
ACPD
13, 20809–20837, 2013

Ion–ion
recombination to
sub-2 nm cluster
concentrations

J. Kontkanen 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
|

Atmos. Chem. Phys. Discuss., 13, 20809–20837, 2013
www.atmos-chem-phys-discuss.net/13/20809/2013/
doi:10.5194/acpd-13-20809-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess

Nonlinear Processes 
in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science

O
pen A

ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Estimating the contribution of ion–ion
recombination to sub-2 nm cluster
concentrations from atmospheric
measurements
J. Kontkanen1, K. E. J. Lehtinen2, T. Nieminen1,3, H. E. Manninen1,
K. Lehtipalo1,4, V.-M. Kerminen1, and M. Kulmala1

1Department of Physics, University of Helsinki, Helsinki, Finland
2Department of Applied Physics, University of Eastern Finland and Finnish Meteorological
Institute, Kuopio, Finland
3Helsinki Institute of Physics, Helsinki, Finland
4Airmodus Oy, Helsinki, Finland

Received: 5 July 2013 – Accepted: 29 July 2013 – Published: 9 August 2013

Correspondence to: J. Kontkanen (jenni.kontkanen@helsinki.fi)

Published by Copernicus Publications on behalf of the European Geosciences Union.

20809

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/20809/2013/acpd-13-20809-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/20809/2013/acpd-13-20809-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 20809–20837, 2013

Ion–ion
recombination to
sub-2 nm cluster
concentrations

J. Kontkanen 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
|

Abstract

The significance of ion–ion recombination for atmospheric new particle formation is not
well quantified. Here we present and evaluate a method for determining the size dis-
tribution of recombination products from the size distributions of neutral and charged
clusters. We applied this method to the data measured in Hyytiälä, Finland, to estimate5

the contribution of ion–ion recombination to the concentrations of atmospheric clusters
in the size range of 0.9–2.1 nm. We observed that the concentration of recombination
products was highest in the size classes between 1.5 and 1.9 nm. The median con-
centrations of recombination products were between 1 and 79 cm−3 in different size
classes, which resulted in a small proportion of all neutral clusters, varying between10

0.05 % and 15 %. When examining the whole size range between 0.9 and 2.1 nm, the
median fraction of recombination products of all neutral clusters was only 1.5 %. Over-
all, the applied method was concluded to be reasonable, and the results are consistent
with the earlier estimates on the contribution of recombination products to atmospheric
cluster population in Hyytiälä. Still, in order to determine the size distribution of recom-15

bination products more accurately in the future, more precise measurements of the
size distribution of sub-2 nm clusters would be needed.

1 Introduction

New particle formation is, in terms of the particle number concentration, the dominant
source of aerosol particles in the atmosphere (Spracklen et al., 2006; Yu et al., 2010).20

The process may also influence the Earth’s climate via indirect climate effect of aerosol
particles (Merikanto et al., 2009; Wang and Penner, 2009; Kazil et al., 2010; Kerminen
et al., 2012; Makkonen et al., 2012). New particle formation includes the production of
nanometer-sized clusters from atmospheric vapors and the growth of the clusters to
larger particles. Although recent studies have provided new insight into the first steps25

of new particle formation, the picture is still not complete (Zhang et al., 2012; Kulmala
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et al., 2013). To understand the details of new particle formation better, more knowl-
edge of the dynamics of neutral and charged clusters in the atmosphere is needed.

One dynamic process modifying the size distributions of neutral and charged clusters
is ion–ion recombination. In ion–ion recombination two oppositely charged ions collide
and form a neutral cluster. The role of ion–ion recombination as a sink for air ions has5

been known for decades, and the rate of the process and its dependency on environ-
mental conditions has been widely studied (e.g. Nolan, 1941; McGowan, 1965; Biondi,
1968; Bates, 1985; Sorokin and Mirabel, 2001). More recently, researchers have also
attempted to estimate the importance of ion–ion recombination for atmospheric new
particle formation (e.g. Turco et al., 1998). Kulmala et al. (2007) introduced a method to10

determine the concentration of recombination products from ion size distribution mea-
surements. They concluded that ion–ion recombination has only a minor contribution
to particle formation in boreal forest conditions. Subsequently, other studies using the
same approach have obtained similar results (Manninen et al., 2009a; Lehtipalo et al.,
2009). Kulmala et al. (2013) were the first to determine the concentration of recombi-15

nation products in different size classes in the sub-2 nm size range. Thus, they were
able to show that in all these size classes the proportion of recombination products of
all clusters is small in boreal forest. However, the model studies by Yu and Turco (2008)
suggest that ion–ion recombination is much more significant than indicated by the mea-
surements.20

Although the importance of recombination has been estimated from measurements
in several studies, the applied methods have not been properly evaluated. In addition,
the effect of condensational growth on the size distribution of recombination products
has not been included in the calculations. Hence, in this paper, we present and evaluate
a method to determine the size distribution of recombination products from measure-25

ments by considering the production of recombination products in collisions between
oppositely charged ions, the loss by coagulation and the loss and gain due to conden-
sational growth. First, we derive the equation for the concentration of recombination
products in a certain size range. Then, we show how the production and loss rates of
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recombination products can be calculated from the measured data. We also apply our
method to the data measured in Hyytiälä, Finland, to assess the role of ion–ion recom-
bination in the dynamics of sub-2 nm neutral and charged clusters. Finally, we examine
the sensitivity of our method to uncertainties related to the effect of condensational
growth.5

2 Methods

2.1 Measurements

The measurements were carried out between 14 March and 10 May 2011 at the
SMEAR II station (Station for Measuring Forest Ecosystem–Atmosphere Relations) in
Hyytiälä, southern Finland (61◦51′ N, 24◦17′ E, 181 ma.s.l.) (Hari and Kulmala, 2005).10

The total concentration of neutral and charged clusters in six equally spaced size
classes ranging from 0.9 to 2.1 nm in mobility diameter was measured with the Air-
modus A09 Particle Size Magnifier (PSM; Vanhanen et al., 2011). The ion concen-
trations in the same size classes were measured with the Neutral cluster and Air Ion
Spectrometer (NAIS; Manninen et al., 2009b; Mirme and Mirme, 2013). By subtract-15

ing ion concentration from the total concentration, we also obtained the concentration
of neutral clusters in different size classes. Due to the measurement uncertainties of
both PSM and NAIS, the lowest reliable values of neutral cluster concentration were
estimated to be 100–200 cm−3. In addition to PSM and NAIS data, we used particle
size distributions continuously measured at the station between 3 and 1000 nm with20

the twin-DMPS (Differential Mobility Particle Sizer) system (Aalto et al., 2001). For the
more detailed description of the performed measurements, see Kulmala et al. (2013).
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2.2 Determining the size distribution of recombination products

2.2.1 Equation for the concentration of recombination products

Here we derive an expression for the concentration of neutral clusters due to ion–ion
recombination, Nrec. The time evolution of the concentration of recombination products
in a certain size range i can be described by the balance equation:5

dNrec,i

dt
= λiα

∑
j ,k

ri jkN
+
j N

−
k −2βNrec,i

∑
j

N±
j −CoagSiNrec,i +

Nrec, i-1

∆Dp
GRi−1 −

Nrec,i

∆Dp
GRi +Qi (1)

Here α is the ion–ion recombination coefficient and β the ion-neutral attachment co-
efficient for which the values of 1.6×10−6 cm3 s−1 and 0.01×10−6 cm3 s−1 are used
(Hoppel and Frick, 1986; Tammet and Kulmala, 2005). The coefficient λi describes
the fraction of stable recombination products that do not fragment instantly after their10

formation in size class i . N+
j and N−

k refer to the concentrations of the positive and
negative ions in size ranges j and k, respectively, and ri jk tells how big fraction of the
recombination products formed in their collisions will end up in size class i . CoagSi de-
notes the average coagulation sink for size range i . GRi−1 and GRi refer to the growth
rates of clusters in size ranges i−1 and i due to condensation, and ∆Dp is the width of15

the size range. Finally, Qi denotes the source of clusters to size class i originating from
the break-ups of larger clusters formed by recombination. Note that the summations in
the first two terms on the right hand side go through the ion size classes.

Accordingly, Eq. (1) includes the terms for the production of neutral clusters in colli-
sions between two oppositely charged ions (the first term), the loss of neutral clusters20

due to charging (the second term), the loss by coagulation (the third term), and the
gain and loss of neutral clusters due to the condensational growth of clusters into the
size class and out of the size class (the fourth and the fifth terms). In addition, the last
term allows for the possibility that breaking up of larger recombination products may
produce clusters into size range i .25
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In order to estimate the concentration of recombination products from Eq. (1), we
first simplify the equation by neglecting the last term describing the production of clus-
ters due to breaking up of larger clusters. This simplification may cause errors in the
smallest size classes, but the effect on the final results is likely to be only minor. Now,
by defining the plain production rate of neutral clusters by recombination as5

Rr,i = α
∑
j ,k

ri jkN
+
j N

−
k (2)

we may write Eq. (1) as

dNrec,i

dt
= λiRr,i −2βNrec,i

∑
j

N±
j −CoagSiNrec,i −

GRi

∆Dp

(
1−

GRi-1

GRi

Nrec,i−1

Nrec,i

)
Nrec,i . (3)

In pseudo-steady state Eq. (3) becomes

Nrec =
λiRr,i

CoagSi +2β
∑
j
N±

j + GRi
∆Dp

(
1− GRi−1

GRi

Nrec,i−1

Nrec,i

) . (4)10

Now, let us examine the magnitudes of different terms in the denominator of Eq. (4).
From the particle size distributions measured during spring 2011 in Hyytiälä, we obtain
that the average coagulation sink for the clusters in the size range of 1–2 nm (CoagS)
was 10−3 s−1. From the NAIS data measured at the same time, we get the average15

ion concentration,
∑
j
N±

j , of 800 cm−3 and consequently the term describing the loss

of neutral clusters due to charging (2β
∑
j
N±

j ) is equal to 1.6×10−5s−1. Thus, we may

notice that CoagSi � 2β
∑
j
N±

j , and Eq. (4) can be written as

Nrec,i =
λiRr,i

CoagSi +
GRi
∆Dp

(
1− GRi-1

GRi

Nrec,i−1

Nrec,i

) . (5)

20
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By considering typical air ion concentrations in the atmosphere (Hirsikko et al., 2011),
and estimating the variation of coagulation sink based on the reported aerosol number
size distributions (Raes et al., 2000), we may conclude that Eq. (5) should be generally
valid in the lower troposphere.

From Eq. (5) we can see that the effect of condensational growth on the recombi-5

nation product concentration depends on the rates at which the concentration of re-
combination products and cluster growth rate change with the increasing cluster size.
However, by assuming that the condensational flux of recombination products to the
smallest size class is negligible, we end up with a recursive algorithm that allows for
the solution of Nrec,i in an analytical form. This requires, however, that we know the10

cluster growth rate both in size class i and in the size class preceding it, which is
rarely the case. Thus, we can either assume certain growth rates for the examined size
classes and calculate the concentration of recombination products from Eq. (5), or then
we can assume that the effect of condensational growth on the recombination product
concentration is negligible compared with coagulation sink. With the latter assumption15

the equation for the concentration of recombination products in size class i reduced to
the form

Nrec =
λiRr,i

CoagSi
. (6)

In previous studies (e.g. Kulmala et al., 2013) Eq. (6) has been used to calculate20

the concentration of recombination products. In this study we first present the re-
sults obtained when calculating the concentration of recombination products in different
size classes between 0.9 and 2.1 nm from Eq. (5), which includes the condensational
growth term. After that we examine closer how the changes in the growth rates, or
neglecting the condensational growth term and using Eq. (6), affect the results.25
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2.2.2 Calculating the production and loss rates of recombination products

According to Eq. (5), the concentration of recombination products in a certain size
range is determined by the production of them in collisions between oppositely charged
ions (the term in the numerator), the loss by coagulation (the first term in the denomi-
nator) and the gain and loss due to the condensational growth into the size range and5

out of the size range (the second term in the denominator). The loss due to coagula-
tion, described by the coagulation sink (CoagSi ), we can calculate from particle size
distributions (Kulmala et al., 2001). The estimates for the growth rate (GRi ) in each size
class, needed for the condensational growth term, we can obtain by fitting the cluster
diameter vs. time data presented by Kulmala et al. (2013) with a 3rd degree polynomial,10

and differentiating (Table 1). However, to calculate the production rate of recombination
products, we need to know both the value of the coefficient λi , representing the fraction
of stable recombination products, and the plain production rate of neutral clusters by
recombination, Rr,i .

Let us first determine the plain production rate of neutral clusters by recombination,15

Rr,i . From Eq. (2) we can see that Rr,i in size class i depends on the concentrations
of positive and negative ions, N+

j and N−
k that form a neutral cluster to that size class

when colliding with each other. We can get N+
j and N−

k from the ion mobility distribu-
tions measured with an ion spectrometer, a NAIS in our case. The NAIS measures the
mobility distribution of ions over 28 mobility bins ranging from 3.2 to 0.0013 cm2 V−1 s−1

20

(Manninen et al., 2009b; Mirme and Mirme, 2013). We can convert these mobility bins
to mass bins by using a relationship between ion mobility and mass presented by
Mäkelä et al. (1996):

Z = exp
(
−0.0347(ln(m))2 −0.0376ln(m)+1.4662

)
. (7)

25

Here Z is the electrical mobility in cm2 V−1 s−1 and m the ion mass in amus. Equa-
tion (7) is based on the data by Kilpatrick et al. (1971) for ions in nitrogen. The data has
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been commonly used in conversions between mobility and mass, although the appli-
cability of the data under atmospheric conditions has been questioned (e.g. Böhringer
et al., 1987; Tammet, 1995). For the comparison of the relationship between mass,
mobility and diameter determined by using different methods, see Ehn et al. (2011).

The mass ranges corresponding to the mobility ranges of different NAIS channels ac-5

cording to Eq. (7) are presented in Table 2. From the mass ranges of different channels
we can determine the lower and upper limits for the masses of recombination products
formed in the collisions between ions from different channels. This can be done for
each pair of recombining ions by adding up their smallest possible masses and their
largest possible masses. The mass limits of the recombination products can then be10

converted to mobilities by using Eq. (7). Thereafter, we may convert the mobilities into
mobility diameters using the well–established relation between diameter and electrical
mobility of a charged particle:

dp =
qCc(dp)

3πµZ
. (8)

15

Here dp denotes the mobility diameter and q the number of the electrical charges in
the particle. µ is the dynamic viscosity of air and Z the electric mobility of the particle.
Cc is the slip correction factor taking into account non-continuum effects, which become
important at small sizes.

Table 3 shows the mass and diameter limits of the recombination products for the20

pairs of recombining ions from different NAIS channels. From the diameter limits we
are able to resolve the contribution of different ion pairs N+

j N
−
k to to the production rate

of neutral clusters by recombination in size class i . This we can do by determining for
each pair of ions the factor ri jk , which describes how big fraction of the recombina-
tion products of that ion pair will end up in size class i . Finally, we can calculate the25

plain production rate of neutral clusters by recombination, Rr,i , for each size class from
Eq. (2).

After calculating the plain production rate, Rr,i , for each size class, we can estimate
the maximum fraction of stable recombination products, λmax, i, from the measured size

20817

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/20809/2013/acpd-13-20809-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/20809/2013/acpd-13-20809-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 20809–20837, 2013

Ion–ion
recombination to
sub-2 nm cluster
concentrations

J. Kontkanen 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
|

distributions of neutral and charged clusters by using the method presented by Kulmala
et al. (2013). The first step in the analysis is to calculate the concentration of recombi-
nation products in size class i from Eq. (5) or Eq. (6) by setting the value of λi to unity.
Furthermore, the total neutral cluster concentration in size class i can be calculated
by subtracting the ion concentration, Nions, i, from the total concentration, Ntot, i. After5

that we can estimate the maximum value of the coefficient λi by assuming that the
concentration of recombination products cannot exceed the concentration of all neutral
clusters. Thus, this method can reveal the maximum value of the coefficient λi only if
the recombination product concentrations obtained with λ = 1 are occasionally clearly
higher than the total neutral cluster concentrations. In other cases we must assume10

that the coefficient λi equals unity when estimating the maximum contribution of ion–
ion recombination to cluster concentrations. The value of unity for the coefficient λi has
also been used in several earlier studies (Kulmala et al., 2007; Lehtipalo et al., 2009;
Manninen et al., 2009a).

3 Results and discussion15

3.1 Contribution of ion-ion recombination to cluster concentrations

By using the method described above, we calculated the plain production rate of neutral
clusters by recombination, Rr, in six size classes between 0.9 and 2.1 nm (0.9–1.1 nm,
1.1–1.3 nm, 1.3–1.5 nm, 1.5–1.7 nm, 1.7–1.9 nm, and 1.9–2.1 nm) (Fig. 1). The pro-
duction rate had a distinct distribution with a maximum in the size classes between 1.320

and 1.7 nm in which the median production rates were 7–8 10−2 cm−3 s−1. The low-
est recombination production rates were obtained in the smallest (0.9–1.1 nm) and the
largest (1.9–2.1 nm) size classes in which the median values were 2×10−3 cm−3 s−1

and 9×10−3 cm−3 s−1, respectively. Manninen et al. (2009a) estimated that in Hyytiälä
the median production rate of neutral clusters by recombination is 5 ×10−2 cm−3 s−1 in25
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the size range of 2–3 nm. However, the difference in the studied size range makes it
difficult to compare our results with those of Manninen et al. (2009a).

Because the recombination rate is solely determined by the concentrations of
charged clusters, the observed size-dependence of the recombination rate results from
the ion size distribution. The ion concentration was highest between 1.1 and 1.3 nm5

(Table 4). The ions in this size range are measured with the third and the fourth NAIS
channels. When ions from these two channels collide with each other, the formed neu-
tral clusters end up in the size classes between 1.3 and 1.7 nm, where the maximum
in the recombination rate was observed. The maximum in the ion concentration in the
size class of 1.1–1.3 nm can be explained by the continuous production of small ions10

in the atmosphere (see Hirsikko et al., 2011 and references therein).
After calculating the plain production rate of neutral clusters by recombination, Rr,

we calculated the concentration of recombination products in different size classes
from Eq. (5) by assuming that the coefficient λ, describing the fraction of stable re-
combination products, equals unity in all size classes. When comparing the obtained15

concentrations to the concentrations of all neutral clusters following the method by Kul-
mala et al. (2013), we noticed that the concentrations of recombination products did not
significantly exceed the concentrations of all neutral clusters in any of the size classes.
Thus, we may assume that λ = 1 in all size classes when determining the concentration
of recombination products from Eq. (5). The advantage of this assumption is that we20

can be sure to get the maximum estimate for the contribution of recombination to clus-
ter concentrations. Figure 2 illustrates the obtained concentrations of recombination
products in different size classes. The concentration was highest in the size classes
between 1.5 and 1.9 nm in which the median concentrations were 75–79 cm−3. The
lowest concentration was observed in the smallest size class (0.9–1.1 nm) with the25

median value of 1 cm−3.
The fraction of recombination products of all neutral clusters is depicted in Fig. 3

for different size classes. The median fraction was lowest, 0.05 %, in the smallest size
class (0.9–1.1 nm). The fraction was highest, 14–15 %, in the size classes between
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1.5 and 1.9 nm. When looking at the whole size range between 0.9 and 2.1 nm, the
median fraction of recombination products of all neutral clusters was only 1.5 %. Thus,
it seems that on average the contribution of ion–ion recombination to neutral cluster
concentrations is low compared to other particle formation mechanisms. Furthermore,
it has to be noted that in reality the proportion of recombination products of all neutral5

clusters is likely even smaller than obtained with our analysis, as we did not take into
account the fragmentation of recombination products.

From Fig. 3 it can also be noticed that the fraction of recombination products of all
neutral clusters had a strong temporal variation during the measurement period, mak-
ing the ranges from 25th to 75th percentiles wide. The strong variation in the concen-10

tration of recombination products and their contribution to cluster concentrations can
also been seen in Fig. 4, where the time series for the concentrations of recombination
products and all neutral clusters between 0.9 and 2.1 nm are presented. In addition,
Fig. 4 shows that the recombination product concentration did not have a similar di-
urnal cycle as the total neutral cluster concentration which increased strongly during15

daytime (see also Kulmala et al., 2013). This can be seen in Fig. 5 as well, where the
median diurnal variations of the concentrations of recombination products and all neu-
tral clusters are depicted for new particle formation event and non-event days. Figure 5
also shows that the concentration of recombination products was on average slightly
higher on new particle formation event days than on non-event days, except for the20

afternoon hours.
The obtained results are in reasonable agreement with the results of earlier studies,

in which the concentration of recombination products has been calculated from Eq. (6)
not including the condensational growth term. Recently, Kulmala et al. (2013) con-
cluded that on average only a minor fraction of the sub-2 nm neutral clusters observed25

in Hyytiälä originate from ion–ion recombination. By measuring the concentrations of
sub-3 nm particles at the same site, Lehtipalo et al. (2009) observed that the fraction
of recombination products of all neutral clusters is on average low (∼ 5 %) but varies
a lot from day to day. In addition, the comparison between the formation rates of neu-
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tral clusters due to ion–ion recombination and the total particle formation rates suggest
the minor contribution of recombination to particle formation in boreal forest (Kulmala
et al., 2007; Manninen et al., 2009a).

3.2 Sensitivity of the method to uncertainties of the condensational growth
effect5

In Sect. 2.2.1 we noted that we can calculate the concentration of recombination prod-
ucts from Eq. (5) only if we know the growth rates of clusters in each size class. Oth-
erwise, we need to neglect the effect of condensational growth, and calculate the re-
combination product concentration from Eq. (6). In this study, we solved this problem
by using the average growth rates for new particle formation periods presented by Kul-10

mala et al. (2013). However, in reality, these growth rates may not be representative
regarding the whole measurement period, which also includes time periods with no
new particle formation. Thus, in this section we aim to assess how sensitive the ob-
tained results are to uncertainties in the growth rates. Furthermore, we examine how
the results change if we assume that the condensational growth term is negligible and15

calculate the concentration of recombination products from Eq. (6) as has been done
in the earlier studies (Lehtipalo et al., 2009; Kulmala et al., 2013).

To evaluate the sensitivity of our results to the changes in the growth rates, we ex-
amined how the results change if the growth rate increases with the increasing cluster
size more slowly than shown in the data by Kulmala et al. (2013). The growth rates20

assumed for different size classes in this analysis are presented in Table 1, and the
fractions of recombination products of all neutral clusters obtained with these growth
rates are illustrated in Fig. 6a. We can see that the distribution of the fraction of recom-
bination products looks very similar to the distribution obtained with the more strongly
increasing growth rate shown by Fig. 3. The only difference is that with the more grad-25

ually increasing growth rate the fraction of recombination products reached slightly
higher values. The highest median fractions obtained in the size classes between 1.5
and 1.9 nm were 20–21 %. Thus, it seems that also in the conditions where the clus-
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ter growth accelerates more slowly than typically during new particle formation events,
most of the neutral clusters observed in Hyytiälä originate from other processes than
ion–ion recombination.

To examine how the results change if the effect of condensational growth is ne-
glected, we also calculated the concentration of recombination products in different5

size classes from Eq. (6). However, in this case we noticed that it is not reasonable
to assume that the coefficient λ, describing the fraction of stable recombination prod-
ucts, equals unity because the concentrations of recombination products obtained with
λ = 1 were often larger than the total neutral cluster concentrations. Thus, we deter-
mined the maximum value for the coefficient, λmax, by using the method presented by10

Kulmala et al. (2013). For the smallest size class (0.9–1.1 nm) λmax was equal to 1, as
we could not find the upper limit for the coefficient by using this method. Also in the
next size class (1.1–1.3 nm) the value of λmax was close to unity (0.91). However, in
the size classes between 1.3 and 2.1 nm the maximum fraction of stable recombina-
tion products varied between 0.13 and 0.29. Finally, we calculated the concentration of15

recombination products in different size classes from Eq. (6) by replacing λ with λmax.
Figure 6b depicts the fraction of recombination products of all neutral clusters obtained
for different size classes with this method. The fraction of recombination products ap-
peared to have its maximum at smaller sizes than when the effect of condensational
growth was taken into account (Fig. 3). The median values of the fraction were also20

clearly lower, varying between 0.06 % and 5 %. This may at least partly be due to the
fact that in this analysis the coefficient λ was not assumed to equal 1, as was done
when the condensational growth term was included in the calculations.

4 Summary and conclusions

In this paper, we presented and evaluated a method for determining the size distribution25

of recombination products from the measured size distributions of charged and neutral
clusters. This method takes into account the production of recombination products in
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collisions between oppositely charged ions, the loss by coagulation, and also the loss
and gain due to condensational growth. We applied our method to the size distribution
data measured in Hyytiälä, Finland, during spring 2011. From that data we determined
the production rate of neutral clusters by ion–ion recombination and the concentration
of recombination products in six equally spaced size classes between 0.9 and 2.1 nm.5

In addition, the proportion of recombination products of all neutral clusters was investi-
gated.

The recombination production rate was highest in the size classes between 1.3
and 1.7 nm and lowest in the smallest (0.9–1.1 nm) and the largest (1.9–2.1 nm) size
classes. The median recombination production rates varied between 2 ×10−3 cm−3 s−1

10

and 8 ×10−2 cm−3 s−1 in different size classes. The concentration of recombination
products had a maximum in the size classes between 1.5 and 1.9 nm in which the me-
dian concentrations were 75–79 cm−3. The concentration was lowest in the smallest
size class (0.9–1.1 nm) with the median value of 1 cm−3.

On average, recombination products accounted only for 1.5 % of all neutral clusters15

in the size range of 0.9–2.1 nm during the measurement period. However, the fraction
of recombination products of all neutral clusters varied depending on the examined
size class. The median fraction of recombination products was lowest, 0.05 %, in the
smallest size class (0.9–1.1 nm), and highest, 15 %, in the size class of 1.7–1.9 nm. The
temporal variation of the fraction was also strong. The results are in agreement with20

the earlier studies where a minor contribution of recombination products to the neutral
cluster population has been observed using particle size distribution data from Hyytiälä
(Lehtipalo et al., 2009; Kulmala et al., 2013). Still, it has to be noted that in those studies
the effect of condensational growth on the recombination product size distribution has
been neglected. In this study, however, we included the condensational growth effect25

in our calculations by estimating the cluster growth rates from the data presented by
Kulmala et al. (2013).

To evaluate the sensitivity of our results to uncertainties in the growth rates, we
examined how the results change if the growth rate increases more gradually with
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the increasing cluster size than shown by the data that we used. We concluded that
although the fractions of recombination products of all neutral clusters were slightly
higher when using more slowly increasing growth rate the results did not change sig-
nificantly. We also investigated how the fraction of recombination products of all neutral
clusters changes if the effect of condensational growth is assumed to be negligible. It5

seems that with this assumption the fragmentation of recombination products needs
to be considered in the analysis, which was not the case when including the effect of
condensational growth in the calculations. Consequently, the distribution obtained for
the fraction of recombination products with this method somewhat differed from the
distribution obtained when condensational growth was taken into account.10

Overall, our method can be assumed to provide a reasonable maximum estimate
of the contribution of recombination products to atmospheric cluster concentrations.
However, determining the size distribution of recombination products more accurately
in the future would require more precise measurements of the size distributions and the
growth rates of neutral clusters. In addition, the dependency of the recombination coef-15

ficient on the environmental conditions, especially on temperature, and on the particle
size should be understood better, so that it could be included in the calculations. Finally,
more knowledge of the fragmentation of recombination products would be needed to
establish how important ion–ion recombination truly is for the dynamics of atmospheric
clusters.20
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Lehtipalo, K., Sipilä, M., Riipinen, I., Nieminen, T., and Kulmala, M.: Analysis of atmospheric10

neutral and charged molecular clusters in boreal forest using pulse-height CPC, Atmos.
Chem. Phys., 9, 4177–4184, doi:10.5194/acp-9-4177-2009, 2009.
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Petäjä, T., Kerminen, V.-M., and Kulmala, M.: Charged and total particle formation and growth
rates during EUCAARI 2007 campaign in Hyytiälä, Atmos. Chem. Phys., 9, 4077–4089,20
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Table 1. Growth rates for different size classes between 0.9 and 2.1 nm. GRfit shows the growth
rates obtained by fitting a 3rd degree polynomial to the data presented by Kulmala et al. (2013)
and differentiating. GRlow shows the growth rates used for analysing the sensitivity of the results
to the changes in the growth rates.

size range [nm] GRfit [nmh−1] GRlow [nmh−1]

0.9–1.1 0.2 0.2
1.1–1.3 0.5 0.3
1.3–1.5 0.7 0.4
1.5–1.7 1.0 0.5
1.7–1.9 1.2 0.6
1.9–2.1 1.4 0.7
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Table 2. The mobility and mass ranges of the NAIS channels.

Channel Mean Mobility Mobility Mass Mass
mobility upper limit lower limit lower limit upper limit
[cm2 V−1s−1] [cm2 V−1 s−1] [cm2 V−1 s−1] [amu] [amu]

1 3.160 3.649 2.737 6 23
2 2.370 2.737 2.054 23 62
3 1.780 2.054 1.539 62 141
4 1.330 1.539 1.153 141 287
5 1.000 1.153 0.866 287 540
6 0.750 0.866 0.649 540 967
7 0.562 0.649 0.487 967 1658
8 0.422 0.487 0.365 1658 2748
9 0.316 0.365 0.274 2748 4431
10 0.237 0.274 0.205 4431 6958
11 0.178 0.205 0.154 6958 10 732
12 0.133 0.154 0.115 10 732 16 239
13 0.100 0.115 0.087 16 239 24 117
14 0.075 0.087 0.065 24 117 35 392
15 0.056 0.065 0.049 35 392 51 232
16 0.042 0.049 0.037 51 232 73 335
17 0.032 0.037 0.027 73 335 103 937
18 0.024 0.027 0.021 103 937 145 623
19 0.018 0.021 0.015 145 623 202 646
20 0.013 0.015 0.012 202 646 279 487
21 0.010 0.012 0.009 279 487 381 732
22 0.008 0.009 0.006 381 732 518 621
23 0.006 0.006 0.005 518 621 699 462
24 0.004 0.005 0.004 699 462 937 801
25 0.003 0.004 0.003 937 801 1 250 695
26 0.002 0.003 0.002 1 250 695 1 656 311
27 0.002 0.002 0.002 1 656 311 2 185 970
28 0.001 0.002 0.001 2 185 970 2 877 563
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Table 3. The mass and size ranges of the recombination products formed in the collisions of
different ion pairs. N and P refer to the negative and positive ions and the numbers from 1 to 7
to the different NAIS channels shown in Table 2.

Ion pairs Rec. products mass Rec. products mass Mobility diameter Mobility diameter
lower limit [amu] upper limit [amu] lower limit [nm] upper limit [nm]

N1 + P1 12 46 0.86 1.02
N1 + P2, N2 + P1 29 85 0.95 1.12
N2 + P2 46 124 1.02 1.20
N1 + P3, N3 + P1 68 164 1.08 1.27
N3 + P2, N2 + P3 85 203 1.12 1.32
N3 + P3 124 282 1.20 1.42
N1 + P4, N4 + P1 147 310 1.24 1.45
N2 + P4, N4 + P2 164 349 1.27 1.49
N3 + P4, N4 + P3 203 428 1.32 1.56
N1 + P5, N5 + P1 293 563 1.43 1.66
N4 + P4 282 574 1.42 1.67
N2 + P5, N5 + P2 310 602 1.45 1.69
N3 + P5, N5 + P3 349 681 1.49 1.74
N4 + P5, N5 + P4 428 827 1.56 1.82
N5 + P5 574 1080 1.67 1.95
N1 + P6, N6 + P1 546 990 1.65 1.91
N2 + P6, N6 + P2 563 1029 1.66 1.93
N3 + P6, N6 + P3 602 1108 1.69 1.97
N4 + P6, N6 + P4 681 1254 1.74 2.03
N5 + P6, N6 + P5 827 1507 1.82 2.13
N6 + P6 1080 1934 1.95 2.29
N1 + P7, N7 + P1 973 1681 1.90 2.20
N2 + P7, N7 + P2 990 1720 1.91 2.21
N3 + P7, N7 + P3 1029 1799 1.93 2.24
N4 + P7, N7 + P4 1108 1945 1.97 2.29
N5 + P7, N7 + P5 1254 2198 2.03 2.37
N6 + P7, N7 + P6 1507 2625 2.13 2.50
N7 + P7 1934 3316 2.29 2.68
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Table 4. The median values for the recombination production rate (Rr) and the concentrations of
recombination products (Nrec), all clusters (Ntot), charged clusters (Nions) and all neutral clusters
(Nn, tot) in six size classes between 0.9 and 2.1 nm.

size range [nm] Rr [cm−3 s−1] Nrec [cm−3] Ntot [cm−3] Nions [cm−3] Nn, tot [cm−3]

0.9–1.1 1.8×10−3 1.3 2954.8 174.4 2792.8
1.1–1.3 2.0×10−2 13.9 1122.1 270.8 847.3
1.3–1.5 7.0×10−2 49.9 872.9 183.1 652.5
1.5–1.7 7.8×10−2 74.7 532.1 56.1 449.6
1.7–1.9 3.7×10−2 78.7 469.7 16.0 446.8
1.9–2.1 9.0×10−3 54.3 699.0 5.2 694.2
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Fig. 1. The production rate of neutral clusters by recombination in different size classes. The
red lines show the medians, the blue boxes indicate the 25th and 75th percentiles, and the error
bars show the 5th and 95th percentiles.
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Fig. 2. The concentration of recombination products in different size classes. The red lines
show the medians, the blue boxes indicate the 25th and 75th percentiles, and the error bars
show the 5th and 95th percentiles.
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Fig. 3. The percentage of recombination products of all neutral clusters in different size classes.
The red lines show the medians, the blue boxes indicate the 25th and 75th percentiles, and the
error bars show the 5th and 95th percentiles.
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Fig. 4. The concentrations of recombination products (Nrec) and all neutral clusters (Nn, tot)
in the size range of 0.9–2.1 nm during 27 March–1 April 2011. The recombination product
concentration exceeded the concentration of all neutral clusters briefly on 30 March because
the total neutral cluster concentration data did not cover the whole size range at that time.
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Fig. 5. The median diurnal variations of the concentrations of recombination products (Nrec)
and all neutral clusters (Nn, tot) in the size range of 0.9–2.1 nm on new particle formation event
and non-event days.
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b)

a)

Fig. 6. The percentage of recombination products of all neutral clusters in different size classes
(a) when assuming that the cluster growth rate increases more slowly with the increasing size
than shown by Kulmala et al. (2013), (b) when calculating the recombination product concen-
tration from Eq. (6), not including the condensational growth term. The red lines show the
medians, the blue boxes indicate the 25th and 75th percentiles, and the error bars show the
5th and 95th percentiles.
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