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Abstract. Air ions are characterized on the basis of measure-
ments carried out in a boreal forest at the Hyytiälä SMEAR
station, Finland, during the BIOFOR III campaign in spring
1999. The air ions were discriminated as small ions (charged
molecular aggregates of the diameter of less than 2.5 nm),
intermediate ions (charged aerosol particles of the diameter
of 2.5–8 nm), and large ions (charged aerosol particles of the
diameter of 8–20 nm). Statistical characteristics of the ion
concentrations and the parameters of ion balance in the atmo-
sphere are presented separately for the nucleation event days
and non-event days. In the steady state, the ionization rate is
balanced with the loss of small ions, which is expressed as
the product of the small ion concentration and the ion sink
rate. The widely known sinks of small ions are the recombi-
nation with small ions of opposite polarity and attachment to
aerosol particles. The dependence of small ion concentration
on the concentration of aerosol particles was investigated ap-
plying a model of the bipolar diffusion charging of particles
by small ions. When the periods of relative humidity above
95% and wind speed less than 0.6 m s−1 were excluded, then
the small ion concentration and the theoretically calculated
small ion sink rate were closely negatively correlated (cor-
relation coefficient−87%). However, an extra ion loss term
of the same magnitude as the ion loss onto aerosol particles
is needed for a quantitative explanation of the observations.
This term is presumably due to the small ion deposition on
coniferous forest. The hygroscopic growth correction of the
measured aerosol particle size distributions was also found
to be necessary for the proper estimation of the ion sink rate.
In the case of nucleation burst events, the concentration of
small positive ions followed the general balance equation, no
extra ion loss in addition to the deposition on coniferous for-
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est was detected, and the hypothesis of the conversion of ions
into particles in the process of ion-induced nucleation was
not proved. The estimated average ionization rate of the air
at the Hyytïalä station in early spring, when the ground was
partly covered with snow, was about 6 ion pairs cm−3 s−1.
The study of the charging state of nanometer aerosol particles
(diameter 2.5–8 nm) in the atmosphere revealed a strong cor-
relation (correlation coefficient 88%) between the concentra-
tions of particles neutralized in the aerosol spectrometer and
naturally positively charged particles (air ions) during nucle-
ation bursts. The charged fraction of particles varied from
3% to 6% in accordance with the hypothesis that the parti-
cles are quasi-steady state charged.

1 Introduction

The formation and growth of ultrafine aerosol particles in the
atmosphere have been studied during the last decade at many
different locations around the world because of their possible
impact on the radiation balance and thereby on the climate of
the Earth (Kulmala et al., 2004a; Birmili et al., 2003; Tunved
et al., 2003; Iida et al., 2006). Various theories have been
elaborated to explain the mechanisms of new particle gen-
eration (e.g. Raes and Janssens, 1985; Yu and Turco, 2000,
2001; Laakso et al., 2002; Korhonen et al., 1999, Kulmala
et al., 2000; Napari et al., 2002). Despite the frequently ob-
served particle formation events, the microphysical mecha-
nisms of nucleation have remained unclear because of the
very small size of newly born particles (about 1–2 nm). This
size range is not within the scale of modern aerosol instru-
ments using artificial charging of particles. Air ion spec-
trometers are suitable to measure naturally charged clusters
and particles down to about 0.4 nm, but the charging state
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of newly born particles is not known in the atmosphere (due
to different particle formation mechanisms). Experimental
study of new particle formation in the atmosphere is compli-
cated also because the size range of new particles coincides
with the size range of small ions or cluster ions (0.4–1.6 nm).
The knowledge about the behavior of small ions, particles
and their charged fraction (air ions) during nucleation events
could contribute to elucidate the role of different nucleation
mechanisms.

The mobility spectrum of small ions is sensitive to the
content of many trace species (gases or vapors at concentra-
tions below 1 part per billion) in the air giving rise to certain
specific ion families with characteristic mobilities (Nagato
and Ogawa, 1998; Parts and Luts, 2004). The positive and
negative small ions exhibit very different chemical compo-
sition (Eisele and Tanner, 1990; Beig and Brasseur, 2000;
Luts and Parts, 2002). Typically positive core ions consist
of hydronium (H3O+), ammonium (NH+4 ) and a variety of
organic compounds (e.g. pyridine), while the dominant nega-
tive core ions besides parent species NO−

3 and HSO−

4 include
also strong acids (nitric acid and sulfuric acid). However, the
differences in physical properties of ions (mass, size and mo-
bility) are not large, e.g. the mean mobility of negative small
ions near the ground is about 13% higher than that of positive
ions (Hõrrak et al., 2000).

The importance of air ions in the particle formation pro-
cesses has been shown in several laboratory experiments (Ra-
mamurthi et al., 1993; Kim et al., 1997, 1998; Hanson and
Eisele, 2002; Froyd and Lovejoy, 2003a, b; Wilhelm et al.,
2004). Comprehensive overviews about the charging and
charge distribution on aerosol particles in a bipolar ion en-
vironment can be found in (Hoppel and Frick, 1986; Reis-
chl et al., 1996). According to laboratory experiments and
theoretical considerations, the steady state charge distribu-
tion on large aerosol particles determined by the diffusion
of small ions to particles is close to the Boltzmann distri-
bution. Corrections have been found to be necessary in the
case of ultrafine particles below 100 nm (Fuchs and Sutugin,
1971; Hoppel and Frick, 1986; Tammet, 1991; Reischl et
al., 1996). However, only few experimental studies on the
subject have been carried out in the real atmosphere. So far,
the problems of the bursts of intermediate ions (generation
of charged nanometer aerosol particles) and of the charge
distribution on freshly nucleated atmospheric nanoparticles
have been briefly discussed (Hõrrak et al., 1998a, b, 2003a,
b; Mäkel̈a et al., 2001a, 2003; Tamm et al., 2001). An ex-
tensive study of air ions and aerosol particles was recently
conducted in a boreal forest at the Hyytiälä SMEAR station,
Finland, during the QUEST campaign (21 March–10 April
2003) (Kulmala et al., 2004b; Laakso et al., 2004a, b). One
of the important results of the QUEST 2 campaign was a
charge asymmetry on intermediate air ions (1.6–5 nm) with
an excess of negative charges and overcharging of nanometer
aerosol particles (an excess of charge compared to the steady
state bipolar charging probability) in the size range of 3–5 nm

during weak and moderate nucleation bursts (Hõrrak et al.,
2004a, b; Laakso et al., 2004a). The formation of negatively
charged nanometer particles by ion-induced nucleation is in
accordance with the results of laboratory experiments (Froyd
and Lovejoy, 2003b; Wilhelm et al., 2004).

The objective of this work was a comparative study of
positive air ions (naturally charged small ions and aerosol
particles) and fine aerosol particles with the main focus on
the balance between small ions and aerosols, as well as on
the charging state of nanometer particles during nucleation
events. Simultaneous measurements of the concentration of
small ions and the size distribution of aerosol particles enable
to estimate also the ionization rate of the air (or ion produc-
tion rate), which is a key factor in ion-induced nucleation.

2 Measurements

Atmospheric aerosols and the concentration of positive air
ion mobility classes were measured in a boreal forest at the
Hyytiälä SMEAR II station, Finland, during the BIOFOR III
campaign (31 March–29 April 1999) (Kulmala et al., 2001a;
Aalto et al., 2001). The SMEAR II (Station for Measuring
Forest Ecosystem-Atmosphere Relations) is located on a flat
terrain at the Hyytïalä Forestry Field Station of the Univer-
sity of Helsinki about 220 km north-west of Helsinki. The
station is surrounded by pine-dominated forests of middle
density covering extended areas. The terrain is a subject to
modest height variation (up to about 40 m). The oblong Lake
Kuivajärvi (141 m a.s.l.) is located about 600 m south-west
of the station. The ground in the vicinity is igneous and meta-
morphic bedrock (notably granites) partly exposed or cov-
ered by a thin layer of soil (maximum up to about 2 m). The
nearest largest city, Tampere (204 000 inhabitants), is located
about 60 km south-west of the station. A detailed description
of the station has been given by Vesala et al. (1998) and by
Hari and Kulmala (2005).

Aerosol particle size distribution was measured by means
of a dual DMPS (Differential Mobility Particle Sizer) sys-
tem covering the sizes of 3–500 nm (Aalto et al., 2001).
The devices had a Hauke-type differential mobility ana-
lyzer (DMA), a closed-loop sheath flow arrangement and a
Krypton-85 aerosol neutralizer. For large particles, an aero-
dynamic particle sizer (APS, TSI model 3320) was used to
measure the size distribution from 0.7µm up to 20µm. This
instrument was located in a truck about 40 m from the main
cottage of the SMEAR station where the DMPS system had
been installed. Both instruments had sampling lines of the
2-m level inside the forest. The sample flow and sheath
flow of the DMPS, as well as the sample flow of the APS
were not dried. However, the size distributions of parti-
cles measured by means of both devices can be considered
as “dry size distributions” due to low relative humidity in-
side the instruments (especially in the APS). Additional in-
formation about the accumulation mode and coarse mode
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particles in the diameter range of 0.2–32µm was obtained
using in-situ optical particle counters: a Particle Measur-
ing System’s (PMS) Active Scattering Aerosol Spectrome-
ter Probe (ASASP-300), measuring in the size range 0.2–
3µm, and a Classical Scattering Aerosol Spectrometer Probe
(CSASP-100), covering the sizes above 1µm (Kulmala et
al., 2001a; Ḧameri et al., 2001). The optical counters sam-
pled wet-ambient aerosol particles on a tower at a height of
about 18 m above the ground and about 30 m from the main
cottage.

In order to estimate the concentration of positive air ions in
different mobility classes, four integral ion counters UT-8401
were applied (Aalto et al., 2001). Negative air ions were not
measured during the BIOFOR III campaign. The ion coun-
ters were the Gerdien type aspiration counters in which the
naturally charged particles (small ions and aerosol ions) de-
posited from the airflow by the electric field in the mobility
analyzer according to their electrical mobilities and the elec-
tric current was measured by electrometer. The limiting mo-
bilities of four ion counters, determined by the voltage, flow
rate and effective capacity of the mobility analyzer, were set
to 0.02, 0.063, 0.2, and 0.64 cm2 V−1 s−1, respectively. Due
to the nature of the integral ion counter, the concentrations
of air ion mobility classes can be calculated by means of
a special inversion algorithm (Tammet, 1970; Israël, 1970).
The method is based on the measurements at several differ-
ent limiting mobilities to determine the dependence of the
ion concentration on the reciprocal of the limiting mobility
(or current-voltage characteristic curve). At a certain mobil-
ity, the intercept of the characteristic curve tangent on the
concentration axis yields the concentration of ions with mo-
bilities higher than this specific mobility, and the difference
between the intercepts yields the ion concentration in a mo-
bility class. In practice, a piecewise linear approximation
of the characteristic curve was used and the specific mo-
bilities of 0.355 and 0.0355 cm2 V−1 s−1 were selected as
boundaries between the mobility classes. The lower bound-
ary of the lowest mobility class was conventionally set to
0.005 cm2 V−1 s−1 (Aalto et al., 2001). The concentrations
of positive small ions (Stokes-Millikan mobility equivalent
diameter less than 2.5 nm) and two classes of aerosol ions
– intermediate ions (or charged fine nanometer particles of
2.5–8 nm) and large ions (or charged coarse nanometer parti-
cles of 8–20 nm) – were derived. Air ions were measured as
naturally charged in the bipolar atmospheric air. The upper
boundary of 20 nm cannot be exactly determined because of
the contribution of charged aerosol particles of larger sizes:
the larger the particle, the smaller is its contribution to sig-
nal. The sampling height of ion counters was 2 m above the
ground; the data were recorded every 10 min. The distance
between the measurement locations of air ions and aerosols
was about 450 m. For details about the instrumentation, see
(Kulmala et al., 2001a; Aalto et al., 2001).

The average temperature in the first half of April was
2.2◦C and in the second half 7.0◦C. The depth of the snow

cover was about 40 cm at the beginning and 20 cm in the mid-
dle of April; the snow cover melted quickly during the week
after 15 April 1999.

3 Theoretical background

3.1 The balance of ions in the atmosphere

Small positive and negative ions are generated in the atmo-
sphere mainly by cosmic radiation and natural radioactiv-
ity. Two concurrent processes, ion-ion recombination and
adsorption of small ions by aerosol particles, are responsi-
ble for the loss of small ions. The simplified balance equa-
tion of small ions in a bipolar environment, considering equal
numbers of positive and negative small ions and symmetrical
charging of aerosol particles, can be written as (Hoppel and
Frick, 1986)

dn

dt
= q − αn2

− βeffNtotn, (1)

whereq is the ionization rate,α is the recombination coef-
ficient, n is the concentration of small ions,Ntot is the total
concentration of aerosol particles, andβeff is the effective
ion-aerosol attachment coefficient for polydisperse aerosol
particles. The productβeffNtot characterizes the relative loss
rate of small ions due to aerosols and is sometimes called
“sink of ions on aerosols” or “ion sink rate” or briefly “ion
sink” (Tammet et al., 2006). The time constant of the transfer
to the steady state condition (dn/dt=0) is about 1 min in the
continental boundary layer air. This balance equation does
not take into account the loss of small ions by ion-induced
nucleation due to its complicated nature. The simplified bal-
ance equation of small ions (Eq. 1) has an analytical steady
state solution:

n =
2q

βeff Ntot +

√
β2

eff N
2
tot + 4α q

. (2)

It can also be presented in the form:n=qτ (q), where the pa-
rameterτ (q) has the dimension of time and can therefore be
interpreted as the “mean lifetime” of small ions in the steady
state conditions (Isräel, 1970). The mean lifetime of small
ions is inversely proportional to the total ion loss caused by
ion-aerosol attachment and by the recombination of small
ions.

The independent parameters of the balance equation have
the following average values often cited in publications. The
recombination coefficientα, which depends on the nature
of small ions and the properties of the environment (Israël,
1970; Hoppel and Frick, 1986), has an average value of
about 1.5×10−6 cm3 s−1. In continental areas, the param-
eter βeff varies in the range of (1–2)×10−6 cm3 s−1, de-
pending on the size distribution of aerosol particles (Hoppel,
1985). The average ionization rate near the ground of about
10 ion pairs cm−3 s−1 (caused by radioactive substances in
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Fig. 1. Equivalent or single size ion-aerosol attachment coefficient
as a function of particle size (2 nm–10µm). Solid line: model cal-
culations (Eqs. 4–6); dashed line: approximation function (Eq. 7);
plus sign (+) and open circles (©): calculations based on Eq. (6)
and the tabulated results of attachment coefficients for ions with
the mobility of 1.3 cm2 V−1 s−1 and the mass of 200 amu; and of
1.8 cm2 V−1 s−1 and the mass of 100 amu, respectively (Hoppel
and Frick, 1990).

the ground and in the air, and by cosmic radiation) is consid-
ered as an average for continental areas.

The sink rate of small ions on aerosols is given by the
equation (Hoppel and Frick, 1986; Tammet, 1991):

Sa = βeffNtot =

∫
d

∞∑
i=−∞

βi(d)pi(d)N(d)dd, (3)

wereβi(d) is the ion-aerosol attachment coefficient between
small positive (or negative) ions and particles with diameter
d and withi (or −i) elementary charges,pi(d) is the proba-
bility of carryingi elementary charges on a particle andN(d)

is the size distribution of aerosol particles.

The attachment of small ions to aerosol particles gives
rise to a size-dependent statistical charge distribution on the
aerosol particles (Hoppel and Frick, 1986; Reischl et al.,
1996). The time in which the aerosol particle population ap-
proaches charge equilibrium depends on the collision rate be-
tween small ions and aerosol particles, and also on the parti-
cle formation mechanism (e.g. homogeneous nucleation, ion-
induced nucleation). Considering typical atmospheric condi-
tions and initially neutral ultrafine aerosol particles, the time
required to reach charge equilibrium is typically in the range
of about 0.5–1 h (Hoppel, 1985). For rural areas, away from
direct sources of aerosol particles, the assumption of charge
equilibrium is presumed to be fairly good. However, the
charge distribution on freshly nucleated nanometer particles
needs further study.

3.2 Calculation of the ion sink rate

The effect of atmospheric aerosols on the small ion concen-
tration was estimated applying a simplified model of bipolar
diffusion charging of aerosols (by small ions) and assuming
the steady state conditions and symmetrical charging (Tam-
met, 1991; H̃orrak et al., 1998b). The calculation of the ion
sink rate Eq. (3) is based on the model of ion-aerosol attach-
ment (Hoppel and Frick, 1986; 1990). The charging proba-
bility pi(d) for the steady state is calculated using the algo-
rithm given by Tammet (1991) with improvements described
in Hõrrak et al. (1998b). The model of charge distribution
is based on the expression for the attachment coefficient of a
small ion to an aerosol particle:

βi (d) =
2πd kT Z

e

x

exp(x) − 1√
1 −

2

2 + i (i − 1) + d
/

(10nm)
, (4)

where Z is the mean mobility of small ions,
x=ie2/(2πdεokT), εo is the electric constant,k is the
Boltzmann constant, andT is the temperature. The Eq. (4)
approximates the tabulated results of Hoppel and Frick
(1990) and is also in accordance with the experimental data
of charging probabilities of nanometer aerosol particles
(Reischl et al., 1996).

The functionpi(d) is defined by the equation:

pi(d) =
Ni(d)

N(d)
=

Ni(d)

No(d) + 2 ·

∞∑
j=1

Nj (d)

, (5)

whereNi(d) or Nj (d) is the fraction concentration of par-
ticles at the diameterd with i or j elementary charges,
N(d) is the total concentration andN0(d) is the concen-
tration of neutral particles at the diameterd. In the steady

stateNi (d) /N0(d)=
i∏

j=1
βj−1 (d)

/
β−j (d). The equivalent,

or the single size ion-aerosol attachment coefficient

w(d) =

∞∑
i=−∞

βi(d)pi(d) (6)

in Eq. (3) is almost proportional to the particle diameter and,
therefore, the ion sinkSa can be interpreted as the diame-
ter concentration of aerosol particles, or the sum of aerosol
particle diameters per unit volume (Hoppel and Frick, 1986;
Tammet, 1991). A simple approximation function originates
from Tammet (1991):

w(d) =

√
d − 1 nm

d + 5 nm

d

40 nm
10−6, (7)

where the particle diameterd is in nanometers (nm) andw(d)

is in cm3 s−1. Equation (7) was improved compared to (Tam-
met 1991): the square root was added, which provides a bet-
ter agreement with exact calculations by means of Eqs. (4),
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Table 1. Descriptive statistics of the positive small ion concentration (n), effective attachment coefficient (βeff), the sink of small ions on
aerosol particles of 3–500 nm (Sa), ion loss due to the recombination of small ions (α·n), the ionisation rate (q), the total concentration of
aerosol particles (Ntot) and the ratio of ion loss due to the recombination to total ion loss due to particles (last row). 31 March–29 April
1999, Hyytïalä.

a) Nucleation event days (number of measurements 1813).

Mean Median Min Max Lower Upper Percentile Percentile Std.Dev.
Quartile Quartile 10 90

n, cm−3 530 510 110 1180 430 610 360 730 150
βeff, 10−6 cm3 s−1 1.3 1.2 0.20 3.3 0.63 1.8 0.41 2.4 0.73
Sa , 10−3 s−1 4.2 3.9 0.39 12 2.7 5.4 1.7 6.7 2.0
α·n, 10−3 s−1 0.80 0.77 0.17 1.8 0.65 0.92 0.55 1.1 0.22
q, cm−3 s−1 2.5 2.3 0.8 7.6 1.8 2.9 1.5 3.7 0.94
Ntot 4070 3470 590 18 980 2280 5340 1420 7360 2580
α·n/(α·n+Sa) 0.20 0.16 0.024 0.75 0.11 0.26 0.076 0.35 0.13

b) Non-event days (number of measurements 1754).

Mean Median Min Max Lower Upper Percentile Percentile Std.Dev.
Quartile Quartile 10 90

n, cm−3 420 410 120 1180 280 540 220 660 180
βeff, 10−6 cm3 s−1 2.2 2.2 0.63 3.9 1.6 2.9 1.1 3.2 0.74
Sa , 10−3 s−1 7.6 5.4 1.2 59 4.1 8.4 3.4 16 6.4
α·n, 10−3 s−1 0.64 0.61 0.18 1.8 0.42 0.81 0.33 0.99 0.27
q, cm−3 s−1 3.0 2.8 0.6 14 1.9 3.8 1.4 4.9 1.6
Ntot 3520 2910 540 25 450 2050 4340 1390 5830 2620
α·n/(α·n+Sa) 0.11 0.10 0.005 0.48 0.050 0.15 0.022 0.20 0.073

(5) and (6). The dependence of the single size ion-aerosol at-
tachment coefficient on the particles of different sizes (2 nm–
10µm) is shown in Fig. 1. The mean mobility of positive
and negative small ions of 1.45 cm2 V−1 s−1, standard tem-
perature (20◦C) and air pressure (1013 mb) have been used
in these calculations.

The small ion sink on aerosolsSa is found by integrating
over the size distribution of aerosol particles of 3–500 nm
measured by means of the dual DMPS system. The effect
of large particles above 500 nm was studied using the data
of the Aerodynamic Particle Sizer (APS) and optical parti-
cles counters. The particle size distributions in the diame-
ter range of 0.72–20µm, measured with the APS, were con-
verted to the mobility diameter by dividing the aerodynamic
diameter by the square root of the estimated particle den-
sity of 1.9 g cm−3 (Aalto et al., 2001). The ion sink rate is
closely correlated with the condensation sink rate (conden-
sation rate of vapors on aerosol particles) (Kulmala et al.,
2001b) because both factors are mainly depending on the di-
ameter concentration of aerosol particles (first moment of the
size distribution).

4 Results and discussion

4.1 Statistical characterization of small air ions and ion loss

Statistical characteristics of the positive small (cluster) ion
concentration, the sink rate of small ions on aerosol particles
of 3–500 nm measured by the DMPS, as well as the factors
of the small ion balance Eq. (2) are presented in Table 1,
separately for the nucleation event days and non-event days.
The days have been classified as “nucleation event days” or
“non-event days” according to the occurrence of new parti-
cle formation followed by the particle size distribution mea-
surements. The classification given in Kulmala et al. (2001a)
was used in the present study with one exception: the first
half of 21 April, when polluted air masses were present, was
excluded from the list of nucleation event days.

Considering all the measurements, the small ion sink on
aerosolsSa varied in the range of 3.9×10−4–5.8×10−2 s−1,
commonly 1×10−3–1.2×10−2 s−1. The smallest values
were recorded after the inflow of clean maritime air masses,
while the highest values correspond to the polluted continen-
tal air masses, when the accumulation mode aerosol particles
are mainly responsible for the ion sink. During the nucleation
event days (13 days) the average sink rate of ions was about
1.8 times smaller compared to non-event days, and the mean
concentration of small ions was higher: 530 cm−3 versus

www.atmos-chem-phys.net/8/655/2008/ Atmos. Chem. Phys., 8, 655–675, 2008
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Fig. 2. Ion sink rate as a function of particle size (factor
dN/dlog(d)·w(d)) for the nucleation event days, non-event days and
the average of the period of 31 March–29 April 1999. Hyytiälä sta-
tion.

424 cm−3, respectively. The highest concentrations of small
ions up to about 1200 cm−3 were recorded during nighttime
calms. The high concentrations were probably caused by
the accumulation of radon near the ground during tempera-
ture inversions (Porstendörfer, 1994; Penttinen et al., 2003),
which can significantly increase the ionization rate of the air.
In the nucleation event days, the average diurnal variation of
the small ion concentration displayed the maximum of about
625 cm−3 during nighttime at 22:00–23:00 LST, and the min-
imum of 460 cm−3 in the morning at 07:00–08:00 LST. The
secondary maximum of 580 cm−3, which appeared at noon
(11:30 LST), was correlated with the minimum in the ion
sink rate of 2.6×10−3 s−1 (the maximum of ion sink rate
of 5.2×10−3 s−1 appeared at 24 LST). The secondary max-
imum of small ions took place before the intensive genera-
tion of nanometer particles; it preceded the maximum of the
average diurnal variation of 3 nm particles by about 1 h. In
general, the small ions measured at Hyytiälä showed similar
regularities as at Tahkuse, but the concentrations were about
two times higher than at the Tahkuse Observatory, Estonia
(Hõrrak et al., 2000, 2003b).

Extra information about negative small ions was gained
from the mobility distribution measurements in the range of
0.5–3.2 cm2 V−1 s−1 at the same place during the QUEST 2
campaign in spring 2003. The average concentration
of negative small ions and their standard deviation was
575±114 cm−3. This is about 1.14 times lower than the
concentration of positive cluster ions (655±118 cm−3) at
Hyytiälä in early spring (Hirsikko et al., 2005). The concen-
trations of positive and negative ions were closely correlated;
the correlation coefficient was 93.6%. The mean mobilities
of negative and positive small ions were 1.69 cm2 V−1 s−1

and 1.45 cm2 V−1 s−1, respectively (Laakso et al., 2004b),
and the correlation between the quantities was about 60%.

It is worth to point out that during the BIOFOR III cam-
paign at the Hyytïalä station, the loss of small ions due to
ion-ion recombination (assuming the recombination coeffi-
cient 1.5×10−6 cm3 s−1) was about 16% of the total ion loss
due to small ion recombination and attachment to the aerosol
particles, in average. Typically, it is less than 5% for conti-
nental areas (Tammet, 1991). In the case of very clean air,
e.g. after the Arctic cold air advection from the Northern At-
lantic, the small ion recombination was responsible for about
70% of ion losses (Table 1). Here we neglected the effect
of ion-induced nucleation on the loss of small ions. We also
assumed equal concentrations of positive and negative small
air ions; in general, the ratio of positive to negative ions is
about 1.12 (H̃orrak et al., 2000). The peak concentrations of
small ions at Hyytïalä, recorded in the very clean air (about
800 cm−3), are still considerably smaller than the concen-
trations (up to 1200 cm−3) recorded during nocturnal calms
(radon accumulation effect).

The sink of small ions at the Hyytiälä station was mainly
determined by the concentration of particles in the size range
of 3–500 nm measured by the DMPS; the contribution of
larger particles measured by the APS (mobility equivalent
diameter 0.52–15µm) was about two orders of magnitude
smaller (see Fig. 2). For example, during the nucleation event
days (non-event days), an average value of an ion sink rate
measured by the APS was 4.88×10−5 s−1 (11.47×10−5 s−1)

and maximum was 14.5×10−5 s−1 (49.6×10−5 s−1), respec-
tively. The percentage contribution of particles in the size
range of the APS was about 1.5% in average, and always less
than 8%. Therefore, if high accuracy is not essential when
calculating the ion sink rate, then we can take into account
only the DMPS measurements. However, the estimated ion
sink rates are probably to a certain extent underestimated be-
cause we did not take into account the hygroscopic growth of
particle size due the effect of ambient humidity. During the
BIOFOR campaign, Ḧameri et al. (2001) studied the hygro-
scopic growth of aerosol particles in the dry particle diame-
ter range of 0.01–2µm when taken from the dry state (rel-
ative humidity RH<5%) to RH=90%. The growth factors
ranged between 1.0 and 1.6 considering particles of differ-
ent sizes, and a clear diurnal variation of the growth factors
of nucleation, Aitken and accumulation mode particles was
found during nucleation event days.

The effective attachment coefficient (βeff), which is pro-
portional to the mean diameter of aerosol particles, var-
ied in the range of 2×10−7

−3.85×10−6 cm3 s−1. These
changes in the remote environment are affected by the long-
range transport of aerosol pollutants and/or clean air ad-
vection, by the transformation of aerosol size distribution
due to the evolution of boundary layer and new particle
generation (Nilsson et al., 2001a, b). During the nucle-
ation burst days the effective attachment coefficient showed
a considerable diurnal variation; on the average, it varied
from about 6×10−7 cm3 s−1 up to 1.8×10−6 cm3 s−1, dis-
playing a nighttime maximum at about 04:00–05:00 LST
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and a minimum in the afternoon at 16:00 LST. During the
peak time of nanometer particle generation by photochem-
ical nucleation around noon, the effective attachment coef-
ficient was almost always less than 6×10−7 cm3 s−1. The
effective attachment coefficients found by Hoppel (1985)
at the Naval Research Laboratory in urban Washington,
D.C. were 1.15×10−6 and 1.97×10−6 cm3 s−1, and the
ion sink rates calculated from those measurements were
1.6×10−2 and 4.64×10−2 s−1 for the periods of good and
poor visibility, respectively. Measurements in the marine
environment near the east coast of the United States re-
vealed the attachment coefficients from 0.89×10−6 cm3 s−1

up to 2.63×10−6 cm3 s−1 and in the remote Atlantic as
high as 3.18×10−6 cm3 s−1. The corresponding ion sink
rates were in the range of 1.8×10−2

−2.4×10−2 s−1 and
6.46×10−4 s−1, respectively. The effective attachment co-
efficients in considerably different environments are compa-
rable with each other and with average values found in the
boreal forest at Hyytïalä. The ion sink influenced by local air
pollution, anthropogenic and natural sources of aerosols is a
subject to considerable differences.

The average ionization rate of about 2.8 ion pairs
cm−3 s−1, calculated from the balance Eq. (1) considering
the steady state conditions, is too small for continental sta-
tions. It is probably underestimated by a factor of 2. The
average ionization rate at 1 m height from the ground about
10 ion pairs cm−3 s−1 is considered as an average for con-
tinental areas (Isräel, 1970, 1973; Chalmers, 1967). Three
main ionizing agents (factors) have the following contribu-
tion: the ionization rate caused by radioactive substances in
the ground is about 4.6 ion pairs cm−3 s−1 and in the air
(radon, radioactive aerosol) 4 ion pairs cm−3 s−1, and by
cosmic radiation 1.5–1.8 ion pairs cm−3 s−1. Considering
different locations, the ionization rate could exhibit consid-
erable variations depending on the content of radioactive sub-
stances in the ground, on the soil properties and due to local
orography. The measurements below 1 m strongly depend
on the ionization profile. The temporal variations in the ion-
ization rate (annual and diurnal variation) are mostly due to
variations in radon and thoron concentration in the air (Pors-
tend̈orfer, 1994; Hoppel et al., 1986). Our estimates of the
ionization rate did not take into account the loss of small ions
by the deposition on the coniferous forest, which could affect
the measurements at the Hyytiälä station, as well as the dif-
ferences in the sizes of wet ambient particles and those sam-
pled by the DMPS. Presumably, the uncertainties of ion loss
caused by these factors can explain the small values of ion-
ization rate. The exceptionally high ionization rates found
on 21 April with the nighttime maximum of 14.6 ion pairs
cm−3 s−1 (Table 1b) are probably the artifacts caused by lo-
cal air pollution, which did not affect the ion measurements.
The most reasonable maximum value of the ionization rate
estimated from the density distribution (excluding data of 21
April) is equal to that found for the nucleation event days,
about 7.6 ion pairs cm−3 s−1. The average diurnal variation

of the ionization rate displayed a moderate variation with the
nighttime maximum of about 3.4 ion pairs cm−3 s−1 and the
minimum of 2 ion pairs cm−3 s−1in the afternoon.

Laakso et al. (2004a) applied the same approach to the cal-
culation of the ionization rate based on the measurements
of the QUEST 2 campaign at the Hyytiälä station in spring
2003. The effect of the hygroscopic growth of the measured
dry aerosol particle size distributions due to ambient humid-
ity was also taken into account, but the average ionization
rate stayed at a low value of 2.6 ion pairs cm−3 s−1.

The measurements at Hyytiälä show that the atmosphere
always contains small air ions that can act as condensation
centers (of about 1 nm size) in the nucleation process. During
intensive generation of nanometer aerosol particles the con-
centration of small ions was in the range of 380–780 cm−3,
considering different event days. Therefore, when the homo-
geneous nucleation of new aerosol particles takes place in the
atmosphere, it should be accompanied by ion-induced nucle-
ation (see e.g. Hoppel et al., 1994; Raes and Van Dingenen,
1992). To maintain the small ion population, the production
rate of aerosols by ion-induced nucleation at the Hyytiälä
station should be limited by the ionization rate (about 4–6
ion pairs cm−3 s−1) (Laakso et al., 2004a).

4.2 Correlation between the concentration of small ions
and ion sink rate

The correlation between small ion concentration and the sink
rate of small ions on aerosol particles of the sizes of 3–
500 nm is depicted in Fig. 3. The overall correlation is weak
owing to the nighttime calms and weak wind, and due to high
humidity periods (probably fog events), when the concentra-
tion of small ions varied independently of the ion sink. The
fog is known to affect the conductivity of atmospheric air,
reducing the concentration of small ions (Dolezalek, 1963;
Hoppel et al., 1986). Contrary to that, the nighttime calms
and weak wind favor the accumulation of radon near the
ground, resulting in an increase in the ionization rate and,
therefore, in the concentration of small ions up to about
1200 cm−3. Unfortunately, the radon concentration was not
measured during the BIOFOR campaign. The accumula-
tion of radon is confirmed by the measurements carried out
at Hyytiälä during 2000–2003 (Penttinen et al., 2003). An
alternative explanation of the occurrence of nighttime high
concentrations proceeds from the hypothesis that the depo-
sition rate of small ions on the coniferous forest is reduced
in the case of weak wind and stable boundary layer, while
the turbulent mixing can effectively enhance the deposition
(Tammet and Kimmel, 1998; Tammet et al., 2001).

The fog events were identified comparing the data of the
aerodynamic particle sizer (APS) and the optical aerosol
spectrometer probes (ASASP-300 and CSASP-100). The
APS measures dry aerosol size distribution, while the optical
probes sample wet-ambient particles in-situ at a high flow
rate, thus providing measurements of hydrated aerosol size
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Fig. 3. Scatterplot of the concentration of positive small air ions
(n) versus ion sink (Sa) on aerosol particles (3–500 nm) and a log-
arithmic regression line.(a) all the data,(b) selected data when no
fog was recorded, relative humidity is less than 95%, and the wind
speed is higher than 0.6 m s−1. 31 March–29 April 1999, Hyytïalä
station.

distributions affected by the ambient relative humidity. Dur-
ing high humidity (above 99%), the size spectra were often
completely different above the diameter of 0.5µm, probably
due to the presence of fog droplets, which are supposed to
reside in the size range of 2–40µm. We found an indica-
tion of fog during the nighttime and/or early morning on 1,
2, 7, 15, 17 and 23 April. The effect of five fog events, when
the ion counters were working properly and providing cor-
rect results, can be clearly seen in Fig. 3a. The concentration
of small ions had undergone a considerable decrease (devia-
tion from the regression line), reaching values less than about
150 cm−3. These situations were correlated with fog events.

Another factor that could affect the concentration of small
ions is precipitation (snow, sleet, rain). Precipitation can de-
crease the ionization rate due to the attenuation of gamma
and beta radiation from the ground and due to the block of
radon exhalation by the wet ground surface. Contrary to
that, precipitation can also cause an increase in the ioniza-
tion rate close to the ground due to the wet deposition of
short-lived radioactive radon daughters attached to aerosol

particles (Hatakka et al., 1998). The effect of precipitation
(snow, sleet, rain) was studied, but no clear direct or indirect
effect on the concentration of small ions was found.

To find out a clear relationship between the concentration
of small ions and the ion sink, we excluded the presumable
fog events and also the hours of high humidity (more than
95%), as well as the periods of weak wind (wind speed less
than 0.6 m s−1) from the dataset. The results are depicted
in Fig. 3b. In the case of the smallest sink rate of ions of
3.9×10−4 s−1, recorded after the inflow of clean maritime
air masses from the North Atlantic (M̈akel̈a et al., 2001b), the
concentration of small ions rose up to 800 cm−3, while dur-
ing the polluted continental air masses (coming from Russia
over St. Petersburg) with a considerably higher ion sink rate
of 2.6×10−2 s−1 the small ion concentration was diminish-
ing down to 150 cm−3.

In accordance with the balance equation of small ions
(2), if the ion sink rate is below about 10−3 s−1, the small
ion concentration becomes nearly independent of that of
aerosol particles approaching its limit in the case of aerosol
free atmosphere. The concentration limits are about 1030,
1830 or 2580 cm−3 if the ionization rate is 1.6, 5 or 10
ion pairs cm−3 s−1, respectively. The concentration limit
of 1030 cm−3 best suits our data, but the regression line in
Fig. 3b is still far from the relationship predicted by Eq. (2),
displaying significantly higher ion concentrations consider-
ing the ion sink rates above 10−3 s−1. The fact that the ion-
ization rate of the air depends on the content of radioactive
aerosols might only partially explain the discrepancy.

The correlation between the small ion concentration and
the ion sink rate was stronger during the nucleation event
days, because there were no fog events (except one, on 2
April) and relative humidity was considerably lower (av-
erage 62%), compared with the non-event days (average
82%). If to take into account only the hours when the atmo-
spheric boundary layer was well mixed (wind speed higher
than 1 m s−1), then the nonlinear correlation coefficient was
−92%.

4.3 Estimation of the ionization rate

As discussed in the Sect. 4.1, the ionization rate derived
from the balance equation of small ions (Eq. 1) has unlikely
low values for continental stations: the average is about 2.8
ion pairs cm−3 s−1. This value is close to the ionization
rate measured in the marine environment, which showed the
variation from 1.5 to 2.9 ion pairs cm−3 s−1 within differ-
ent latitudes (Hensen and van der Hage, 1994). The ioniz-
ing radiation measurements in Hyytiälä in early spring 2003
gave the mean value of 4.5 ion pairs cm−3 s−1 (Laakso et
al., 2004a). Such a large difference of about 1.6 times can-
not be explained simply by measurement uncertainties. We
assume that the balance equation is valid in general, but the
ion loss has been underestimated. However, the concentra-
tion of small ions (n) and the ion sink (Sa) were closely
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correlated (see Fig. 3b). Therefore, we are looking for a
constant extra ion loss, the addition of which can solve the
discrepancy between the experimental data and the results
derived from the balance equation. We applied a method of
least squares to find out statistically grounded estimates of
the free parameters of the balance equation: the ionization
rate and a constant term of ion loss. To minimize the influ-
ence of local effects and fog events on the results, the peri-
ods of well-mixed atmospheric boundary layer were selected
(wind speed>1 m s−1, relative humidity<95%) for the data
analysis. The results of the regression analysis are depicted
in Fig. 4. The statistical estimate of the ionization rate is
4.8 ion pairs cm−3 s−1 (with standard error of estimate 0.11
ion pairs cm−3 s−1) and that of the additional constant ion
loss is 5.2×10−3 s−1 (standard error 2.0×10−4 s−1). Thus,
the improved balance equation of small ions in steady state
conditions can be written as

q = αn2
+ (Sa + Se) n (8)

This extra ion loss (Se), which is approximately equal to the
mean rate of ion sink on aerosol particles of the sizes of 3–
500 nm, could be caused by the enhanced deposition of small
ions on the coniferous forest (Tammet et al., 2006). The ion-
ization rate of 4.8 ion pairs cm−3 s−1 is typical for the con-
tinental stations of high latitude during the wintertime when
the snow cover is present. The same results were obtained
when the hours with the wind speed higher than 0.6 m s−1

and relative humidity less than 95% were taken into account.
The estimated ionization rate of 4.8 ion pairs cm−3 s−1

fairly coincides with the value of 4.5 ion pairs cm−3 s−1 cal-
culated for the same place from the external radiation and
radon concentration measurements carried out during the
QUEST 2 measurement campaign in spring 2003 (Laakso
et al., 2004a). Based on the results of the regression anal-
ysis, we can conclude that the ionization rate in Table 1 is
systematically underestimated by about 2 ion pairs cm−3 s−1

and the ion loss of about 5.2×10−3 s−1. Also, the extra ion
loss reduces significantly (up to about 4 times) the percent-
age of small ion loss due to the ion-ion recombination given
in Table 1. The corrected mean value of the percentage con-
tribution is about 7% and the maximum is 18%.

4.4 Charging state of nanometer aerosol particles

Simultaneous measurements of the concentrations of aerosol
particles and naturally charged particles (air ions) in the
atmosphere in the same size range enable to estimate the
charged fraction or charging probability of particles. Con-
sidering the accuracy of nanometer particle measurements,
it is possible to study the process only during the nucleation
event days, when the enhanced concentrations of nanometer
particles (3–10 nm) up to about 12 000 cm−3 (bursts) are ob-
servable in the size spectra in fine weather conditions during
the daytime.  46
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Fig. 4. Scatterplot of the concentration of positive small air ions
(n) versus ion sink (Sa) on aerosol particles (3–500 nm). Compar-
ison of experimental data and the results derived from the balance
equation assuming the ionization rate of 4.8 ion pairs cm−3 s−1, an
extra ion loss of 0.0052 s−1 and the recombination coefficient of
1.5×10−6 cm3 s−1. Selected data: relative humidity<95%, wind
speed>1 m s−1. 31 March–29 April 1999, Hyytïalä station.

To find the aerosol particle concentration in the size range
coinciding with that of intermediate ionsm (2.5–8 nm), we
extrapolated the size distribution below 3 nm. The upper
boundary of the large ionsN (8–20 nm) is not exactly de-
termined because of the applied method of air ion mea-
surements by means of integral ion counters. Despite all,
the analysis of the correlation between the concentrations of
nanometer aerosol particles and their charged fraction (pos-
itive air ions) showed a good qualitative consistency in the
case of the nucleation event days (Fig. 5). During the non-
event days, the concentrations of particles and air ions in
the size class of 2.5–8 nm were close to low background
(see Table 2), and the correlation was poor in general, while
the particles and ions in the size class of 8–20 nm could
show considerably higher concentrations and, therefore, also
a stronger correlation (e.g. on 9 April, the correlation coeffi-
cient was 95%).

During the nucleation event days, the enhancement of par-
ticle concentration in the size range of 2.5–8 nm precedes
that in the size range of 8–20 nm as a consequence of par-
ticle growth toward large sizes. The average diurnal vari-
ation in the concentration of particles (and air ions) in the
size class of 2.5–8 nm showed the maximum of 1910 cm−3

(120 cm−3) at noon (12:00–13:00 LST), and in the size class
of 8–20 nm about 3600 cm−3 (170 cm−3) four hours later at
16:00–17:00 LST. A wide minimum of particles (and ions) in
the size class of 2.5–8 nm about 20–50 cm−3 (45–50 cm−3)

was recorded during the nighttime and early morning hours
at 22:00–07:00 LST; the minimum of larger particles (and
ions) about 300–400 cm−3 (45–50 cm−3) took place in the
early morning at 04:00–09:00 LST.
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Table 2. Descriptive statistics of the concentration of positive aerosol ions: intermediate ions (m), large ions (N), and the corresponding
classes of nanometer aerosol particles (A) of the sizes of 2.5–8 nm and 8–20 nm during the nucleation event days/non-event days. The
number of measurements during the nucleation event days is 1506 and on the non-event days 1503. 31 March–29 April 1999, Hyytiälä.

Mean Median Min* Max Lower Upper Percentile Percentile Std.Dev.
Quartile Quartile 10 90

m, cm−3 67/36 57/33 0/0 428/130 38/21 81/48 27/11 125/63 45/21
N , cm−3 96/50 77/47 0/0 414/295 41/26 140/66 17/13 196/89 72/35
A2.5−8, cm−3 579/78 123/19 0/0 12 030/2290 22/4 671/66 4/0.2 1780/217 1070/164
A8−20, cm−3 1460/371 667/186 23/6 11 040/7480 283/73 2190/389 144/38 3940/769 1670/657

* Negative values are corrected to be equal to zero.

Table 3. The classification of nucleation events and the growth rates of newly formed particles during the BIOFOR III campaign (Kulmala
et al., 2001a), positively charged fractions of aerosol particles, the correlation coefficients between the concentrations of positive air ions and
aerosol particles in coinciding size ranges, and the maximum concentrations of aerosol particles during various nucleation event days. 2–29
April 1999, Hyytiälä.

Size class of particles 2.5–8 nm Size class of particles 8–20 nm
Date Class Growth rate

(nm/h)
Charged
fraction
(%)

Correlation co-
efficient
(%)

Maximum of
aerosols
(cm−3)

Charged frac-
tion
(%)

Correlation co-
efficient
(%)

Maximum of
aerosols
(cm−3)

990402 1 6.7 4.9 83.6 2050 3.8 98.1 6810
990403 2 2.2 3.0 43.5 840 4.2 95.4 3590
990404 1 3.5 3.2 94.5 6470 3.9 94.5 9040
990405 1 6.7 3.5 98.3 12 030 3.5 94.1 11 040
990406 1 3.5 5.0 91.3 3290 4.0 87.7 5640
990408 2 5.4 4.7 85.5 1790 4.3 95.7 4240
990410 3 2.2 6.0 89.6 3500 3.9 90.2 3650
990412 1 4.4 3.2 88.2 4390 3.7 95.6 4630
990413 2 2.2 3.8 52.4 1400 3.4 92.3 5320
990414 1 5.4 4.4 94.3 3480 4.2 95.8 4780
990419 1 4.4 4.0 94.4 4450 5.1 89.8 2430
990421 3 6.7 1.2* 4.4 270 2.0* 35.4 1710
990427 2 4.4 0.4* 5.3 1080 0.4* 2.9 800
990429 3 3.5 5.6 91.4 2770 4.4 97.5 5370

* Estimates are of low significance.

The correlation between the concentrations of aerosol par-
ticles and intermediate air ions in Fig. 5a is substantially af-
fected by the nucleation burst on 5 April, when the concen-
trations of nanometer particles (2.5–8 nm) up to 12 030 cm−3

were recorded. Taking into account only the core of the scat-
terplot (data points below the particle concentration of about
5000 cm−3), the correlation coefficient decreases slightly
from 87.6% down to 84.6%, but the relationship (correla-
tion curve) remains nearly the same. The coarse nanometer
particles (8–20 nm) and their charged fraction (positive large
air ions) in Fig. 5b are even more strongly correlated com-
pared to nanometer particles; the correlation coefficient is
92%. Detailed information about the correlation coefficients
for various nucleation days is presented in Table 3. The parti-
cle formation events in Table 3 have been classified into three
classes according to the amount of generated new nanometer
particles and the clearness of the subsequent growth of par-

ticles from the nucleation mode up to the Aitken mode size
range (Kulmala et al., 2001a; M̈akel̈a et al., 2000). The best
ones were classified as class 1. The events with the high con-
centration of background aerosol or non-continuous growth
characteristics were classified as classes 2 or 3. We found
that the correlation between the concentrations of nanometer
particles and air ions was always linear during the nucleation
bursts, considering different generation rates (followed by
the maximum concentration of particles) and the growth rates
of nanometer particles (Table 3). The event class 1 displayed
the strongest correlation for the size class of 2.5–8 nm, be-
cause the maximum concentrations of intermediate air ions
are then well above the background (about 40 cm−3). Based
on these results we can conclude that the air ion measure-
ments can give essential information about the basic regular-
ities of the behavior of nanometer aerosol particles.
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Fig. 5. Scatterplot between the concentrations of positive aerosol ions and aerosol particles:(a) intermediate ions (m; 2.5–8 nm) versus
nanometer aerosol particles (2.5–8 nm). The data points corresponding to 5 April are marked with red squares (�). (b) Large air ions (N ;
8–20 nm) versus aerosol particles (8–20 nm). Nucleation event days, 31 March–29 April 1999, Hyytiälä station.

Since the size fractions of particles measured by means
of ion counters and the DMPS were related one-to-one, the
scatterplot between the nanometer aerosol particles and their
charged fraction (air ions) could be fitted with a line of the
linear regression function, the intercept of which should be
zero, and the slope giving the mean charging probability for
the fraction. The results of the regression analysis showed
a linear correlation between the nanometer aerosol particles
and their charged fraction, but with a non-zero intercept of
about 20–60 cm−3 (Fig. 5). This step at the zero value of the
aerosol concentration (intercept) is probably due to method-
ological and instrumental uncertainties in the air ion fraction
concentration estimation by means of integral ion counters
(Tammet, 1970). This step in air ion concentration (aver-
age about 40–50 cm−3) was comparable, considering the size
classes of 2.5–8 nm and 8–20 nm during nucleation events or
the non-event days. In this study we did not take into account
the non-zero intercept and interpreted the slope of the linear
regression line as an estimate of the mean charged fraction
of particles (or experimental charging probability). The esti-
mates of the positively charged fraction of nanometer aerosol
particles (2.5–8 nm) given in Table 3 varied in the range of
3–6%. The average of the most pronounced events of class 1
is about 4%. These estimates are close to the steady state
bipolar charging probability of 2.6% for the mean size of
the fraction of 5.3 nm (Reischl et al., 1996). Considering
the measurement accuracy, we cannot state that the excess of
positively charged nanometer particles indicates at an over-
charge of atmospheric aerosols due to the ion-induced nu-
cleation. The charged fractions of coarse nanometer aerosol
particles (8–20 nm) given in Table 3 are only the order of
magnitude estimates because of the uncertainty in the up-
per boundary of air ion size class. Despite that, it showed
a nearly constant value, average about 4%. The steady state
bipolar charging probability for the mean size of the fraction
of 12.7 nm should be about 7.2%.

Recent measurements during the QUEST 2 campaign
showed that the charge distribution on nanometer aerosol
particles was often significantly asymmetric with an excess
of negative charges below the particle diameter of about
5 nm, decreasing as a function of particle size. The charg-
ing probability for the smallest nanometer particles (3–4 nm)
varied during different nucleation event days in the range of
about 2–6% and 2–15% for positively and negatively charged
particles, respectively (H̃orrak et al., 2004a, b).

4.5 Case studies

Four nucleation event days were selected for the case stud-
ies to characterize the behavior of positive air ions of differ-
ent classes: small ions, intermediate and large ions (Fig. 6).
Some complementary information about the behavior of air
ions and aerosol particles during these nucleation event days
can be found in (H̃orrak et al., 2003a).

The diurnal variation in the concentration of small ions
was different on different nucleation event days. On 2 April
1999, the data showed gradual increase in the concentration
of small ions before the onset of the generation of nanome-
ter aerosol particles at 12:30 LST. This is in general accor-
dance with the decrease in the rate of ion sink on aerosol
particles (3–500 nm) from (5–6)×10−3 s−1 during the night-
time down to the minimum of 1.2×10−3 s−1 in the afternoon
(Fig. 7a). The ion sink rate stayed relatively constant (about
1.4×10−3 s−1) during the intensive generation of nanometer
particles. The increase in the ion sink rate caused by nanome-
ter particles was compensated by the decrease in the con-
centration of the Aitken and accumulation mode particles.
Therefore, no considerable changes in the concentration of
small ions during the generation of nanometer aerosol parti-
cles can be found. The decrease followed the growth of new
particles towards large sizes in the afternoon, when the par-
ticles in the size class of 8–20 nm displayed the concentra-
tion maximum. On 2 April, the concentrations of nanometer

www.atmos-chem-phys.net/8/655/2008/ Atmos. Chem. Phys., 8, 655–675, 2008



666 U. H̃orrak et al.: Positive air ions in boreal forest air

 48

Figure 6 
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Fig. 6. Diurnal variation in the concentration of positive air ion classes: small ions (n; diameters less than 2.5 nm), intermediate ions (m;
2.5–8 nm) and large ions (N ; 8–20 nm), as well as the total concentration of particles (P ; 2.5–8 nm) measured by the DMPS on 2 April(a),
5 April (b), 10 April (c) and 14 April 1999(d) at Hyytiälä.

aerosol particles (2.5–8 nm) and their charged fraction (posi-
tive intermediate ions) showed only a modest correlation (the
correlation coefficient was 84%), because a rise in the con-
centration of intermediate ions precedes (about 10 min, or
one measurement cycle) that of aerosol particles measured
by the DMPS, probably due to spatial inhomogeneity of the
nucleation process.

A peculiarity of this day (2 April) was the fog, which was
detected by means of optical spectrometers (ASASP-300,
CSASP-100) during 02:00–07:00 LST in the morning with
the maximum intensity around 04:50 a.m. The effect of the
fog on the concentration of small ions is clearly visible in
Fig. 7a, where the small ion concentration decreases inde-
pendently of the ion sink rate (based on DMPS data) down to
about 150 cm−3 around 04:50 a.m. The scatterplot between
the small ion concentration and the ion sink rate in Fig. 9a
revealed a separate group below the concentration of about
300 cm−3. Presumably the fog affects all the data below the
small ion concentration of about 300 cm−3. Another sep-
arate group of data with a relatively high concentration of
small ions up to 710 cm−3, which corresponds to the night-
time weak winds less than 0.2 m s−1, is probably due to the
effect of radon on the ionization rate of the air. The nucle-
ation event on 2 April, 1999, was analyzed in detail by Aalto
et al. (2001).

The next example in Fig. 6c demonstrates the effect of
clean air inflow on 10 April 1999. The increase in the con-
centration of small ions during the nighttime and early morn-
ing (up to 800 cm−3) followed the decrease in the ion sink
rate from 5.5×10−3 s−1 down to 3.9×10−4 s−1 at 06:30 LST.
The ion sink rate was decreasing due to the inflow of clean
maritime air mass from the North Atlantic (M̈akel̈a et al.,
2001b). The gradual increase in the ion sink rate after
06:30 LST up to 4.1×10−3 s−1 at 24:00 LST was caused by
the local production of aerosols (Fig. 7b). The rise in the con-
centration of small ions in the evening after 18:00 LST was
probably due to the accumulation of radon favored during
the nighttime calm and weak wind; the wind speed was be-
low 0.5 m s−1 and the temperature inversion developed after
19:00 LST. This separate group with the high concentration
of small ions is clearly seen in the scatterplot of the small ion
concentration versus the ion sink rate in Fig. 9c.

A characteristic feature of 10 April was that the concen-
tration of small ions in the clean air (very small ion sink on
aerosols) was mainly determined by small ion recombina-
tion. Ion-ion recombination was responsible for 75% of the
ion loss due to small ion recombination and attachment to
the aerosol particles at 06:30 LST. In the beginning of the
burst of nanometer aerosol particles, the ion-ion recombina-
tion was responsible for 40–55% of the ion loss (estimated by

Atmos. Chem. Phys., 8, 655–675, 2008 www.atmos-chem-phys.net/8/655/2008/
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Fig. 7. Diurnal variation in the concentration of positive small ions (n), ion sink (Sa) and the size distribution of the ion sink by aerosol
particle sizes (3–500 nm) on 2 April (a; left) and 10 April 1999 (b; right) at Hyytïalä.

means of Eq. (1) considering the steady state condition and
neglecting the effect of ion-induced nucleation). During the
other days selected for the case studies (on 2, 5 and 14 April)
the maximum percentage of ion loss caused by small ion re-
combination was 44%, 30% and 20%, respectively. Just be-
fore the burst of nanometer particles, these percentages were
27%, 25% and 20%, respectively. The hypothetical ion loss
due to the enhanced deposition of small ions on the conifer-
ous forest discussed in Sect. 4.3 was not taken into account in
these estimates. Taking into account also the extra ion loss,
the maximum percentage of small ion losses due to ion-ion
recombination decreased about 4 times down to 17% on 10
April. On the other days, on 2, 5 and 14 April this percentage
was 13%, 11% and 9%, respectively.

5 and 14 April 1999, were the only days during the BIO-
FOR III campaign when the concentration of small ions
was considerably decreasing during the nucleation burst
(Fig. 6b, d). These days are of particular interest to the
study of the hypothetical role of ion-induced nucleation on
the decrease of small ion concentration. The nucleation burst
on 5 April was the most intensive in April, with the peak
concentration of nanometer particles (2.5–8 nm) of about
12 000 cm−3, which is about two times higher than on other
days. On 5 April, the minimum of the ion sink rate (about
2×10−3 s−1) was recorded before the burst of nanometer

particles at 09:00 LST (Fig. 8a). The decrease in the concen-
tration of small ions occurred simultaneously with a rapid in-
crease in the concentration of intermediate ions (2.5–8 nm),
as well as the concentration of nanometer aerosol particles
recorded by the DMPS. The oscillation in the concentration
of small ions after the nucleation burst was correlated with
the changes in the rate of ion sink on coarse nanometer par-
ticles (8–20 nm) (Figs. 6b and 8a).

Also on 14 April, the ion sink rate displayed the mini-
mum (2.9×10−3 s−1) before the onset of the generation of
nanometer particles at noon (12:20 LST) (Fig. 8b); the de-
crease of small ions followed after that. Similarly to the pre-
vious case (on 5 April), the concentrations of fine nanome-
ter particles (2.5–8 nm) and coarse nanometer particles (8–
20 nm) started to increase almost simultaneously, afterwards
displaying a delay in the peak concentrations about 30 min
(Fig. 6b and d). In general, the delay between the concen-
tration maxima of two ion or particle classes, affected by the
particle growth towards large sizes after the generation, was
many times longer (about 3.5 h). The growth rate of nanome-
ter particles (in the size range of 3–10 nm) on 5 and 14 April
was comparatively high: 6.7 and 5.4 nm h−1, respectively
(Table 3). The study of the evolution of the distribution of the
ion sink rate by particle sizes on 5 and 14 April (Fig. 8) con-
firms that the decrease in the concentration of small ions was
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Fig. 8. Diurnal variation in the concentration of positive small ions (n), ion sink (Sa) and the size distribution of the ion sink by aerosol
particle sizs (3–500 nm) on 5 April (a; left) and 14 April 1999 (b; right) at Hyytïalä.

caused by an intensive generation of nanometer aerosol par-
ticles followed by a rapid growth of particles towards large
sizes. The scavenging efficiency of small ions by aerosol
particles in the size class of 8–20 nm is about 3 times higher
compared to the particles in the size class of 2.5–8 nm. Thus,
on both days the decrease in the small ion concentrations can
well be explained by the effect of aerosols (Fig. 9b, d).

The nucleation events on both 5 and 14 April, with a rapid
increase in the concentration of intermediate ions (2.5–8 nm)
and large ions (8–20 nm), showed a good correlation between
the nanometer aerosol particles and their charged fraction
(positive air ions) (Table 3). Kulmala et al. (2001b) applied
an analytical model and found that the formation rate of 3 nm
particles was 1.6 cm−3 s−1 on 5 April and 1.1 cm−3 s−1 on
14 April. The estimated nucleation rates (generation rate of
1 nm particles) were 10–100 cm−3 s−1 and 50–80 cm−3 s−1,
respectively.

As a result of the case studies, we can conclude that both
the ion sink on aerosols and small ion recombination are es-
sential factors of small ion loss in the comparatively clean
air at Hyytïalä. If the nucleation burst of nanometer parti-
cles is able to cause changes in the ion sink rate by about
2×10−3 s−1, then the effect is clearly observable in the con-
centration of small ions. This change in the ion sink rate is
significant considering the extent of its variation during nu-
cleation event days (Fig. 9).

Examination of the nucleation events selected for the case
studies, as well as other events during the BIOFOR III cam-
paign at Hyytïalä, did not show any clear indication of the
ion-induced nucleation in the atmosphere – the scavenging of
small ions before or during intensive generation of nanome-
ter particles. In general, it is accepted that the nucleation on
small ions is energetically more favored compared to par-
ticle formation by homogeneous nucleation from pure va-
por(s) (Hoppel et al., 1994; Raes and Van Dingenen, 1992;
Nadykto and Yu, 2003). In some cases, the barrierless nucle-
ation can occur, e.g. nucleation of H2SO4 on negative small
ions (Lovejoy et. al., 2004). On the other hand, the analysis
of the nucleation events by Kulmala et al. (2001b) revealed
that the nucleation rate (or the formation rate of 1 nm parti-
cles) should be in the range of 10–100 cm−3 s−1 to explain
the formation rate of 3 nm particles of about 1 cm−3 s−1 dur-
ing the BIOFOR III campaign at Hyytiälä. Such high nu-
cleation rates (compared to the ionization rate of about 4–6
ion pairs cm−3 s−1) should reduce the concentration of small
ions assuming that the small ions are involved in the nucle-
ation process. However, the measurements did not exhibit
significant decrease in the concentration of positive small
ions as the indication of ion-induced nucleation during nucle-
ation bursts. If the concentration decreased, then it correlated
well with the rate of ion sink on aerosol particles. The re-
cent QUEST 2 campaign measurements at Hyytiälä in spring
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U. Hõrrak et al.: Positive air ions in boreal forest air 669

 51

Figure 9 

 

 

 

 

                                                                           (a)                                                                                   (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                           (c)                                                                                   (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nonlinear regression
y = -162 Ln(x) + 704

R2 = 0.919

100
200

300
400
500

600
700

800
900

0 2 4 6 8 10

Ion sink (10–3 s–1)

S
m

al
l i

on
s 

(c
m

–3
)

Nonlinear regression
y = -148 Ln(x) + 644

R2 = 0.828

100

200

300

400
500

600

700

800

900

0 2 4 6 8 10
Ion sink (10–3  s–1)

S
m

al
l i

on
s 

(c
m

–3
)

Nonlinear regression:
y = -234 Ln(x) + 733

R2 = 0.899

100
200

300
400
500

600
700

800
900

0 2 4 6 8 10

Ion sink (10–3  s–1)

S
m

al
l i

on
s 

(c
m

–3
)

Nonlinear regression
y = -126 Ln(x) + 651

R2 = 0.925

100

200

300

400
500

600

700

800

900

0 2 4 6 8 10
Ion sink (10–3  s–1)

S
m

al
l i

on
s 

(c
m

–3
)

Fig. 9. Scatterplot between the positive small ion concentration and ion sink rate on 2 April(a), 5 April (b), 10 April (c) and 14 April 1999
(d) at Hyytiälä station. Specific data points: brown squares (�) correspond to the fog event; green triangles (1) correspond to the period of
weak wind less than 0.2 m s−1. Specific data points have been excluded from the regression analysis.

2003 indicated that also the concentration of negative small
ions behaved similarly during the nucleation bursts; even the
excess of negative intermediate ions (1.6–5 nm) and the nega-
tive overcharge on nanometer aerosol particles (3–5 nm) was
found (Hõrrak et al., 2004a, b; Laakso et al., 2004b). The
latter is indeed a clear indication of ion-induced nucleation
on negative small ions. As a result, we can conclude that at
Hyytiälä, the positive small ions less likely nucleate (prob-
ably due to thermodynamic properties proposed by Froyd
and Lovejoy, 2003a, b) and the ion-induced nucleation rate
is always less than the ionization rate. Therefore, the small
ion concentration does not reflect the changes caused by ion-
induced nucleation, probably because its variability due to
other factors (e.g. ionization rate, ion sink on aerosols, turbu-
lent mixing of air) is commonly considerably higher.

4.6 Study of the effect of the hygroscopic growth of aerosol
particles on the ion sink rate and on the ionization rate

The dependence of the hygroscopic growth factor (GF) of
submicron particles (d<0.53µm) on ambient relative humid-
ity (RH) was estimated according to the parameterization
given by Laakso et al. (2004b)

GF =
dwet

ddry
=

(
1 −

RH

100

)−
ddry

3215 nm −0.0847

(9)

Equation (9) is based on a simple model by Zhou et
al. (2001), wherein the exponent as a function of particle size
was found from the particle GF measurements in the size
range of 10–264 nm, carried out at Hyytiälä during the BIO-
FOR III campaign (Ḧameri et al., 2001). The model gives an
estimate of the average GF for externally mixed aerosols of
different hygroscopic growth modes weighted by their corre-
sponding fractions. In general, Eq. (9) is valid in the case of
ambient relative humidity RH≤90% and the particle sizes be-
low 270 nm. Above these limits, the model has not been ver-
ified due to the absence of corresponding particle GF mea-
surements at Hyytiälä. In accordance with the recent results
of the particle wet and dry size distribution measurements at
Hyytiälä during May and July 2004 (Birmili et al., 2006), we
have limited the GF of particles larger than 280 nm with that
found for 280 nm size particles. The latter is argued, since
by Birmili et al. (2006) the particles of 200–400 nm showed
nearly the same hygroscopic properties. Thus, with certain
reservations, the GF model (Eq. 9) can be applied for the par-
ticles up to about 500 nm and for ambient RHs up to about
95%. In the case of high RH of 96–99%, where the uncer-
tainty of the RH measurements is about 3% and the particle
GF can change by a factor of 1.5–2 (Wex et al., 2005; Sven-
ningsson et al., 2006), the exploitation of the model is the
most critical.
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Table 4. The statistics of positive small ion balance in the atmosphere corrected by ambient relative humidity: effective attachment coefficient
(βeff), the sink of small ions on aerosol particles of 3–500 nm (Sa), the ionization rate (q), the ratio of ion loss due to the recombination
to total ion loss due to particles (α·n/(α·n+Sa), and corrected by the extra ion loss due to the forest (Se=6.3×10−3 s−1) the values of the
ionization rate (qe) and the ratio ofα·n/(α·n+Sa+Se). The air temperature (T ) and relative humidity (RH) are presented in the last rows of
the tables as well. 31 March–29 April 1999, Hyytiälä.

a) Nucleation event days (number of measurements 1813).

Mean Median Min Max Lower Upper Percentile Percentile Std.Dev.
Quartile Quartile 10 90

βeff, 10−6 cm3 s−1 1.5 1.3 0.20 4.4 0.68 2.2 0.44 3.1 1.0
Sa , 10−3 s−1 4.9 4.6 0.45 13 3.0 6.4 1.8 8.5 2.5
q, cm−3 s−1 2.8 2.6 1.0 8.7 2.1 3.3 1.6 4.2 1.1
α·n/(α·n+Sa) 0.18 0.14 0.018 0.72 0.096 0.24 0.063 0.33 0.12
qe, cm−3 s−1 6.2 5.6 1.7 13 5.2 6.8 4.8 8.5 1.5
α·n/(α·n+Sa+Se) 0.071 0.066 0.011 0.16 0.051 0.090 0.037 0.11 0.071
RH, % 60.7 58.7 25.4 98.3 44.7 75.6 36.4 89.5 19.0
T , ◦C 3.4 3.5 −6.2 15.6 0.8 5.9 −2.1 8.2 4.2

b) Non-event days (number of measurements 1754).

Mean Median Min Max Lower Upper Percentile Percentile Std.Dev.
Quartile Quartile 10 90

βeff, 10−6 cm3 s−1 3.0 3.0 0.75 6.2 2.1 3.7 1.4 4.7 1.2
Sa , 10−3 s−1 9.7 6.9 1.7 66∗ 5.4 11 4.3 19 7.5
q, cm−3 s−1 3.7 3.4 1.0 16∗ 2.6 4.4 2.1 5.5 1.7
α·n/(α·n+Sa) 0.090 0.081 0.005 0.39 0.036 0.13 0.018 0.18 0.065
qe, cm−3 s−1 6.4 6.1 1.8 18∗ 4.9 7.3 4.2 8.8 2.2
α·n/(α·n+Sa+Se) 0.046 0.044 0.004 0.15 0.024 0.061 0.014 0.083 0.027
RH, % 77.5 79.5 35.9 100 63.8 94.8 50.9 98.0 18.0
T , ◦C 5.9 4.7 −1.7 18.8 2.8 8.2 1.4 12.1 4.3

∗ Elimination of the probable local pollution episodes (two events with 47 measurements), reduces the maximum of the ion sink (Sa) down
to 3.5×10−2 s−1 in Table 4b and the corresponding maximum values of the ionization rates (q andqe) down to about 10 ion pairs cm−3 s−1

and 16 ion pairs cm−3 s−1, respectively.

Statistical description of the parameters given in the Ta-
ble 1, corrected by the ambient relative humidity, is presented
in Table 4, together with the air temperature and relative hu-
midity. Here we have limited the ambient relative humidity
by 99% in calculations. In general, the changes in the mean
and median values of recalculated parameters due to the ef-
fect of hygroscopic growth of aerosol particles (3–500 nm)
are in the range of 10%–33%. The changes are about 1.5–
2.3 times smaller in the case of nucleation event days if com-
pared to non-event days owing to different meteorological
conditions. Thus, the aerosol data correction by the hygro-
scopic growth factor accounts for about 18% and 28% in-
crease in the mean rate of ion sink on aerosol particles in
the case of nucleation event days and non-event days, re-
spectively. Correspondingly, the mean ionization rate also
increases by about 13% and 23% (see Tables 1 and 4). The
average diurnal variations in the ion sink rate, effective at-
tachment coefficient and ionization rate discussed in Sect. 4.1
showed about 25%, 33% and 12% increase in amplitude, re-
spectively, due to higher nighttime maxima of the parameters
induced by the hygroscopic GF correction of aerosol data.

The limitation of the GF for particles larger than 280 nm
results in a small decrease less than 4% in the ion sink rate,
since the ion sink at Hyytiälä was mainly caused by the ac-
cumulation mode particles. The dependence of the ion sink,
found from the DMPS measurements applying the hygro-
scopic growth correction (Eq. 9), on ambient relative humid-
ity can well be approximated by the same power function
(Eq. 9) with the particle dry diameter of 154 nm in the expo-
nent. The nonlinear correlation coefficient between the rela-
tive humidity and the ratio of ion sink rate corrected by the
ambient humidity to that based on original data is 98.8%.
The ratio increases moderately from the value of 1.07 at
RH=40% up to 1.24 at RH=80% and henceforth, rises ex-
ponentially from 1.36 at RH=90% up to 1.84 at RH=99%.
Nearly similar humidity dependence of the ratio of the cal-
culated ionization rates (ratio of corrected by RH to the orig-
inal) was found with the ratios of 1.06, 1.19, 1.31 and 1.84
corresponding to the relative humidities of 40%, 80%, 90%
and 99%, respectively. The correlation coefficient between
the ratio and RH was 97.9%. This demonstrates the impor-
tance of the GF correction of the DMPS measurements, when
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estimating the ion sink rate (especially in the case of high rel-
ative humidity) and the necessity for appropriate GF models.

In general, the contribution of wet coarse particles (0.52–
32µm) measured by the optical particle counters (ASASP-
300 and CSASP-100) to the total rate of ion sink on aerosols
(taking into account also the hygroscopic growth correction
of the DMPS data) was less than 8% (the mean was about
0.7%) if the RH<96%, but it increased exponentially up
to an order of magnitude (up to 84%) above the RH=96%.
The corresponding numbers for the percentage of the to-
tal ion loss (due to particles and the extra ion loss in the
forest canopy) are, in average, about 2 times smaller if the
RH<96%; the maximum in the case of RH>96% was 76%.
Thus, the coarse particles (above 0.52µm) can be ignored
in calculations of the ion sink rate at the Hyytiälä SMEAR
II station only if to exclude the situations of high relative
humidity, which are often accompanied with fog formation.
Such situations were eliminated from the database to deter-
mine the ionization rate (given below), and set aside for fu-
ture analysis due to the lack of complete information about
the size distribution of fog droplets above 32µm necessary
for the ion sink calculation.

Considering the statistical estimate of the extra ion loss
of 5.2×10−3 s−1 due to small ion deposition inside the for-
est canopy, in addition to the ion sink on aerosol particles
found in Sect. 4.3, results in the ionization rate of about 4.8
ion pairs cm−3 s−1. The recalculated values of the param-
eters using the same method as described in Sect. 4.3 and
taking into account also the effect of hygroscopic growth of
particles on the ion sink below the RH=96% are about 15%
and 20% higher – 5.5 ion pairs cm−3 s−1 and 6.3×10−3 s−1

respectively. The estimates of the standard error (standard
deviation of the sample mean) of the parameters are 0.11
ion pairs cm−3 s−1 and 2.1×10−4 s−1, respectively. The
statistics of the ionization rate (qe), calculated from the
balance equation corrected by the extra ion loss (Se) of
6.3×10−3 s−1, are given in Table 4. The mean values of the
ionization rate (qe) in Table 4 are somewhat higher, com-
pared to the value of 5.5 ion pairs cm−3 s−1, given above due
to the contribution of the data with relative humidity above
95% and wind speed less than 1 m s−1. The extra ion loss fur-
ther decreases the percentage of small ion loss due to ion-ion
recombination down to 6.2%, in average, and the maximum
down to 16% (see Table 4).

Correction of the size distributions of particles measured
with the DMPS by hygroscopic growth factor, as well as tak-
ing into account the particle measurements above 500 nm at
ambient humidity by the optical particle counters, changes
the overall poor correlation between the small ion concentra-
tion and the ion sink rate depicted in Fig. 3a. The nonlin-
ear correlation coefficient (R) increases from 0.59 (the de-
termination coefficientR2=0.35) up to 0.74 (0.55). The both
above-mentioned factors have nearly the same contribution
(0.09 and 0.06, respectively) to the increase in the correla-
tion coefficient by decreasing the dispersion of data-points

in the case of high humidity. In Fig. 3a, the effect is the
most essential in the central region of the correlation field
below the regression curve, where the highly deviated data-
points are moved towards higher ion sink rates up to about
6×10−2 s−1. The increase in the median rate of ion sink is
about 33%. In the case of Fig. 3b and Fig. 4, the contribu-
tion of large aerosol particles above 500 nm to the ion sink
is insignificant and the hygroscopic growth correction of the
DMPS data increases the ion sink rate by a factor of 1.18 and
1.14, respectively. The increase in the correlation coefficient
is still less than 2%.

Regarding the examples selected for case studies in Fig. 9,
the general regularities between the small ion concentration
and ion sink rate stayed nearly the same in all four days, if
to compare the ion sinks from dry and wet particle size dis-
tributions. On 5, 10 and 14 April, the maxima of ion sink
rates by the DMPS data considering the hygroscopic growth
correction of particle sizes were about 7%, 20% and 15%
higher, respectively, but the changes in the correlation (de-
termination) coefficients were insignificant. The ratios of
wet to dry sink rate of ions were changing in the range of
1.06–1.27, 1.05–1.2 and 1.1–1.2 during 5, 10 and 14 April,
respectively, depending on the diurnal variation in relative
humidity. The minima were found to take place at local noon.
On 2 April, during the nucleation burst in the afternoon, the
changes in the ratio of wet to dry sink rate of ions were simi-
lar to that found for 10 April. However, the ratio was chang-
ing drastically in the early morning during the fog (03:30–
06:30), when the maximum ratio of about 9 was recorded at 5
o’clock. Then the ion sink from the wet large particles (0.52–
32µm) was about 80% of the total ion sink on aerosols,
and the hygroscopic growth correction of the DMPS mea-
surements (3–500 nm) increased the corresponding ion sink
rate by a factor of 1.7. During the other days, the contribu-
tion of large particles was less than 6%, commonly 0.5–2%.
Thus, taking into account the above-mentioned corrections
in the ion sink, the data-points corresponding to the high
relative humidity and fog event in Fig. 9a (brown squares)
are spread towards considerably higher ion sink rates up to
4.9×10−2 s−1. Therefore, considering all the data on 2 April,
the determination coefficient between the concentration of
small ions and ion sink rate increases from 87.1% to 89.5%.

5 Conclusions

On the basis of the measurements carried out during the BIO-
FOR III campaign, we can point out the following character-
istics of the behaviour of positive air ions at boreal forest in
early spring.

The concentration of small (or cluster) ions at the Hyytiälä
station varied from 110 to 1183 cm−3, the average was about
480 cm−3. The highest concentrations were recoded during
the nighttime calms and after the inflow of clean maritime air
masses. The smallest concentrations below about 300 cm−3
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belonged to fog events and polluted continental air masses
with a high aerosol load. No clear indication of ion-induced
nucleation (scavenging of small ions) was found considering
the behavior of positive small ions during nucleation events.

The variation in the concentration of small ions can well
be explained by the changes in ion loss due to aerosols (ion
sink). Exceptions are the nighttime calms and weak wind,
when the increase in the concentration of small ions (up to
about 1000 cm−3) is probably due to the effect of radon on
the ionization rate of air. The concentration of small ions
decreases independently of fine aerosol particles (3–500 nm)
measured by the DMPS at high humidity (above 96%), pre-
sumably due to the increasing ion sink rate caused by hygro-
scopic growth of particles and scavenging by fog droplets.
The nonlinear correlation between the small ion concentra-
tion and the ion sink rate for the selected hours (wind speed
>0.6 m s−1, relative humidity<95%) was –87%. Study of
the effect of the hygroscopic growth of aerosol particles on
the ion sink and ionization rate demonstrates the importance
of the hygroscopic growth correction of the aerosol particle
size distributions measured by the DMPS, as well as the im-
portance of the contribution of wet coarse particles above
500 nm in the case of high relative humidity (>96%) and fog
events.

In addition to small ion loss due to recombination and at-
tachment to aerosol particles, the term of an “extra ion loss”,
presumably due to small ion deposition on coniferous forest,
is needed to explain the observations. This extra ion loss,
which rate is nearly equal to the mean rate of ion sink on
aerosol particles, is significant and should be taken into ac-
count, when estimating the balance of small ions inside the
forest. The loss of small ions by small ion recombination
cannot be ignored; its contribution to the total ion loss was
about 6% in average; the maximum of 16% was recorded in
the case of Arctic clean air advection from the North Atlantic.

The ion sink rate on aerosols varied in the range
of 4.5×10−4–6.6×10−2 s−1 (commonly 1×10−3–
1.2×10−2 s−1) at the Hyytïalä station. It was mainly
determined by the concentration of particles in the size
range of 3–500 nm; the contribution of larger particles of the
sizes of 0.52–32µm was about 1–2% in average and always
less than 8% if the relative air humidity was less than 96%.
However, sometimes the contribution of coarse particles can
be as high as 70%–80% in the case of high relative humidity
and fog. In general, the main contribution was made by the
particles in the Aitken and accumulation mode size ranges.
The nucleation mode particles (3–20 nm) had an effect on
the concentration of small ions only sometimes during an
intensive generation of nanometer particles followed by a
rapid growth of particles towards large sizes.

In the nucleation event days, the minimum in the ion sink
rate occurred before the onset of the generation of nanome-
ter particles or at about the burst peak. Before the onset,
the fine aerosols (3–500 nm) were responsible for 37–88%
(commonly 65–83%) of the total ion loss due to small ion

recombination and attachment to the aerosol particles. The
mean rate of ion sink on aerosols was about 1.8 times smaller
during the nucleation event days compared to the non-event
days, and the mean concentration of small ions was corre-
spondingly higher: 530 cm−3 versus 424 cm−3.

The ion sink is affected by the total concentration of par-
ticles and by the changes in the effective attachment coef-
ficient of small ions onto aerosol particles. The effective
attachment coefficient (which is nearly proportional to the
mean diameter of aerosol particles) varied in the range of
2×10−7

−6.2×10−6 cm3 s−1. It showed a considerable diur-
nal variation during the nucleation burst days due to trans-
formations in the aerosol particle size distribution initiated
by the mixing of boundary layer and new particle forma-
tion. During the peak time of nanometer particle generation
around noon, the effective attachment coefficient was almost
always less than 6×10−7 cm3 s−1.

The average ionization rate of about 3.3 ion pairs
cm−3 s−1, calculated from the small ion balance equation ap-
plying experimental data of aerosol particle size distribution
(with hygroscopic growth correction of particle sizes) and
small ion concentration measurements, is too small for con-
tinental stations. The relationship between the concentration
of small ions and the rate of ion sink on aerosol particles is
far from the dependence predicted by the balance equation of
small ions. The best fit to experimental data was found as-
suming an extra ion loss of 6.3×10−3 s−1 (presumably due
to small ion deposition on the coniferous forest) in addition
to the ion sink on aerosol particles. Therefore, the estimated
average total ionization rate at the Hyytiälä station at a height
of about 2 m above the ground during early spring, when the
ground was wet and partly covered with snow, was found to
be about 6.2 ion pairs cm−3 s−1 with the standard deviation
of sample of 1.9 ion pairs cm−3 s−1.

The analysis of the correlation between the concentra-
tions of nanometer aerosol particles and their charged frac-
tion (positive air ions) showed a good qualitative consistency.
Considering different nucleation event days when the con-
centration of positive intermediate ions (or charged nanome-
ter particles of 2.5–8 nm) exceeded 120 cm−3, the linear cor-
relation coefficients varied in the range of 84–98%. The cor-
relation is also good for coarse nanometer particles and their
charged fraction (8–20 nm); the correlation coefficients are
in the range of 87–98%. These particles are almost quasi-
steady state charged. The estimates of the charged fraction
of nanometer aerosol particles (2.5–8 nm) are in the range
of 3–6%, which are close to the steady state bipolar charg-
ing probability of 2.7% for the mean size of the fraction of
5.3 nm. Considering the measuring uncertainties, we cannot
state that the excess of the charged nanometer particles of
positive polarity is an indication of the overcharge of atmo-
spheric aerosols due to an ion-induced nucleation process.
Further study is necessary to specify the nucleation mecha-
nism.
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Hõrrak, U., Salm, J., and Tammet, H.: Diurnal variation in the con-
centration of air ions of different mobility classes at a rural area,
J. Geophys. Res., 108(D20), 4653, doi:10.1029/2002JD003240,
2003b.
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son, E. D., and Leck, C.: Hygroscopic properties of aerosol par-
ticles over the central Arctic Ocean during summer, J. Geophys.
Res., 106, 32 111–32 123, 2001.

www.atmos-chem-phys.net/8/655/2008/ Atmos. Chem. Phys., 8, 655–675, 2008

http://www.atmos-chem-phys.net/6/3377/2006/
http://www.atmos-chem-phys.net/3/2183/2003/

