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Abstract. Airions are characterized on the basis of measure-est was detected, and the hypothesis of the conversion of ions
ments carried out in a boreal forest at the HglgiSMEAR into particles in the process of ion-induced nucleation was
station, Finland, during the BIOFOR Ill campaign in spring not proved. The estimated average ionization rate of the air
1999. The air ions were discriminated as small ions (chargedt the Hyytala station in early spring, when the ground was
molecular aggregates of the diameter of less than 2.5 nm)partly covered with snow, was about 6 ion pairs¢e 1.
intermediate ions (charged aerosol particles of the diametefFhe study of the charging state of nanometer aerosol particles
of 2.5-8 nm), and large ions (charged aerosol particles of th¢diameter 2.5-8 nm) in the atmosphere revealed a strong cor-
diameter of 8-20 nm). Statistical characteristics of the ionrelation (correlation coefficient 88%) between the concentra-
concentrations and the parameters of ion balance in the atmdions of particles neutralized in the aerosol spectrometer and
sphere are presented separately for the nucleation event dapsturally positively charged particles (air ions) during nucle-
and non-event days. In the steady state, the ionization rate igtion bursts. The charged fraction of particles varied from
balanced with the loss of small ions, which is expressed a8% to 6% in accordance with the hypothesis that the parti-
the product of the small ion concentration and the ion sinkcles are quasi-steady state charged.

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 apl ~ Introduction

plying a model of the bipolar diffusion charging of particles

by small ions. When the periods of relative humidity above The formation and growth of ultrafine aerosol particles in the
95% and wind speed less than 0.6 T svere excluded, then ~atmosphere have been studied during the last decade at many
the small ion concentration and the theoretically calculateddifferent locations around the world because of their possible
small ion sink rate were closely negatively correlated (cor-impact on the radiation balance and thereby on the climate of
relation coefficient-87%). However, an extra ion loss term the Earth (Kulmala et al., 2004a; Birmili et al., 2003; Tunved

of the same magnitude as the ion loss onto aerosol particlegt al., 2003; lida et al., 2006). Various theories have been
is needed for a quantitative explanation of the observationsélaborated to explain the mechanisms of new particle gen-
This term is presumably due to the small ion deposition oneration (e.g. Raes and Janssens, 1985; Yu and Turco, 2000,
coniferous forest. The hygroscopic growth correction of the2001; Laakso et al., 2002; Korhonen et al., 1999, Kulmala
measured aerosol particle size distributions was also foun@t al., 2000; Napari et al., 2002). Despite the frequently ob-
to be necessary for the proper estimation of the ion sink rateserved particle formation events, the microphysical mecha-
In the case of nucleation burst events, the concentration ofisms of nucleation have remained unclear because of the
small positive ions followed the general balance equation, ndg/ery small size of newly born particles (about 1-2 nm). This
extra ion loss in addition to the deposition on coniferous for-Size range is not within the scale of modern aerosol instru-
ments using artificial charging of particles. Air ion spec-
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of newly born particles is not known in the atmosphere (dueduring weak and moderate nucleation burstsrgdk et al.,
to different particle formation mechanisms). Experimental 2004a, b; Laakso et al., 2004a). The formation of negatively
study of new particle formation in the atmosphere is compli- charged nanometer particles by ion-induced nucleation is in
cated also because the size range of new particles coincidexcordance with the results of laboratory experiments (Froyd
with the size range of small ions or cluster ions (0.4-1.6 nm).and Lovejoy, 2003b; Wilhelm et al., 2004).
The knowledge about the behavior of small ions, particles The objective of this work was a comparative study of
and their charged fraction (air ions) during nucleation eventspositive air ions (naturally charged small ions and aerosol
could contribute to elucidate the role of different nucleation particles) and fine aerosol particles with the main focus on
mechanisms. the balance between small ions and aerosols, as well as on
The mobility spectrum of small ions is sensitive to the the charging state of nanometer particles during nucleation
content of many trace species (gases or vapors at concentravents. Simultaneous measurements of the concentration of
tions below 1 part per billion) in the air giving rise to certain small ions and the size distribution of aerosol particles enable
specific ion families with characteristic mobilities (Nagato to estimate also the ionization rate of the air (or ion produc-
and Ogawa, 1998; Parts and Luts, 2004). The positive andion rate), which is a key factor in ion-induced nucleation.
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 consist2 Measurements
of hydronium (HO™"), ammonium (NIjL) and a variety of
organic compounds (e.g. pyridine), while the dominant nega-Atmospheric aerosols and the concentration of positive air
tive core ions besides parent species;Ngbd HSQ include  ion mobility classes were measured in a boreal forest at the
also strong acids (nitric acid and sulfuric acid). However, theHyytiala SMEAR |l station, Finland, during the BIOFOR IlI
differences in physical properties of ions (mass, size and moeampaign (31 March—29 April 1999) (Kulmala et al., 2001a;
bility) are not large, e.g. the mean mobility of negative small Aalto et al., 2001). The SMEAR Il (Station for Measuring
ions near the ground is about 13% higher than that of positive-orest Ecosystem-Atmosphere Relations) is located on a flat
ions (Horrak et al., 2000). terrain at the Hyy#la Forestry Field Station of the Univer-
The importance of air ions in the particle formation pro- sity of Helsinki about 220 km north-west of Helsinki. The
cesses has been shown in several laboratory experiments (Retation is surrounded by pine-dominated forests of middle
mamurthi et al., 1993; Kim et al., 1997, 1998; Hanson anddensity covering extended areas. The terrain is a subject to
Eisele, 2002; Froyd and Lovejoy, 2003a, b; Wilhelm et al., modest height variation (up to about 40 m). The oblong Lake
2004). Comprehensive overviews about the charging anduivajarvi (141 m a.s.l.) is located about 600 m south-west
charge distribution on aerosol particles in a bipolar ion en-of the station. The ground in the vicinity is igneous and meta-
vironment can be found in (Hoppel and Frick, 1986; Reis- morphic bedrock (notably granites) partly exposed or cov-
chl et al., 1996). According to laboratory experiments andered by a thin layer of soil (maximum up to about 2m). The
theoretical considerations, the steady state charge distriburearest largest city, Tampere (204 000 inhabitants), is located
tion on large aerosol particles determined by the diffusionabout 60 km south-west of the station. A detailed description
of small ions to particles is close to the Boltzmann distri- of the station has been given by Vesala et al. (1998) and by
bution. Corrections have been found to be necessary in thélari and Kulmala (2005).
case of ultrafine particles below 100 nm (Fuchs and Sutugin, Aerosol particle size distribution was measured by means
1971; Hoppel and Frick, 1986; Tammet, 1991; Reischl etof a dual DMPS (Differential Mobility Particle Sizer) sys-
al., 1996). However, only few experimental studies on thetem covering the sizes of 3-500nm (Aalto et al., 2001).
subject have been carried out in the real atmosphere. So faf,he devices had a Hauke-type differential mobility ana-
the problems of the bursts of intermediate ions (generatiodyzer (DMA), a closed-loop sheath flow arrangement and a
of charged nanometer aerosol particles) and of the charg&rypton-85 aerosol neutralizer. For large particles, an aero-
distribution on freshly nucleated atmospheric nanoparticlesdynamic particle sizer (APS, TSI model 3320) was used to
have been briefly discussed@Hak et al., 1998a, b, 2003a, measure the size distribution from Q. up to 20um. This
b; Makeh et al., 2001a, 2003; Tamm et al., 2001). An ex- instrument was located in a truck about 40 m from the main
tensive study of air ions and aerosol particles was recentlycottage of the SMEAR station where the DMPS system had
conducted in a boreal forest at the H@i SMEAR station,  been installed. Both instruments had sampling lines of the
Finland, during the QUEST campaign (21 March—10 April 2-m level inside the forest. The sample flow and sheath
2003) (Kulmala et al., 2004b; Laakso et al., 2004a, b). Oneflow of the DMPS, as well as the sample flow of the APS
of the important results of the QUEST 2 campaign was awere not dried. However, the size distributions of parti-
charge asymmetry on intermediate air ions (1.6—-5nm) withcles measured by means of both devices can be considered
an excess of negative charges and overcharging of nanometas “dry size distributions” due to low relative humidity in-
aerosol particles (an excess of charge compared to the steadyde the instruments (especially in the APS). Additional in-
state bipolar charging probability) in the size range of 3—-5 nmformation about the accumulation mode and coarse mode
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particles in the diameter range of 0.2+32 was obtained cover was about 40 cm at the beginning and 20 cm in the mid-
using in-situ optical particle counters: a Particle Measur-dle of April; the snow cover melted quickly during the week
ing System’s (PMS) Active Scattering Aerosol Spectrome-after 15 April 1999.

ter Probe (ASASP-300), measuring in the size range 0.2—

3um, and a Classical Scattering Aerosol Spectrometer Probe .

(CSASP-100), covering the sizes abovar (Kulmala et S Theoretical background

al., 2001a; Fmeri et al., 2001). The optical counters sam-
pled wet-ambient aerosol particles on a tower at a height o

about 18 m above the ground and about 30 m from the maing ) positive and negative ions are generated in the atmo-

cottage. sphere mainly by cosmic radiation and natural radioactiv-

_ In order to <_a_st|mate the conc_entrano_n of positive airionsiniy, - Ty concurrent processes, ion-ion recombination and
different mobility classes, four integral ion counters UT-8401 adsorption of small ions by aerosol particles, are responsi-

were applied (Aalto et al., 2001). Negative air ions were notpe for the loss of small ions. The simplified balance equa-
measured during the BIOFOR Il campaign. The ion coun-jon of small ions in a bipolar environment, considering equal

ters were the Gerdien type aspiration counters in which the, \npers of positive and negative small ions and symmetrical
naturally charged particles (small ions and aerosol ions) debharging of aerosol particles, can be written as (Hoppel and
posited from the airflow by the electric field in the mobility Frick, 1986)

analyzer according to their electrical mobilities and the elec-
tric current was measured by electrometer. The limiting mo-47

bilities of four ion counters, determined by the voltage, flow dt

rate and effective capacity of the TObli”ty analyzer, were selyhere, is the ionization rateq is the recombination coef-

10 0.02, 0.063, 0.2, and 0'64_8“" s, respectively. Dueé  ficient, » is the concentration of small ion&j is the total

to the nature of the integral ion counter, the concentrationsgncentration of aerosol particles, afigk is the effective

of air ion mobility classes can be calculated by means ofjyn_aerosol attachment coefficient for polydisperse aerosol

a special inversion algorithm (Tammet, 1970; 8rd970).  particles. The produdes Niot characterizes the relative loss
The method is based on the measurements at several diffefate of small ions due to aerosols and is sometimes called

ent limiting mobilities to determine the dependence of the«gjnk of ions on aerosols” or “ion sink rate” or briefly “ion

ion concentration on the reciprocal of the limiting mobility gk (Tammet et al., 2006). The time constant of the transfer
(or current-voltage characteristic curve). At a certain mobil- 5 the steady state conditiodr{/dt0) is about 1 min in the

ity, the intercept of the characteristic curve tangent on theqqntinental boundary layer air. This balance equation does
concentration axis yields the concentration of ions with mo- .t take into account the loss of small ions by ion-induced
bilities higher than this specific mobility, and the difference pcleation due to its complicated nature. The simplified bal-

between the intercepts yields the ion concentration in & MOypce equation of small ions (Eq. 1) has an analytical steady
bility class. In practice, a piecewise linear approximation giate solution:

of the characteristic curve was used and the specific mo-
bilities of 0.355 and 0.0355chV~1s™! were selected as ,, — 29 . )
boundaries between th_e_ mobility classes. Thg lower bound- g« Nio: + /ﬂgff N& +4aq
ary of the lowest mobility class was conventionally set to
0.005cntV~1s~1 (Aalto et al., 2001). The concentrations It can also be presented in the formeqr(q), where the pa-
of positive small ions (Stokes-Millikan mobility equivalent rameterz(q) has the dimension of time and can therefore be
diameter less than 2.5nm) and two classes of aerosol ionmterpreted as the “mean lifetime” of small ions in the steady
— intermediate ions (or charged fine nanometer particles oktate conditions (Isid, 1970). The mean lifetime of small
2.5-8nm) and large ions (or charged coarse nanometer partions is inversely proportional to the total ion loss caused by
cles of 8-=20 nm) — were derived. Air ions were measured ason-aerosol attachment and by the recombination of small
naturally charged in the bipolar atmospheric air. The upperions.
boundary of 20 nm cannot be exactly determined because of The independent parameters of the balance equation have
the contribution of charged aerosol particles of larger sizesthe following average values often cited in publications. The
the larger the particle, the smaller is its contribution to sig- recombination coefficientz, which depends on the nature
nal. The sampling height of ion counters was 2 m above theof small ions and the properties of the environment #kra
ground; the data were recorded every 10 min. The distanc&970; Hoppel and Frick, 1986), has an average value of
between the measurement locations of air ions and aerosolsbout 1.5¢10°8cm®s=1. In continental areas, the param-
was about 450 m. For details about the instrumentation, seeter Sef varies in the range of (1-210%cm3s~1, de-
(Kulmala et al., 2001a; Aalto et al., 2001). pending on the size distribution of aerosol particles (Hoppel,
The average temperature in the first half of April was 1985). The average ionization rate near the ground of about
2.2°C and in the second half 70. The depth of the snow 10 ion pairs cm3s~ (caused by radioactive substances in

?.1 The balance of ions in the atmosphere

= g — an® — BetNootn, 1)
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1E-3 3.2 Calculation of the ion sink rate
o The effect of atmospheric aerosols on the small ion concen-
g 1E-4 M tration was estimated applying a simplified model of bipolar
— Jf diffusion charging of aerosols (by small ions) and assuming
& 1E-5 V’f the steady state conditions and symmetrical charging (Tam-
£ P met, 1991; Hrrak et al., 1998b). The calculation of the ion
§ 1E6 ﬁ sink rate Eq. (3) is based on the model of ion-aerosol attach-
= ment (Hoppel and Frick, 1986; 1990). The charging proba-
"E’ bility p; (d) for the steady state is calculated using the algo-
S 1E-7} rithm given by Tammet (1991) with improvements described
% in Horrak et al. (1998b). The model of charge distribution
1E-8 is based on the expression for the attachment coefficient of a
1 100 1000 10000 small ion to an aerosol particle:
Particle diameter (nm) 27dkT Z x
Bi (d) =
exp(x) — 1
Fig. 1. Equivalent or single size ion-aerosol attachment coefficient
as a function of particle size (2 nm—&én). Solid line: model cal- \/ 1— 2 (4)
culations (Eqgs. 4-6); dashed line: approximation function (Eq. 7); 24+iG -1+ d/ aonm’

plus sign (+) and open circleg)): calculations based on Eq. (6)

and the tabulated results of attachment coefficients for ions witiwhere Z is the mean mobility of small ions,

the mobility of 1.3crd V=15~ and the mass of 200 amu; and of x=ie?/(2rde,KT), &, is the electric constantk is the

1.8cn?V~1s 1 and the mass of 100amu, respectively (Hoppel Boltzmann constant, anfl is the temperature. The Eq. (4)

and Frick, 1990). 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

the ground and in the air, and by cosmic radiation) is consid{Reischl et al., 1996).

ered as an average for continental areas. The functionp; (d) is defined by the equation:
The sink rate of small ions on aerosols is given by the N;(d) N;(d)
equation (Hoppel and Frick, 1986; Tammet, 1991): pild) = N(d) = o0 ’ ®)
No(d) +2- 3 Nj(d)
o0 j=1
Sa = BefiNiot = / Z Bi(d)pi(d)N(d)dd, 3) where N;(d) or N;(d) is the fraction concentration of par-
o i=—00 ticles at the diameted with i or j elementary charges,

N(d) is the total concentration anlp(d) is the concen-
wereg; (d) is the ion-aerosol attachment coefficient betweentration of neutral particles at the diametér In the steady
small positive (or negative) ions and particles with diameter , 1T A, _ ;

d and withi (or —i) elementary charge, (d) is the proba- staten: () /NO(d)_jl;Il Pim (d)/ﬁ_] (4). The equivalent,
bility of carryingi elementary charges on a particle and?/) or the single size ion-aerosol attachment coefficient
is the size distribution of aerosol particles. 00

The attachment of small ions to aerosol particles givesw(d) = Z Bi(d)pi (d) (6)
rise to a size-dependent statistical charge distribution on the i=—00
aerosol particles (Hoppel and Frick, 1986; Reischl et al.,in Eq. (3) is almost proportional to the particle diameter and,
1996). The time in which the aerosol particle population ap-therefore, the ion sink§, can be interpreted as the diame-
proaches charge equilibrium depends on the collision rate beter concentration of aerosol particles, or the sum of aerosol
tween small ions and aerosol particles, and also on the partiparticle diameters per unit volume (Hoppel and Frick, 1986;
cle formation mechanism (e.g. homogeneous nucleation, ionTammet, 1991). A simple approximation function originates
induced nucleation). Considering typical atmospheric condi-from Tammet (1991):
tions and initially neutral ultrafine aerosol particles, the time

required to reach charge equilibrium is typically in the range ;(4) = /ﬂ” d 1078, (7)
of about 0.5—1 h (Hoppel, 1985). For rural areas, away from d +5nm40nm

direct sources of aerosol particles, the assumption of chargerhere the particle diametéris in nanometers (nm) and(d)
equilibrium is presumed to be fairly good. However, the isin cn? s~1. Equation (7) was improved compared to (Tam-
charge distribution on freshly nucleated nanometer particlesnet 1991): the square root was added, which provides a bet-
needs further study. ter agreement with exact calculations by means of Egs. (4),
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Table 1. Descriptive statistics of the positive small ion concentration €ffective attachment coefficiengés), the sink of small ions on
aerosol particles of 3-500 nni,(), ion loss due to the recombination of small ioasn(), the ionisation rateq), the total concentration of
aerosol particlesNiot) and the ratio of ion loss due to the recombination to total ion loss due to particles (last row). 31 March—29 April
1999, Hyytala.

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
Beif» 10 %cmis1 1.3 1.2 020 33 0.63 1.8 0.41 2.4 0.73
Sa, 1073571 4.2 3.9 039 12 2.7 5.4 1.7 6.7 2.0
an, 103s71 0.80 0.77 017 1.8 0.65 0.92 0.55 1.1 0.22
g, cm3s71 25 2.3 0.8 7.6 1.8 2.9 15 3.7 0.94
Not 4070 3470 500 18980 2280 5340 1420 7360 2580
a-nl(o-n+Sg) 020 0.16 0.024 075  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
Beff, 106cmis™1 222 2.2 0.63 3.9 1.6 2.9 1.1 3.2 0.74
Sa, 1073571 7.6 5.4 1.2 59 41 8.4 34 16 6.4
an, 103s71 064 061 018 1.8 0.42 0.81 0.33 0.99 0.27
g, cm3s71 3.0 2.8 0.6 14 1.9 3.8 1.4 4.9 1.6
Neot 3520 2910 540 25450 2050 4340 1390 5830 2620
a-nl(on+Sg) 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 ad4 Results and discussion
tachment coefficient on the particles of different sizes (2 nm-
10um) is shown in Fig. 1. The mean mobility of positive 4.1 Statistical characterization of small air ions and ion loss

and negative small ions of 1.45éx~1s~1, standard tem-

perature (20C) and air pressure (1013 mb) have been usegotatistical characteristics of the positive small (cluster) ion
in these calculations. concentration, the sink rate of small ions on aerosol particles

The small ion sink on aerosof is found by integrating of 3-500 nm measured by the DMPS, as well as the factors

over the size distribution of aerosol particles of 3-500 nm©f the small ion balance Eq. (2) are presented in Table 1,
measured by means of the dual DMPS system. The effecteparately for the nucleation event days and non-event days.
of large particles above 500 nm was studied using the datd he days have tieen classified as “nucleation event days” or
of the Aerodynamic Particle Sizer (APS) and optical parti- Non-évent days” according to the occurrence of new parti-
cles counters. The particle size distributions in the diame-Cl€ formation followed by the particle size distribution mea-
ter range of 0.72—20m, measured with the APS, were con- surements. The classification given in Kulmala et al. (2001a)
verted to the mobility diameter by dividing the aerodynamic Was used in the present study with one exception: the first
diameter by the square root of the estimated particle denhalf of 21 April, when polluted air masses were present, was
sity of 1.9gcm3 (Aalto et al., 2001). The ion sink rate is ©xcluded from the list of nucleation eventdays.
closely correlated with the condensation sink rate (conden- Con3|der|ng. aII_the measurements, tt;]e small |_02n ink on
sation rate of vapors on aerosol particles) (Kulmala et al. 2€rosolsS, varied A the range 9{ 39107°-5.8x1077s 77,
2001b) because both factors are mainly depending on the d€ommonly 1107°-1.2x107%s™>.  The smallest values

ameter concentration of aerosol particles (first moment of th&Vere recorded after the inflow of clean maritime air masses,
size distribution). 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: 530chwversus
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0.012 ; It is worth to point out that during the BIOFOR Ill cam-
— Average paign at the Hyyfla station, the loss of small ions due to
0.010 —— Events ion-ion recombination (assuming the recombination coeffi-
/\ —— Non-events cient 1.5¢10-% cm3s~1) was about 16% of the total ion loss
< 0.008 due to small ion recombination and attachment to the aerosol
& / /\\ particles, in average. Typically, it is less than 5% for conti-
X 0.006 nental areas (Tammet, 1991). In the case of very clean air,
‘» / X e.g. after the Arctic cold air advection from the Northern At-
S 0.004 lantic, the small ion recombination was responsible for about
o00000q \\ 70% of ion losses (Table 1). Here we neglected the effect
0.002 ﬁ\\ of ion-induced nucleation on the loss of small ions. We also
df \» assumed equal concentrations of positive and negative small
0.000 \ air ions; in general, the ratio of positive to negative ions is
1 10 100 1000 10000 about 1.12 (Brrak et al., 2000). The peak concentrations of
Particle diameter (nm) small ions at Hyy®la, recorded in the very clean air (about

800cnT?), are still considerably smaller than the concen-
Fig. 2. lon sink rate as a function of particle size (factor trations (up to 1200 c?) recorded during nocturnal calms
dN/dlog(d)w(d)) for the nucleation event days, non-event days and(radon accumulation effect).
t_he average of the period of 31 March—29 April 1999. Hatlgtista- The sink of small ions at the Hyy#a station was mainly
tion. determined by the concentration of particles in the size range

of 3-500 nm measured by the DMPS; the contribution of
424 cn3, respectively. The highest concentrations of smalljarger particles measured by the APS (mobility equivalent
ions up to about 1200 cni were recorded during nighttime  diameter 0.52-15m) was about two orders of magnitude
calms. The high concentrations were probably caused bymaller (see Fig. 2). For example, during the nucleation event
the accumulation of radon near the ground during temperadays (non-event days), an average value of an ion sink rate
ture inversions (Porstedder, 1994; Penttinen et al., 2003), measured by the APS was 4:880 °s~1 (11.47x10°s™1)
which can significantly increase the ionization rate of the air.and maximum was 14:510~°s~1 (49.6x10°s™1), respec-
In the nucleation event days, the average diurnal variation ofively. The percentage contribution of particles in the size
the small ion concentration displayed the maximum of aboutrange of the APS was about 1.5% in average, and always less
625 cnt 3 during nighttime at 22:00-23:00 LST, and the min- than 8%. Therefore, if high accuracy is not essential when
imum of 460 cnT® in the morning at 07:00-08:00LST. The calculating the ion sink rate, then we can take into account
secondary maximum of 580 cm, which appeared at noon only the DMPS measurements. However, the estimated ion
(11:30 LST), was correlated with the minimum in the ion sink rates are probably to a certain extent underestimated be-
sink rate of 2.6c1073s~! (the maximum of ion sink rate cause we did not take into account the hygroscopic growth of
of 5.2x10~3s~1 appeared at 24 LST). The secondary max- particle size due the effect of ambient humidity. During the
imum of small ions took place before the intensive genera-BIOFOR campaign, Bmeri et al. (2001) studied the hygro-
tion of nanometer particles; it preceded the maximum of thescopic growth of aerosol particles in the dry particle diame-
average diurnal variation of 3nm particles by about 1 h. Inter range of 0.01-2m when taken from the dry state (rel-
general, the small ions measured at Halgishowed similar  ative humidity RH<5%) to RH=90%. The growth factors
regularities as at Tahkuse, but the concentrations were abowanged between 1.0 and 1.6 considering particles of differ-
two times higher than at the Tahkuse Observatory, Estonignt sizes, and a clear diurnal variation of the growth factors
(Horrak et al., 2000, 2003b). of nucleation, Aitken and accumulation mode particles was

Extra information about negative small ions was gainedfound during nucleation event days.

from the mobility distribution measurements in the range of The effective attachment coefficie«), which is pro-
0.5-3.2cmV—1s1 at the same place during the QUEST 2 portional to the mean diameter of aerosol particles, var-
campaign in spring 2003. The average concentratioried in the range of 210~7—3.85x10 %cm® s1. These
of negative small ions and their standard deviation waschanges in the remote environment are affected by the long-
575k114cnt3. This is about 1.14 times lower than the range transport of aerosol pollutants and/or clean air ad-
concentration of positive cluster ions (656518 cnt3) at vection, by the transformation of aerosol size distribution
Hyytiala in early spring (Hirsikko et al., 2005). The concen- due to the evolution of boundary layer and new particle
trations of positive and negative ions were closely correlatedgeneration (Nilsson et al., 2001a, b). During the nucle-
the correlation coefficient was 93.6%. The mean mobilitiesation burst days the effective attachment coefficient showed
of negative and positive small ions were 1.6Fafts1 a considerable diurnal variation; on the average, it varied
and 1.45cmV—1s1, respectively (Laakso et al., 2004b), from about 6<10~7cm®s™1 up to 1.8<10°%cm®s1, dis-
and the correlation between the quantities was about 60%. playing a nighttime maximum at about 04:00-05:00LST
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and a minimum in the afternoon at 16:00 LST. During the of the ionization rate displayed a moderate variation with the
peak time of nanometer particle generation by photochemnighttime maximum of about 3.4 ion pairs cis ! and the
ical nucleation around noon, the effective attachment coefminimum of 2 ion pairs cm? s~1in the afternoon.
ficient was almost always less thax 80’ cm®s1. The Laakso et al. (2004a) applied the same approach to the cal-
effective attachment coefficients found by Hoppel (1985) culation of the ionization rate based on the measurements
at the Naval Research Laboratory in urban Washingtonof the QUEST 2 campaign at the Hygkh station in spring
D.C. were 1.1%10°6 and 1.9%10 %cm®s™!, and the 2003. The effect of the hygroscopic growth of the measured
ion sink rates calculated from those measurements werery aerosol particle size distributions due to ambient humid-
1.6x1072 and 4.64102s~* for the periods of good and ity was also taken into account, but the average ionization
poor visibility, respectively. Measurements in the marine rate stayed at a low value of 2.6 ion pairschs 1.
environment near the east coast of the United States re- The measurements at Hyjkh show that the atmosphere
vealed the attachment coefficients from 0@® ®cmPs™!  always contains small air ions that can act as condensation
up to 2.6310°cm*s™! and in the remote Atlantic as centers (of about 1 nm size) in the nucleation process. During
high as 3.1&%10 %cm®s™1. The corresponding ion sink intensive generation of nanometer aerosol particles the con-
rates were in the range of &x802-2.4x102s™1 and  centration of small ions was in the range of 380-7802m
6.46x10~*s71, respectively. The effective attachment co- considering different event days. Therefore, when the homo-
efficients in considerably different environments are compa-geneous nucleation of new aerosol particles takes place in the
rable with each other and with average values found in theatmosphere, it should be accompanied by ion-induced nucle-
boreal forest at Hyyéla. The ion sink influenced by local air  ation (see e.g. Hoppel et al., 1994; Raes and Van Dingenen,
pollution, anthropogenic and natural sources of aerosols is 2992). To maintain the small ion population, the production
subject to considerable differences. rate of aerosols by ion-induced nucleation at the Hyiti
The average ionization rate of about 2.8 ion pairsstation should be limited by the ionization rate (about 4-6
cm3s~1, calculated from the balance Eq. (1) considering ion pairs cnm3s~1) (Laakso et al., 2004a).
the steady state conditions, is too small for continental sta-
tions. It is probably underestimated by a factor of 2. The4.2 Correlation between the concentration of small ions
average ionization rate at 1 m height from the ground about and ion sink rate
10 ion pairs cm3s~1 is considered as an average for con-
tinental areas (Iséd, 1970, 1973; Chalmers, 1967). Three The correlation between small ion concentration and the sink
main ionizing agents (factors) have the following contribu- rate of small ions on aerosol particles of the sizes of 3—
tion: the ionization rate caused by radioactive substances i®00 nm is depicted in Fig. 3. The overall correlation is weak
the ground is about 4.6 ion pairs cis ! and in the air  owing to the nighttime calms and weak wind, and due to high
(radon, radioactive aerosol) 4 ion pairs ths 1, and by  humidity periods (probably fog events), when the concentra-
cosmic radiation 1.5-1.8 ion pairs crhs~1. Considering tion of small ions varied independently of the ion sink. The
different locations, the ionization rate could exhibit consid- fog is known to affect the conductivity of atmospheric air,
erable variations depending on the content of radioactive subreducing the concentration of small ions (Dolezalek, 1963;
stances in the ground, on the soil properties and due to locatoppel et al., 1986). Contrary to that, the nighttime calms
orography. The measurements below 1 m strongly dependnd weak wind favor the accumulation of radon near the
on the ionization profile. The temporal variations in the ion- ground, resulting in an increase in the ionization rate and,
ization rate (annual and diurnal variation) are mostly due totherefore, in the concentration of small ions up to about
variations in radon and thoron concentration in the air (Pors-1200 cnt3. Unfortunately, the radon concentration was not
tendbrfer, 1994; Hoppel et al., 1986). Our estimates of themeasured during the BIOFOR campaign. The accumula-
ionization rate did not take into account the loss of small ionstion of radon is confirmed by the measurements carried out
by the deposition on the coniferous forest, which could affectat Hyytiala during 2000-2003 (Penttinen et al., 2003). An
the measurements at the Hyl# station, as well as the dif- alternative explanation of the occurrence of nighttime high
ferences in the sizes of wet ambient particles and those sansoncentrations proceeds from the hypothesis that the depo-
pled by the DMPS. Presumably, the uncertainties of ion losssition rate of small ions on the coniferous forest is reduced
caused by these factors can explain the small values of ionin the case of weak wind and stable boundary layer, while
ization rate. The exceptionally high ionization rates found the turbulent mixing can effectively enhance the deposition
on 21 April with the nighttime maximum of 14.6 ion pairs (Tammet and Kimmel, 1998; Tammet et al., 2001).
cm3s~1 (Table 1b) are probably the artifacts caused by lo- The fog events were identified comparing the data of the
cal air pollution, which did not affect the ion measurements.aerodynamic particle sizer (APS) and the optical aerosol
The most reasonable maximum value of the ionization ratespectrometer probes (ASASP-300 and CSASP-100). The
estimated from the density distribution (excluding data of 21 APS measures dry aerosol size distribution, while the optical
April) is equal to that found for the nucleation event days, probes sample wet-ambient particles in-situ at a high flow
about 7.6 ion pairs ci? s~1. The average diurnal variation rate, thus providing measurements of hydrated aerosol size
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(a) particles (Hatakka et al., 1998). The effect of precipitation
o ; (snow, sleet, rain) was studied, but no clear direct or indirect

8000 i diveis - SR ; effect on the concentration of small ions was found.

600 SR > To find out a clear relationship between the concentration

500 Y e of small ions and the ion sink, we excluded the presumable

400 . o fog events and also the hours of high humidity (more than

300 95%), as well as the periods of weak wind (wind speed less

QD '::'-.:3 than 0.6 ms!) from the dataset. The results are depicted

i
S!;h

Smallions (cm™%)

smansid

.
o

T A1 Ry
=

200 E . . . .
Fenm in Fig. 3b. In the case of the smallest sink rate of ions of

FRENEIE B | ; "
R 3.9x10%s 1, recorded after the inflow of clean maritime
air masses from the North Atlantic @kek et al., 2001b), the

100

0.001 0.01 01

concentration of small ions rose up to 800chwhile dur-
lon sink (s™") ing the polluted continental air masses (coming from Russia
over St. Petersburg) with a considerably higher ion sink rate
®) 500 i ion: of 2.6x10-2s1 the small ion concentration was diminish-
Nonlinear regression: .
1000 . y=-399 - 365-0g(x) ing down to 150 cm®.
800 B O T . Correlation coeff. 0.87 . . .
T s00 T S In_accordanqe with t.he balance equation of small ions
§ 200 % ie4s (2), if the ion sink rate is below about 18s~1, the small
E 400 % i, ion concentration becomes nearly independent of that of
2 300 % B ije - aerosol particles approaching its limit in the case of aerosol
g ' , S free atmosphere. The concentration limits are about 1030,
o 200 R 1830 or 2580 cm? if the ionization rate is 1.6, 5 or 10
1 ion pairs cnm®s™1, respectively. The concentration limit
100 of 1030 cnt best suits our data, but the regression line in
0.001 0.0 0.1 Fig. 3b is still far from the relationship predicted by Eq. (2),
lon sink (s™") displaying significantly higher ion concentrations consider-

ing the ion sink rates above 1®s~1. The fact that the ion-
Fig. 3. Scatterplot of the concentration of positive small air ions ization rate of the air depends on the content of radioactive
(n) versus ion sink§;) on aerosol particles (3-500 nm) and a log- aerosols might only partially explain the discrepancy.
arithmic regression line(a) all the data(b) selected datawhenno  The correlation between the small ion concentration and
fog was recorded, relative humidity is less than 95%, and the windthe jon sink rate was stronger during the nucleation event
spefed is higher than 0.6 m%. 31 March—29 April 1999, Hyyiila days, because there were no fog events (except one, on 2
station. April) and relative humidity was considerably lower (av-
erage 62%), compared with the non-event days (average

T . . L 82%). If to take into account only the hours when the atmo-
distributions affected by the ambient relative humidity. Dur- spheric boundary layer was well mixed (wind speed higher

ing high humidity (above 99%), the size spectra were ofteny4 1 ms1), then the nonlinear correlation coefficient was
completely different above the diameter of @1%, probably g5,

due to the presence of fog droplets, which are supposed to

reside in the size range of 2—4@n. We found an indica- 43 Estimation of the ionization rate

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 As discussed in the Sect. 4.1, the ionization rate derived
the ion counters were working properly and providing cor- from the balance equation of small ions (Eq. 1) has unlikely
rect results, can be clearly seen in Fig. 3a. The concentratiofp values for continental stations: the average is about 2.8
of small ions had undergone a considerable decrease (devigon pairs cnt3s1. This value is close to the ionization

tion from the regression line), reaching values less than aboutate measured in the marine environment, which showed the
150 cn1 3. These situations were correlated with fog events. yariation from 1.5 to 2.9 ion pairs cm s~ within differ-
Another factor that could affect the concentration of small ent latitudes (Hensen and van der Hage, 1994). The ioniz-
ions is precipitation (snow, sleet, rain). Precipitation can de-ing radiation measurements in Hygf in early spring 2003
crease the ionization rate due to the attenuation of gammaave the mean value of 4.5 ion pairs chs 1 (Laakso et
and beta radiation from the ground and due to the block ofal., 2004a). Such a large difference of about 1.6 times can-
radon exhalation by the wet ground surface. Contrary tonot be explained simply by measurement uncertainties. We
that, precipitation can also cause an increase in the ionizaassume that the balance equation is valid in general, but the
tion rate close to the ground due to the wet deposition ofion loss has been underestimated. However, the concentra-
short-lived radioactive radon daughters attached to aerosdion of small ions £) and the ion sink §,) 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 1538 o N=°£‘ggga_r ;esg3rfjs(')‘(’)”:

discrepancy between the experimental data and the result: 800[ ~aliws Czrrelaﬁoncoeﬁ. 0?920

derived from the balance equation. We applied a method of & i S tas

least squares to find out statistically grounded estimates of £ ggg R X

the free parameters of the balance equation: the ionization — i |

rate and a constant term of ion loss. To minimize the influ- g 400 e,

ence of local effects and fog events on the results, the peri- = 300 RS T

ods of well-mixed atmospheric boundary layer were selected g )

(wind speed>1ms1, relative humidity<95%) for the data & 200 [ "Nonlinear regression: "\

analysis. The results of the regression analysis are depictet Balance equation . \

in Fig. 4. The statistical estimate of the ionization rate is Correlation coeff. 0.912

4.8 ion pairs crm s~1 (with standard error of estimate 0.11 0 T oo o1

ion pairs cnm3s1) and that of the additional constant ion ' ' '

loss is 5.2103s~! (standard error 2.&10~4s~1). Thus, lon sink (s™)

the improved balance equation of small ions in steady state

conditions can be written as Fig. 4. Scatterplot of the concentration of positive small air ions
(n) versus ion sink§,) on aerosol particles (3—500 nm). Compar-

q= an? +(S;+ Se)n (8) ison of experimental data and the results derived from the balance

equation assuming the ionization rate of 4.8 ion pairgém‘l, an

This extra ion lossg.), which is approximately equal to the extra ion loss of 0.0052% and the recombination coefficient of
mean rate of ion sink on aerosol particles of the sizes of 3-1-5<10"° cm315—1. Selected data: relative humidity95%, wind
500 nm, could be caused by the enhanced deposition of smafPeed-1ms =. 31 March-29 April 1999, Hyyéla station.
ions on the coniferous forest (Tammet et al., 2006). The ion-
ization rate of 4.8 ion pairs cn? s~ is typical for the con- To find the aerosol particle concentration in the size range
tinental stations of high latitude during the wintertime when coinciding with that of intermediate ions (2.5-8 nm), we
the snow cover is present. The same results were obtaineeixtrapolated the size distribution below 3nm. The upper
when the hours with the wind speed higher than 0.6fns boundary of the large ion& (8—20nm) is not exactly de-
and relative humidity less than 95% were taken into accounttermined because of the applied method of air ion mea-

The estimated ionization rate of 4.8 ion pairs ths 1 surements by means of integral ion counters. Despite all,
fairly coincides with the value of 4.5 ion pairs crhs™! cal- the analysis of the correlation between the concentrations of
culated for the same place from the external radiation andnanometer aerosol particles and their charged fraction (pos-
radon concentration measurements carried out during théive air ions) showed a good qualitative consistency in the
QUEST 2 measurement campaign in spring 2003 (Laaks@ase of the nucleation event days (Fig. 5). During the non-
et al., 2004a). Based on the results of the regression anapvent days, the concentrations of particles and air ions in
ysis, we can conclude that the ionization rate in Table 1 isthe size class of 2.5-8 nm were close to low background
systematically underestimated by about 2 ion pairstan! (see Table 2), and the correlation was poor in general, while
and the ion loss of about 5203s™1. Also, the extraion the particles and ions in the size class of 8-20nm could
loss reduces significantly (up to about 4 times) the percentshow considerably higher concentrations and, therefore, also
age of small ion loss due to the ion-ion recombination givena stronger correlation (e.g. on 9 April, the correlation coeffi-
in Table 1. The corrected mean value of the percentage corgient was 95%).

tribution is about 7% and the maximum is 18%. During the nucleation event days, the enhancement of par-
ticle concentration in the size range of 2.5-8 nm precedes
4.4 Charging state of nanometer aerosol particles that in the size range of 8-20 nm as a consequence of par-

ticle growth toward large sizes. The average diurnal vari-
Simultaneous measurements of the concentrations of aerosation in the concentration of particles (and air ions) in the
particles and naturally charged particles (air ions) in thesize class of 2.5-8 nm showed the maximum of 1910%m
atmosphere in the same size range enable to estimate ti{&20 cn13) at noon (12:00-13:00 LST), and in the size class
charged fraction or charging probability of particles. Con- of 8—20 nm about 3600 cn? (170 cn13) four hours later at
sidering the accuracy of nanometer particle measurementd,6:00-17:00 LST. A wide minimum of particles (and ions) in
it is possible to study the process only during the nucleatiorthe size class of 2.5-8 nm about 20-50¢nf45-50 cn13)
event days, when the enhanced concentrations of nanometeras recorded during the nighttime and early morning hours
particles (3—10 nm) up to about 12 000 T (bursts) are ob- at 22:00-07:00 LST; the minimum of larger particles (and
servable in the size spectra in fine weather conditions duringons) about 300-400 cnd (45-50 cnr3) took place in the
the daytime. early morning at 04:00—09:00 LST.
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Table 2. Descriptive statistics of the concentration of positive aerosol ions: intermediatenignkafge ions V), and the corresponding
classes of nanometer aerosol particlas ¢f 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 B#29, Hyyti

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 2711 125/63 45/21
N,cm3 96/50 77147 0/0 414/295 41/26 140/66 17/13 196/89 72/35
Azs_g, cm 3  579/78 123/19  0/0 12030/2290 22/4 671/66 4/0.2 1780/217 1070/164

Ag_ oo, cm™3  1460/371 667/186 23/6  11040/7480 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 IIl 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—2¢
April 1999, Hyytiala.

Size class of particles 2.5-8 nm Size class of particles 8-20 nm
Date Class Growth rate Charged Correlation co- Maximum of Charged frac- Correlation co- Maximum  of
(nm/h) fraction efficient aerosols tion efficient aerosols
(%) (%) (cm=3) (%) (%) (cm=3)
990402 1 6.7 4.9 83.6 2050 3.8 98.1 6810
990403 2 22 3.0 435 840 4.2 95.4 3590
990404 1 35 3.2 94.5 6470 3.9 94.5 9040
990405 1 6.7 35 98.3 12030 35 94.1 11040
990406 1 35 5.0 91.3 3290 4.0 87.7 5640
990408 2 54 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 34 92.3 5320
990414 1 54 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 44 0.4* 5.3 1080 0.4* 29 800
990429 3 35 5.6 91.4 2770 4.4 97.5 5370

* Estimates are of low significance.

The correlation between the concentrations of aerosol particles from the nucleation mode up to the Aitken mode size
ticles and intermediate air ions in Fig. 5a is substantially af-range (Kulmala et al., 2001a; &kek et al., 2000). The best
fected by the nucleation burst on 5 April, when the concen-ones were classified as class 1. The events with the high con-
trations of nanometer particles (2.5-8 nm) up to 12030tm centration of background aerosol or non-continuous growth
were recorded. Taking into account only the core of the scatcharacteristics were classified as classes 2 or 3. We found
terplot (data points below the particle concentration of aboutthat the correlation between the concentrations of nanometer
5000 cnT3), the correlation coefficient decreases slightly particles and air ions was always linear during the nucleation
from 87.6% down to 84.6%, but the relationship (correla- bursts, considering different generation rates (followed by
tion curve) remains nearly the same. The coarse nanometéhe maximum concentration of particles) and the growth rates
particles (8—20 nm) and their charged fraction (positive largeof nanometer particles (Table 3). The event class 1 displayed
air ions) in Fig. 5b are even more strongly correlated com-the strongest correlation for the size class of 2.5-8 nm, be-
pared to nanometer particles; the correlation coefficient iscause the maximum concentrations of intermediate air ions
92%. Detailed information about the correlation coefficientsare then well above the background (about 468mBased
for various nucleation days is presented in Table 3. The partion these results we can conclude that the air ion measure-
cle formation events in Table 3 have been classified into threenents can give essential information about the basic regular-
classes according to the amount of generated new nanometéies of the behavior of nanometer aerosol particles.
particles and the clearness of the subsequent growth of par-
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Fig. 5. Scatterplot between the concentrations of positive aerosol ions and aerosol paftifiesermediate ionsi; 2.5-8 nm) versus
nanometer aerosol particles (2.5-8 nm). The data points corresponding to 5 April are marked with red SQuébgd érge air ions §;
8—20 nm) versus aerosol particles (8—20 nm). Nucleation event days, 31 March—29 April 1998|d-station.

Since the size fractions of particles measured by means Recent measurements during the QUEST 2 campaign
of ion counters and the DMPS were related one-to-one, theshowed that the charge distribution on nanometer aerosol
scatterplot between the nanometer aerosol particles and theirarticles was often significantly asymmetric with an excess
charged fraction (air ions) could be fitted with a line of the of negative charges below the particle diameter of about
linear regression function, the intercept of which should be5 nm, decreasing as a function of particle size. The charg-
zero, and the slope giving the mean charging probability foring probability for the smallest nanometer particles (3—4 nm)
the fraction. The results of the regression analysis showedaried during different nucleation event days in the range of
a linear correlation between the nanometer aerosol particleabout 2—6% and 2—15% for positively and negatively charged
and their charged fraction, but with a non-zero intercept ofparticles, respectively (&trak et al., 2004a, b).
about 20-60 cm? (Fig. 5). This step at the zero value of the
aerosol concentration (intercept) is probably due to method4.5 Case studies
ological and instrumental uncertainties in the air ion fraction
concentration estimation by means of integral ion counterd=our nucleation event days were selected for the case stud-
(Tammet, 1970). This step in air ion concentration (aver-i€s to characterize the behavior of positive air ions of differ-
age about 40-50 cn?) was comparable, considering the size €nt classes: small ions, intermediate and large ions (Fig. 6).
classes of 2.5-8 nm and 8-20 nm during nucleation events opome complementary information about the behavior of air
the non-event days. In this study we did not take into accountons and aerosol particles during these nucleation event days
the non-zero intercept and interpreted the slope of the lineagan be found in (irrak et al., 2003a).
regression line as an estimate of the mean charged fraction The diurnal variation in the concentration of small ions
of particles (or experimental charging probability). The esti- was different on different nucleation event days. On 2 April
mates of the positively charged fraction of nanometer aerosol999, the data showed gradual increase in the concentration
particles (2.5-8 nm) given in Table 3 varied in the range ofof small ions before the onset of the generation of nanome-
3-6%. The average of the most pronounced events of classter aerosol particles at 12:30 LST. This is in general accor-
is about 4%. These estimates are close to the steady staggnce with the decrease in the rate of ion sink on aerosol
bipolar charging probability of 2.6% for the mean size of particles (3-500 nm) from (5-6)10~3s~* during the night-
the fraction of 5.3nm (Reischl et al., 1996). Considering time down to the minimum of 1.210-3s~! in the afternoon
the measurement accuracy, we cannot state that the excess(&fg- 7a). The ion sink rate stayed relatively constant (about
positively charged nanometer particles indicates at an overl.4x10-3s™1) during the intensive generation of nanometer
charge of atmospheric aerosols due to the ion-induced nuparticles. The increase in the ion sink rate caused by nanome-
cleation. The charged fractions of coarse nanometer aeros®®r particles was compensated by the decrease in the con-
particles (8-20nnm) given in Table 3 are only the order of centration of the Aitken and accumulation mode particles.
magnitude estimates because of the uncertainty in the upTherefore, no considerable changes in the concentration of
per boundary of air ion size class. Despite that, it showedgsmall ions during the generation of nanometer aerosol parti-
a nearly constant value, average about 4%. The steady stagées can be found. The decrease followed the growth of new
bipolar charging probability for the mean size of the fraction particles towards large sizes in the afternoon, when the par-
of 12.7 nm should be about 7.2%. ticles in the size class of 8—20 nm displayed the concentra-

tion maximum. On 2 April, the concentrations of nanometer
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Fig. 6. Diurnal variation in the concentration of positive air ion classes: small iendié@meters less than 2.5 nm), intermediate ions (
2.5-8 nm) and large iongV(; 8—20 nm), as well as the total concentration of partick2s2.5—-8 nm) measured by the DMPS on 2 A,
5 April (b), 10 April (c) and 14 April 1999d) at Hyytiala.

aerosol particles (2.5-8 nm) and their charged fraction (posi- The next example in Fig. 6¢c demonstrates the effect of
tive intermediate ions) showed only a modest correlation (theclean air inflow on 10 April 1999. The increase in the con-
correlation coefficient was 84%), because a rise in the coneentration of small ions during the nighttime and early morn-
centration of intermediate ions precedes (about 10 min, oing (up to 800 crm3) followed the decrease in the ion sink
one measurement cycle) that of aerosol particles measureghte from 5.5¢10~3s~ 1 down t0 3.9<10~*s 1 at 06:30 LST.

by the DMPS, probably due to spatial inhomogeneity of the The ion sink rate was decreasing due to the inflow of clean
nucleation process. maritime air mass from the North Atlantic @keB et al.,

A peculiarity of this day (2 April) was the fog, which was 2901P). The gradual increase in the ion sink rated iﬁer
detected by means of optical spectrometers (ASASP—3OO(,)6'30 LST up to ,4':k10_ s at 24'00 LST was caused by
CSASP-100) during 02:00-07:00 LST in the morning with the local production of aerosols (Fig. 7b). The rise in the con-

the maximum intensity around 04:50 a.m. The effect of thecentration of small ions in the evening after 18:00LST was
fog on the concentration of small ions is clearly visible in probably due to the accumulation of radon favored during

Fig. 7a, where the small ion concentration decreases ingeth® nighttime calm and weak wind; the wind speed was be-

1 . .
pendently of the ion sink rate (based on DMPS data) down tg® 0->m s~ and the temperature inversion developed after
about 150 cm3 around 04:50 a.m. The scatterplot between 19:00 LST. This separate group with the high concentration

the small ion concentration and the ion sink rate in Fig gaof small ions is clearly seen in the scatterplot of the small ion

revealed a separate group below the concentration of abodfoncentration versus the ion sink rate in Fig. 9c.

300cnT3. Presumably the fog affects all the data below the A characteristic feature of 10 April was that the concen-
small ion concentration of about 300cfh Another sep- tration of small ions in the clean air (very small ion sink on
arate group of data with a relatively high concentration of aerosols) was mainly determined by small ion recombina-
small ions up to 710 cr?, which corresponds to the night- tion. lon-ion recombination was responsible for 75% of the
time weak winds less than 0.2m’ is probably due to the ion loss due to small ion recombination and attachment to
effect of radon on the ionization rate of the air. The nucle-the aerosol particles at 06:30LST. In the beginning of the
ation event on 2 April, 1999, was analyzed in detail by Aalto burst of nanometer aerosol particles, the ion-ion recombina-
et al. (2001). tion was responsible for 40-55% of the ion loss (estimated by
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Fig. 7. Diurnal variation in the concentration of positive small ion3, (jon sink (S;) and the size distribution of the ion sink by aerosol
particle sizes (3—500 nm) on 2 Apri;(left) and 10 April 19991; right) at Hyytiala.

means of Eq. (1) considering the steady state condition angarticles at 09:00 LST (Fig. 8a). The decrease in the concen-
neglecting the effect of ion-induced nucleation). During the tration of small ions occurred simultaneously with a rapid in-
other days selected for the case studies (on 2, 5 and 14 Aprilgrease in the concentration of intermediate ions (2.5-8 nm),
the maximum percentage of ion loss caused by small ion reas well as the concentration of nanometer aerosol particles
combination was 44%, 30% and 20%, respectively. Just berecorded by the DMPS. The oscillation in the concentration
fore the burst of nanometer particles, these percentages werd small ions after the nucleation burst was correlated with
27%, 25% and 20%, respectively. The hypothetical ion lossthe changes in the rate of ion sink on coarse nanometer par-
due to the enhanced deposition of small ions on the coniferticles (8—20 nm) (Figs. 6b and 8a).

ous forest discussed in Sect. 4.3 was not taken into account in ) _ ) ) o
these estimates. Taking into account also the extra ion loss, AlS0 on 14 April, the ion sink rate displayed the mini-
the maximum percentage of small ion losses due to ion-iofMUM (2.9<10-°s™1) before the onset of the generation of
recombination decreased about 4 times down to 17% on 1f@nometer particles at noon (12:20LST) (Fig. 8b); the de-

April. On the other days, on 2, 5 and 14 April this percentagecréase of small ions followed after that. Similarly to the pre-
was 13%, 11% and 9%, respectively. vious case (on 5 April), the concentrations of fine nanome-

ter particles (2.5-8 nm) and coarse nanometer particles (8—
5 and 14 April 1999, were the only days during the BIO- 20 nm) started to increase almost simultaneously, afterwards
FOR Ill campaign when the concentration of small ions displaying a delay in the peak concentrations about 30 min
was considerably decreasing during the nucleation burs{Fig. 6b and d). In general, the delay between the concen-
(Fig. 6b, d). These days are of particular interest to thetration maxima of two ion or particle classes, affected by the
study of the hypothetical role of ion-induced nucleation on particle growth towards large sizes after the generation, was
the decrease of small ion concentration. The nucleation burstnany times longer (about 3.5 h). The growth rate of nanome-
on 5 April was the most intensive in April, with the peak ter particles (in the size range of 3—10 nm) on 5 and 14 April
concentration of nanometer particles (2.5-8 nm) of aboutvas comparatively high: 6.7 and 5.4 nm'h respectively
12 000 cnT3, which is about two times higher than on other (Table 3). The study of the evolution of the distribution of the
days. On 5 April, the minimum of the ion sink rate (about ion sink rate by particle sizes on 5 and 14 April (Fig. 8) con-
2x10-3s1) was recorded before the burst of nanometerfirms that the decrease in the concentration of small ions was
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Fig. 8. Diurnal variation in the concentration of positive small ion3, (jon sink (S;) and the size distribution of the ion sink by aerosol
particle sizs (3—500 nm) on 5 Aprigfleft) and 14 April 19991f; right) at Hyytiala.

caused by an intensive generation of nanometer aerosol par- Examination of the nucleation events selected for the case
ticles followed by a rapid growth of particles towards large studies, as well as other events during the BIOFOR IIl cam-
sizes. The scavenging efficiency of small ions by aerosolpaign at Hyytéla, did not show any clear indication of the
particles in the size class of 8-20 nm is about 3 times higheion-induced nucleation in the atmosphere — the scavenging of
compared to the particles in the size class of 2.5-8 nm. Thussmall ions before or during intensive generation of nanome-
on both days the decrease in the small ion concentrations cater particles. In general, it is accepted that the nucleation on
well be explained by the effect of aerosols (Fig. 9b, d). small ions is energetically more favored compared to par-

The nucleation events on both 5 and 14 April, with a rapid ficle formation by homogeneous nucleation from pure va-
increase in the concentration of intermediate ions (2.5-8 nmpPOr(s) (Hoppel et al., 1994; Raes and Van Dingenen, 1992;
and large ions (8-20 nm), showed a good correlation betweefiadykto and Yu, 2003). In some cases, the barrierless nucle-
the nanometer aerosol particles and their charged fractio@tion can occur, e.g. nucleation 080, on negative small
(positive air ions) (Table 3). Kulmala et al. (2001b) applied oS (Lovejoy et. al., 2004). On the other hand, the analysis
an analytical model and found that the formation rate of 3 nm©f the nucleation events by Kulmala et al. (2001b) revealed
particles was 1.6cmés 1 on 5 April and 1.1cm3s 2 on  that the nucleation rate (or the formation rate of 1 nm parti-
14 April. The estimated nucleation rates (generation rate of'es) should be in the range of 10-100chs™ to explain
1nm particles) were 10-100 cras~! and 50-80cm3s~1,  the formation rate of 3 nm particles of about 1€n$*_1 dur-
respectively. ing the BIOFOR Il campaign at' Hyﬁla. Such high nu-

As a result of the case studies, we can conclude that bott(%leatlo.n rates (compared to the ionization rate pf about 4-6

; . " S ion pairs cnm3s~1) should reduce the concentration of smalll
the ion sink on aerosols and small ion recombination are es-

sential factors of small ion loss in the comparativel cleanIons assuming that the small ions are involved in the nucle-
) " : P Y C€an aiion process. However, the measurements did not exhibit
air at Hyytiala. If the nucleation burst of nanometer parti-

; . . i ignificant decrease in the concentration of positive small
cles is able to cause changes in the ion sink rate by abou?og P

3.1 ; . _lons as the indication of ion-induced nucleation during nucle-
2x 107 S5 then thg effect 'S clearly opservaple n the CON" ation bursts. If the concentration decreased, then it correlated
centration of small ions. This change in the ion sink rate is

significant considering the extent of its variation during nu well with the rate of ion sink on aerosol particles. The re-
gnit 9 9 cent QUEST 2 campaign measurements at Hyg/in spring
cleation event days (Fig. 9).
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Fig. 9. Scatterplot between the positive small ion concentration and ion sink rate on A&p&lApril (b), 10 April (c) and 14 April 1999

weak wind less than 0.2 nTs. Specific data points have been excluded from the regression analysis.

2003 indicated that also the concentration of negative smalEquation (9) is based on a simple model by Zhou et
ions behaved similarly during the nucleation bursts; even theal. (2001), wherein the exponent as a function of particle size
excess of negative intermediate ions (1.6—-5 nm) and the negavas found from the particle GF measurements in the size
tive overcharge on nanometer aerosol particles (3—5 nm) wasnge of 10-264 nm, carried out at Hyali during the BIO-
found (Horrak et al., 2004a, b; Laakso et al., 2004b). The FOR Il campaign (Fmeri et al., 2001). The model gives an
latter is indeed a clear indication of ion-induced nucleationestimate of the average GF for externally mixed aerosols of
on negative small ions. As a result, we can conclude that atifferent hygroscopic growth modes weighted by their corre-
Hyytiala, the positive small ions less likely nucleate (prob- sponding fractions. In general, Eq. (9) is valid in the case of
ably due to thermodynamic properties proposed by Froydambient relative humidity RH90% and the particle sizes be-
and Lovejoy, 2003a, b) and the ion-induced nucleation ratdow 270 nm. Above these limits, the model has not been ver-
is always less than the ionization rate. Therefore, the smalified due to the absence of corresponding particle GF mea-
ion concentration does not reflect the changes caused by iorsurements at Hyydia. In accordance with the recent results
induced nucleation, probably because its variability due toof the particle wet and dry size distribution measurements at
other factors (e.g. ionization rate, ion sink on aerosols, turbuHyytiala during May and July 2004 (Birmili et al., 2006), we
lent mixing of air) is commonly considerably higher. have limited the GF of particles larger than 280 nm with that
found for 280 nm size particles. The latter is argued, since
4.6 Study of the effect of the hygroscopic growth of aerosol by Birmili et al. (2006) the particles of 200-400 nm showed
particles on the ion sink rate and on the ionization rate nearly the same hygroscopic properties. Thus, with certain
reservations, the GF model (Eq. 9) can be applied for the par-
The dependence of the hygroscopic growth factor (GF) ofticles up to about 500 nm and for ambient RHs up to about
submicron particles (€0.53,:m) on ambient relative humid- 95%. In the case of high RH of 96-99%, where the uncer-
ity (RH) was estimated according to the parameterizationtainty of the RH measurements is about 3% and the particle

given by Laakso et al. (2004b) 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
or_ et (4 RH\ ~ %—0.0847 (9) 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
(Beff), the sink of small ions on aerosol particles of 3-500 rfiy) ( the ionization rateq), the ratio of ion loss due to the recombination

to total ion loss due to particles {:/(a-n+S,), and corrected by the extra ion loss due to the forg&st§.3x 10-3s™1) the values of the
ionization rate 4.) and the ratio ofe-n/(a-n+S,+S.). The air temperaturel() and relative humidity (RH) are presented in the last rows of

the tables as well. 31 March—29 April 1999, Hy/é.

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

Mean Median Min Max Lower Upper Percentile  Percentile  Std.Dev.

Quartile  Quartile 10 90
Bef, 10 6cmis™1 15 1.3 020 44 0.68 2.2 0.44 3.1 1.0
Sa, 1073571 4.9 4.6 045 13 3.0 6.4 1.8 8.5 25
g, cm3s71 2.8 2.6 1.0 87 21 3.3 1.6 4.2 1.1
a-nl(an+Sgz) 0.18 0.14 0.018 0.72 0.096 0.24 0.063 0.33 0.12
ge,cm 3571 6.2 5.6 1.7 13 52 6.8 4.8 8.5 1.5
a-nl(@-n+S,+S,) 0.071 0.066  0.011 0.16 0.051 0.090 0.037 0.11 0.071
RH, % 60.7 587 254 983 447 75.6 36.4 89.5 19.0
T,°C 3.4 35 -6.2 156 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
Befi, 108cm3s™1 3.0 3.0 075 62 21 37 1.4 4.7 1.2
Sa, 1078571 9.7 6.9 1.7 66 5.4 11 4.3 19 7.5
g, cm3s71 3.7 3.4 1.0 16 26 4.4 2.1 5.5 1.7
a-nl(an+Sg) 0.090 0.081  0.005 0.39 0.036 0.13 0.018 0.18 0.065
ge,cm 3571 6.4 6.1 1.8 18 4.9 7.3 4.2 8.8 2.2
a-nl(a-n+S,+S.) 0.046 0.044  0.004 0.15 0.024 0.061 0.014 0.083 0.027
RH, % 775 795 359 100 63.8 94.8 50.9 98.0 18.0
T,°C 5.9 4.7 -1.7 188 28 8.2 1.4 12.1 43

* Elimination of the probable local pollution episodes (two events with 47 measurements), reduces the maximum of theSgh ciinkn(
to 3.5x10~2 s 1 in Table 4b and the corresponding maximum values of the ionization gatesdg,) down to about 10 ion pairs ¢t s~ 1
and 16 ion pairs cm3s~1, respectively.

Statistical description of the parameters given in the Ta- The limitation of the GF for particles larger than 280 nm
ble 1, corrected by the ambient relative humidity, is presentedesults in a small decrease less than 4% in the ion sink rate,
in Table 4, together with the air temperature and relative husince the ion sink at Hyydia was mainly caused by the ac-
midity. Here we have limited the ambient relative humidity cumulation mode particles. The dependence of the ion sink,
by 99% in calculations. In general, the changes in the mearfiound from the DMPS measurements applying the hygro-
and median values of recalculated parameters due to the escopic growth correction (Eq. 9), on ambient relative humid-
fect of hygroscopic growth of aerosol particles (3—500 nm)ity can well be approximated by the same power function
are in the range of 10%—33%. The changes are about 1.5¢Eq. 9) with the particle dry diameter of 154 nm in the expo-
2.3 times smaller in the case of nucleation event days if comnent. The nonlinear correlation coefficient between the rela-
pared to non-event days owing to different meteorologicaltive humidity and the ratio of ion sink rate corrected by the
conditions. Thus, the aerosol data correction by the hygro-ambient humidity to that based on original data is 98.8%.
scopic growth factor accounts for about 18% and 28% in-The ratio increases moderately from the value of 1.07 at
crease in the mean rate of ion sink on aerosol particles irRH=40% up to 1.24 at RH=80% and henceforth, rises ex-
the case of nucleation event days and non-event days, rgonentially from 1.36 at RH=90% up to 1.84 at RH=99%.
spectively. Correspondingly, the mean ionization rate alsoNearly similar humidity dependence of the ratio of the cal-
increases by about 13% and 23% (see Tables 1 and 4). Theulated ionization rates (ratio of corrected by RH to the orig-
average diurnal variations in the ion sink rate, effective at-inal) was found with the ratios of 1.06, 1.19, 1.31 and 1.84
tachment coefficient and ionization rate discussed in Sect. 4.torresponding to the relative humidities of 40%, 80%, 90%
showed about 25%, 33% and 12% increase in amplitude, reand 99%, respectively. The correlation coefficient between
spectively, due to higher nighttime maxima of the parameterghe ratio and RH was 97.9%. This demonstrates the impor-
induced by the hygroscopic GF correction of aerosol data. 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-in the case of high humidity. In Fig. 3a, the effect is the
ative humidity) and the necessity for appropriate GF modelsmost essential in the central region of the correlation field

In general, the contribution of wet coarse particles (0.52—below the regression curve, where the highly deviated data-
32um) measured by the optical particle counters (ASASP-points are moved towards higher ion sink rates up to about
300 and CSASP-100) to the total rate of ion sink on aerosol$x10-2s~1. The increase in the median rate of ion sink is
(taking into account also the hygroscopic growth correctionabout 33%. In the case of Fig. 3b and Fig. 4, the contribu-
of the DMPS data) was less than 8% (the mean was abouion of large aerosol particles above 500 nm to the ion sink
0.7%) if the RH<96%, but it increased exponentially up is insignificant and the hygroscopic growth correction of the
to an order of magnitude (up to 84%) above the RH=96%.DMPS data increases the ion sink rate by a factor of 1.18 and
The corresponding numbers for the percentage of the tod.14, respectively. The increase in the correlation coefficient
tal ion loss (due to particles and the extra ion loss in theis still less than 2%.
forest canopy) are, in average, about 2 times smaller if the Regarding the examples selected for case studies in Fig. 9,
RH<96%; the maximum in the case of R{96% was 76%. the general regularities between the small ion concentration
Thus, the coarse particles (above 0.88) can be ignored and ion sink rate stayed nearly the same in all four days, if
in calculations of the ion sink rate at the Hydli SMEAR  to compare the ion sinks from dry and wet particle size dis-
Il station only if to exclude the situations of high relative tributions. On 5, 10 and 14 April, the maxima of ion sink
humidity, which are often accompanied with fog formation. rates by the DMPS data considering the hygroscopic growth
Such situations were eliminated from the database to detefeorrection of particle sizes were about 7%, 20% and 15%
mine the ionization rate (given below), and set aside for fu-higher, respectively, but the changes in the correlation (de-
ture analysis due to the lack of complete information abouttermination) coefficients were insignificant. The ratios of
the size distribution of fog droplets above 3th necessary wet to dry sink rate of ions were changing in the range of
for the ion sink calculation. 1.06-1.27, 1.05-1.2 and 1.1-1.2 during 5, 10 and 14 April,

Considering the statistical estimate of the extra ion lossrespectively, depending on the diurnal variation in relative
of 5.2x10~3s71 due to small ion deposition inside the for- humidity. The minima were found to take place at local noon.
est canopy, in addition to the ion sink on aerosol particlesOn 2 April, during the nucleation burst in the afternoon, the
found in Sect. 4.3, results in the ionization rate of about 4.8changes in the ratio of wet to dry sink rate of ions were simi-
ion pairs cnm3s~1. The recalculated values of the param- lar to that found for 10 April. However, the ratio was chang-
eters using the same method as described in Sect. 4.3 andg drastically in the early morning during the fog (03:30—
taking into account also the effect of hygroscopic growth of 06:30), when the maximum ratio of about 9 was recorded at 5
particles on the ion sink below the RH=96% are about 15%o’clock. Then the ion sink from the wet large particles (0.52—
and 20% higher — 5.5 ion pairs cris™ ! and 6.3<1073s™1  32,m) was about 80% of the total ion sink on aerosols,
respectively. The estimates of the standard error (standarend the hygroscopic growth correction of the DMPS mea-
deviation of the sample mean) of the parameters are 0.15urements (3—500 nm) increased the corresponding ion sink
ion pairs cn3s™! and 2.1x1074s71, respectively. The rate by a factor of 1.7. During the other days, the contribu-
statistics of the ionization rategf), calculated from the tion of large particles was less than 6%, commonly 0.5-2%.
balance equation corrected by the extra ion laSs ©f Thus, taking into account the above-mentioned corrections
6.3x10-3s71, are given in Table 4. The mean values of the in the ion sink, the data-points corresponding to the high
ionization rate §.) in Table 4 are somewhat higher, com- relative humidity and fog event in Fig. 9a (brown squares)
pared to the value of 5.5 ion pairs cis ™1, given above due  are spread towards considerably higher ion sink rates up to
to the contribution of the data with relative humidity above 4.9x10-2s1. Therefore, considering all the data on 2 April,
95% and wind speed less than 1 sThe extraion loss fur-  the determination coefficient between the concentration of
ther decreases the percentage of small ion loss due to ion-iogmall ions and ion sink rate increases from 87.1% to 89.5%.
recombination down to 6.2%, in average, and the maximum
down to 16% (see Table 4).

Correction of the size distributions of particles measured5 Conclusions
with the DMPS by hygroscopic growth factor, as well as tak-
ing into account the particle measurements above 500 nm #Dn the basis of the measurements carried out during the BIO-
ambient humidity by the optical particle counters, changesFOR Il campaign, we can point out the following character-
the overall poor correlation between the small ion concentraistics of the behaviour of positive air ions at boreal forest in
tion and the ion sink rate depicted in Fig. 3a. The nonlin- early spring.
ear correlation coefficientR) increases from 0.59 (the de-  The concentration of small (or cluster) ions at the Hati
termination coefficienR?=0.35) up to 0.74 (0.55). The both station varied from 110 to 1183 ¢, the average was about
above-mentioned factors have nearly the same contributiod80 cn3. The highest concentrations were recoded during
(0.09 and 0.06, respectively) to the increase in the correlathe nighttime calms and after the inflow of clean maritime air
tion coefficient by decreasing the dispersion of data-pointsmasses. The smallest concentrations below about 308 cm
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belonged to fog events and polluted continental air massesecombination and attachment to the aerosol particles. The
with a high aerosol load. No clear indication of ion-induced mean rate of ion sink on aerosols was about 1.8 times smaller
nucleation (scavenging of small ions) was found consideringduring the nucleation event days compared to the non-event
the behavior of positive small ions during nucleation events.days, and the mean concentration of small ions was corre-
The variation in the concentration of small ions can well spondingly higher: 530 cn? versus 424 cmd.

be explained by the changes in ion loss due to aerosols (10N the jon sink is affected by the total concentration of par-
sink). Exceptions are the nighttime calms and weak wind,sicjes and by the changes in the effective attachment coef-
when the INCrease in the concentration of small ions (Up tGicient of small ions onto aerosol particles. The effective
about 1000 cm®) is probably due to the effect of radon on 4tachment coefficient (which is nearly proportional to the
the ionization rate of air. The concentration of small ions 1 aan diameter of aerosol particles) varied in the range of
decreases independently of fine aerosol particles (3-500 Ny, 10-7_g 25 10-6 cm® s~1. It showed a considerable diur-
measured by the DMPS at high humidity (above 96%), pré-| variation during the nucleation burst days due to trans-
sumably due to the increasing ion sink rate caused by hygrogymations in the aerosol particle size distribution initiated
scopic growth of particles and scavenging by fog droplets.by the mixing of boundary layer and new particle forma-
The nonlinear correlation between the small ion concentras;gn During the peak time of nanometer particle generation

tion and t?e ion sink rate for the selected hours (wind speed,;nd noon, the effective attachment coefficient was almost
>0.6 ms -, relative humidity<95%) was —87%. Study of always less than610~7 cmP sL.

the effect of the hygroscopic growth of aerosol particles on o ] )

the ion sink and ionization rate demonstrates the importance Tr;e :1average ionization rate of about 3.3 ion pairs
of the hygroscopic growth correction of the aerosol particle€™ - S » calculated from the small ion balance equation ap-
size distributions measured by the DMPS, as well as the impl){mg expenmental data of aerospl particle size dilstrlbutlon
portance of the contribution of wet coarse particles aboveWith hygroscopic growth correction of particle sizes) and

500 nm in the case of high relative humidity$6%) and fog small ion concentration measurements, is too small for con-
events. tinental stations. The relationship between the concentration

In addition to small ion loss due to recombination and at-©f sSmall ions and the rate of ion sink on aerosol particles is

tachment to aerosol particles, the term of an “extra ion Ioss”,far from the dependence predicted by the balance equation of

presumably due to small ion deposition on coniferous forestSMall ions. The best fit to experimental data was found as-

- ~3 1
is needed to explain the observations. This extra ion lossSUMING an extra ion loss of &A0™"s™~ (presumably due
which rate is nearly equal to the mean rate of ion sink onto small ion deposition on the coniferous forest) in addition

aerosol particles, is significant and should be taken into actC the ion sink on aerosol particles. Therefore, the estimated
count, when estimating the balance of small ions inside the?Verage total ionization rate at the Hyfé station at a height

forest. The loss of small ions by small ion recombination of about 2m above the ground durlng.early spring, when the
cannot be ignored: its contribution to the total ion loss wasdround was wet and partly covered with snow, was found to

about 6% in average; the maximum of 16% was recorded irP€ about 6.2 ion pairs ffrﬁ st Wlth the standard deviation
the case of Arctic clean air advection from the North Atlantic. ©f Sample of 1.9 ion pairs cnis™.

The ion sink rate on aerosols varied in the range The analysis of the correlation between the concentra-
of 4.5x10%-6.6x102s1 (commonly 1x103-  tions of nanometer aerosol particles and their charged frac-
1.2x1072s71) at the Hyytala station. It was mainly tion (positive air ions) showed a good qualitative consistency.
determined by the concentration of particles in the sizeConsidering different nucleation event days when the con-
range of 3-500 nm; the contribution of larger particles of the centration of positive intermediate ions (or charged nanome-
sizes of 0.52—-32m was about 1-2% in average and always ter particles of 2.5-8 nm) exceeded 120¢ihthe linear cor-
less than 8% if the relative air humidity was less than 96%.relation coefficients varied in the range of 84-98%. The cor-
However, sometimes the contribution of coarse particles camelation is also good for coarse nanometer particles and their
be as high as 70%—-80% in the case of high relative humiditycharged fraction (8—20 nm); the correlation coefficients are
and fog. In general, the main contribution was made by thein the range of 87-98%. These particles are almost quasi-
particles in the Aitken and accumulation mode size rangessteady state charged. The estimates of the charged fraction
The nucleation mode particles (3—20 nm) had an effect orof hanometer aerosol particles (2.5-8 nm) are in the range
the concentration of small ions only sometimes during anof 3—6%, which are close to the steady state bipolar charg-
intensive generation of nanometer particles followed by aing probability of 2.7% for the mean size of the fraction of
rapid growth of particles towards large sizes. 5.3nm. Considering the measuring uncertainties, we cannot

In the nucleation event days, the minimum in the ion sink state that the excess of the charged nanometer particles of
rate occurred before the onset of the generation of nanomepositive polarity is an indication of the overcharge of atmo-
ter particles or at about the burst peak. Before the onsetspheric aerosols due to an ion-induced nucleation process.
the fine aerosols (3-500 nm) were responsible for 37—-88%-urther study is necessary to specify the nucleation mecha-
(commonly 65-83%) of the total ion loss due to small ion nism.
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