotes the concentration of charged sub 1.5 nm clusters in
103 cm−3, the second and the third number denote the fraction of particles formed negatively
charged and positively charged, respectively, and the last mark denotes whether the condensa-
tion onto charged particles was enhanced (yes) or not (no). The green area covers the values
of growth rates from other simulations in Set 3 and the black stars denote a purely neutral
simulation with otherwise the same input parameters.
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Fig. 7. Two example particle number size distributions. The blue (red) line denotes a simulation
with (without) charged particles and enhanced condensation onto charged particles included.
The vertical lines denote the diameters corresponding to concentrations 20% less than the top
concentration of the distribution. The dashed lines (fit) denote the second order polynomials
fitted to five consecutive points around the peaks of the distributions.
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