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To understand the very first steps of atmospheric particle formation and growth, measure-
ments at the size where atmospheric nucleation occurs are crucially needed. We present
number size distributions of > 0.8 nm ions and > 1.8 nm particles measured with the Neu-
tral cluster and Air Ion Spectrometer (NAIS) at a boreal forest site in Hyytiild, Finland,
during 2006-2007. Pools of neutral and charged clusters seem to be present all the time
below 3 nm. The total concentration of 1.8-3.0 nm clusters was ~1000 cm, ranging from
50 to 6000 cm™, whereas the concentrations of charged clusters in this size range remained
below 50 cm=. On average, both neutral and charged clusters seem to have different diur-
nal cycles on particle formation event and non-event days. We also compared the NAIS-
derived concentrations with those obtained from other concurrent air ion and particle
instruments and found that the NAIS concentrations are in agreement with concentrations
determined with these other instruments.

Introduction boundary layer as well as in the free troposphere

(Kulmala er al. 2004, Kulmala and Kerminen

Aerosol particles affect the climate and visibil-
ity by scattering and absorbing incoming solar
radiation and by influencing many cloud proper-
ties (Cabada et al. 2004, Lohmann and Feichter
2005, Bellouin et al. 2008, Hyslop et al. 2009).
One source for atmospheric aerosol particles
is nucleation, a phenomenon observed to fre-
quently take place in various environments in the

2008, and references therein). Measurements
demonstrate further that aerosol particles nucle-
ated in the atmosphere may reach sizes at which
they participate in cloud processes (e.g. O’Dowd
et al. 1999, Lihavainen et al. 2003, Kerminen
et al. 2005, Laaksonen et al. 2005, Kuwata
et al. 2008). Atmospheric model investigations
suggest that atmospheric nucleation can be con-
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sidered a globally important source of aerosol
particles and cloud condensation nuclei (Adams
and Seinfeld 2002, Spracklen et al. 2008, Yu et
al. 2008, Pierce and Adams 2009, Makkonen
et al. 2009, Wang and Penner 2009). In spite of
the potential importance of atmospheric nuclea-
tion, several unresolved questions about this
phenomenon still exist. One of the most impor-
tant reasons for this has been the lack of direct
atmospheric measurements at the size where the
initial steps of the atmospheric nucleation take
place (Kulmala et al. 2007a).

Several formation mechanisms for atmos-
pheric aerosol particles have been suggested.
These include activation of stable neutral clus-
ters (Kulmala er al. 2000, 2006, Eisele et al.
2005, Sihto et al. 2006), activation of sulfur
radicals (Berndt et al. 2008, Laaksonen et al.
2008), kinetic nucleation (Weber et al. 1996),
ion-induced (Laakso et al. 2002, Lovejoy et
al. 2004) and ion-mediated nucleation (Yu and
Turco 2000), as well as binary and ternary homo-
geneous nucleation (Vehkamiki et al. 2002).
The existence of neutral clusters is suggested
by theoretical arguments (Kulmala et al. 2005),
laboratory (Hanson and Eisele 2002) and field
experiments (Kulmala et al. 2007a, Lehtipalo
et al. 2008, Sipild et al. 2008). The role of ion-
induced nucleation in new particle formation is
still under discussion (Iida er al. 2006, Laakso
et al. 2007, Kulmala et al. 2007a, Kazil et al.
2008, Yu et al. 2008). Although sulfuric acid is
connected to the atmospheric particle formation
(Weber et al. 1997, Riipinen et al. 2006, Sihto et
al. 2006, Kuang et al. 2008), recent studies (Hir-
sikko et al. 2005, Ehn et al. 2005, Riipinen et al.
2009) suggest that also organics take part in the
subsequent particle growth.

Finding out the relative importance of differ-
ent aerosol formation mechanisms and quantify-
ing their role in atmospheric cloud condensation
nuclei production requires better understanding
on the behavior of nanometer-size clusters in
the atmosphere. The lower detection limit of the
majority of the commercially available aerosol
instruments is 3 nm (McMurry 2000a), while
atmospheric nucleation and cluster activation
is expected to take place at particle sizes of
1.5-2 nm (Kulmala et al. 2007a) in diameter.
Atmospheric charged clusters even smaller than
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1 nm can be detected with ion spectrometers
(Tammet ef al. 2006, Mirme et al. 2007). Natural
charge of the ions enables the electrical detec-
tion (Flagan 1998), given that the concentrations
are large enough. The sub-3 nm neutral particles
are challenging to classify and detect in many
respects and the recent instrumental develop-
ment has pushed the neutral particle detection
limit below 2 nm in size (e.g. Sipild et al. 2008,
Sipild et al. 2009, Tida et al. 2009) with various
condensation/activation techniques. In the case
of condensation techniques the activation effi-
ciency determines smallest detectable particle
size (Stolzenburg and McMurry 1991, Kulmala
et al.2007b, Winkler et al. 2008).

The electrical detection of the clusters is
a challenging task due to small concentra-
tions, transport losses and insufficient charg-
ing efficiency of the small neutral particles.
Thus, the electrical instruments need to be sensi-
tive enough to distinguish the minuscule signal
brought in by the clusters from the instrument
background. To tackle the difficulties in the
electrical techniques, sample flow rate can be
increased, which leads to higher currents both
due to higher absolute concentration carried by
the ions to the detector per a given unit of time as
well as due to reduced losses of the ions during
the transport. By utilizing a unipolar charger, the
charging efficiency can be improved.

We measured mobility distributions of
0.8—47 nm neutral and charged aerosol parti-
cles and clusters continuously with a Neutral
cluster and Air Ion Spectrometer (NAIS) in a
boreal forest region during 2006-2007. Kulmala
et al. (2007a) reported on the first atmospheric
cluster measurement using NAIS to evaluate
the concentrations and dynamics of atmospheric
clusters. Asmi et al. (2009) tested the operation
of the NAIS in laboratory calibrations. In this
paper we present the first long-term NAIS field
measurement data. The sensitivity of the NAIS
will be studied in comparison with other aerosol
instrumentation. In addition, we will investigate
how the concentrations and size distribution of
total and charged clusters behave in the long
term at sizes where the real atmospheric nuclea-
tion and activation occurs. This is crucial to our
understanding of the very first steps of new par-
ticle formation events in the atmosphere. Within
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the EUCAARI project (Kulmala et al. 2009),
several NAIS instruments are being used in con-
tinuous field measurements around the Europe.
Therefore, this study provides a significant value
when interpreting EUCAARI cluster spectrom-
eter data.

Material and methods

We performed field measurements at the
SMEAR II (Station for Measuring Forest Eco-
system—Atmosphere  Relations II) station
located at Hyytidld, southern Finland (61°51°N,
24°17°E, 181 m a.s.l.; for more details see Hari
and Kulmala 2005). The station is equipped
with extensive facilities to measure continuously
and comprehensively forest ecosystem—atmos-
phere interactions (Kulmala et al. 2001). Boreal,
homogeneous Scots pine forest surrounds the
station. This study focuses purely on aerosol
concentration and size distribution measure-
ments within the forest canopy. The data consid-
ered here were collected during 48 weeks in the
years 2006 and 2007. The mobility distribution
of neutral particles and ions was measured with
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the Neutral cluster and Air Ion Spectrometer
(NAIS, Airel Ltd., Estonia). The ion mobility
distribution was measured with two different ion
spectrometers (Airel Ltd., Estonia): Balanced
Scanning Mobility Analyzer (BSMA, Tammet
2006) and Air Ion Spectrometer (AIS, Mirme et
al.2007). The aerosol particle number size distri-
bution was measured with a Differential Mobil-
ity Particle Sizer (DMPS, Aalto et al. 2001). The
total particle concentrations were measured with
Condensation Particle Counters (CPCs, TSI Inc.,
USA, McMurry 2000b).

Neutral cluster and Air lon Spectrometer
(NAIS)

The NAIS is an instrument capable of measur-
ing mobility distributions of sub-3 nm neutral
and charged aerosol particles and clusters (Fig.
1). The NAIS was developed from the Air Ion
Spectrometer (AIS, Mirme et al. 2007) by Airel
Ltd., Estonia. Controlled charging, together with
the electrostatic filtering, enables it to distinguish
the neutral aerosol particles from the naturally
charged ions. The measurement principle of the
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NAIS is based on unipolar charging of the sam-
pled particles and their subsequent detection
with an electrical mobility analyzer. The mobil-
ity range of the NAIS is 3.16-0.001 cm? V' 57!,
which corresponds to a mobility diameter range
of 0.8-47 nm (Millikan-Fuchs equivalent diam-
eter, Mikeld et al. 1996). The NAIS measures
ion and particle number distribution in 21 size
fractions with a five-minute time resolution to
optimize sensitivity and signal-to-noise ratio.

The NAIS consists of two independent spec-
trometer columns, one of each polarity, where
the ions are classified by a cylindrical differential
mobility analyzer (DMA). The inner cylinder
of the analyzer is geometrically divided into
four insulated, ion-repulsive sections. The ion-
collecting, outer cylinder has 21 electrically-
isolated electrometer rings. The radial electrical
field is generated by connecting a potential to
all four sections of the inner cylinder. The ions
are simultaneously classified and collected to the
electrometer rings in the outer cylinder accord-
ing to their electrical mobilities, and the ion cur-
rents are measured with the electrometers. The
sample and sheath flows of the analyzers are 30
and 60 1 min™', respectively. The ratio of sample
and sheath flows is 1:2, widening the measure-
ment channel transfer functions (Knutson and
Whitby 1975) and spreading the detection of
monomobile ions to several channels (Asmi et
al. 2009). The high flow rates are used to mini-
mize the ion diffusion losses and also increase
the sensitivity to the ion concentrations. The
flows are checked with venturi flow tubes and
adjusted in flow calibrations (Asmi et al. 2009).
Both of the mobility analyzers have a closed
loop sheath flow arrangements.

The NAIS has two unipolar corona-wire dif-
fusion charger (Biskos et al. 2005) and electro-
static post-filter pairs prior to the mobility ana-
lyzers in both polarities (Fig. 1). One pair is for
positive and one for negative charging. The post-
filters are used to remove the ions generated by
the chargers. The particle charging probabilities
are predicted by Fuchs’ diffusion charging theory
(Fuchs and Sutugin 1971). Kulmala et al. (2007a
and supporting material therein) presented the
particle charging probability in the NAIS. At a
constant corona-wire current the aerosol charg-
ing depends mainly on the particle size, concen-
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tration and the residence time of the aerosol in
the charging region. The sampled particles are
assumed to be in charge equilibrium. The lower
detection limit of the NAIS is determined by the
charging probabilities, cluster concentration and
the mass and mobility of charger ions. Asmi et
al. (2009) reported that under NTP (temperature
=293.15 K, pressure = 101.325 hPa) conditions,
the negative corona ions ranged from 0.9 to 1.5
nm in mobility diameter, whereas the positive
corona ions ranged from 1.0 to 1.8 nm. There-
fore, the lowest estimate for the detection limit
is approximately 1.8 nm. Particles below these
limits cannot be reliably distinguished from the
charger ions. The production and parameters of
corona ions can change depending on environ-
mental conditions.

The NAIS measures in ion, particle and offset
modes to define the ion and the particle spectrum.
In the ion mode, both pairs of corona chargers
and electrostatic filters are switched off. There-
fore, the instrument classifies and detects ions
according to their ambient charge. In the particle
mode, the latter pair of the corona chargers and
the post-filters is switched on. The charger polar-
ity is equal to the analyzer polarity. Therefore,
all the particles carried into the DMA are either
uncharged or charged with the same polarity as
the analyzer. In the offset mode, the foremost
pair of the unipolar corona chargers, which has
the opposite polarity to the analyzers, and the
electrostatic filters are switched on. The opposite
charging together with the filtration enables us
to measure the noise and the offset of the elec-
trometers, when no particles or ions are carried
to the DMA. A similar filtration is used also for
cleaning the re-circulated sheath air. After each
ion- and particle-mode spectrum, offset of the
electrometers is measured and subtracted from
the measured electrometer signal. The NAIS has
an additional operation mode, called alternate
charging, to bring particles closer to an equilib-
rium charge distribution. Prior the charging, the
sampled particles are exposed to the corona ions
of an opposite sign.

Supplementary instrumentation

The Balanced Scanning Mobility Analyzer
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(BSMA, Tammet 2006) measures mobility dis-
tributions of charged clusters and nanoparti-
cles of both negative and positive polarity. The
mobility range of the BSMA is from 3.2 to 0.032
cm? V' s7' which corresponds to a mobility
diameter range of 0.8 to 8.0 nm. The BSMA con-
sists of two plane-type differential mobility ana-
lyzers, one for each polarity, and a common elec-
trical amplifier connected to a balanced bridge
circuit. Inside each analyzer there is a collecting
element connected to a common electrometer for
measuring the electrical current of air ions. The
scanning of the mobility distribution is carried
out by discharging a capacitor through the repel-
ling electrode and monitoring the electrometer
current with the balanced bridge circuit. The
BSMA measures number distribution in 16 size
fractions with a 10-minute time resolution.

The Air Ion Spectrometer (ALS, Mirme et al.
2007) measures mobility distributions of both
negative and positive air ions in the range from
3.16 to 0.0010 cm? V' 7!, This corresponds to
a mobility diameter range of approximately 0.8
nm to 47 nm. The AIS consists of two cylin-
drical-type differential mobility analyzers, one
of each polarity, with 21 insulated electrometer
rings on outer cylinder. The inner electrode of
the cylindrical DMA is geometrically designed
and connected to four different high voltages.
Therefore, the electrometer rings measure simul-
taneously all electrical mobility fractions for
both polarities. As compared with the NAIS, the
AIS lacks the additional pair of corona chargers
and electrostatic filters needed for the unipolar
charging of the sampled particles with the total
particle mode measurements. The AIS measures
with a five-minute time resolution.

The Differential Mobility Particle Sizer
(DMPS) setup measures atmospheric aerosol
particle number size distribution between 3 and
1000 nm in diameter. The setup consists of two
parallel DMPS units, which have different but
partly overlapping measuring ranges. Both units
use a Hauke-type DMA (lengths 28.0 cm or 10.9
cm), CPC (TSI 3025 or 3010) as a particle detec-
tor, closed loop sheath flow arrangements (Jok-
inen and Mikeld 1996) and the same radioactive
Krypton-85 beta neutralizer. The complete size
distribution is obtained with a 10-minute time
resolution by changing the classifying voltage of
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the DMA. The setup is described in more detail
in Aalto er al. (2001). Total aerosol number
concentration is calculated from the measured
number size distribution.

The particle charging state is measured with
an Ion-DMPS (Laakso et al. 2007). The instru-
ment measures continuously the concentrations
of ions in ambient and charge equilibrated air in
the diameter range of 3—15 nm (6 March to 15
December 2006) and 2-11.5 nm (16 December
2006 to 27 August 2007). The Ion-DMPS con-
sists of a Hauke-type DMA (short one, 10.9 cm),
a CPC (TSI 3025) and a Nickel-63 beta neutral-
izer. The switching of DMA’s polarity between
negative and positive potential and the switching
on and off the neutralizer enables to measure the
natural charging state of the particles (concentra-
tion measured without the charger divided by the
corresponding charged particle concentration).
The Ion-DMPS measures number distribution
of ions in seven size fractions with a 13-minute
time resolution.

Results and discussion

We began mobility distribution measurements
of the neutral and charged particles and clusters
with the NAIS in Hyytidld in March 2006. The
data used in this study were collected during
the following three periods: 6 March to 16 May
2006, 14 September to 15 December 2006, and
8 March to 27 August 2007. We had a total of
48 weeks of data. We calculated various median
characteristics based on the NAIS data to obtain
long-term information about the diurnal and sea-
sonal variations of particle and cluster concen-
trations and size distributions. The sensitivity of
the NAIS data was investigated in comparison
to other concurrent air ion and aerosol particle
instrumentation.

General features

Typical data measured with the NAIS on a par-
ticle formation event days are presented for the
period 8-19 April 2007 (Fig. 2). The period con-
sists of 12 consecutive days with clear new par-
ticle formation (NPF) and growth in the smallest
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size range. On all the days, the distinct shape of
the formation and growth (Dal Maso et al. 2005)
was observed. Typically the formation of sub-3
nm particles began around noon and the growth
of the particles continued several hours towards
the Aitken mode. In other words, clusters acti-
vated in the morning and started growing by
condensation.

The time series of negative and positive ion
size distributions were similar to that of the neu-
tral cluster size distribution. The observed for-
mation and growth of particles and ions seemed
to be almost simultaneous during NPF events.
Nevertheless, on some days that had been clas-
sified as NPF event days (Dal Maso et al. 2005),
the charged cluster concentrations were seen
to increase somewhat before the corresponding
increase in total cluster concentrations. The term
‘total cluster’ refers to the sum of charged and
neutral clusters. During the measurements, 100
particle formation event days were observed. No
new particle formation was observed on 91 days,

98 99 100 101 102 103 104
Day of year
Fig. 2. Total particle size distribution measured with the NAIS positive charging mode in the size range 0.8-20 nm
and with the DMPS in the size range 20—1000 nm (top). Negative (middle) and positive (bottom) air-ion distributions
were measured with the NAIS ion mode (0.8—40 nm) on 12 consecutive particle formation event days between 8
and 19 April 2007 in Hyytiéla, Finland.

105 106 107 108 109 110

and 145 days could not be reliably classified as
either an event or non-event day. On days with
no indication of particle formation, throughout
the whole day charged and neutral cluster size
distributions were typically similar to those at
nighttime seen Fig. 2.

Pools of charged and neutral clusters seemed
to be continuously present at sizes below 3 nm
(Figs. 2 and 3). According to our measurements,
the pool of charged clusters had a median size of
~1.1-1.3 nm, being slightly smaller in negative
polarity. The pool of neutral clusters was extend-
ing from ~1-2.6 nm in size with a median of ~1.7
nm. The smallest clusters (< 1.8 nm) detected in
the neutral cluster pool were originating from the
corona charger (Asmi et al. 2009). The existence
of atmospheric ion clusters has been known for
decades (Kulmala and Tammet 2007), whereas
the existence of neutral clusters has not been
measured until recently with newly-developed
measurement techniques. Kulmala et al. (2007)
reported the first observations of the pool of
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Fig. 3. Two-hour (12:00-14:00) median particle and ion number size distributions measured with the NAIS (with
negative and positive charging), DMPS, AIS and BSMA during particle formation event (left-hand-side panel) and

non-event (right-hand-side panel) days in spring 2006.

neutral clusters in the sub-3 nm range based on
the NAIS measurements. Sipild er al. (2008,
2009) and Lehtipalo et al. (2008) reported that
the sub-3 nm cluster concentrations in Hyytidld
varied from some thousands to 100 000 cm™, as
measured by the pulse-height analyser (Marti et
al. 1996, Sipild et al. 2008). The observations by
Sipild et al. (2008) and Lehtipalo et al. (2008)
supported the idea of a continuously present pool
of numerous clusters in the sub-3 nm size range.

Cluster number size distributions

Cluster number size distributions were measured
with several instruments (Fig. 3). In the overlap-
ping size range, a good agreement in the distri-
butions of charged clusters between the AIS and
the BSMA was usually observed. The median
size of the negative cluster pool was smaller
than that of the positive one, and they both were
smaller than the median size of the total cluster
pool. In the size range close to the molecular
scale, the chemical composition of the clusters
determines their charging efficiency. Also the
concentration of cluster pool depended on the
polarity. In the 3-40 nm size range, the NAIS

detected more particles as compared with the
DMPS and the agreement was only qualitative.

The difference between the NAIS and DMPS
readings originates from data inversion assump-
tions. In the number size distribution data inver-
sion, we should assume some kind of particle
size distribution outside the measurement range.
With the DMPS, this is solved by using PM-1
impactor in front of the sample inlet (cut-off 1
um). Therefore, we know that the sample air
of the DMPS system does not include particles
outside the upper measurement range. With the
NAIS it is not possible to use an impactor due
to high sample flow rate as limitations in avail-
able impactors with a correct cut-off size, and
this would add the sampling losses of the smaller
particles and ions. Thus, the NAIS measure-
ments are affected by the changing size distribu-
tion of particles outside the instrument’s upper
measurement range. All the particles entering
the NAIS are assumed to be in charge equilib-
rium. Only singly-charged particles are taken
into account in the NAIS data inversion. The
NAIS is in a better agreement with the lower end
of the DMPS (< 20 nm) in the overlapping size
range, where the effects of the multiple charging
become negligible (Fig. 2, top panel).
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15 December 2007 and on 3 March to 27 August 2008.

The negative and positive charging of the
sample in the NAIS yields somewhat different
cluster distributions. The differences between
the polarities in the lowest channels of the NAIS
result from the operation of the post-filters and
corona chargers. The post-filters are designed to
remove all ions produced by the corona chargers.
In the present design of the instrument, the post-
filter’s operating voltage is adjusted by the user.
The calibration of the post-filters and the correct
adjusting is challenging due to reference instru-
ment limitations. In an ideal case, all the corona
ions are removed but still the detection limit is
kept as low as possible for the sampled clusters.
In a worst case scenario all of the sampled clus-
ters are filtered. The filtering removes always
some part of the sampled clusters. The size range
of the charger ions sets the lower detection limit
of the NAIS to ~1.8 nm depending on polarity
and cluster concentrations. Asmi et al. (2009)
reported that in indoor measurements under NTP
conditions the negative and the positive corona
ions were < 1.5 nm and < 1.8 nm, respectively.
As mentioned before, even clusters having a

single distinct mobility are detected by the NAIS
in approximately 3-5 electrometer channels
(Asmi et al. 2009). Therefore, the effect of the
corona charger could be seen at sizes larger than
1.8 nm.

Cluster concentrations

According to the NAIS data (Fig. 4) obtained
by negative charging of the sample, the con-
centration of 1.8-3.0 nm total clusters was of
the order of 1000 cm™ ranging from about 50
to 6000 cm™. The median concentrations for
clusters in size range of 1.8-3.0 nm were 1290
cm™ in spring 2006, 390 cm™ in autumn 2006
and 1010 cm™ in spring and summer 2007. On
average, the total cluster concentrations during
the spring time were higher than during the
autumn. Lehtipalo ef al. (2008) reported that in
Hyytidld, the median concentration of ~1.5-3
nm clusters in spring 2007 was about 8000 cm=,
varying from 500 to 50 000 cm™. Therefore, the
size range of ~1.5-1.8 nm is expected to contain
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Fig. 5. The median diurnal cycle of 1.8-3 nm particle and air ion concentrations measured with the positive polarity
of the NAIS and the AIS, respectively, and median diurnal ratio of these two concentrations (gray lines with crosses)
on the NPF event and non-event days between 6 March and 15 June 2006 in Hyytiéla. Black solid lines are the cor-
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a large number of neutral clusters. By measuring  were higher during the spring time than during
total clusters with the negative charging of the the autumn. The ion concentration was meas-
sample, we detected typically higher cluster con-  ured with the AIS on 6 March to 16 May 2006
centrations compared to the positive charging. and with the NAIS on 14 September to 15
The difference between the cluster concentra- December 2007 and 3-27 August 2008. The
tion readings with the negative and the positive  ion concentrations measured with the AIS were
charging can originate from the charging proce- higher as compared with the ones measured
dure, i.e. production of the corona charger ions  with the NAIS. The difference in concentration
and charging probabilities. The manual adjust- readings between the ion spectrometers will be
ment of the post-filter operating voltage changes  discussed later in this paper. The concentration
the cut-off size of the instrument. Therefore, the  of < 3 nm total clusters was much higher than the
post-filter adjustment is typically seen in the concentration of < 3 nm charged cluster due to
cluster concentrations as a sudden change in low charging probability of the particles at these
concentration level (Fig. 4). Improved, updated  sizes.
versions of the NAIS include automatic adjust- The diurnal variation of the 1.8-3.0 nm parti-
ment of the post-filters. The apparent trends in  cle and ion concentrations differed between par-
cluster concentration in Fig. 4 are caused by the ticle formation event and non-event days (Fig.
instrument drift. 5). During NPF events, both negative and posi-
The concentrations of charged clusters in  tive median ion concentrations as well as total
the size range of 1.8-3.0 nm remained below cluster concentrations were clearly higher than
50 cm™ (Fig. 4). Ions in the 1.8-3.0 nm size  during non-event days. Since the size range of
range existed typically during the NPF events. 1.8-3.0 nm is over the cluster ion mode (diam-
On average, the charged cluster concentrations eter < 1.6 nm), almost no ions were present in
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Fig. 6. Total concentrations of particles in the size range 3—6 nm (top panel) and 6-20 nm (bottom panel) measured
with the NAIS and the DMPS on 22-25 April 2006 in Hyytiala.

the air when no nucleation occurred. On the days
with indications of new particle formation and
growth, an increase in the median concentra-
tion of 1.8-3.0 nm total clusters was typically
detected around noon, reaching a maximum at
midday. The positive polarity was on average
more sensitive to the increase in the total cluster
concentration. During the first steps of the NPF
and growth, the particle to ion ratio decreased,
being indicative of a change in the relative
fraction of neutral clusters (Fig. 5, bottom left
panel). The decrease in neutral cluster fraction
at the beginning of nucleation event is connected
to the relative importance of ions on new particle
formation (Kulmala et al. 2007a, 2007b) and on
so called overcharging of atmospheric particles
(Laakso et al. 2007). During overcharging the
charged fraction of particles is higher than in
charge equilibrium. On 51 days of 100 event
days, the decrease of the ratio was observed at
the same time as overcharging of the negative
ions with the ion-DMPS. The corresponding
number for positive overcharging was 34 days
out of 100 event days. On the days that had
not been classified as the NPF event days, the

median total cluster concentration had no clear
diurnal cycle.

The particle number concentrations measured
with the NAIS were compared with the concen-
trations measured with the DMPS on example
time period 22-25 April 2006 (Fig. 6). The
difference between the instruments was lowest
during the highest concentrations, whereas at
low concentrations the NAIS background con-
centration corrupted the signal. The positive
charging of the sample seemed to agree better
with the DMPS data than the negative polar-
ity. The agreement between the NAIS polarities
was better in the size range 6—20 nm, indicating
that corona charger ions may have effect also
in 3-6 nm size range. Lehtipalo et al. (2008)
compared total cluster concentrations measured
by the NAIS and the pulse-height CPC (Sipild
et al. 2008). The instruments agreed well in the
3-5 nm size range. The agreement was better
for negative charging of the NAIS sample. In
the 1.5-3 nm size range the sensitivity of both
instruments limited the agreement.

Figure 7 presents the same data as Fig. 6 but
in a different way. On these four consecutive NPF
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event days, the concentrations of 3—6 and 6-20 Conclusions

nm particles were never below 100 and 800 cm?,
respectively, indicating a continuous background
concentration in the NAIS. The background is
partly due to the electrometer noise and partly
the processing of negative values in the inversion
(Asmi et al. 2009). This background is relevant
only at the low concentrations. Especially during
the NPF events when the particle concentra-
tions typically exceed these values, the NAIS is
a capable tool for quantitative measurements.
Comparison of the charged cluster concentration
in the size range of 1.8-3 nm measured with the
NAIS (without charging) with the ones measured
with the AIS and the BSMA on 28 April to 1 May
2007 indicates that the concentrations of negative
and positive clusters agree remarkably well (Fig.
8). Again, the background of the instruments lim-
ited detection at low concentrations. The NAIS
detected continues background of ~1-10 ions per
cubic centimeter for both polarities in the size
range of 1.8-3 nm, being somewhat higher for
negative than positive (Fig. 8).

We detected continuously present pools of
charged and neutral clusters in the sub-3 nm
size range during the 48 weeks of field meas-
urements. Our observations are consistent with
other field measurements in Hyytidld (Kulmala
et al. 2007a, Lehtipalo et al. 2008, Sipild et
al., 2008) and support the idea of stable neutral
clusters (Kulmala et al. 2005). The concentration
of 1.8-3.0 nm clusters was ~1000 cm™ ranging
from 50 to 6000 cm™, while the concentrations
of charged clusters in this size range remained
below 50 cm™. Negative and positive ions, as
well as neutral clusters measured with negative
and positive charging, have some difference in
the measured number distributions. Typically
the median size and the concentration of nega-
tive ion clusters were somewhat higher than that
of positive ion clusters. The same was true for
negative and positive charged samples in detec-
tion of the total cluster concentrations.

The total cluster concentrations during the
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Fig. 8. Number concentrations of the negative (top panel) and positive (bottom panel) charged clusters in the size
range 1.8-3.0 nm measured with the NAIS, AIS and BSMA between 28 April and 1 May 2007 in Hyytiala.

spring were on average higher than during the
autumn. The diurnal variation of the 1.8-3.0 nm
particle and ion concentrations differed between
the particle formation event and non-event days.
On the particle formation event days, an increase
in the median concentration of 1.8-3.0 nm total
and charged clusters was typically detected
around noon reaching a maximum at midday.

The performance of NAIS was compared
with that of other aerosol and cluster instru-
ments. A quantitative difference between the
NAIS and the other aerosol particle instruments
originated partly from data inversion assump-
tions and from the widening of the measurement
setup transfer functions. The first steps towards
the solution were already made by Asmi et al.
(2009) by experimentally determining the NAIS
transfer functions. The instrument natural back-
ground should be also taken into account when
converting the instrument signal to the mobility
number size spectrum.

Here we have shown that the NAIS is a
promising tool to measure size and concentration

of atmospheric clusters and particles and can be
continuously used under atmospheric conditions.
As already presented by Kulmala ef al. (2007a),
the NAIS is able to observe atmospheric new
particle formation. In the present study we have
shown that during the nucleation events, the total
to charged cluster ratio decreased. This observa-
tion suggests that relative fraction of ion medi-
ated nucleation is increasing at the beginning of
the event. This observation gives good basis for
future studies to investigate atmospheric nuclea-
tion processes.
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