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We measured the *2Rn content of the air by continuously collecting particle-bound daugh-
ter nuclides 2'“Pb and ?'“Bi onto glass-fibre filters and counting their beta particle emissions
with Geiger-Miiller tubes. A scintillation gamma spectrometer system measured external
radiation, which main components are gamma and cosmic radiation. Our purpose was
to detect long-term, seasonal and diurnal variations in ?*’Rn activity concentration and
external radiation dose rate in a Finnish boreal forest during the years 2000-2006. The
long-term variations in activity concentration and dose rate were small, whereas the annual
variations were more pronounced. In late summer and autumn, the diurnal cycle of ??Rn
activity concentration was strongest, whereas the diurnal cycle of external radiation dose
rate was practically non-existing throughout the year. We utilised the ?*?Rn and external
radiation measurements also when calculating air ion production rate in the lower bound-
ary layer. Based on our results, the total ion production rate varied in the range 4.2—-17.6
ion pairs cm™ s The fraction of *Rn contribution in the ion production varied in the
range 0-0.43, with average fraction 0.11 + 0.07. These results indicate that ion production
was typically dominated by the external radiation on our measurement site.

primordial radionuclides like potassium-40,
incorporated in the Earth’s crust. A small part of

Air ions are produced mainly by airborne radio-
nuclides and external radiation in fair weather
conditions. The latter has two main components,
the cosmic radiation and gamma radiation from
the ground. Cosmic radiation has a significant
contribution to the total ionisation rate in the
ground-level air and its importance increases
with the increasing elevation. Gamma radiation
from the ground originates from natural radio-
activity, e.g. uranium and its decay series, and

the gamma radiation comes from the natural and
artificial radionuclides deposited on the ground
or suspended in the air. The dose rate in the
ground-level air caused by the external radiation
varies in Finland between 0.04 and 0.3 pGy h!
(1 Gy = 1] kg™), the minimum value being due
to the cosmic radiation (Mustonen 2006).

The most prominent natural radionuclide in
surface air is radon-222 (**Rn, ¢, = 3.825 d). It
is produced in the soil from the decaying radium-
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226 as a part of the natural decay series starting
from uranium-238. In addition to isotope 222,
29Rn from the thorium-232 series can be found
in the atmosphere. Part of the radon produced
in the surface soil can escape to the atmosphere
because it is a noble gas. Radon-222 decays via
several short-lived daughter nuclides to the rela-
tively long-lived lead-210. Radon can be used
as a tracer for continental air masses because
its emission rate from oceans is negligible as
compared with that from land areas (Baska-
ran et al. 1993). In Finland, as in a number of
other countries, indoor radon is the most signifi-
cant source of radiation exposure of the general
public. Gesell (1983) and Porstendorfer (1994)
reviewed studies on radon in indoor and outdoor
air.

In the air, ??Rn appears as single gas atoms,
whereas its progeny are heavy metal atoms and
are attached to airborne aerosol particles within 1
to 100 seconds. Most of the ??Rn progeny are to
be found in accumulation-mode aerosol particles
with an aerodynamic diameter of a few hundred
nanometres (Porstendorfer 1994, Porstendorfer
and Reineking 1999). In Finland, the average
22Rn activity concentration in the ground-level
air is usually about 1 Bq m™ (I Bq = 1 disin-
tegration per second) but large variations occur
(Mattsson 1970).

The process, in which high energetic radia-
tion ionises air molecules to positive ion and
electron pairs (Isra€l 1970), is called ion produc-
tion. In practise the total ion production rate in
the air is governed by the external radiation and
22Rn. As compared with them, the other sources
of ionisation, e.g. airborne artificial and cos-
mogenic nuclides, are negligible. The new ions
react with other air molecules and form cluster
ions, which are observed to exist all the time in
various environments (e.g. Horrak et al. 2003,
Hirsikko et al. 2005), and they typically are the
source of the electric charge of larger aerosol
particles (Isra€l 1970). Cluster ions either attach
on aerosol particle or other surfaces, recom-
bine with a cluster of opposite polarity or act
as intermediate in particle formation. Such a
particle formation process is called ion-induced
nucleation, which is either ion mediated het-
erogeneous nucleation or ion cluster activation.
The ion-induced nucleation could participate in
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particle formation process in the atmosphere
(e.g. Laakso et al. 2007). Although, many differ-
ent mechanisms are proposed to produce aerosol
particles (Kulmala 2003), the exact contribution
of different formation mechanisms is somewhat
unclear at the moment.

The ion-induced nucleation is limited by the
ion production rate (e.g. Israé€l 1970). There-
fore, it is important to know the daily, annual
and long-term behaviours of ion production rate
when aiming to estimate the importance of ion-
induced nucleation as compared with particle
formation by neutral mechanisms. Laakso et al.
(2004) and Tammet er al. (2006) measured or
estimated the ion production only for short peri-
ods (max. one month) at the Hyytidld measure-
ment station, Finland (Hari and Kulmala 2005),
where we have one of the world’s longest aero-
sol particle size distribution dataset for particle
formation study (Dal Maso et al. 2005).

In this paper, we introduce our **Rn and
external radiation measurements at the Hyytidld
measurement station. Strictly speaking we meas-
ured the equilibrium-equivalent decay product
concentration of **?Rn because the measurement
was based on the collection and counting of
the short-lived radon progeny nuclides assumed
to be in equilibrium with *?Rn. However, for
brevity we use the term **’Rn activity concentra-
tion in the following. We utilised the results of
six-year and three-month measurements (March
2000-June 2006) to present **Rn activity con-
centrations and external radiation dose rates.
From these results we calculated the ion produc-
tion rate at our measurement site to obtain long-
term information about the diurnal and seasonal
variations of this important quantity.

Measurements and methods

We measured both the ??Rn content of the
air and external radiation at the Hyytidld for-
estry field station of the University of Helsinki
(61°51°N, 24°17°E, 180 m above sea level) in
southern Finland. The station is located on a
hill and the ground slopes downwards on every
direction. The slope is the steepest towards the
south and west and gentlest towards the north.
Furthermore, the station is inside a large conifer-
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ous forest dominated by Scots pine (Pinus syl-
vestris). The soil is haplic podzol and the parent
material is coarse silty glacial till. Kulmala et al.
(2001b), and Hari and Kulmala (2005) described
the station and its operation in details.

We conducted the *Rn and external radia-
tion measurements at 6 m and 1.5 m heights,
respectively. The obtained results for the **’Rn
activity concentration represent only the meas-
urement height since radon activity concentra-
tion depends on the height. Firstly, the ground
is the source of radon gas. Secondly, the mixing
conditions of the atmosphere have a strong effect
on the activity concentration as a function of
height. On the contrary, the external radiation
measurements represent the conditions of sev-
eral tens of meters due to the small variation as
a function of height. The external radiation dose
rate is mainly due to the gamma radiation from
the ground and cosmic radiation.

Measurements of 222Rn

Radon-222 is a noble gas and thus cannot be col-
lected with aerosol filters. Therefore we meas-
ured its concentration via its short-lived daughter
nuclides 2'*Pb and 2“Bi which are bound to aero-
sol particles (Paatero et al. 1994). We monitored
the concentration of these beta emitters with a
system where air is drawn alternately through
two cylindrical filters in four-hour periods (Fig.
1). Two cylindrical Geiger-Miiller (GM) counters
mounted co-axially inside the filters continu-
ously recorded the beta activity accumulating
onto the filters. The filters, with the GM tubes,
were located inside lead shields to reduce the
background count rates. The filter material was
glass-fibre (Whatman GF/A), and we changed
the filters every second Monday. The air flow
rate was ca. 20 m* h™!, which was measured with
a mass flow meter that was protected by an abso-
lute filter. The data logger counted the pulses
from the GM tubes, and the count results were
fed into the computer at 10-minute intervals for
further analysis. The number of collected counts
per interval usually varied from 300 to several
thousands.

The method to distinguish the beta activity
of the short-lived ??Rn progeny from the *’Rn
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Fig. 1. Experimental setup for 222Rn measurements at
Hyytiala.

progeny and artificial radioactivity is based on
half-life differences. When the air begins flow-
ing through a filter, the count rate of the corre-
sponding GM tube increases from the base line
as beta activity gathers onto the filter (collection
period). After four hours the data logger switches
the air flow to the second filter with the magnetic
3-way valves. The count rate of the first GM tube
begins decreasing as the activity on the filter
decays (decay period). If the activity is due to
22Rn progeny only, the count rate returns to the
base line during the decay period. However, if
some long-lived activity such as *°Rn progeny
or artificial activity is present, the count rate
remains at a higher level after the decay period.
The short-lived *Rn progeny consists of
four nuclides: **Po (¢,, = 3.05 min), *“Pb (z,,
= 26.8 min), *“Bi (#,, = 19.8 min) and *“Po (¢,
= 162 pus). The activity of 2'Po, which has a
short half-live, is equal to its predecessor **Bi.
However, the Po isotopes are alpha emitters and
do not contribute to the GM tube count rate.
The activity concentration of *'*Po in the air is
almost the same as the activity concentration of
*2Rn and can be calculated from the measured
count rates by making two assumptions. Firstly,
the measured beta activity originates only from
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the short-lived beta emitters of *’Rn progeny.
Secondly, the activity concentration ratio among
218pg, 214Ph, and 2“Bi is constant and known.
Here we assumed that the activity concentra-
tions of the three nuclides are equal. The detector
counting efficiencies for beta particles of 2'“Pb
and *"“Bi were 0.96% and 4.3%, respectively,
in our counting geometry. During the collection
period the activity concentration A can be calcu-
lated from the equation:

R
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where R is the count rate difference between two
successive 10-minute intervals corrected for the
decay of *“Pb and 2'*Bi already present on the
filter. The subscripts 1, 2 and 3 refer to *'*Po,
214Pb and ?"Bi, respectively. V is the flow rate of
the air, ¢ the counting efficiency and /4 the decay
constant. The terms S, are:
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where Q,;j is an abbreviation for /1[/(1,. - /1/.). The
S, terms are constants if the time interval 7 in the
measurements is constant, as we had.

The calculations of 2'®Po (= *’Rn) activity
concentrations are based on these equations after
subtraction of baseline values from the measured
gross count rates. The baseline count rate is due
to the instrumental background and long-lived
activity present on the filter. We assumed the
long-lived activity concentration in the air to
be constant during the collection period. The
baseline is interpolated from the count rates at
the end of the decay period and the count rate at
the end of the previous decay period eight hours
earlier. We calculated the activity concentration
of 2Rn in 10-minute intervals and then averaged
the results over one hour. The counting error
varies broadly depending mainly on the ?*Rn
activity concentration but is usually of the order
of 10%.
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We calculated the ion-pair production rate
(ion pairs cm™ s7') caused by ?*Rn and its short-
lived progeny by taking into account the total
energy of the three alpha particles (***Rn, *'*Po,
and *'*Po) and two beta particles (*'*Pb and *'“Bi)
and by assuming that on average 34 eV (5.4 x
107 J) is needed to produce an ion pair in the
air. The average beta particle energy of both
214Ph and 2'“Bi was used. We omitted the energy
of the simultaneous neutrinos because they do
not cause ionisation due to their weak interac-
tion with matter. In the process of alpha decay
the most of the decay energy (> 99%) is received
by the alpha particle so the effect of the recoiling
daughter nuclide was also omitted. The gamma
emissions of ?*Pb and ?"*Bi are incorporated in
the external radiation measurement.

Measurements of external radiation

We measured external radiation with a scintilla-
tion gamma spectrometer system. Nal(Tl) detec-
tor (76 x 76 mm) was placed in a shelter made
of a glass-fibre box and polyurethane foam as a
thermal insulator. A constant temperature was
maintained in the shelter to avoid the gain drift of
the detector with a varying outdoor temperature.
A computer add-on board (Oxford Instruments
PCA-P) containing a high-voltage supply for the
photomultiplier tube, a shaping amplifier and a
1024-channel pulse height analyser recorded the
energy spectra of the ambient gamma radiation
field. We obtained the energy spectra between
100 and 3000 keV in ten-minute intervals. A dig-
ital spectrum stabiliser that monitored the chan-
nel location of the “K gamma peak (1460 keV)
kept the total gain of the system constant.

We converted the observed count rates to the
dose rate units with a calibration factor obtained
in a comparison to a pressurised ionisation cham-
ber (Eberline FHT191N). This instrument was
calibrated at STUK — Radiation and Nuclear
Safety Authority. Owing to the high count rate of
the scintillation detector system (200-400 s™') the
one o counting error was less than 1%. We calcu-
lated ion production rate from the dose rate values
by assuming an average energy of 34 eV per pro-
duced ion pair and air density of 1.29 kg m™.
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Accuracy of the ion production rate
measurement

The uncertainty of the ion production rate results
depends both on stochastic and systematic errors.
As we mentioned above the stochastic count-
ing error of the scintillation detector system is
smaller than 1% and with the radon progeny
from a few to several dozens of per cent. A sys-
tematic error of the external dose rate measure-
ments might be created if the energy spectrum
of the ambient gamma radiation field would
be significantly distorted. However, during the
observation period no exceptional airborne or
deposited radioactivity was recorded in Finland
(Mustonen 2006). The second systematic error is
the use of constant density for the air when con-
verting the dose rate to ion pair production.

For the ?*Rn activity concentration a source
of a systematic error is the assumption that **?Rn
is in equilibrium with its short-lived daughter
nuclides. In the case of turbulent conditions and
long-range transported radon the disequilibrium
can be expected to be small. However, the dis-
equilibrium is more significant during surface
inversions (Fontan et al. 1966). However, the
air inlet is 6 m above ground which allows some
time for the short-lived progeny to grow in after
the exhalation of radon under such conditions.
The second systematic error is the exclusion of
any other airborne radionuclides except *’Rn.
However, in the most cases all the other airborne
natural and artificial radionuclides exist in the
air in such low activity concentrations that their
influence on the ion production rate is negligible.
In the air there are only a few yBq m~ of artificial
radionuclides, e.g. '¥’Cs, a few hundred yBq m™
of ?'%Pb, a few mBq m™ of *’Rn progeny, a few
mBq m™ of "Be, a couple of hundred mBq m~
of “C and minute amounts of other cosmogenic
nuclides (Eisenbud 1987, Mattsson et al. 1996,
Paatero and Hatakka 2000, Mustonen 2006).
The only exception is %Kr, which originates
mainly from the reprocessing plants of spent
nuclear fuel, e.g. Sellafield, UK (Wilhelmova et
al. 1995). Its activity concentration in the air is
around 1 Bq m™. However, its contribution to the
ion production rate is small as it emits only beta
particles.
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Measurements of ion mobility and size
distributions

In order to study the effect of ion production
rate on air ions, we measured air ion mobility
distributions with a Balanced Scanning Mobility
Analyzer (BSMA, manufactured by AIREL Ltd.,
Estonia). The ion mobility distribution meas-
urements with the BSMA began in Hyytidld in
March 2003.

Tammet (2004, 2006) described the BSMA
and its functioning in detail; here we give only
a short review of the device. The BSMA meas-
ures the mobility distributions of small air ions
and naturally charged nanometre particles in the
range of 3.2-0.032 cm? V' s7'. We calculated
the corresponding diameter range (0.42—7.5 nm)
for size distributions by utilising the algorithm
described by Tammet (1995, 1998).

The BSMA consists of two identical plain
type-differential mobility analysers; one analyser
scans and measures positive ion mobility dis-
tributions, and the second negative ion distri-
butions. The two mobility analysers and their
common electrical amplifier are connected as
a balanced bridge circuit. Inside each analyser
there is one collecting element connected to
common electrometer to measure the electrical
current carried by the air ions.

Electro-filters, which are plates connected
either to the ground or high voltage, at the inlets
of the analysers form an inlet gate for the air ions
and produce sheath air. The middle part of the
inlet gate is electronically controlled: the gate
is closed or opened for the ions. The inlet gate
is opened when the BSMA measures sample air
and closed when the BMSA verifies the offset
level of the measuring electrometer. Measure-
ment algorithm calculates the mobility distribu-
tions based on the sample air measurements and
error in the distributions based on the offset level
verifications.

The high air flow of the BSMA (22 1 5! per
analyser) enables to suppress the losses of the
smallest air ions. The time resolution of the
obtained size distributions was 15 minutes until
the mid-August 2005, after which the time reso-
lution was 10 minutes.
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Results and discussions

We began *Rn measurements in March 2000
and external radiation measurements in Octo-
ber 2000. During the years we had several long
breaks in the measurements. Therefore, we cal-
culated various average characteristics based on
our dataset to find out the long-term, seasonal
and diurnal evolution of both the **Rn activity
concentration and dose rate of external radiation.
Based on these results we calculated ion produc-
tion rate in order to get a long-term dataset to be
used, for example, in aerosol particle formation
research.

22Rn activity concentration and external
radiation dose rate

The average **Rn activity concentration in
March 2000-June 2006 was 1.84 + 1.35 Bq m™
(median = 1.49 Bq m™) (Table 1). Blaauboer and
Smetsers (1997) obtained similar results in the
Netherlands. In Hyytidld, the *?Rn activity con-
centration varied between 0 and 11.1 Bq m~. The
average external radiation dose rate for the whole
measurement period was 0.13 + 0.03 Gy h™
(median = 0.14 uGy h™) (Table 1). The variation
range was 0.06-0.23 uGy h™'. These values are
typical in Finland (Mattsson 1970, Observations
of Radioactivity 1982, 1984, Mustonen 2006).
This suggests that the results we obtained can be
generalised across Finland as local peculiarities
are not evident (Arvela 1995).

Table 1. The 2?2Rn activity concentration and external
radiation dose rate during March 2000—June 2006. The
presented results were calculated from one hour aver-
age values.

222Rn activity External radiation
concentration (Bq m=) dose rate (uGy h™)

Min 0 0.06
10% value 0.48 0.08
25% value 0.85 0.11
Median 1.49 0.14
75% value 2.45 0.16
90% value 3.70 0.17
Max 11.1 0.23
Mean 1.84 0.13
SD 1.35 0.03
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The activity concentration of ?*Rn demon-
strated both the seasonal and diurnal variation,
whereas the external radiation dose rate showed
only a strong seasonal dependence with practi-
cally non-existing diurnal variation (Fig. 2). The
distributions in Fig. 2 represent average activity
concentrations and dose rates as the function of
the hour of day and month. We utilised the whole
dataset when calculating these averages.

We found the minimum *?Rn activity con-
centrations in spring (Fig. 2), when the radon
exhalation rate was at its minimum due to the
wet snow cover, high ground-water level and
frozen surface soil. Additionally, the vertical
mixing of the boundary layer was efficient due to
the long day light duration. In late summer and
autumn, the diurnal variation was at its maxi-
mum due to the simultaneous strong radon exha-
lation, caused by the drying and warming surface
soil and low ground-water level (Mattsson 1970,
Stranden et al. 1984), and frequent nocturnal
surface inversions. In winter, the diurnal vari-
ation was almost non-existing and the activity
concentration was close to its maximum due to
the stable conditions in the troposphere owing
to the lack of solar radiation. The concentrations
decreased towards the spring because the thick-
ening snow cover gradually decreased the radon
exhalation rate.

Our results of the external radiation dose rate
showed a strong seasonal variation (Fig. 2). The
flux of gamma radiation (one of the two main
external radiation components) from the ground
is controlled by the water content of the surface
soil and the water content of the snow cover.
Therefore, the external radiation dose rate was at
its maximum in late summer and autumn when
the surface soil was dry. The minimum occurred
in late winter and spring when the water content
of the snow cover was at its maximum. The
other main external radiation component, cosmic
radiation has only a minimal seasonal cycle,
which is caused by the changes in the vertical
pressure profile of the atmosphere (Tanskanen
1965). This cycle was, however, hidden by the
variations of gamma radiation from the ground.
Earlier, Hatakka et al. (1998) studied the cor-
relation between radon activity concentration
and dose rate at Tikkakoski, 100 km north-east
of Hyytidld, during the maximum diurnal varia-
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tion of radon activity concentration in July—Sep-
tember. They found that even though the radon
activity concentration was more than doubled
from afternoon to early morning the dose rate
increased only 0.5%.

When studying the wind direction depend-
ence of the ?Rn activity concentrations (Fig.
3), we considered only the data starting on 5
Sep. 2003, since our wind direction measure-
ments at 8.4 m height (inside the canopy) were
initiated then with an ultrasonic anemometer
(Ultrasonic anemometer 2D, Adolf Thies GmbH,
Gottingen, Germany). Only the winds faster than
1 m s7' were included in this analysis to ensure
the mixing of the air also inside the canopy. We
observed the highest ?*Rn activity concentra-
tions when the wind was from south-east (Fig. 3).
Radon has accumulated to the air masses coming
to Finland from continental regions (Baskaran et
al. 1993). Furthermore, we observed the lowest
22Rn activity concentrations during the winds
from north-west. Maritime air masses coming
from the North Atlantic Ocean have low *Rn-
content because the oceans are the negligible
sources of radon. When the wind speed was
below 1 m s the average **?Rn concentration
was 1.9 Bq m™ and median was 1.6 Bq m™.

The difference between early morning and
afternoon *Rn activity concentrations can be
considered a rough estimate of the local radon

sources. From the results (Fig. 3) one can deduce
that local sources are quite uniformly distributed
around the monitoring station because the differ-
ence does not show any particular wind direction
dependence.

lon production rate
Variation range of ion production rate

Ion production rate by *Rn varied in the range
0-6.5 ion pairs cm™ s, with average and median
values 1.1 and 0.9 ion pairs cm™ s7!, respectively
(Fig. 4 and Table 2). Ion production by exter-
nal radiation varied in the range 4.0-15.3 ion
pairs cm™ s™'. The average and median values
were 8.7 and 9.5 ion pairs cm™ s7'. The corre-
sponding values for the total ion production rate
were: the variation range was 4.2—17.6 ion pairs
cm™ 57! with the average and median of 10.1 and
10.4 ion pairs cm™ s7!, respectively. The total ion
production was dominated by the effect of exter-
nal radiation (Table 2). During our measure-
ment period the contribution of external radia-
tion ranged from 57% to 100%. On average the
contribution of the external radiation was 89%
(median 91%). We have to note that the total ion
production rate represents only the periods when
we had the data for both the *Rn and external
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Fig. 3. The average 2??Rn activity concentrations as a
function of wind direction for spring, summer, autumn
and winter. The results are shown for periods between
3:00-6:00 and 12:00-15:00 (UTC + 2). Only the con-
centrations, when wind speed was higher than 1 m s~
inside the canopy, were considered when calculating
the presented average values.

radiation. Fortunately, we have the information
on the total ion production rate continuously for
over a year on two occasions between March
2000 and June 2006.

Laakso et al. (2004) calculated the ion pro-
duction rate based on the ion and particle size
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distribution measurements and balance equation
for cluster (typically smaller than 1.8 nm in
diameter) ions (Isra€l 1970). They investigated
ion production in Hyytiéld in spring 2003 for one
month; this period is included in our dataset. They
obtained smaller values based on calculations (on
average 2.6 ion pairs cm™ s at 2-m height) than
via the direct measurements (on average 4.5 ion
pairs cm™ s at the 6 m height). There has to be
some additional sink for ions, which Laakso et al.
(2004) could not include in their study.

Tammet et al. (2006) also calculated ion
production rate based on the ion and particle size
distribution measurements in Hyytiéld in August
2005 and balance equation. In addition to clus-
ter ion recombination and attachment to larger
particles, Tammet ef al. (2006) considered the
dry deposition of these small ions onto tree sur-
faces (needles and leaves). Based on their short
measurement period in Hyytiédld, Tammet et al.
(2006) obtained ion production rates on aver-
age 5.6 £ 0.8 and 3.9 £ 0.2 ion pairs cm™ s at 2
and 14 m, respectively. At the same time, based
on our radiation measurements, we obtained the
total ion production rate values between 10.9 and
12.2 ion pairs cm™ s7! at 6 m height. The period,
which Tammet et al. (2006) studied, was night
time and no particle formation, rain or other phe-
nomenon that could modify the size distributions
or radiation measurement results in unexpected
way occurred. This means that there is still some
discrepancy between straight radiation measure-
ments and theoretical approach. We have to also
consider the accuracy of measuring instrumenta-
tion, which certainly makes some discrepancy in
the results.

Temporary ion production rate depends on
many parameters like the content of radioac-
tive substances and water in soil, snow cover,
the nature of terrain and the mixing state of
boundary layer. For comparison with the results
from Hyytidld, Dhahorkar and Kamra (1994)
observed high variability in ion production rate
(2.65-116.52 ion pairs cm™ s™') during their four
day measurement period in Pune, India. They
observed the lowest values in the afternoon,
when the mixing of the boundary layer was high-
est, and the highest values in the early morning.
Vartiainen et al. (2007) observed high variation
in ion production (0.1-30 ion pairs cm™ s7') due
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to radon decay during their two weeks train trip
through Siberia. They did not measure external
radiation or its components.

Seasonal and diurnal variation of the ion
production rate

Ion production by ?Rn did not vary significantly
from year to year, but more clearly in a seasonal
scale. Ton production by ?Rn could reach its
highest values in summer, autumn or winter but
never in spring when the ground was wet due to
snow and water (Fig. 4). In spring, summer and
autumn ion production by ?*Rn had diurnal pat-

terns with maximum during morning hours and
minimum during evening (Fig. 5). These obser-
vations were due to the vertical mixing behav-
iour of boundary layer. In winter, the diurnal
variation was less pronounced. The ion produc-
tion rate by external radiation did not show any
diurnal variation but clear seasonal dependence
with the highest values in summer and autumn
(Figs. 4 and 5). In 2005, the ion production by
external radiation reached slightly higher values
than during the other years (Fig. 4). The total ion
production was mostly due to the external radia-
tion (Figs. 4 and 5).

We measured also the air ion size distribu-
tions with a balanced scanning mobility ana-

Table 2. The ion production rate by 2??Rn, external radiation and total (**?Rn + external radiation), and the ratio
of the ion production rate by 222Rn to ion production by external radiation and the total ion production rate during
March 2000—-June 2006. The presented results were calculated from one hour average values.

222Rn
(ion pairs cm=2s7")

External radiation
(ion pairs cm=2 s71)

(ion pairs cm=2 s71)

Total Ratio of ion
production by

222Rn to total ion

Ratio of ion
production by
222Rn to external

radiation production

Min 0 4.0 4.2 0 0

10% 0.3 5.0 6.1 0.03 0.03
25% 0.5 6.9 8.8 0.06 0.05
Median 0.9 9.5 10.4 0.10 0.09
75% 1.4 10.3 11.7 0.17 0.15
90% 2.2 11.4 12.9 0.26 0.20
Max 6.5 15.3 17.6 0.75 0.43
Mean 1.1 8.7 10.1 0.13 0.11
SD 0.8 2.3 2.4 0.10 0.07
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lyzer in Hyytidld. We utilised the period between
March 2003 and June 2006 when comparing
cluster ion (smaller than 1.8 nm in diameter)
concentrations and the total ion production rate
(Fig. 6). Based on our results we did not observe
strong correlation between these two parameters.
Although, the highest cluster concentrations were

Positive ions

—

observed only when the ion production rate was
higher than approximately 9 ion pairs cm= s\
However, we obtained a strong dependence
of the cluster ion concentrations to the total ion
production rate divided by condensation sink
(CS) (Fig. 7). The CS (s') describes the loss
rate of air molecules to the pre-existing aerosol
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particles. We calculated the CS from particle size
distributions as described for example by Pirjola
et al. (1999), Kulmala et al. (2001a) and Dal
Maso et al. (2005). We also took into account the
particle hygroscopic growth, which was param-
eterised based on the measurements in Hyytidld
(Hameri et al. 2001, Laakso et al. 2004).

When the ratio of the total ion production
rate to CS was at its lowest we observed smallest
cluster ion concentrations, and their concentra-
tion increased when the ratio increased. The
correlation coefficient between the cluster ion
concentration and ion production to CS ratio was
0.43 and 0.52 for positive and negative clusters,
respectively. Our results indicate that cluster
ion sink due to their attachment on pre-existing
aerosol particles had a strong influence on their
concentrations in Hyytiéld. Also other sinks like
recombination, deposition on tree surfaces and
particle formation via both the neutral and ion-
induced mechanisms are known to have effect on
cluster ion concentrations (Israél 1970, Tammet
et al. 2006). In contrast to our results, Vartiainen
et al. (2007) observed good correlation between
cluster ion concentrations and ion production
due to radon decay during their train trip through
Siberia. Based on their results the ion production
had more effect on cluster ion concentration than
the coagulation loss or attachment on pre-exist-
ing aerosol particles.

Total ion production/CS (ion pairs cm=3)

lon production and secondary particle
formation

Do some particle formation characteristics
depend on the ion production rate? Such char-
acteristics could for example be the frequency of
secondary particle formation events, concentra-
tion of charged particles during particle forma-
tion and growth rate of small particles. Dal Maso
et al. (2005) observed the highest number of
particle formation events in Hyytiédld in spring
(March—-May) and autumn (September). The for-
mation event frequency of charged aerosol parti-
cles followed that observed with the whole aero-
sol population (Hirsikko e al. 2006). Based on
our results of the ion production rate we cannot
draw any certain conclusions whether the ion
production has an effect on the frequency of par-
ticle formation or not. However, it is known that
the concentrations of nucleating and condensing
vapours, and different vapour and particle sink
terms affect significantly on particle formation
process (e.g. Kulmala et al. 2001a, Kulmala et
al. 2004a, Kulmala et al. 2006).

The concentration of charged particles during
the particle formation depends on nucleation
mechanism (i.e. ion-induced versus neutral
nucleation), nucleation rate and the charging
probability of the particles. The contribution of
ion induced nucleation can be evaluated with
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some new aerosol instruments (see Laakso et al.
2007) or by combining model calculations and
observations about ion size distributions. The
contribution of the ion-induced nucleation varies
form day to day (Laakso et al. 2007). However,
lacking information about nucleation mecha-
nisms of each particle formation events during
our measurement period prevents us to directly
compare the importance of ion production rate to
ion-induced nucleation or its rate.

It is known that electric charge on particles
enhance the growth of smallest particles, espe-
cially smaller than 3 nm in diameter (e.g. Yu and
Turco 2000, Laakso et al. 2003). As discussed by
Kulmala et al. (2004b) the growth is enhanced
by electric charge (i.e. the indication of the ion-
induced nucleation) if the growth rate of particles
decrease as a function of size. In summer, the
growth of different sized particles (larger than 3
nm in diameter) was faster than the growth of the
smallest particles (smaller than 3 nm in diam-
eter) in Hyytidld (Hirsikko et al. 2005). While in
winter, the growth rate decreased or was stable
as a function of particle diameter indicating the
importance of the electric charge on the growth
of the smallest particles (Hirsikko et al. 2005).
Although during winter the total ion production
rate was still quite high, it decreased towards the
spring and obtained maximum value in summer
and autumn. Thus this kind of comparison based
on statistical growth rates can cause misleading
conclusions. The concentrations of condensing
vapours (like H,SO, and organics) affect sub-
stantially the particle growth. For example the
organic vapour concentrations are highest in
summer (Hakola er al. 2003), which correlates
with the faster growth of larger particles. To
draw more detailed conclusions on the effect of
ion production rate on particle growth we should
study the correlation between the ion production,
particle formation mechanism, growth rate of
particles, and condensing vapour concentrations
during each individual particle formation.

Summary

We measured the Rn content of air and exter-
nal radiation at Hyytiéla forest station in Finland
during March 2000-June 2006. Here we pre-

Hirsikko et al. + BOREAL ENV. RES. Vol. 12
sented daily, seasonal and long-term variations
of the ??Rn activity concentration and external
radiation dose rate based on six years and three
months dataset. We observed the *?Rn activity
concentration to vary in the range 0-11.1 Bq m™
and the external radiation dose rate in the range
0.06-0.23 uGy h'. The annual cycle of these
parameters were similar from year to year and
their seasonal variations were clear. Only the
22Rn activity concentration had season depend-
ent diurnal cycle with the highest values in the
morning.

We calculated ion production rate based on
222Rn and external radiation measurements in the
lower boundary layer. Here, we presented so far
the longest dataset for the ion production in a
Finnish boreal forest. Our results are valuable for
all who study the ion-induced nucleation, which
is limited by the ion production. According to
our measurements, we cannot observe larger
ion-induced nucleation rates than 17.6 cm= s in
Hyytidld. We found that external radiation con-
tributed the most on the total ion production rate;
on average the external radiation contribution
was 89%. During the whole measurement period
the ion production rates by ??Rn, external radia-
tion and the total were on average 1.1, 8.7 and
10.1 ion pairs cm™ s7!, respectively. The detailed
analysis of the significance of ion production rate
on particle formation frequency, charged particle
concentration during particle formation and par-
ticle growth rates requires further information
than was available during this study.
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