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Abstract. Cluster particles (0.8—1.9nm) are key entities in- correlated with the ionization rates obtained from radon mea-
volved in nucleation and new particle formation processessurement Qmead. When ignoring the gamma radiation con-
in the atmosphere. Cluster ions were characterized in cleatribution to the ion productionQcaic is on average higher
sky conditions at the Puy de Déme station (1465 m a.s.l.)than Omeasduring the warm season. In contrast, when a sea-
The studied data set spread over five years (February 2007senal gamma contribution is taken into accouBfpeasal-
February 2012), which provided a unique chance to observevays exceed®)cac. We found that neither the aerosol ion
seasonal variations of cluster ion properties at high altitudesink nor the ionization rate (calculated or measured, with or
Statistical values of the cluster ion concentrations and diamwithout the gamma contribution) were significantly different
eters are reported for both positive and negative polaritieson event days compared to non-event days, and thus, they
Cluster ions were found to be ubiquitous at the Puy de Domewere not able to explain the different positive cluster concen-
and displayed an annual variation with lower concentrationgtrations between event and non-event days. Hence, the excess
in spring. Positive cluster ions were less numerous than negef positive small ions on event days may derive from an ad-
ative, but were larger in diameter. Negative cluster ion prop-ditional constant source of ions leading to a non-steady state.
erties were not sensitive to the occurrence of a new particle
formation (NPF) event, while positive cluster ions appeared
to be significantly more numerous and larger on event days.
The parameters of the balance equation for the positive clust Introduction
ter concentration are reported separately for the different sea-
sons and for the NPF event days and non-event days. Thin polluted areas, atmospheric aerosol particles often af-
steady-state assumption suggests that the ionization rate fect visibility and have undesirable effects on human health
balanced with two sinks: the ion recombination and the at-(Seaton et al., 1995). On a more global scale, aerosol parti-
tachment onto background aerosol particles, referred to asles influence the Earth’s climate system by scattering and
“aerosol ion sink”. The aerosol ion sink was predominant absorbing incoming solar radiation (direct effect) and by af-
compared to the recombination sink. The positive ionizationfecting several cloud properties (indirect effect). Despite the
rates derived from the balance equatigi.{c) were well  fact that atmospheric research, especially climate and pollu-
tion studies, has been the focus of the scientific community

Published by Copernicus Publications on behalf of the European Geosciences Union.



11574 C. Rose et al.: Long-term observation of cluster ions at Puy de Déme

during recent decades, the radiative forcing associated to theadionuclides, mainly radon and thoron. Above the ocean,
aerosol indirect effect still has a large uncertainty (IPCC,GCR are the principal source for cluster ions (Hensen and
2007). Van der Hage, 1994) while in continental areas, the produc-
A better understanding of the indirect effect requires, intion of ions is mostly due to external radiation. External ra-
particular, more accurate information on secondary aerosofliation displays seasonal variations while daily variation of
particle sources and thus on the nucleation process. Measur&ie small ion production is mainly driven by the variation
ments, as well as recent model investigations, suggest that atf the radon and thoron concentrations (Laakso et al., 2004;
mospheric nucleation is an important source of aerosol partiHirsikko et al., 2007b).
cles and cloud condensation nuclei (CCN) (Kerminen et al., The ionization rates have been well studied during the last
2012; Makkonen et al., 2012) but the very first steps of thecentury and overviews of the earliest results can be found
nucleation process remain uncertain. Indeed, the formatiomn Chalmers (1967) and Israél (1970). The ionization rate
and growth of ultrafine aerosol particles in the atmospherestrongly depends on the measurement site since it is affected
has been studied during recent decades in various locationtsy different factors such as the content of radioactive mat-
(see Kulmala et al., 2004 for a review) but the mechanismger in the ground, the soil properties, the snow cover and the
involved in the particle formation are still unclear, mostly be- orography. In addition, the altitude was shown to have an in-
cause of instrumental limitations. fluence on the ionization rate (Rosen et al., 1985). Tammet
Much effort has been made during the last few years toet al. (2006) reported measurements performed at two dif-
develop instruments able to detect freshly nucleated neutrdierent heights in Hyytiala, Finland, (2 and 14 m). They ob-
particles down to 1 nm sizes. Since electrical methods used iserved higher cluster concentrations at 2m, which could be
the NAIS (Neutral cluster and Air lon Spectrometer; Mirme explained by a reduced vegetal sink and increased ion pro-
and Mirme, 2013) cannot ensure reliable concentrations foduction by radon activity close to the ground. The role of
neutral particles smaller than1.6—1.7 nm due to the post- radon was also pointed out by Dhanorkar and Kamra (1994)
filtering process of corona-generated ions (Asmi et al., 2009jn Pune, India, where the highest cluster concentrations co-
Manninen et al., 2011), condensation particle-counting methincided with weak mixing and incoming air enriched with
ods have been more deeply investigated, especially with theadon from the surrounding mountains.
Particle Size Magnifier (PSM) (see for example Kim et al., lons are believed to be involved in nucleation processes,
2003; Vanhanen et al., 2011; Kuang et al., 2012). Howeverthrough the ion induced nucleation mechanism (Laakso et
in their recent paper, Kangasluoma et al. (2013) have showl., 2002; Lovejoy et al., 2004; Luts et al., 2006; Kazil et al.,
that in the case of the PSM, measurements were greatly de2008; Nieminen et al., 2011). A connection between GCR,
pendent on both the relative humidity and the chemical com-aerosols and clouds through the nucleation process was pro-
position of the sampled particles. In that case, data analyposed by Dickinson (1975): sulphate aerosol particles form-
sis requires a very good knowledge of the sampling condi-ing from ions produced by GCR might grow to CCN sizes
tions and calibrations corresponding to the prevailing condi-and form cloud droplets. In that case, the variation of GCR
tions. That is why the study of air ions certainly remains aionization over the solar cycle would have a direct impact
robust path to gain information on the smallest cluster parti-on cloud properties (lifetime, albedo) and thus on the ra-
cles (here particles with mobilities up to 3.162%wr ts~1 diative forcing of the Earth. However, more recent studies
in NTP conditions, corresponding to a mobility diameter, i.e. did not find significant support for a correlation between the
Millikan diameter, of 0.8 nm; see Makela et al. (1996) for variation in GCR ionization and low cloud cover (Sloan and
more details on the law of size — mobility conversion applied Wolfendale, 2008). For the ion-induced nucleation mecha-
in this work). nism, the ionization rate is a key entity governing the nucle-
Air ions are carriers of electrical current in the atmo- ation rate.
sphere. The air ion population is commonly divided into  The ionization rate can be obtained from direct measure-
small, or cluster, intermediate and large ions. The “clus-ments or it can be derived from calculations based on the
ter ions” or “small ions”, which are in the scope of this balance equation for the concentration of small ions (Israél,
paper, are the ions with a mobility diameter greater than1970). Small ion properties including ionization rate have
0.5¢cnfV~1s1 (roughly corresponding to particle Millikan been discussed in various environments (Hérrak et al., 2003,
diameters smaller than 1.9 nm). Thus, they are the most rele2008; Vana et al., 2008; Yli-Juuti et al., 2009). For exam-
vant for new particle formation studies, which explains why ple, the small ion population was shown to be very sensitive
their behaviour has already been deeply studied in variouso the presence of clouds at high-altitude sites (Lihavainen et
locations. A recent review article by Hirsikko et al. (2011) al., 2007; Venzac et al., 2007). The authors have reported that
based on ca. 260 publications provides an overview of then cloudy conditions small ions were mainly lost on cloud
main observations concerning small ions concentration aglroplets while in clear sky conditions aerosol particles and
well as their connection with nucleation. Atmospheric clus- the ion-ion recombination process were responsible for the
ter ions are produced by external radiation, such as gammioss of ions. All the studies previously mentioned are based
radiation and galactic cosmic rays (GCR), and by airborneon data sets rarely exceeding one year. To our knowledge, the
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analysis proposed in this paper is the first one based on sudhigh flow rates are used to avoid diffusion losses and ensure
an extended data set for small ion properties. a significant signal to noise ratio, even when ion concentra-
We report seasonal and diurnal variability of cluster ion tions are low. The inner cylinder of each analyser is divided
concentration and size measured over a five-year perioéhto four isolated parts which maintain a constant voltage
(February 2007—February 2012) in clear sky conditions atduring a measurement cycle. The outer cylinder is divided
the Puy de Déme station (corresponding to 842 days). Clusinto 21 isolated rings connected to 21 electrometers. Natu-
ter ions were measured with an Air lon Spectrometer (AlS)rally charged particles are moved by a radial electric field
which detects ions in the range of 0.0013-3.2unts 1, from the inner cylinder of the DMA to the outer cylinder. The
corresponding to particle diameters between 0.8 and 42 nncurrent carried by the ions is further amplified and measured
The behaviour of positive cluster ions is specifically investi- with electrometers. Each measurement cycle is followed by
gated, with the goal of identifying the sinks and sources re-an offset measurement during which particles in the sample
sponsible for the reported positive cluster ion concentrationsair are charged by a unipolar corona charger and electrically
with a special focus on the differences observed between neiltered. During the whole measurement period and for all
particle formation event days and non-event days. three instruments, the offset cycle was at least as long as the
measurement cycle to ensure a good signal to noise ratio.

2 Measurements and methods 2.3 Radon measurements

2.1 Measurement site Radon at Puy de Ddme is measured with the active deposit

Measurements were conducted at the Puy de Déme (PDDgwethod (Polian et al., 1986; Biraud et al., 2000). Thesmethod
site in central France (486 N, 2°57 E) which is part of the 1> based on the measurement %fRn daughters {%Po,

EMEP/GAW/ACTRIS networks. The station is located at the *. B > P0) which are absorbed onto atmospheric particles.
top of the Puy de Ddme mountain (1465 m a.s.l.), which is Total active deposits of those daughters are accumulated on

one of the youngest volcanoes of the Chaine des Puys. It & Cellulose filter during one hour (air is sampled on the roof
also the highest, with a height of 550 m relative to its base Of the station, 11m above the ground). Then the filter is au-

The station is situated in an environment mainly characteriomatically moved under one alpha detector coupled to a

ized by fields and forest but one should note the presence dphoto-multiplicator. Totakr radioactive decay is measured

a TV transmitter antenna (73 m high) close to the station, a€Ve"y 10 min over the span of one hour. The measurement

the top of the mountain. The nearest city, Clermont-Ferrand®T0r i estimated to be 10 to 20% (Polian et al., 1986). A

(300 000 inhabitants), is located 16 km east of the mountainCOMTection is performed on the c.qlcglat?&Rn Z?gévities to
A more complete description of the station can be found inconsider the radioactive disequilibrium betweenRn and

Asmi et al. (2011) and Freney et al. (2011). its short-lived daughters. A disequilibrium factor of 1.15, like
the one estimated by Schmidt (1999) for a similar mountain

2.2 The Air lon Spectrometer (AIS) station at Shauinsland, Germany, was used for correcting the
data.

The ion size distributions were measured with (N)AIS
(Airel Ltd., Mirme et al., 2007, Mirme and Mirme, 2013) 2.4 Auxiliary measurements
which allows ion detection in the mobility range 0.0013—
3.2cnfV-1s1 corresponding to mobility diameter, i.e. In addition to the AIS size distributions, auxiliary measure-
Millikan diameter, of 0.8—-42 nm (Makela et al., 1996). Dur- ments were used in the current study. Routine meteorological
ing the whole measurement period, three different instru-parameters such as wind speed and direction, temperature,
ments were used, the AIS 7, NAIS 3 and NAIS 13. From pressure and relative humidity are continuously recorded at
February 2007 to the end of 2010, the instrument was opthe station. The aerosol particle number size distributions
erating in a shelter, with a short inlet (length 30 cm, inner (10—420 nm) were measured with a Scanning Mobility Parti-
diameter 3cm), sampling approximately 2 m high from the cle Sizer (SMPS). The hygroscopic properties of the aerosol
ground. At the end of 2010, the instrument moved onto theparticles were obtained from a Hygroscopic Tandem Differ-
roof of a station located close to the temporary shelter, samential Mobility Analyser (HTDMA). The SMPS and the HT-
pling 11 m high from the ground with the same individual DMA are both custom-built instruments and were operating
non-heated short inlet. For the two different measuremenbehind a Whole Air Inlet (WAI) with a cut-off size of 30 um.
setups, one should note that measured ion size distributionslore detailed explanations on the SMPS and the inlet sys-
were directly influenced by the presence of a cloud. tem can be found in Venzac et al. (2009) and complemen-
The AIS has two identical, cylindrical Differential Mobil- tary information on the HTDMA is available in Duplissy et
ity Analyzers (DMA) for the simultaneous measurement of al. (2009). In-cloud conditions were filtered out by using ei-
positive and negative ions. Each analyser has a sample flowher liquid water content (LWC) measurements or RH data
rate of 30 L mimr? and a sheath flow rate of 60 L mih. Such ~ when LWC measurements were not available. The limit value
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RH =98 % was used to distinguish in-cloud and out-of-cloud
conditions.

2.5 Data analysis
2.5.1 The simplified balance equation for small ions

The initial balance equation for the small ions concentration
originates from Israél (1970):

drlgE

™ > Beldp. )N (dp.q)ddp, (1)

=04+ —ongny — ni/
d 1T

whereQ is the positive or negative ion production rate,

is the concentration of positive or negative small ianis the

ion-ion recombination coefficieng. (dp, ¢) is the small ion-

aerosol particle attachment coefficieqtis the charge of the

aerosol particle and/ (dp, ¢) is the concentration of aerosol

al.: Long-term observation of cluster ions at Puy de Déme

where the aerosol particle diameiigiis given in nanometers.

In this study, the aerosol ion sink was calculated by exclu-
sively using the SMPS aerosol size distribution (10-420 nm).
This can be argued for by the fact that the median contribu-
tion of larger particles (0.45-17.5 pm) to the ion sink (cal-
culated between February 2010 and December 2011 from an
Optical Particle Counter (OPC) size distributions) only rep-
resented a fraction of 1.23 % and 2.08 % of the sink derived
from the SMPS, when considering dry and wet diameters, re-
spectively. The same observation was reported by Horrak et
al. (2008) in Hyytiala, Finland.

2.5.2 Nucleation events classification

The classification of event days was achieved visually us-
ing the contour plot of the positive and negative ion size dis-
tributions. Data were first separated into three main groups:
undefined, non-event and nucleation event days according to

particles. Equation (1) can be simplified under the assumpDal Maso et al. (2005). A closer analysis suggested by Yli-

tions that there are (1) small ions in a bipolar environment,Juuti et al. (2009) and based on previous work by Hirsikko

(2) equal concentrations of negative and positive small ionsgt al. (2007a) and Vana et al. (2008) was then performed to
and (3) symmetrical charging of aerosol particles. The resultclassify event days into different classes (la, Ib, Il and Bump)

ing simplified balance equation for cluster ions concentrationaccording to their applicability to a growth rate and a nucle-

is given by Hoppel et al. (1986): ation rate analysis:

dn — la: a continuous growth is observed from the cluster

()

2
= Q —an® — BeiiNion,

dr

wheren is the cluster ions concentratiofigr; is the effec-
tive ion-particle attachment coefficient amdo; is the to-
tal aerosol particle concentration. Two processes responsible

size (0.5 nm) up to particles larger than 20 nm;

— Ib: these events are weaker than la events and the
growth may be interrupted on some size ranges but the
growth rate analysis remains possible;

for the loss of small ions are taken into account in Eq. (2).
The first is the ion recombinationxf) while the second
represents the adsorption of small ions onto aerosol parti-
cles @BefiN1ot) and will be referred to as “aerosol ion sink”
(Sa) in the following sections. The calculation of the ion re-
combination sink was done using the common average value
of 1.5x 10-%cm®s~! for coefficienta in continental areas
(Hoppel et al., 1986). The loss of ions by ion-induced nucle-
ation is not considered in the balance equation for small ions.
In the case of steady state, the ionization rate can be derived
from Eq. (2):

— II: an event is clearly detected but the growth is defi-
nitely not regular and the shape of the size distribution
evolution is unclear. Further analysis of the event char-
acteristics is complicated or impossible;

— Bump: a burst of clusters is visible but it is not fol-
lowed by a significant growth and particle formation
process.

3 Results and discussion

0= 05”2 + Beft Niotn. 3)

3.1 New particle formation event statistics

The aerosol ion sink was calculated using a simple approXhe purpose of this section is only to discuss new particle
imation function from Tammet (1991) .and_ further improved ¢, mation (NPF) event frequency and type at the PDD station
by Horrak et al. (2008) for the single size ion-aerosol attach-in order to further examine the behaviour of cluster ions on
ment coefficientv (dp): event and non-event days in the next sections. Formation and
growth rate analysis are beyond the scope of this paper and
were performed in Boulon et al. (2011).

The monthly mean NPF event frequency at the Puy de
DOme is presented in Fig. 1, initially considering the whole
data set (in-cloud measurements will be excluded in the next
sections). A summary of the classification of the days into
event, non-event and undefined categories according to the

Sa = BettNtot = /w(dp)N(dp)ddp

dp
dp—1nm d
_ / D=2 % 1565 (dp)dd,
dp+5nm40nm
dp
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Table 1. Statistics on event, non-event and undefined days observed at the Puy de Déme (February 2007—February 2012). In case of even
days, additional statistics concerning the type of event are reported.

NPF event days Non-eventdays Undefined days
Number Frequency (%) Type of event (%) number number
la Ib 1II Bump

Winter 85 18 7 18 45 29 88 2

Spring 117 25 11 32 33 24 111 2

Summer 122 27 8 7 19 66 122 4

Fall 109 24 8 21 30 40 78 2

All seasons 433 23 9 20 29 39 414 10

NPF process. Hence, the aerosol particle growth during the
NPF process is likely to be less regular than at BL stations.
The influence of several atmospheric parameters as well
as air mass back trajectories on NPF event characteristics
at the Puy de Déme was previously studied by Boulon et
al. (2011). Only the relative humidity, the ozone concentra-
tion and the condensation sink showed significant differences
between NPF and non-NPF event days, with lower values on
- event days. The link between the occurrence of NPF events
and cluster ion properties will be discussed in the following
Fig. 1. Monthly mean nucleation frequencies at the Puy de Do6me.sections.
February 2007—February 2012, Puy de D6me.

3.2 Cluster ion concentration and size

season and for the whole measurement period is given in Talt is first important to note that during the five-year mea-
ble 1. The NPF event frequency on the entire data set wasurement period, no discontinuities in the cluster ion concen-
around 23.4 %, which is somewhat smaller than previouslytration that could be explained by the use of three different
reported (30.8%) in the studies by Boulon et al. (2011) orinstruments at two different places were detected. Figure 2
Venzac et al. (2007), performed on shorter time periods. Inshows the annual variation of the median concentration of
the present study, it was possible to distinguish three maximahe positive (upper panel) and negative (bottom panel) cluster
with frequencies equal or greater than 30 % (one in late win-ions obtained after filtering out the cloudy conditions. Based
ter/early spring, one in summer and one in late fall); in the on the five-year measurement period, both positive and neg-
previous work from Boulon et al. (2011), the same patternative cluster ions are always present at the Puy de Déme and
was observed but the maxima were slightly higher (aroundtheir monthly-median concentrations display similar annual
40 %) and they were obtained earlier in the summer and falltrends, with lower values in late winter — early spring. Neg-
Despite the fact that the influence of the event classificatiomative ion concentrations are on average slightly higher than
on cluster ion characteristics will not be deeply discussedpositive ones and they also spread over a larger range of val-
later in this study, the frequency of each class is given ac-ues, but considering the two polarities, the monthly-median
cording to the season and for the entire data set as additionabncentrations typically vary between 200 and 600&m
information in Table 1. Considering all the seasons, la events-or positive ions, the highest monthly-median concentration
are rare since they represent on average only 8.8% (7.1is 569 cn12 in November whereas the lowest is in March
11 %) of all events. In winter and spring, class Il events are(229 cnm3). For negative ions the highest concentration is
dominant with 44.7 and 33.1 %, respectively, while in sum- 566 cn 2 in August while the lowest is 189 ¢mi in Febru-

mer and fall, “bump-type” events are predominant with 65.6 ary. These values are in agreement with the previous study
and 40.4 %, respectively. When considering the whole meamade by Venzac et al. (2007).

surement period, “bump-type” events occur most frequently, Cluster ions appear to be ubiquitous in the atmosphere,
representing 39.3 % of the events detected at the station. Adnd this observation is not specific to the Puy de Déme (Hir-
altitude sites such as the Puy de D6me, air masses might natkko et al., 2011). A permanent pool of cluster ions was ob-
be homogeneous over the whole diurnal cycle, as they arserved in other high-altitude sites (Boulon et al., 2010), as
influenced alternatively by boundary layer (BL) air masseswell as in coastal stations (Vana et al., 2008; Komppula et al.,
and free tropospheric air masses. Moreover, the presence @007) or in continental areas (Kulmala and Kerminen, 2008;
clouds is frequent at the station, eventually interrupting theManninen et al., 2009). The annual variation of the cluster
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Fig. 2. Annual variation of cluster ion (0.8—-1.9 nm) concentration. Red line represents the median value, bottom and top sides of the blue
boxes symbolize the 25th and 75th percentile, respectively, and the extremities of the black lines stand for the 10th and 90th percentile.
Statistics are based on hourly median concentrations. February 2007—February 2012, Puy de Déme.

ion concentration at the Puy de Déme is similar to the an-Table 2. Median values of the ratio of positive to negative hourly
nual variation of positive cluster ions described by Boulon median cluster ions (0.8-1.9 nm) concentrationand determina-

et al. (2010) at the high-altitude station of Jungfraujoch, tion coefficients between positive and negative cluster ions concen-
Switzerland, but it differs from the annual variation observedration (). February 2007—February 2012, Puy de Dome.

in Hyytiala, which displays two maxima in August and Oc-

tober, and two minima in February and July (Hirsikko et al., Season Eventdays  Non-event days
2005). Moreover, cluster ion concentrations recorded at the , R2 R2

Puy de Déme are in general slightly lower than the concen- Winter 1.02 084 101 0.72
trations measured in Hyytiala (200-1500THfor both po- Spring 0.93 087 0.88 0.73
larities). However, cluster ion concentrations in spring at the Summer 097 052 091 0.53
Puy de Dome are comparable to the concentrations reported Fall 092 038 0.86 0.55

by Komppula et al. (2007) for the coastal station of Utd, Fin- Allseasons 0.96 0.63 0.91 0.66

land (2504 110 cnt 2 for positive ions, 280+ 120 cnt 3 for
negative ions).

We further investigated the cluster ion concentrations sep- It can also be seen from Table 2 and Table 3 that negative
arately for the different seasons. The entire data set includegn concentrations are in general slightly higher than positive
the equivalent of 842 available days of measurement in cleabnes, with an exception during the winter season which dis-
sky conditions which are distributed over the seasons as folplays very similar concentrations for the two polarities. It is
lows: 175 days in winter, 230 in spring, 248 in summer worth noticing that this difference is smaller on event days,
and 189 in fall. Furthermore, days were classified as “eventwhich display ratios of positive to negative cluster ion con-
day” or “non-event day” according to the detection of an centrations higher than 0.90 in all seasons. This result is in
NPF event or not and were analysed independently. Table 3greement with the previous study by Venzac et al. (2007)
presents the ratio of the positive ion concentration to the negat the Puy de Déme and supports other observations in dif-
ative ion concentration and the correlation between the conferent environments, for example Mace Head, Ireland (Vana
centrations of the two polarities. Table 3 gives more detailedet al., 2008) or Ut6 (Komppula et al., 2007). However, these
statistics on positive and negative cluster ion concentrationgbservations differ from what was reported from other sta-
separately for event and non-event days. The concentrationgons, for example Tahkuse, Estonia, where both Komppula
of positive and negative cluster ions are relatively closelyet al. (2007) and Hérrak et al. (2003) detected higher positive
correlated and the correlation is in general better on eventluster ion concentrations. At the Jungfraujoch station, lower
days, with determination coefficients ranging between 0.38negative cluster ion concentrations were also reported by
and 0.87 in different seasons. However, the correlation is nov/ana et al. (2006). According to the authors, lower pressure
as strong as the correlation of 93.6 % reported by Horrak etonditions at high altitude increased the mobility of cluster
al. (2008) in Hyytiala. ions, which could eventually exclude the smallest clusters
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Table 3. Statistics of the positive and negative cluster ion mode (0.8-1.9 nm) concentratian@in_, respectively) and mean diameter
(d+ andd_, respectively) in clear sky conditions. Calculations are based on hourly medians. February 2007—February 2012, Puy de Déme.

Winter

NPF event days
Median 25th% 75th%

Non-event days
Median 25th% 75th%

ny,cm3
n_,cm3
dy,nm
d_,nm

505 343 724
525 194 697
1.266 1.095 1.279
0.964 0.889 1.029

340 77 679
232 87 585
1.223 1.099 1.276
0.944 0.891 0.991

Spring

NPF event days
Median 25th%  75th%

Non-event days
Median 25th%  75th%

n4, cm‘3
n_,cms
d+, nm
d—,nm

392 255 597
428 303 609
1.256 1.209 1.297
0.953 0.875 1.010

322 193 495
359 225 514
1.247 1.010 1.302
0.912 0.846 0.972

Summer

NPF event days
Median 25th% 75th%

Non-event days
Median 25th% 75th%

ny,cm3
n—, Cm_3
dy,nm
d_,nm

511 388 614
496 330 705
1.273 1175 1.333
1.023 0.911 1.079

435 334 528
453 332 633
1.256 1.134 1.328
0.984 0.907 1.044

Fall

NPF event days
Median 25th% 75th%

Non-event days
Median 25th%  75th%

ny, cm 3
n_,cms
d+, nm
d—,nm

537 398 658
461 292 714
1.239 1.086 1.282
0.974 0.90 1.034

435 334 528

497 300 772
1.256 1.134 1.328
0.970 0.877 1.039

Whole measurement period

NPF event days
Median 25th%  75th%

Non-event days
Median 25th%  75th%

ny, cm-
n—_,cm-
d4,nm
d—,nm

502 343 641
474 296 679
1.253 1.125 1.302
0.976 0.889 1.042

435 334 528
409 230 616
1.234 1.088 1.295
0.952 0.863 1.020

from the measurement range of the instrument (especially ifrom the valley are often observed. This turbulence mixes
the air, which may hide or suppress the effect of the electric
The fact that at the Puy de D6me negative ions are, withfield, and thus partly explain why positive ions are not found
the exception of winter, slightly more numerous than posi-to be predominant.
tive ones, contrasts with what would be expected from the Figure 3 shows the diurnal variation of the positive ion
atmospheric electrode effect. Indeed, this effect predicts thatoncentration for the different seasons and separately for
in fair weather, higher positive cluster ion concentrationsevent and non-event days. No distinct diurnal variation is ob-
should be detected near the ground and up to a few meterserved for any of the seasons on non-event days. However, on
because of the negative charging of the Earth (Hoppel et al.event days, positive cluster ion concentration displays a max-
1986). At the Puy de Ddme, horizontal and vertical winds imum around 12:00 UTC time~{1 h local winter time) and

negative mode).
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Fig. 3. Diurnal variation of positive cluster ion (0.8—1.9 nm) concentratioifajrevent days an¢b) non-event days. Red line represents the
median value, bottom and top sides of the blue boxes symbolize the 25th and 75th percentile, respectively, and the extremities of the black
lines stand for the 10th and 90th percentile. February 2007—February 2012, Puy de Déme.
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Fig. 4. Result of the Mann—Whitney U test applied on positive cluster ion concentration from event and non-event days. Squares are colored
when the null hypothesis of samples with different medians cannot be rejected at the threshold of 5%. February 2007—-February 2012, Puy
de Déme.

on average, the concentrations appear to be slightly highewhole day in winter and spring and on a more restricted time
compared to non-event days. For negative cluster ions (figperiod in summer and fall. The last observation can be re-
ure not shown) it is hard to distinguish any clear diurnal vari- lated to the fact that “bump-type” events are predominant
ation of the concentration, both on event and non-event daysn summer and fall. Indeed, it appears that in the case of
The major difference between event and non-event days catbump-type” events, in all seasons, the positive cluster ions
be seen in winter and spring, which exhibit higher positive concentration displays clear differences on a well-defined
cluster ion concentrations during the whole day (Table 3).and restricted period during the day compared to non-event
In spring, the concentrations are increased by a factor in thelays. The most significant differences between event and
range of 1.10-1.47 on event days and in winter the increasaon-event days are in winter between 10:00 and 16:00 UTC
is even more pronounced with factors in the range of 1.51-with cluster ion concentrations 1.24 to 1.92 times higher on
2.86. event days. The lowest differences are in fall with small ion
In order to verify these last statements, the differences inconcentrations increased by a factor in the range 1.08-1.20
cluster ion concentrations recorded on event and non-everduring event days compared to non-event days. For the nega-
days were tested with the Mann—Whitney U test. Figure 4tive ions, the U test confirms that the concentrations between
shows that for positive ion concentrations, the null hypoth-event and non-event days are significantly different only in
esis of samples with different medians cannot be rejected atvinter and spring.
the threshold of 5%, at least during the time period 10:00—- Several articles have already reported higher positive clus-
16:00 UTC over all seasons. This means that on event dayger ion concentrations on event days, but none of them men-
positive cluster ion concentrations are significantly highertioned the use of a statistical test to confirm their observation.
than on non-event days. This is the case during almost th@oulon et al. (2010) found that positive ion concentrations

Atmos. Chem. Phys., 13, 115734594 2013 www.atmos-chem-phys.net/13/11573/2013/
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Fig. 5. Determination of the representative diameters of the positive and cluster ion thodedd_, respectively) by fitting a log-normal
distribution to the cluster ion size distributiafy. (respectivelyi_) corresponds to the location parameter (usually referred tp'gf the
corresponding log-normal distribution.

a)ws Winter b)15 Winter
e 14 LA e e S b e e e
2R80E00053380000000005040 ~[300880400808836007805090)
B 4567 09 N ZEMBETII9N ZAH D 3 4667 890N 2B E 71902 22324
Spring Spring
e T L —— s T
wz—?irY ‘E??EE?‘?
LL..- M

:
!
|
:
;
r——
—{H|
—-m
i
i
— 1
&
[Eramin
T
[ =
==
B e
——m
[
=L =T
VED
——I:EI
[l i
-—m
-—m
—1:1]
1
B
~D
4:1]
o
4:5
LD
H:D
(L |
iz e [

1234567 88 101M1213141516817 18192021 222324 123 45E7 89 101M121314151617 18192021 222324

Summer

Summer

Diameter (hm)

Diameter (nm)

123456 7890112131415 1617 1819202122 23 24 12345678 9101112131415161718192021222324
Time (UTC) Time (UTC)

Fig. 6. Diurnal variation of the positive cluster ion mode (0.8—1.9 nm) diametéapevent days an¢b) non-event days. Red line represents
the median value, bottom and top sides of the blue boxes symbolize the 25th and 75th percentile, respectively, and the extremities of the
black lines stand for the 10th and 90th percentile. February 2007—February 2012, Puy de Déme.

increased on average by a factor of 1.5 on event days bediurnal variation was more evident during the warm season,
tween 09:00 and 12:00 local time (LT) at the Jungfraujochbetween April and September. The same pattern for the di-
(JFJ) station. Horrak et al. (2008) measured average positivarnal variation of the cluster ion concentration with a maxi-
ion concentrations of 530cni on NPF event days versus mum during night time was reported for Hyytiala (Horrak et
424 cn1 3 on non-event days in Hyytiéla in spring. al., 2008) and K-Puszta, Hungary, in late spring (Yli-Juuti et
The diurnal variation of the positive cluster ion concentra- al., 2009). For these three BL stations, it is likely that small
tion with a stable minimum at night and a maximum aroundion concentration and radon activity have similar temporal
noon observed at the Puy de Ddme seems to be representativariations. One should note that the dynamics of the BL can
of high-altitude sites (Boulon et al., 2010), but it is clearly also impact the cluster concentration itself, by a concentra-
different from the diurnal variation observed in BL sites. In tion or dilution effect of cluster ions in the observed volume.
Tahkuse, the positive cluster ion concentration displayed a On the contrary, at high-altitude sites, the influence of sur-
maximum in the early morning (06:00-07:00 LT) and a min- face emissions (including radon) is higher during the daytime
imum around 18:00 LT (Horrak et al., 2003); moreover, this when the BL reaches the station or when katabatic winds

www.atmos-chem-phys.net/13/11573/2013/ Atmos. Chem. Phys., 13, 118715394 2013
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Fig. 7. Result of the Mann and Whitney U test applied on the positive cluster ion mode diameter from event and non-event days. Squares are
colored when the null hypothesis of samples with different medians cannot be rejected at the threshold of 5 %.

bring valley breezes to the station (Boulon et al., 2010). Forexhibits some differences in winter and spring. However, es-
the studies which focused on both positive and negative ionspecially in winter, the differences are only observed on very
the authors did not mention significant differences betweershort time periods during the day and they do not match well
the diurnal variations of the concentrations of the two polar-with the time period during which the NPF process takes
ities (e.g. Yli-Juuti et al., 2009). The dissimilarity in the dif- place. Thus, this observation suggests the link between the
ferent diurnal variations between the two polarities at the PuyNPF process and the increase of the negative ion size is weak,
de Ddme, especially in summer and fall on event days, howwhereas it appears to be potentially stronger in the case of
ever indicates that positive and negative cluster ions could b@ositive ions. A possible explanation could rely on the dif-
concerned by nucleation, but with unequal involvements inferent chemical compositions of the two polarities but an ac-
the process. curate chemical analysis would be necessary to confirm this
In order to study the evolution of the small ion mean size, ahypothesis.
log-normal distribution was fitted to the hourly median clus- ~ Similar cluster ion diameters were reported by Manninen
ter ion size distributions to obtain the representative diame-et al. (2009) in Hyytiala (1.1-1.3 nm), with slightly smaller
ter of the mode. This diameter corresponds to the locatiornvalues for the negative polarity. Boulon et al. (2010) observed
parameter of the log-normal distribution (usually referred toan increase in the cluster ion concentration and a shift of
as “u” in the literature). In the following, the representative the cluster ion mode diameter to larger sizes during the new
diameter of the cluster mode will be referred talasandd particle formation processes on event days at the Jungfrau-
for positive and negative ions, respectively. An illustration of joch station. Based on these observations, the authors sug-
the fitting process for the determinationdbf andd_ is given ~ gested that the formation of new clusters occurred during
in Fig. 5. Table 3 reports statistics of mean diameters for theNPF events.
two polarities separately for event and non-event days. Neg- We have demonstrated so far that at the Puy de Déme, pos-
ative ions appeared to be significantly smaller than positiveitive and negative cluster ions showed different behaviours,
ones as/; was typically in the range 1.2—-1.3 nm, whife both in terms of concentration and size. Particularly, contrary
was in the range 0.9-1.1 nm. to observations reported from some previous studies (Wil-
Figure 6 shows the diurnal variation @f separately for helm et al., 2004; Laakso et al., 2007; Enghoff and Svens-
the different seasons and for event and non-event days (figunmark, 2008), at the Puy de Déme, positive cluster ions ex-
not shown ford_). For positive ions, no major difference can hibited more variation in their properties (concentration and
be seen between the different seasons, whereas for negatigéze) between event and non-event days compared to nega-
ions, the diameters are smaller in winter and spring, espetive ones. This observation suggests that positive cluster ion
cially on non-event days (Table 3). On event days, the diur-characteristics might be more significantly impacted by the
nal variation ofd, shows a maximum around noon, which is occurrence of a NPF event than negative ones. Hence, we
not detected on non-event days; as a consequence, the diameill now focus exclusively on positive cluster ions for the
ter of the cluster mode is significantly larger around noon onrest of the present study.
event days (Figs. 6 and 7) compared to non-event days. For First, since event days are characterized by an increase of
negative ions, no diurnal variation in the median diametersboth the positive cluster ion concentration and mode diame-
can be seen except on event days in summer with a signifiter, we shall investigate if the increase of the concentration
cant maximum around noon, which displays median valuess not a consequence of the increase of the cluster diame-
increased by a factor of 1.09 compared to hourly morningter. Indeed, the measured small ion concentrations could in-
median values. crease on event days, not because the concentration of the
The result of the U test applied on negative ion diameterscluster ion mode is changing but only because the fraction
shows that these differences between event and non-evedetected by the instrument is larger since ions are getting big-
days are statistically confirmed in summer. The U test alsoger. Figure 8 shows the hourly median cluster ion mode size
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Puy de Déme.

distribution at 06:00, 12:00 and 18:00 UTC on event and non-specificities in terms of both the size and the concentration
event days. The critical size range to study in order to rejecbf positive small ions.

the possibility of an artificial increase of the cluster ion con-
centration due to the sizing limit of the AIS is in the left most
part of the size distribution. The small ion concentration cor-
responding to the diameter 0.82 nm does not show any impor-

tant diurnal variation on event days compared to non-even8.3.1 Dry and wet sink due to background aerosol

days; for this size class, the most significant change is ob-

served on event days in winter when the hourly median smalfThe sink due to background aerosol, referred to as aerosol
ion concentration rises from 6.18 crhat 06:00t0 7.99cm®  jon sink, was first estimated by using the dry diameters of
at12:00 UTC. Even in this case, the increase is far too weakhe SMPS size distribution. For each season, Fig. 9 repre-
to explain the global increase of the cluster ion concentrationsents the median diurnal variation of the dry aerosol ion sink
on event days. Thus, an artificial increase of the cluster ion(sajry) on the left plot and hourly median size distribution of
concentration due to sizing limits of the instrument can bethe aerosol ion sink at 06:00, 12:00 and 18:00 UTC on the

rejected. right plot. The lowest dry aerosol ion sinks are in the range
Most of the modifications on the size distribution are ob- of 1.19x 1073-3.75x 10~3s1 in winter while the highest

served for ions larger than 1.26 nm. On event days duringare in the range of 4.62 103-8.87x 10~3s~1 in spring.

the time period 06:00-12:00 UTC, the concentration of smallin winter and fall, the dry sink shows the same diurnal pat-
ions in the size range 1.26-1.94nm is increased by a factern, being almost constant until 12:00 UTC with compara-
tor between 1.14 in spring and 1.36 in winter. For the sameple values on event and non-event days. The diurnal varia-
size range, ion concentrations are decreased by factors ifion of the dry sink displays a maximum around 15:00 UTC
the range 1.13 (spring) — 1.53 (winter) between 12:00 ancbn non-event days and later at 17:00-18:00 UTC on event
18:00UTC and the resulting size distribution is very simi- days. During the afternoon, the sink is increased by a factor
lar to the size distribution at 06:00 UTC. These observationsof 1.93, both on event and non-event days in fall, while in
suggest that both formation and growth of positive clusterwinter the increase is even more important on event days (a
ions do occur during the nucleation process on event daysactor of 3.16 on event days versus 1.68 on non-event days).
in the morning; a large fraction of these clusters is then |OStC0nceming spring and summer, the sink seems to be higher
later in the afternoon (the effect of different sinks will be on non-event days, but this observation will be discussed in
discussed in the next section). At the Jungfraujoch stationthe following section using the U test. The diurnal variation
Boulon et al. (2010) also reported a shift of the positive clus-of the dry sink shows a minimum around 07:00 UTC and a
ter mode diameter to larger sizes and an increase of the pognaximum at 11:00 UTC on non-event days; the maximum
itive cluster ion concentration on event days. Hence it seemss reached later on event days, after 15:00 UTC. The max-
that, at least for high-altitude stations, NPF events do havémum sink value is typically 1.3-1.4 times higher than the

3.3 Positive cluster ion loss and production
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Fig. 9. Aerosol ion sink based on dry SMPS size distributiofajwinter, (b) spring,(c) summer andd) fall. For each season, the figure on
the left represents the diurnal variability of the median sink; the figure on the right represents the hourly median size distributions of the sink
at 06:00, 12:00 and 18:00 UTC. February 2007—February 2012, Puy de Dome.

minimum value. The most significant difference is on eventTable 4. Coefficients of the gamma parameterization written as

days in spring, with multiplying factors around 1.9. y = —aldTpm —b. R? is the determination coefficient between the
The diurnal variations of the dry aerosol ion sink discussedy obtained from GF measurements and the corresponding parame-

above are comparable to the diurnal variations of the CPQerized values.

median concentrations reported by Venzac et al. (2009) at

the Puy de Déme. On event days, the increase of the ion Season a(x107%) b(x107?) R?

sink during the daytime can mainly be attributed to the NPF Winter  3.944 6.694 0.9920
process, while on non-event days it is more likely the pre- Spring 5.603 6.796 0.9628
existing aerosol particles contained in the BL reaching the Summer 5.505 7.369 0.9861
site which are responsible for the increase of the ion sink Fall 4.712 9.285 0.9960

during the afternoon. This last hypothesis is supported by the
size distributions of the aerosol ion sink presented in Fig. 9.
Exceptin fall, the three hourly median size distributions from from Zhou et al. (2001) and already used in several studies
non-event days superimpose well with each other, which sig{Hgrrak et al., 2008; Laakso et al., 2004):

nifies that the size distribution of the dry sink does not evolve

during the daytime. Thus, the increase of the ion sink is notgp_ dwet _ (1_ ﬁ)y . (5)
linked to a growth process of aerosol particles. On the con- ddry 100

trary, we can observe that on event days, the ion sink size dis1-_he exponeny, is a function of particle size and was param-

tribution measured at 18:00 UTC significantly differs from . ) .
the size distributions measured at 06:00 and 12:00 UTC, es?te”ZEd from the particle GF measurements of monodisperse

: Lo - aerosol samples (25, 35, 50, 75, 110, 165nm) at RH=90 %
Il t d fall. Th tribut f the | t : " . i
pecialy Ih winter and fa e confribution of 'n€ ‘arges carried out at the Puy de Déme during the period October

particles to the sink increases throughout the day. This sug: L X
gests that on event days the NPF process mostly influence OeofaghDse;aegaﬁrn%ﬁéiamma parameterizations are given
the sink variations with particle growth. . ' .

P g The resulting values of the growth factor are shown in

Since the effect of the hygroscopic growth of aerosol par-F_ 10 and dt i ied out at the P
ticles has been reported to be significant on aerosol ion sink 9. 1Yand compared 1o measurements carried out at the =uy

0 i I iditi 0 0, 0
and further on ionization rate calculations by Horrak and co-de Dome at different relative humidities (40 %, 60 %, 80 %

workers (2008), we made new calculations of the aerosof"md 90 %) during the same time period. As one could expect,

000 o . i
sink by calculating wet diameters from the SMPS size distri-& RH=90%, the parameterization fits wel! with the mea
bution. In order to estimate the dependence on ambient re|§urements. Decreasing the RH, the calculation and measure-

ative humidity (RH) of the hygroscopic growth factor (GF) ment ollo_n(z:]_matchIWfll. Several hypothtes_es <t:_an k.Je pl;(t)pos(ejd
of aerosol particles, we used a parameterization originatin O explain this gap: (1) gamma parameterization 1S obtaine
t RH =90 %, which can lead to some discrepancies for lower
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Fig. 10. Growth factor parameterization as a function of particle size and relative humidity (black=40%, green=60%, red =80 %,
blue =90 %). Mean measurements and standard deviation are given for the comparison (triangles); the colours correspond to different relative
humidities and respect the code previously defined. February 2007—February 2012, Puy de D6me.

ambient humidity and (2) for RH <90 %, measurements areleast on non-event days. Based on the median values in Ta-
very rare, so the comparison must be done carefully. For dible 5, the wet aerosol ion sink appears to be similar on event
ameters above 300 nm, we obtain GF values larger than 2 and non-event days during the cold season whereas during
RH =90 % in spring and summer, which seems to be slightlythe warm season, the sink is on average increased by a fac-
overestimated since it is relatively close to the value of 2.4tor of 1.25 on event days compared to non-event days. In
reported for pure NaCl ai, = 300 nm (Hameri et al., 2001). order to verify the previous observation, we further inves-
Because patrticles larger than 300 nm do not represent thégated the differences of the wet aerosol ion sink between
major fraction of the aerosol ion sink (Fig. 9), we assume thatevent and non-event days with the U test of Mann and Whit-
the overestimation of the GF for the largest diameters shouldiey. It appears that no significant changes in ion sink values
not dramatically impact our estimations of the wet aerosolcan statistically be confirmed for any of the seasons.
ion sink. Based on Fig. 9, the largest contribution to the ion
sink comes from particles in the size range 100 - 300nm,3.3.2 lonization rate calculation from the balance
for which we obtain GF values between 1.27 and 1.73 at equation
RH=90%. These values appear to be comparable with the S ]
values reported by Hameri et al. (2001) under the assump-—rhe values of the positive |on|za_t|on rat@) were derived
tion of “more hygroscopic particles”. For RH> 90 % the pa- f_rom Eq. (_3) and are prese_nted in Table 4. It should be no-
rameterization seems to widely overestimate the GF (figurdiced that instead of assuming equal concentrations for posi-
not shown); Harrak et al. (2008) also reported that the use of Ve and negative ions, we used the measured concentrations
the model was critical for RH>90 %. Thus, we decided to for each polarity. It can be seen that both positive and nega-
exclude all the data points corresponding to RH > 90 % wheriive cluster ion Conqentrations reported in Table_ 4 are higher
taking into account the effect of the hygroscopic growth in than the concentrations reported in Table 3, which is not sur-
the balance equation for small ions. prising sinpe RH > 90 % were filtered out in Table 4. Indeed,
Statistical values of the factors of the small ion balancefod and high moisture were reported to cause the loss of
equation, including the wet aerosol ion sink, are presenteMall ions in many studies (e.g. Venzac et al., 2007; Horrak
in Table 5, separately for the different seasons and for evengt al-, 2008). Considering all the measurements, the median
and non-event days. Considering all the measurements, thélues of the positive ionization rate are in the range 1.58—
median wet aerosol ion sinkSéye) varies in the range of 3-90 cn3s~1. The lowest values are in winter and spring
1.4% 10-3-10.6x 10-3s~L. The lowest values are found @and the highest values are in summer and fall.
during the cold season (winter and fall) and the highest val- Based on the median values presented in Table 5, the
ues during the warm season (summer and spring). As merjonization rate displays similar values on event. anq non-
tioned before, the increased boundary layer height during th&€vent days for all seasons except summer, which is char-

warm season can explain the high values of the ion sink, aficterized by median ionization rates 1.18 times higher on
non-event days compared to event days. A deeper analysis
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Table 5. Statistical values of the wet aerosol ion silafet), the ion loss due to ion recombinatian £+.), the positive and negative cluster
ion concentrationsn(y andn_, respectively) the total concentration of aerosol partiché} the ionization rate @) and the ratio of ion
loss due to recombination to total ion lossA_/(an+ + Sawet)). All the values are given for RH <90 % and were calculated from hourly
medians. February 2007—February 2012, Puy de Déme.

Winter
NPF event days Non-event days
Median  25th perc. 75th perc. Median 25th perc.  75th perc.
ny, cm3 541 403 761 659 424 845
n_, cm3 571 320 750 567 279 793
N,cm3 1103 680 1911 845 445 1382
Savet, 10351 1.9 1.0 3.6 1.4 0.7 34
an_,1073s71 0.86 0.48 1.1 0.86 0.42 1.2
0,cm3s71 1.58 1.07 2.63 1.61 1.01 2.39
an,/(anf + Sawet) 29% 15% 50 % 30% 13% 56 %
Spring
NPF event days Non-event days
Median 25th perc. 75thperc. Median 25thperc. 75th perc.
ny,cm3 465 268 622 360 204 518
n_, cm3 460 322 626 378 227 538
N, cm3 3202 1912 4984 2931 1596 4214
Sawet, 103571 8.6 5.1 12.9 10.6 6.2 15.9
an_, 103571 0.70 0.49 0.95 0.57 0.34 0.81
0,cm3s71 2.58 1.24 4.82 2.83 1.38 4.31
om_/(om_ + Sawet) 5.9% 2.6% 11% 3.5% 1.9% 7.6%
Summer
NPF event days Non-event days
Median 25th perc. 75thperc. Median 25th perc. 75th perc.
ni, cm3 521 412 626 454 367 540
n_,cm3 504 346 718 466 347 645
N, cm3 3252 2353 4184 3531 2444 4304
Sawet, 103571 7.8 4.7 10.3 9.9 6.8 13.9
an_,103s71 0.76 0.53 1.1 0.70 0.52 0.97
0,cm3s71 3.90 2.30 4.82 4.61 3.03 6.40
an,/(an, + Sawet) 5.8% 3.3% 9.8% 5.8% 3.3% 8.8%
Fall
NPF event days Non-event days
Median  25th perc. 75thperc. Median 25th perc.  75th perc.
ni,cm3 549 421 659 505 392 626
n—, cm3 466 291 726 497 317 777
N,cm3 2452 1406 3458 2024 1225 3042
Sawet, 103571 6.1 3.0 9.6 6.1 2.9 9.7
an_,103s71 0.71 0.44 1.1 0.75 0.48 1.2
0.cm3s71 3.48 1.98 6.01 3.64 2.19 5.53
an_/(an_+Sawer) 10% 5.1% 20% 11% 6.2% 22%

of the ionization rate with the U test concludes that dif- by Komppula et al. (2007) in Ut6 (3cnis™1) and in
ferences are significant only in summer between 09:00 andahkuse (2.6 cm®s™1) in spring. They are also similar to
24:00UTC. The ionization rates at the Puy de Ddme arethe values reported for Hyytidla by Laakso et al. (2004) in
on average comparable with the ionization rates reportedpring (2.63cm3s™1) or by Schobesberger et al. (2009)
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Fig. 11. Sensitivity analysis fofa) the growth factor (GF) estimatioifp) the wet aerosol ion sinkS@yet) and (c) the ionization rate (Q)

when the parameterizedvalues are increased by a factor of 2 (blue) or decreased by a factor of 2 (red). Multipliers are given as a function of
relative humidity(a, b, c)and particle siz€a, b). For (a) and(b) the lightest bars represent the multipliers for the smallest particle diameter

(20 nm), the medium bars represent the mean multipliers for the size range 100-300 nm and the darkest bars represent the multipliers for the
largest particles (420 nm).

(3.38cm3s 1 and 3.28 cm3s~! for positive and negative  well for RH <90 %, we studied the uncertainty propagation
ions, respectively) for the period March—December 2008. from the gamma parameterization to the calculation of the
However, it seems that large discrepancies can occur beon sink and production as a function of humidity (Fig. 11).

tween ionization rates derived from the small ions balanceThe sensitivity test is in the form of factors that should mul-
equation and the measured ionization rates (Franchin, 2009iply the values of the studied parameters when multiplying
Schobesberger et al., 2009). For example in Hyytiala, Laaksgblue) or dividing (red)y values by 2. For the growth fac-
et al. (2004) reported measured values 1.7 times higher thator and the wet aerosol ion sink, the sensitivity is given ac-
calculated values for the same period. As a possible explaeording to the size of aerosol particles (10 nm, 100—-300 hm,
nation, the authors suggested that some sinks were missird20 nm). All the calculations are detailed in Appendix A.
in the balance equation. The loss of ions by ion-induced nu- Figure 11 shows that uncertainties increase with ambient
cleation or deposition on vegetation could be part of them.relative humidity but the strongest effect comes from the par-
Franchin (2009) also suggested that discrepancies betwesitle size. For the growth factor and the aerosol ion sink, in
calculated and measured ionization rate could be explainethe size range below 300 nm the multipliers never exceed
by the chosen range of ions included in the balance equatior,..72 when using maximum gamma or 0.77 when using min-
since ionization could obviously happen for bigger particlesimum gamma at RH =95 %. However, for all the seasons ex-
which were not taken into account in the equation. cept winter, high uncertainties are observed for the largest
At the Puy de Déme, the sink of small ions is often dom- particles (around 420 nm), even at RH =80 % with multipli-
inated by the aerosol ions sink, but the loss of ions due teers larger than 2 or smaller than 0.6. At RH=95% for the
ion recombination can represent up to 29 % of the total losssame size the multipliers are larger than 6 or smaller than
on event days in winter. The values of the recombination0.4. Even if Fig. 9 shows that the major contribution to the
sink (@n_) reported in Table 5 were obtained assuming theaerosol ion sink does not come from the largest sizes but from
recombination coefficiente=1.5x 10 6cm®s~1. For the the size range 100-300 nm, the high uncertainties obtained
warm season, the ion recombination only represents arountbr the largest sizes at RH=95% are an additional sup-
6 % of the total ion loss, which is partly due to the fact that port for ignoring data points with RH>90 %. At RH =90 %,
high Sayet values are recorded at the same time. These fracthe uncertainties reported on Fig. 11 are not fully realis-
tions are in agreement with the values reported by Tammetic; since they parameterization was derived from measure-
(1991) for continental areas. ments at RH =90 %, it seems exaggerated to consider multi-
As previously mentioned in Sect. 3.3.1, growth factor cal- plying/dividing factors up to 2 foly. For both the wet sink
culations were made under the assumption that the exponeuind the calculated source at RH <90 % anddpx 300 nm,
y was not dependent on ambient relative humidity. Sincethe multipliers never exceed 2 and 0.5. Moreover, we must
measured and calculated GF values did not always matckeep in mind that these uncertainties can be considered as

www.atmos-chem-phys.net/13/11573/2013/ Atmos. Chem. Phys., 13, 118715394 2013



11588 C. Rose et al.: Long-term observation of cluster ions at Puy de Déme

maximum since extreme multiplying factors were applied onimation, assuming it was not driving the daily variation of the
y values. total ionization rate. The latter approximation was supported
The results presented in the previous sections lead to thby several studies (Laakso et al., 2004; Hirsikko et al., 2007b;
conclusion that positive small ion properties (size, concentrafranchin, 2009) who showed that the contribution of exter-
tion) are significantly different on event and non-event daysnal radiation was certainly important but not responsible for
but the aerosol ion sink and the ionization rate only show sig-the observed daily variation of the total ionization rate, which
nificant differences in summer. At this stage it is thus difficult was mainly caused by the radon contribution.
to link small ion properties to ion sink and production. Thus, Figure 12 shows the ionization rate derived from the bal-
in order to investigate the relevance of the positive ionizationance equation @¢ac) versus the ionization rate obtained
rate values derived from the balance equation, we compareftom radon measurements and galactic cosmic rays (GCR)
them with ion production rate estimations from radon mea-estimations Qmead as a function of the time of day. On av-
surements. The results related to these estimations are digrage, the measured and the calculated ionization rates are
cussed in the following section. of the same order of magnitude and display the same tem-
poral variations at the intra-seasonal scale. In winter and
3.3.3 Estimation of the ionization rate based on radon spring, the ionization rates derived from the balance equa-
measurements tion are slightly smaller than the ionization rates derived
from radon measurements, and the difference does not ap-
The main sources for the small ions in the atmosphere ar@ear to be time dependent. Thus, it seems that in winter
airborne radionuclides (mainly radof?Rn) and external and spring, both on event and non-event days, we underes-
radiation (cosmic radiation and gamma radiation from thetimate the ionization rate when using the balance equation.
ground). Sincé?Rn is continuously monitored at the Puy This could be explained by a misestimated calculated sink.
de Dbme, it was possible to have an estimation of the contriin summer and fall, the ionization rates derived from the bal-
bution of this radionuclide source on the ion production rate.ance equation are typically slightly higher than the ioniza-
The ionization attributable to tH&?Rn was derived from the tion rates derived from radon measurements. Moreover, the
222Rn concentration using the decay scheme (three alpha andifferences between calculated and measured ionization rates
two beta) and energies from Zhang et al. (2011), assumingpread over a larger range of values compared to winter and
that 222Rn was in equilibrium with its short-lived progeny spring but they are still not dependent on the time of day.
and that 34 eV were needed for the production of one ion We must keep in mind that these seasonal differences be-
pair. tween measured and calculated ionization rates do not in-
The seasonal variability 22Rn activity at Puy de Déme  clude the gamma radiation contribution and thus might not be
is characterized by lower values during wintertime when airquantitatively correct. However, since significant variations
masses are more representative of free tropospheric condin gamma radiation are only seen on the seasonal scale (Hir-
tions. In winter, monthly mearf?2Rn activity concentra-  sikko et al., 2007b; Franchin, 2009), an additional gamma
tions are lower than 1 Bqn¥, while they range from 1 to radiation contribution t@measwould essentially lead to add
2.5BqnT 2 in other seasons. In winter, no significant diurnal an almost seasonal constant offset to the differefgge—
cycle of the radon activity is observed whereas during otherQmeas The latter point is further discussed in the following
seasons, the mean diurnal cycle shows an increase betwesection. It is worth noticing that when considering all the
8:00 and 10:00 UTC, with an average amplitude for the diur-seasons together, both event and non-event days, we obtain
nal cycle of 0.43 Bqm?3 (Lopez, 2012). This increase corre- Qcal—Omeasin the range of 0.1%2.26 cnt3s1,
sponds to the rise of the atmospheric boundary layer above Figure 12 suggests that the fraction of the total ionization
the altitude of the station. Similar variability was previously rate due to radon does not differ between event and non-
described at the mountain site of Schauinsland (Schmidt eevent days. The confirmation is given by thletest (figure
al., 1996). not shown) for all seasons except summer. In summer, the
Concerning the cosmic radiation, there was no measureradon contribution appears to be significantly different on
ment available at the Puy de Dédme. Even if cosmic radiationevent days compared to non-event days from the time period
is known to be influenced by solar modulation (with a peri- 08:00-18:00 UTC but a closer look at the radon contribution
odicity of 11 years) and by latitude modulation (Hensen andreveals that it is lower on event days. Thus, since radon con-
Van der Hage, 1994), the use of 2 ion pairchs " asanav-  centrations are not increased on event days compared to non-
erage value seemed to be applicable at ground level (Hensegvent days, it seems that radon is not the determining source
and Van der Hage, 1994; Yu, 2002; Usoskin et al., 2004).for the excess small ions contributing to nucleation on event
However, since the pressure at the Puy de Déme is aroundays.
0.86 bar, the value of 2 ion pair cths~! was decreased to We have shown so far that positive cluster ions were more
1.7 ion paircnm3 s, numerous on event days compared to non-event days but nei-
For gamma radiation, since we had neither measuremerther the sources nor the sinks seem to be able to explain these
nor estimation, we ignored this contribution on a first approx- differences. Concerning the source and sink derived from the
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Fig. 12. Positive ionization rate derived from the balance equation versus estimated ionization from radon measured at the Puy de Déme
(February 2007—February 2012) and GCR estimation as a function of time. NPF event days and non-event days are plotted separately (dot:
and crosses, respectively).
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Fig. 13. Positive ionization rate derived from the balance equation versus estimated ionization from radon measured at the Puy de Déme
(February 2007—February 2012) and external radiation contribution (ie., GCR and gamma radiation) as a function of time. NPF event days
and non-event days are plotted separately (dots and crosses, respectively).

balance equation, the more plausible explanation comes frorence can be seen between event and non-event days. Thus
an inappropriate use of the equation due to an imbalancé& seems that we are missing an additional source for clus-
between ion sources and sinks which might occur on eventers on event days. If gamma radiation shows seasonal varia-
days, leading to the fact that the steady state is not verifiedtions, we must believe that these variations are not significant
When considering measured ionization rates, no more differenough from one day to another to explain the excess of ions
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on event days. The hypothesis of cluster ions formed during sink at some stations (e.g. Laakso et al., 2004). However,
ing nucleation events occurring simultaneously down in thethe forest which surrounds the Puy de Dédme is mainly com-
valley and transported to the station also has to be rejecteghosed of deciduous trees, which could only justify an addi-
Indeed, there is no reason for radon not to be transported wittional sink from late spring to mid-fall. No constant sink able
clusters. Since we do not detect an increase in the radon cone explain the large differences betwe@gc and QO meashas
centration on event days, we must believe that the influencget been identified.

of the valley on cluster concentration is low. Thus, the addi-

tional source responsible for the excess of ions on event days

has not yet been identified. 4 Conclusion
3.3.4 Sensitivity study on the external radiation We investigated the behaviour of cluster ions (mobility
contribution to the measured ionization rate greater than 0.5 cAiV~1s™1) in clear sky conditions at the

Puy de Déme station. Concentrations were analysed with re-

As previously mentioned, there was no measurement of thepect to the season and to the occurrence of a new particle
external radiation contribution to the ionization rate availableformation event. We used a data set which spread over five
at the PDD, which lead us, on a first approximation, to ne-years (February 2007—February 2012), leading to 800 days
glect the contribution of gamma radiation to the ionization of measurement.
rate. The aim of this section is to further investigate the influ- At the Puy de Déme, the nucleation frequency was around
ence of the gamma radiation contribution on the quantitative24.5% and displayed an annual variation with three max-
estimations of the ionization rate. ima (one in late winter/early spring, one in summer and one

For that purpose, we used measurements of the externah fall). Class Il events were found to be dominant in win-
radiation dose rate (gamma radiation from the soil and GCR}er and spring (44.7 and 33.1 %, respectively) while “bump-
from the Basic Environmental Observatory (BEO) located attype” events were most significant in summer and fall (65.6
peak Moussalain Rila mountain (2925 m a.s.l.), Bulgaria. Inand 40.4 %, respectively).
their paper, Mishev and Hristova (2011) reported seasonal The monthly medians of the cluster ion concentrations
variations of the dose rate, with higher values in summer andvere fluctuating typically between 200 and 600¢hand
fall. These observations are consistent with other studies corpresented an annual variation with lower values in spring.
cerning BL stations (Hirsikko et al., 2007b; Franchin, 2009). Positive small ions were less numerous on average than neg-
The authors explained the seasonal variations of the dose ratgive ones. The negative cluster ion concentration did not dis-
by the increased moisture and the snow cover of the soil durplay any diurnal variation whereas on event days, the positive
ing winter and spring, which affect especially gamma radia-cluster ion concentration exhibited a maximum around noon.
tion from the ground. Using the Mann—-Whitney/ test, we showed that during the

We calculated ionization rates from the BEO seasonal avtime period 10:00-16:00 UTC, positive cluster ion concen-
erage dose rate values by assuming again that 34 eV wergations were significantly raised by a factor of 1.12-1.76
needed for the production of one ion pair and air den-during event days compared to non-event days at the same
sity of 1.29kgnt3. The contribution to the ionization rate time period. The diameter of the positive cluster ion mode
from external radiation that we finally obtained was 10.09, did not show any clear annual variation, with a median typi-
9.74, 11.76 and 11.14crs ™1, for winter, spring, sum- cally around 1.2-1.3nm. On event days, the median diame-
mer and fall, respectively. These values are significantlyter of the positive cluster ion mode increased around noon
higher than the ionization rates derived from radon mea-compared to non-event days during all seasons. From the
surements only, which display average values in the rangaize distribution study, we showed that the diameter increase
0.94-1.57 cm3s~1 for the different seasons. These values could not explain the rise of positive ion concentration de-
are quite similar to the ionization rates reported by Franchintected by the AIS, and we concluded that both positive ion
(2009) in Hyytidla: the median total ionization rate over the size and concentrations were significantly modified on event
whole measurement period (March 2000-July 2007) wasdays during the time period of interest for the nucleation pro-
10.12 cnr3s~1, with a contribution from Rn activity in the cess.
range 4-18 %. The loss of cluster ions on aerosol particle was found to

If we consider again the differenc@cac—Qmeas With be predominant compared to the ion recombination, which
Omeas including now the radon and the external radiation on average did not exceed 29 % of the total ion sink. The
contribution from BEO, we obtain an average value of median aerosol ion sink derived from the SMPS size dis-
—8.90+2.07cm3s~1 for all the seasons (Fig. 13). If we tribution, considering wet aerosol particle diameters, varied
assume thafmeasis Well estimated, the previous result sug- in the range of 1.4 103-10.6x 10~3s~1 with the high-
gests that we consistently miss a sink in the balance equatiorgst values during the warm season due to enhanced dynam-
both on event and non-event days. Several studies suggestés of the BL. The median values of the positive ionization
that dry deposition on vegetation could be part of the miss-—rate derived from the balance equation were in the range
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of 1.58 — 3.90 cm®s~1 with the highest values in summer

S . Sa ifi
and fall. The ionization rates derived from the balance equaSayet multipliers= 24wet modified

tion (Qcal) were compared with a direct estimation of the Sawetinitial

ion source Omead from 222Rn measurements and a constant dp-GFmodifies—1nm N (dp)ddy

GCR contribution of 1.7 ion pairci? s~1. For all seasons, GFmodifieddn dpGFmoified—> N

Qcalc and QOmeaswere well correlated bu@cac was on av-  — GFinitial f 5GP —1 mN(d » . (A2)
erage higher in summer and fall. When taking into account i dp-GFipitia1 —5nm’ ¥ P24

seasonal external radiation estimations (GCR and gamma),

Omeasalways exceedelcaic: A deeper analysis of the 1ast  The jonization rate multipliers were finally derived from the
observation would require a more accurate estimation of they5jance equation, using the modified aerosol ion sink and
external radiation. This could be obtained from d|r?ct Mea-assuming a constant concentration for positive and negative
surement of the gamma dose rate at the Puy de Dome. Afte§ma|| jons; this concentration was set to 400¢€nsince it

a closer analysis of the positive ion sources and sinks, Wgyas almost the average annual concentration observed at the

unexpectedly found that the U test could not clearly distin-pyy ge Dome:

guish event and non-event days, except in summer. But even

in summer, we showed that radon could not explain the ex- . Omodified @ - 400 + 400- Sawet modified

cess ions on event days. Q_multipliers= =5~ == = =20 1+ 400- Savet mia

Our findings demonstrate that positive cluster ions prop-

erties such as the concentration are significantly different on

event and non-event days but neither the sinks nor the sources
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