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Abstract

We present the longest series of measurements so far (2 years and 7 months) made
with an lon-DMPS at the SMEAR Il measurement station in Hyytiala, Southern Fin-
land. We show that the classification of overcharged (implying some participation of
ion-induced nucleation) and undercharged (implying no or very little participation of ion-
induced nucleation) days based on lon-DMPS measurements agrees with the fraction
of ion-induced nucleation based on NAIS measurements. We analyzed the influence
of different parameters on the contribution of ion-induced nucleation to the total par-
ticle formation rate. We found that the fraction of ion-induced nucleation is typically
higher on warmer, drier and sunnier days compared to colder days with less solar ra-
diation and a higher relative humidity. Also, we observed that bigger concentrations of
new particles were produced on days with a smaller fraction of ion-induced nucleation.
Moreover, sulfuric acid concentrations were smaller for days with a bigger fraction of
ion-induced nucleation. Finally, we propose tentative explanations on how these differ-
ent parameters influence the different nucleation mechanisms, and show that the dif-
ferent mechanisms seem to take place at the same time during an event. The relative
contribution of the different mechanisms seems to vary depending on the surrounding
conditions.

1 Introduction

Atmospheric aerosol particles influence the Earth’s radiation balance and hydrological
cycle through both direct and indirect effects. The direct effect is due to scattering
and absorption of solar radiation by atmospheric aerosol particles (e.g., Myhre et al.,
2009) whereas the indirect effects refer to aerosol-related changes in cloud albedo,
lifetime and precipitation patterns (e.g., Twomey, 1991; Lohmann and Feichter, 2005;
Stevens and Feingold, 2009). The population of aerosol particles capable of affecting
cloud properties is called cloud condensation nuclei (CCN). In the atmosphere, CCN
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originate from both primary particle emissions and secondary atmospheric production,
i.e. the formation of new aerosol particles by nucleation and their subsequent growth
to CCN sizes (Andreae and Rosenfeld, 2008). Globally, the contribution of nucleated
particles to CCN populations is estimated to be around 41% of which 11% comes from
the boundary layer (Carslaw et al., 2009; Spracklen et al., 2008).

Atmospheric new particle formation (NPF) and growth has been observed frequently
and in many environments (see Kulmala et al., 2004; Kulmala and Kerminen, 2008;
and references therein). The exact mechanisms for nucleation and their relative con-
tribution to new particle formation are not well known. Many mechanisms have been
proposed (Kulmala, 2003; Yu and Turco, 2001) amongst others: homogeneous (binary
and ternary) and heterogeneous (neutral and ion-induced) nucleation. The contribution
of ion-induced nucleation — nucleation around a charged kernel — to particle formation
is not clearly known: lida et al. (2008) reported a contribution of less than 1% in a heav-
ily polluted environment in Mexico city whereas Gagné et al. (2008) reported a median
contribution of around 6% in a relatively clean background environment in Hyytiala,
Finland. Studies including the ion—ion recombination contribution to neutral clusters
include that by Yu and Turco, 2008 who report almost 100% of ion-mediated nucleation
in Hyytiala whereas Kulmala et al. (2007) and Manninen et al. (2009a) both reported
values around 10% for the same location. The results of lida et al. (2006) and Gagné
et al. (2008), based on similar measurement and analysis methods, indicate that the
contribution of ion-induced nucleation on new particle formation varies from place to
place and day to day.

Due to clearly documented varying contribution of ion-induced nucleation on NPF
(Laakso et al., 2007a, 2008; Gagné et al., 2008) and an extensive set of measure-
ment, Hyytiala is a good place to investigate reasons behind these variations. The
lon-DMPS (lon Differential Mobility Particle Sizer, Laakso et al., 2007) gives informa-
tion about the charging state and therefore the contribution of ion-induced and neutral
nucleation. It has been operating at the SMEAR Il measurement station (Vesala et
al., 1998; Hari and Kulmala, 2005), in Hyytiala, since April 2005 with 246 nucleation
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events observed until the end of 2007. The lon-DMPS measures the charging state
of a particle population. Comparing the neutralized and the ambient size distributions
reveals whether a nucleation event is overcharged (higher concentrations in the am-
bient sample than in the neutralized sample) or undercharged (higher concentrations
in the neutralized sample than in the ambient sample). The charging state (over- or
undercharging) gives us information about the participation of ion-induced nucleation
in new particle formation and growth (Kerminen et al., 2007). Overcharged new parti-
cle formation events suggest (at least) some contribution of ion-induced nucleation and
undercharged events suggest no or very little participation of ion-induced nucleation in
the new particle formation process.

In this study, we aim to shed new light on factors affecting the contribution of ion-
induced nucleation to the total nucleation rate. We start our analysis by demonstrating
that the charging state, as measured by the lon-DMPS, really can distinguish between
particle formation events with a low and a higher contribution by ion-induced nucleation
(calculations according to Kulmala et al., 2007a). After this we present the longest time
series of particle charging state measurements conducted so far and aim to address
the following two questions: 1) how is the contribution of ion-induced nucleation depen-
dent on the season, various meteorological parameters, concentration of electrically
charged nanoparticles (i.e. air ions), and the concentration and temporal evolution of
the gaseous sulfuric acid concentration? 2) are the different nucleation events charac-
terized by either ion-induced or neutral nucleation, or do these two nucleation pathways
occur simultaneously? Finally, we suggest a hypothesis to explain the reasons behind
the variation in the proportion of ion-induced nucleation from one day to another.
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2 Materials and methods
2.1 Measurements

This work is based on lon-DMPS measurements from the SMEAR Il station, between
April 2005 and December 2007. The station is situated in Hyytiala, southern Fin-
land (61°51'N, 24°17'E, 181 m a.s.l.), in a Scots pine boreal forest (Hari and Kulmala,
2005). In this study, we use data from other parameters measured at the same station
at various heights in a measurement tower, or at ground level.

2.1.1 lon-DMPS

The lon-DMPS (Makela et al., 2003; Laakso et al., 2007a) is based on a Differential
Mobility Particle Sizer (DMPS, Hoppel, 1987; Aalto et al., 2004) whose bi-polar charger
(Ni-63, 370 MBq) can be switched on and off and whose Differential Mobility Analyzer
(DMA, Winkimayer et al., 1991) can classify particles of positive and negative polarity
according to their electrical mobility. The lon-DMPS can thus work in four modes: it can
measure either ambient air ions (neutralizer off) or neutralized air ions (neutralizer on,
at electrical charge steady-state), and they both can be measured in either positive or
negative mode by changing the polarity of the potential difference applied in the DMA.
Comparing the ambient and neutralized mode for each polarity gives us the charging
state (similar measurements were done by lida et al., 2006, 2008; Vana et al., 2006).
The charging state is defined as the ratio of ambient charged particle concentration to
its corresponding neutralized (charge steady-state) concentration. When the charging
state is larger than one, i.e. when there are more charged particles in the ambient air
than there are at the steady-state, the particle population is said to be overcharged.
Oppositely, when the charging state is smaller than one, i.e. when there are fewer
charged particles in the ambient air than there are at the steady-state, the particle
population is said to be undercharged. Alternatively, if the charging state stays around
one, the particle population is at the steady-state charging. The particle formation
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and growth events are classified as overcharged, steady-state and undercharged days
independently for each polarity. In this study, we used overcharged and undercharged
categories to investigate the reasons behind this difference.

2.1.2 BSMA

The Balanced Scanning Mobility Analyzer (BSMA, Tammet, 2006) measures size dis-
tribution of naturally charged particles between mobilities of 0.032 to 3.2 cm?v s
which correspond to a diameter range of about 0.42 to 7.5nm using the algorithm
described by Tammet (1995, 1998). The BSMA consists of two aspiration-type plate
DMAs, one for each polarity, with a common collector electrode. Size segregation is
obtained by discharging a capacitor through the repelling electrode and concentration
by monitoring the electrometer current in the balanced bridge circuit. The sheath air
and the sample air are aspired through parallel plates connected to a high voltage or
grounded. The sample and the offset mode alternate by applying a potential difference
on the sampling plates. The BSMA has been measuring in Hyytiala since March 2003
and samples air at about 2m above the ground level at a flow rate of about 221s7".
In this paper, the BSMA is used to retrieve concentration of small and intermediate air
ions (0.4-1.8 and 1.8-7.5 nm, respectively, in Tammet diameters).

2.1.3 DMPS

The Twin-Differential Mobility Particle Sizer (Twin-DMPS, Aalto et al., 2004) is a well
established instrument in aerosol research. It measures the size distribution of aerosol
particles in time. It is composed of two DMPSs, one for smaller sizes and another for
larger sizes. The inlet and the neutralizer are common to both systems. The smaller
system measures particles of smaller diameters with a Hauke type DMA (10.9 cm, Win-
kimayer et al., 1991) and a TSI 3025 CPC (Stolzenburg and McMurry, 1991). The other
one measures particles of larger diameters with a 28 cm Hauke-type DMA and a TSI
3010 CPC (Mertes et al., 1995). The overall size range is between 3 and 1000 nm and
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the measurements are taken at about 8 m above the ground level. The total (charged
and neutral) particle concentration is then calculated assuming charge steady-state af-
ter the air sample has been neutralized. In this paper, the DMPS data is used for its
total particle concentration.

2.1.4 NAIS

The NAIS (Neutral cluster and Air lon Spectrometer, Kulmala et al., 2007; Manninen et
al., 2009b) is an instrument based on the AIS (Air lon Spectrometer, Mirme et al., 2007)
and the airborne version of the NAIS is described by Mirme et al. (2009). It measures
the mobility distribution of both negatively and positively charged particles between
3.16and 0.0013cm?V~'s™ (0.8 and 42 nm, in Millikan diameter), and neutral particles
between ~2.0 and 42 nm in particle size. It consists of two cylindrical DMAs with 21
insulated electrometers each. This allows to the simultaneous measurement of 21
channels of mobility and two polarities, saving time by not having to scan the mobility.
It alternates between the charged and neutral modes. In Hyytiala, this instrument
samples at about 2 m above the ground level.

2.1.5 Meteorological data

The meteorological data such as temperature, relative humidity and water vapor con-
centration are measured in a measurement tower, located at approximately 50 m away
from the particle instruments (Vesala et al., 1998). The data is taken primarily from
sensors at 4.2m above the ground and from higher levels (8.4, 16.8, 33.6, 50.4 and
67.2m, in priority order) when the main level’s data is unavailable.

2.1.6 Radon ionization and external radiation

The ion pair production rate is examined based on the direct method described in an

earlier study by Laakso et al., 2004. The same instruments were used and the same

calculation technique was applied. The ion pair production rate caused by 22Rn is
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calculated by considering the total energy of three alpha and two beta particles, and
assuming that the average ion pair production energy is 34 eV. The air is monitored
continuously by counting emission of particle-bound radon daughter nuclides collected
on fiber-glass filters. The proportion of 222Rn and ?°Rn can be distinguished using
their half-life differences (Paatero et al., 1998). The uncertainty of the ion pair produc-
tion rate varies from 3 to 20% depending on the radon activity concentration.

External radiations, consisting mainly of cosmic radiation and gamma radiation were
measured with a scintillation gamma spectrometer. The spectrometer was located at
1.5m above the ground. The dose rate is calculated using a calibration factor for an
integrated energy spectrum between 100 and 3000 keV. The ion pair production rate
is obtained by assuming that the average ion pair production energy is 34eV. The
uncertainty on the ionization rate is about £10%. The external radiation is strongly
affected by snow cover, indicating that the radiation coming from the ground is playing
an important role. It was found that the snow cover and the water content are both
influencing the ion pair production rate due to the external radiation, especially if the
water is located in the upper layer (Hatakka et al., 1998).

2.2 Data analysis
2.2.1 Data classification

All the days between the 1 April 2005 and the 31 December 2007 when the lon-DMPS
was measuring were classified and used in this study. Each day was classified as
a NPF event day, undefined day, not an event day or bad/no data, loosely based on
the classification of Dal Maso et al. (2005). Of these days, only the NPF event days
were kept for analysis. The NPF days were subsequently classified into three sub-
categories: overcharged, undercharged and steady-state as described in Gagné et
al. (2008). From a total of 246 NPF event days, 164 were found to be overcharged
and 42 undercharged. In comparison, the DMPS-based classification by the method
described by Dal Maso et al. (2005) gave the following numbers: for overcharged
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days, 64 class | events, 42 class Il events, 45 were undefined according to the DMPS,
and 2 were not seen as events; for undercharged days, 24 were class | events, 6
were in class Il events, 10 undefined, and 1 was not classified as an event. On two
days, one in each category, the DMPS was not working. Since the classification is
given for both the positive and negative polarity the classification for one given day was
defined as follow: if both the negative and positive polarities were in agreement the
day was classified as overcharged or undercharged. If they were different, the event
day was discarded. Thus, 40 event days were discarded because the class wasn’t
clear (11 days) or because the polarities were not classified in the same category
(29 days of which most had a weak overcharge on one polarity and steady-state in
the other). Aerosol populations that were classified as steady-state were considered
undercharged in this study since the participation of ion-induced nucleation was at
steady-state and thus had a low ion-induced fraction. In the undercharged class, 25
had both polarities at steady-state, and 7 had one of the polarities at steady-state.

2.2.2 Condensation sink, growth rate, and ion-induced fraction from the NAIS

The condensation sink (CS) describes the removal rate of vapor molecules onto the
pre-existing aerosol particles. It was calculated according to Kulmala et al. (2001)
based on the aerosol size distribution in the 3—1000 nm size range measured with the
DMPS.

The ion-induced fraction of the particle formation was calculated based on measure-
ment data from the NAIS and the BSMA. The BSMA measures the naturally charged
fraction of the aerosol, while the NAIS measures, in addition, the total particle con-
centration. The formation rate of 2 nm particles was calculated based on the method
described in Kulmala et al. (2007a). The total formation rate J, is:

dN,_ GR
Jp = —= +C0agS Ny g+ = -Np g (1)
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where N,_s is the concentration of particles between 2 and 3nm, CoagsS is the co-
agulation sink for 2nm particles and GR is the growth rate of the particles in the initial
steps of the particle formation. In calculating the formation rate of charged particles,
JZ*, we also took into account the ion—ion recombination and charging of neutral parti-
cles in the 2—-3 nm size range:
dN; 4

+
Jy=

+CoagS N, ,+ ENi

Trm gt @ Ny NI =f-Np_3-NZ ()

It is important to note that the ion-induced fraction was averaged between 4.8 and 8.4 h
after sunrise, because this is when the events are going on, on average, and thus the
fraction is more stable. The fraction is not interesting (and since the formation rates are
close to zero, the fraction varies a lot) outside these boundaries because there is no
nucleation at that moment. Also, the days for which the data were available are limited
to the clearest new particle formation days, which all took place during springtime. This
dataset may not be representative of the whole yearly behavior and the results should
be interpreted only as a test on a small specific sample.

2.2.3 Sulfuric acid

The atmospheric sulfuric acid concentrations were predicted by the new model SOSA
(model to simulate concentrations of organic vapors and sulfuric acid in the lower tro-
posphere). SOSA was developed in the first half of 2009 at the University of Helsinki
based on sulfuric acid closure (Boy et al., 2005). The meteorology is based on a 1-
D version of the model SCADIS (Sogachev et al., 2002; Sogachev and Panferov,
2006) and the Model for Emissions of Gases and Aerosols in Nature (MEGAN, Guen-
ther et al., 2006) is used to simulate the emission of organic vapors from the bio-
sphere. The gas phase chemistry is solved with the Kinetic PreProcessor (Sandu and
Sanders, 2006; http://people.cs.vt.edu/~asandu/Software/Kpp/) in combination with the
Master Chemical Mechanism (MCM, http://mcm.leeds.ac.uk/MCM/) from the Univer-
sity of Leeds. It is a parallelized model operating on the high-performance supercluster
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Murska at the CSC-IT Center for Science in Finland, which gives the possibility to run
detailed processes in chemistry, aerosol dynamic and meteorology within reasonable
time. The model uses meteorological, and various other input data (inorganic gas con-
centrations, aerosol properties and radiation data) measured in Hyytiala as input to
minimize the uncertainty in the simulated parameters. The vertical resolution of the
model is up to 3km in 75 levels increasing exponentially from the ground to the model
top which provides very detailed information about the fluxes inside and above the
canopy. A manuscript presenting an overview of the model is under preparation.

2.2.4 Hydration state calculations

To assess and illustrate possible differences in the role of water between the over-
charged and undercharged events, the hydration state of sulfuric acid molecules
(H,S0O,), i.e. the number of water molecules attached to sulfuric acid, were modeled
using the measured water vapor concentration and temperature together with the hy-
dration free energies. They were computed using quantum chemistry simulations by
Kurtén et al. (2007), and specifically the parametrisations given therein. First, the
Gibbs free energy of hydrate formation (i.e. the free energy change for the addition of
0-4 water molecules to H,SO,) was computed from the given parametrisations at each
temperature. Next, the relative concentration (percentage) of H,SO, molecules bound
to 0, 1, 2, 3 or 4 water molecules was computed from the law of mass balance (also
known as the law of chemical equilibrium) using this free energy change and the mea-
sured absolute water concentration. Finally, the average number of water molecules
bound to H,SO, was computed as a weighted average of the relative concentrations.
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3 Results
3.1 General presentation of the data
3.1.1 Annual variation of over- and undercharged days

As the measurement days were categorized into over- and undercharged days, the
data showed a clear seasonal pattern in their relative distribution (Fig. 1). While the
total number of new particle formation event days was the largest in spring (April
and May), overcharged events dominated during the summer months whereas un-
dercharged ones were more important in winter. It can be seen from Fig. 1 that while
overcharged NPF event days are more frequent during most the year, undercharged
days took over in November, December and January, around the winter solstice. In
spring and autumn, overcharged events were more common but undercharged events
also took place regularly. In winter, however, overcharged events became very rare,
and so did undercharged events in summer. It should be noted that the number of
events as such decreases in winter. This annual distribution of over- and undercharged
events has to be taken into account when performing the analysis of other parameters
that also vary on a seasonal basis. For example, temperature varies between summer
and winter and the large number of overcharged events during the summer will affect
the average values. In these kinds of cases, the summer months were removed alto-
gether so that the high number of summer overcharged events would not dominate the
statistics.

3.1.2 Comparison of the ion-induced contribution derived from lon-DMPS and
NAIS

In order to assess how accurately the lon-DMPS classification reflects the fraction of
ion-induced nucleation taking part in a new particle event, it was compared to the frac-
tion derived from the NAIS measurements. The classification based on the lon-DMPS
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aerosol size distributions was compared to the ion-induced nucleation fraction calcu-
lated from the formation rates of charged and neutral particles, with a NAIS, at 2nm
as described in Kulmala et al. (2007) and in Manninen et al. (2009a). The data was
available for 44 days over the period covered in this paper, of which 28 were over-
charged and 11 were undercharged. Five days were in neither of the categories and it
was impossible to obtain reasonable numbers for 3 undercharged days because of too
small charged particle concentrations. All of the days occurred during the spring, but
this does not invalidate the comparison because those events covered a wide range
of ion-induced nucleation fraction. The median value of the ion-induced fraction dur-
ing the overcharged events was twice as high than for undercharged events (Fig. 2a).
This indicates that the classification based on the lon-DMPS data is in agreement with
the one derived from the NAIS measurements. One should note that these two meth-
ods are completely independent from each other. Figure 2a shows that the fraction
of ion-induced nucleation becomes less important in the middle of the event (after 7h
after sunrise). It therefore seems that ion-induced nucleation is more important at the
beginning of the event in agreement with the thermodynamical principles described in
Kulmala et al. (2007b).

Figure 2b shows the comparison between the ion-induced nucleation fractions calcu-
lated from the NAIS (Manninen et al., 2009) and extrapolated from the lon-DMPS data
(Kerminen et al., 2007). In general, the agreement is good, despite a few points with
especially large ion-induced fractions. The extrapolation method used with the lon-
DMPS is sensitive to measurement uncertainties and, the higher values are even more
sensitive because of the shape of the extrapolating equation. Otherwise, the NAIS with
its formation rate ratio compares fairly well with the charging state extrapolation method
applied to the lon-DMPS measurements.
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3.2 Relation between over- and undercharged events and other measured
quantities

3.2.1 Meteorological parameters and solar radiation

The median temperature of overcharged days was higher than that of undercharged
days. The difference between the median temperatures was about 8.5°C when the
whole year was taken into account. However, as mentioned above, this could be
due to the seasonal distribution of overcharged and undercharged days. When the
summer months (June-July-August) were removed from the analysis, the temperature
still remained significantly higher during overcharged days compared to undercharged
days. The difference between the median temperatures was still around 5°C (Fig. 3a).
However, the temperature does not seem to be a clear indicator of the fraction of ion-
induced contribution to new particle formation with respect to the total particle forma-
tion. Indeed, the correlation between temperature and the ion-induced fraction calcu-
lated from NAIS measurements was very weak. In order to show that the temperature
difference is not only caused by a seasonal tendency, the temperature on each day
was compared with a seasonal average. Figure 3b shows the temperature difference
between the mean temperature on the event day and the average temperature on that
day since 1996, with a 10 days smoothing. Overcharged days happened on a median
temperature of 0.23 above normal, and undercharged days with a median temperature
of 2.13 below normal.

The connection between the intensity of solar radiation and the ion-induced fraction
was also examined because it is often related to the ambient temperature. The net and
global solar radiation levels were indeed higher for overcharged days than they were
for undercharged days, even when the summer months were discarded. However,
the solar radiation was generally higher on event days compared to non-event days.
The global radiation had a better correlation with the fraction of ion-induced nucleation
than what temperature did, although not significant in both cases (around 0.09 and
0.01 for global radiation and temperature, respectively). The correlation coefficients for
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both temperature and global radiation were calculated based only on approximately 40
springtime new particle formation events, so the sample was limited and not necessar-
ily representative of the whole analyzed period.

The relative humidity was slightly higher for undercharged days compared to over-
charged days. However, the absolute humidity (water content) was higher for over-
charged days than for undercharged days (likely because of the temperature differ-
ence). Overcharged days thus seem to take place, on average, during dryer (lower
relative humidity) and warmer days, when the amount of solar radiation is high.

3.2.2 Particle concentrations

As observed by Vana et al. (2006), a higher contribution from ion-induced nucleation
seems to be connected with smaller concentrations and undercharged nucleation with
higher concentrations of nucleated particles. On Fig. 4, one can see that the median
concentration of nucleation mode particles was higher on undercharged days (blue
line) than on overcharged days (red line). On overcharged days the median peak
concentration reached 1200 particles cm™ whereas on undercharged days it reached
around 1900 particles cm™>. The concentrations in Aitken (25—-100nm) and accumu-
lation (100-500 nm) modes did not show any significant difference between over- and
undercharged days.

3.2.3 Charged nanoparticles

In order to investigate whether the ions participating in ion-induced nucleation originate
from the pool of charged nanoparticles smaller than 2 nm, the median concentration of
negatively and positively charged particles between 0.4 and 1.8 nm and between 0.75
and 1.0 nm from BSMA measurement (Tammet diameter) as a function of the time after
the sunrise is presented in Fig. 5a and b, respectively. In both diameter ranges and both
polarities, the concentration of charged nanoparticles was higher for overcharged days
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than for undercharged days. No significant difference between over- and undercharged
days for the ion pair production rate due to radon daughter decay was found. It should
also be noted that in the 0.75 to 1.0 nm range, there were generally much higher con-
centrations in summer than in winter. However, this tendency was not observed in the
0.4-1.8 nm range, hence concentration difference was not only due to the seasonal
distribution of over- and undercharged event days and removing the summer months
did not change the tendency.

A drop in the concentration of charged nanoparticles smaller than 1.8 nm was ob-
served when the nucleation events started. The condensational sink (CS) was not re-
sponsible for this as its value also dropped just before the new particle formation event;
an increase in CS could cause the removal of small charged particles from the pool.
No significant difference between overcharged and undercharged days was seen for
the condensational sink (not shown). The radon daughters cannot explain this either,
because the drop in their concentration, due to boundary layer height change during
the day, is more important for undercharged days. We would then expect the drop
to be this way also for nanoparticle concentrations. When the BSMA channels were
analyzed one by one, the drop during the event time was noticed most clearly in the
0.75 to 1.0nm range (Fig. 5b). In the 0.75 to 1.0 nm range, the median concentration
of charged nanoparticles was significantly lower for non-event days. Note that the drop
in the ions smaller than 1.8 nm (Tammet diameter, corresponding to around 2.2nm in
Millikan diameter) took place at the same time as the rise in nucleation mode particle
concentration, about 4 h after the sun rise (Fig. 4). The dip was more pronounced for
overcharged days in absolute number concentration for both polarities and both size
ranges. The percentage of charged nanoparticles disappearing from their pool was
also larger for overcharged days than for undercharged days for all the size ranges and
polarities of Fig. 5 except for positively charged nanoparticles between 0.75-1.0nm
(see Table 1). The difference in the fraction of “activated” ions was more important
for negatively charged nanoparticles. The sign preference of ion-induced nucleation
towards the negatively charged kernels have been observed in field measurements,
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laboratory experiments, and quantum chemical simulations (e.g., Vana et al., 2006;
Winkler et al., 2008; Kurtén et al., 2009).

3.2.4 External radiation

The external radiation consists of ionizing gamma rays travelling in the atmosphere.
Due to its ionizing properties, external radiation can be a good candidate for trig-
gering ion-induced nucleation. The median ion pair production rate due to exter-
nal radiation was around 9ion pairs s™'em™ for undercharged days and a bit below
10ion pairs s em™ for overcharged days. This is not a big difference when consid-
ering that the uncertainty on this value was estimated to be around 10%. However,
even though the ion pair production rate does not seem to influence the concentra-
tion of charged nanoparticles, it seems to have a relation with the formation rates of
2 nm charged particles calculated from NAIS measurements. Since the NAIS data only
came from spring days, this may not be true for the whole year. The formation rates
of 2nm charged particles increased for an increasing ion pair production rate due to
external radiation. This relation was stronger for positively charged particles than for
negatively charged particles. No difference between overcharged and undercharged
days was noticed, the formation rates increased in the same way for both classes. Dur-
ing the days when the soil was covered with snow (and <8.5ion pairs s cm'3), the
formation rates of charged particles did not lie on the same line, the points were scat-
tered. This could be due to smaller particle formation rates and hence more uncertainty
on the formation rate on these days.

An interesting relation between ion pair production rate by external radiation and
the water content in the soil and snow cover was observed, as described by Hatakka
et al. (1998). In winter, the external radiation is blocked by the snow cover on top of
the soil. During that period, less water penetrates into the soil and the soil humidity
decreases along with the ion production rate. In spring, when the snow melts, the
water penetrates into the soil and the soil humidity along with the ion production rate
due to external radiation increases. During the summer, the ion production rate is
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anti-correlated to the water content in the soil, as water in the upper parts of the soil
is absorbing part of radiation energies. The effect of water is more important when the
water is in the part of the soil closer to the surface, so that it is above the radiation
source. This may explain why many overcharged events were observed in the summer
of 2006 when the boreal forest in Hyytiala was undergoing a drought.

3.2.5 Growth rates

The growth rates of charged particles were similar for both overcharged and under-
charged days. However, for neutral particles (calculated based on DMPS data; Hir-
sikko et al., 2005) in the 3 to 7 nm range, the average growth rate was higher for under-
charged days. The mean growth rate during the April 2005 to June 2007 period (due to
unavailability of the data for the second half of 2007) was 3.7 nm h™' for overcharged
days and 5.2nm h™" for undercharged days. The corresponding median values are 2.6
and 5.2nmh™".

3.2.6 Sulfuric acid and hydration

Since sulfuric acid is a strong candidate for participating in atmospheric nucleation
(e.g., Weber et al., 1996; Birmili et al., 2003; Stanier et al., 2004; Riipinen et al., 2007;
Kulmala and Kerminen, 2008), its modeled concentration as well as its saturation ratio
were analyzed. Furthermore, since the sulfuric acid concentration may vary season-
ally, and more importantly its saturation ratio is influenced by the ambient temperature,
median values were calculated excluding the summer months (Fig. 6). The median
sulfuric acid concentration (Fig. 6a) was higher for undercharged days than for over-
charged ones. The difference was even higher for the saturation ratio (Fig. 6b). Of
course, the temperature difference has an amplifying effect on the saturation ratio dif-
ference. The difference was bigger when including the summer months.

Simple quantum chemistry calculations were made to illustrate possible differences
in the participation of water in nucleation (assumed here to involve mainly sulfuric acid
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and water) for over- and undercharged days. The average number of water molecules
bound to H,SO, molecules were calculated using the average temperatures and rel-
ative humidity for each classified new particle formation event day, as described in
Sect. 2.2.4 (Fig. 7). One can see that, on average, undercharged days (blue dots) had
a greater number of water molecules bound to H,SO, molecules than overcharged
days (red dots). This can also be seen when looking at the percentile statistics. Qual-
itatively, this is reasonable. For example, while the HSO, ion (probably one of the
main anions acting as seeds in ion-induced nucleation) binds water only slightly more
strongly than neutral H,SO, does, its binding to additional neutral H,SO, molecules
is immensely stronger. (The differences between HSO, and neutral H,SO, in binding
to water and additional H,SO, molecules are 3—4 kcal/mol and around 30 kcal/mol, re-
spectively, based on data from Kurtén et al., 2007, 2008.) Thus, the number of water
molecules in a charged HSO,-H,S0,—H,0 critical cluster is likely to be significantly
smaller than in a neutral H,SO,—H,O critical cluster, and the dependence of nucleation
rates on water concentrations is likely significantly lower for ion-induced than for neutral
nucleation. As the preference for H,SO, toward anions is mainly due to its high acidity
(see e.g., Kurtén et al., 2009, for a discussion), a similar pattern very likely applies also
for other core anions than HSO, . Even though it is thought that other compounds also
form the critical cluster, sulfuric acid and water almost certainly are part of it, hence the
relevance of the proportion of water in ion-induced and neutral clusters.

4 Discussion

Substantial differences between overcharged (involving ion-induced nucleation) and
undercharged (involving no or very little ion-induced nucleation) new particle formation
events were found. The most striking and unexpected of these was the difference in
the temperature (Fig. 3). Solar radiation, while it was also higher on overcharged days,
does not seem a likely candidate for influencing the mechanism. It is known that higher
solar radiation levels seem to be required to trigger new particle events regardless of
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the mechanism involved (Boy and Kulmala, 2002). It is important to keep in mind that
global solar radiation does not ionize the lower atmosphere. Nevertheless, solar radi-
ations may have an influence on chemical reactions that contribute to one mechanism
more than another since it is thought to induce vertical mixing and photochemistry
(Nilsson et al., 2001).

In neutral nucleation there usually is an activation energy barrier that depends on
temperature in many ways (directly and through other variables). In ion-induced nucle-
ation, this energy barrier is reduced, sometimes even removed, because of the induced
dipole caused by the presence of the charge in the seed particle and the corresponding
binding between the core ion and the molecules of the nucleating vapor. Correspond-
ingly, the critical cluster (the smallest cluster for which growth is more likely than evap-
oration) is smaller for ion-induced than for neutral nucleation, at least if the nucleating
substances are the same. Since temperature increases the collision rate but increases
evaporation to a much greater degree, a rise in temperature will, in general, decrease
nucleation rates. As the number of temperature-sensitive steps (i.e. the number of
molecules in the critical cluster) is smaller in ion-induced nucleation than in neutral nu-
cleation, ion-induced nucleation is likely to be less temperature sensitive than neutral
nucleation, and the ion-induced nucleation rate will decrease less as the temperature
increases. The magnitude of this effect is unfortunately hard to assess quantitatively
as the molecular-level mechanisms for both neutral and ion-induced nucleation are,
as yet, unknown. Other parameters, such as seasonally dependent volatile organic
compound emission, might also influence the nucleation mechanism.

Overcharged events also required less sulfuric acid than undercharged ones (Fig. 6).
It has been shown that the formation rate of particles is proportional to the concen-
tration of sulfuric acid to the power 1-2 (see e.g., Kulmala et al., 2006; Riipinen et
al., 2007; Kuang et al., 2008; Nieminen et al., 2009). The observation that over-
charged days had lower concentrations of sulfuric acid than undercharged days, on
average, may imply that particles growing on charged seeds may need fewer sulfuric
acid molecules to bind before it overcomes the energy barrier and activates than those
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growing neutrally. It has been observed experimentally that charged particles (nega-
tive first, then positive) activate with lower vapor concentrations than neutral particles
(Winkler et al., 2008). Undercharged days were characterized by a higher average
number of water molecules bound to H,SO,, possibly indicating a larger number of
water molecules needed to stabilize the critical clusters in neutral nucleation pathways.
This supports the idea that ion-induced nucleation is achieved more easily when it
comes to condensable vapors availability.

The higher nuclei growth rates on undercharged days support the idea that there are
generally more nucleating vapors available on those days and that they contribute both
to nucleation and growth. Although sulfuric acid (and water) availability cannot explain
all of the growth it probably contributes to some fraction (Boy et al., 2003, 2005). Also,
based on the difference between over- and undercharged days on vapor availability,
it could be interesting to verify that the relation of ion-induced nucleation and neutral
nucleation formation rates with sulfuric acid concentrations have different dependences
(slopes).

The fact that growth rates were bigger on undercharged days has another implication
when considering the work by Kerminen et al. (2007). They developed a method to ex-
trapolate the charging state (that is how charged the particle population is compared to
the equivalent steady-state population) to smaller sizes from lon-DMPS data. This ex-
trapolation method is valid only if the information about the charging state is preserved
until the detection size (3 nm). This is the case when the nuclei grow fast enough. If the
nuclei growth rate is low, information about the original charging state will be lost before
the particles reach detectable sizes. This means that if undercharged days generally
had higher growth rates than overcharged days, it is unlikely that undercharged days
had in reality been overcharged days for which the “memory” had been lost.

External radiation consists of high energy photons that can ionize the lower tropo-
sphere and could affect the contribution of ion-induced nucleation to the total nucleation
rate. The ion pair production rate due to external radiation correlated with the formation
rate of >2 nm ions on days when the soil was not covered with snow. The contribution
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from galactic cosmic rays is about constant throughout the year while the contribution
coming from the soil (about 2/3 of the total radiation) varies depending on e.g. snow
cover and water content in the soil (Hatakka et al., 1998). The dependence of the
formation rate of charged particles on external radiation seems to be the same for
both overcharged and undercharged days. The total formation rate, consisting of both
charged and electrically neutral particles, however, did not increase as the external ra-
diation level increased. This suggests that the number of particles nucleated through
ion-induced nucleation depends on the level of external radiation.

Another interesting observation was the behavior of charged nanoparticles from
BSMA measurements (Fig. 5). The concentration of charged nanoparticles (<2 nm)
was higher, on average, on overcharged days than on undercharged days. This could
be due to, for example, the higher solar radiation level and its influence on atmospheric
chemistry and/or the higher level of external radiation. As one can see on Fig. 5,
a larger dip in the concentration of charged nanoparticles was observed on days hav-
ing a higher fraction of ion-induced nucleation (overcharged) than on days with less
ion-induced nucleation (undercharged), suggesting that a bigger number of charged
nanoparticles were activated on overcharged event days. As the condensational sink
was about the same during over- and undercharged days, scavenging by larger pre-
existing particles does not explain the difference in charged nanoparticles concentra-
tions before the start of the event or the drop in their concentration. However, it is also
important to note that the drop in percentage (Table 1) is bigger for overcharged days,
especially for negative particles. The activation of a bigger fraction and concentration
of charged nanoparticles on overcharged days implies that the ion-induced contribution
to concentration varies and is more important on overcharged days.

Undercharged events produced more nucleated particles than overcharged events
(Fig. 4). While the production of particles through ion-induced may be modulated by
external radiation, the production by neutral mechanisms seems to be modulated by
temperature. This means that when the temperature gets higher, the number concen-
tration of freshly nucleated particles coming from neutral nucleation decreases while
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the number concentration from ion-induced nucleation stays about the same. Conse-
quently, the fraction of ion-induced nucleation (IIN/total) would be larger on days with
higher temperatures.

Also, the ion-induced fraction calculated based on NAIS measurement during the
event gives an interesting insight (Fig. 2a). The ion-induced fraction dropped approx-
imately 7—8 h after sunrise when the concentration of newly formed particles was still
relatively low compared to its peak (Fig. 4). Later on, when the concentration reached
its peak value, neutral nucleation seemed to play a bigger role than it was at the begin-
ning of the event. This phenomenon has also been observed by Laakso et al. (2007b),
and supported by thermodynamical principles of atmospheric nucleation (Kulmala et
al., 2007b). The concentration of charged nanoparticles (Fig. 5) did not recover imme-
diately when the ion-induced fraction decreased, suggesting that the ion-induced new
particle production is probably still the same, but neutral nucleation’s contribution is
increasing, making the ion-induced fraction smaller. Neutral mechanisms taking over
during an event shows that neutral nucleation can start after ion-induced nucleation has
begun; ion-induced nucleation does not seem to monopolize the condensing vapors.

5 Conclusions

In this work, we have established that the lon-DMPS classification of event days into
overcharged and undercharged days is in general agreement with the ion-induced frac-
tion calculated based on NAIS measurements. We showed that, in Hyytiala, days with
a bigger fraction of ion-induced nucleation tended to occur on warmer, dryer (lower
relative humidity), and sunnier days. We also propose an explanation on how these
meteorological parameters affect the nucleating mechanisms, especially in the case of
temperature. The modeled sulfuric acid concentrations were smaller on overcharged
days, supporting the idea that charged seeds activate at lower vapor concentrations.
The relative humidity was also lower on overcharged days and, according to quan-
tum chemistry calculations, a lower number of water molecules were bound to sulfuric
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acid. The concentration of charged nanoparticles, as measured with a BSMA, was
bigger on overcharged days. The removal of these nanoparticles from their pool during
the new particle formation was more pronounced on overcharged days. The higher
concentration of nanoparticles is perhaps due to atmospheric chemistry (amount of
solar radiation) or external radiation levels, while the removal from their pool may show
that charged seeds activate. The growth rates of undercharged days were larger than
those of overcharged day for neutral particles, perhaps the difference in sulfuric acid
availability play a part in this phenomenon.

Finally, it seems that both ion-induced and neutral nucleation are taking place in
a same nucleation event, yet in different proportions during an event and also between
different days. It seems that neutral nucleation can take place after ion-induced nucle-
ation has started, meaning that ion-induced nucleation does not seem to “steal away”
all the condensing vapors, probably because the charged particles are not numer-
ous enough. The production of new particles due to ion-induced nucleation (generally
smaller) seem to be related to the levels of external radiations. It remains to be seen if
the same conclusions apply in other environments.
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Table 1. The fraction of small particles removed from the pool of charged nanoparticles during
new particles formation events. The calculations are based on the medians of all days as they
appear in Fig. 5. The dip is always bigger in concentrations for all 4 categories (size range
and polarity), and in percentage for 3 out of 4. The difference is more important for negatively
charged particles.

Fraction of charged nanoparticles removed from their pool during new particle formation events
Overcharged (median) Undercharged (median)

0.4-1.8nm (5 channels)

Negatively charged 16% 12%

Positively charged 13% 10%

0.75-1.0nm (1 channel)

Negatively charged 17% 9%

Positively charged 12% 13%
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Fig. 1. Ratio of overcharged events to undercharged events for each month over the 2005—
2007 period (black circles, left vertical axis). The number of event days is also presented for
overcharged days (in red) and undercharged days (in blue), and report to the right vertical axis.
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Fig. 2a. lon-induced fraction as a function of the time after sunrise. The median ion-induced
nucleation fraction is calculated using the formation rate of 2nm charged particles divided by
the total formation rate of 2 nm particles from NAIS measurements. The median fraction for 28
overcharged days is shown in red, for 8 undercharged in blue. The horizontal lines represent
the median value between 0.2 and 0.35 h after the sunrise (when the event is taking place, on
average).
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DMPS extrapolation method is very sensitive which explains the high ion-induced fraction in
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Fig. 3a. The median temperature for all overcharged days (in red) and undercharged days (in
blue) excluding summer months. The filled areas represent the 25 to 75 percentiles. The tem-
perature difference excluding summer months is still around 5°C, with warmer temperatures for
overcharged days. When all the data points are included, the temperature difference increases
to about 8.5°C.
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Fig. 3b. The temperature difference between each event day and a 1996-2008 average is
presented for overcharged (in red) and undercharged (in blue) events. The medians for over-
and undercharged days were 0.23°C and -2.13°C (horizontal red and blue lines, resp.) and
the means were 0.32°C and —1.87°C, respectively. The black line shows the 12 year average
temperature smoothened over 10 days.
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Fig. 4. Nucleation mode particles (3 to 25 nm) measured with a DMPS. Higher concentrations
of nucleation mode particles are nucleated on undercharged days (median, blue line) than on
overcharged days (median, red line). The 25 and 75 percentiles range is given by blue and
pink filled areas (purple is where both ranges are superposed).
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Fig. 5. Electrically charged particle concentration below the activation size as a function of
the time spent after sunrise for (a) 0.4 to 1.8 nm particles on the left and (b) 0.75 to 1.0nm
particles on the right (Tammet diameter). The median concentrations for overcharged days are
in red and for undercharged days, in blue. The median on non-event days are also added for
comparison in black. The colored areas represent the 25 and 75 percentiles (for over- and
undercharged days only). Negatively charged particles are in the upper part of the plot and the
positively charged ones in the lower part of the plot.
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Fig. 6. (a) Median sulfuric acid concentration (modeled, SOSA) on overcharged days (red)
and undercharged days (blue). (b) Median sulfuric acid saturation ratio (modeled, SOSA) on
overcharged days (red) and undercharged days (blue). The 25 to 75 are represented by the
filled areas. In this picture, the summer months have been removed.
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Number of water molecules bound per stO 4 molecule
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Fig. 7. The number of water molecules attached to sulfuric acid as a function of the temperature
for overcharged (red dots) and undercharged (blue dots) days. The full lines represent the
median of all over- (red) and undercharged (blue) days, the short and thick dashed lines are
the 25 and 75 percentiles, and the long thin dashed lines are the 10 and 90 percentiles with the
same color coding.
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