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New particle formation (NPF) events are typically observed during daytime when photo-
chemical oxidation takes place. However, nighttime nucleation mode particles have been 
observed across various locations only sporadically. We present 11 years (2003–2013) 
of air ion number size distribution data from the SMEAR II station in Hyytiälä, Finland, 
where during a third of the nights a sub-3 nm negative (n = 1324 days) and positive (n = 
1174 days) ion events took place. To investigate nocturnal clustering at sizes above the 
constant small ion pool, we defined cluster events (CE) as a nocturnal event with 2–3 nm 
ion concentrations reaching ≥ 70 cm–3 between 18:00 and 24:00 local time. CE (n = 221 
days) were characterized by a rapid, 10-fold increase in the median 2–3 nm ion concen-
tration from the start (~10 cm–3) to the event peak (~100 cm–3). Furthermore, small and 
intermediate ions during the CE, NPF events and nonevents were compared: while concen-
trations of 1.5–2 nm ions were the highest during CE (median 235 cm–3), as compared with 
the NPF events (96 cm–3) or the daytime and nighttime nonevents (~20 cm–3), 3–7 nm ion 
concentrations increased notably only during NPF events (median 52 cm–3). Specifically, 
ion concentrations during CE decreased for sizes above ~2.4 nm (< 10 cm–3). In addition, 
90% of CE proceeded either a NPF event (55%) or a undefined day (35%), and only 10% 
of them proceeded a daytime non-event. This study suggests a build-up of 0.9–2.4 nm ion 
clusters during CE nights (18:00–24:00) that equals or exceeds the ion concentration levels 
during daytime NPF, but unlike the latter, CE fail to activate and grow clusters > 3 nm in 
diameter in nighttime Hyytiälä.

Introduction

New particle formation (NPF) contributes sig-
nificantly to the total atmospheric particle load-
ing (Spracklen et al. 2006, Kerminen et al. 2012, 
Lee et al. 2013), which in turn affects climate, 
health, and visibility (IPCC 2013). In addition 

to primary sources of aerosols, it is necessary to 
understand and parametrize the nucleation path-
ways of secondary aerosol formation from pre-
cursor gases in the atmosphere (Kanakidou et al. 
2005, Kulmala et al. 2013, 2014), including the 
fraction of nucleated particles that subsequently 
grow to cloud condensation nuclei (CCN) (Mak-
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konen et al. 2012, Boucher et al. 2013, Kulmala 
et al. 2014, Jokinen et al. 2015).

Regional NPF events have been observed 
around the world (e.g. Kulmala et al. 2004). A 
set of physical characteristics allows their sys-
tematic identification (e.g. Dal Maso et al. 2005, 
Hirsikko et al. 2007): namely, the appearance 
of nucleation-mode particles (< 25 nm) during 
the day, and their growth to larger sizes during 
several hours. Thus, the common practise for 
identifying NPF events is to analyse a 1-day 
number size distribution surface plot (Kulmala et 
al. 2012), centered around noon. This highlights 
the photochemical oxidation pathway needed for 
NPF to occur.

However, several studies have also reported 
nighttime new-particle formation. Wiedensohler 
(1997) observed ultrafine mode (5–15 nm) parti-
cles between midnight and early-morning hours 
downwind of Great Dun Fell, England, in a 
possible connection to an orographic cloud. A 
nucleation mode (~5–10 nm) was also detected 
in the upper troposphere via nocturnal airborne 
measurements above Colorado, USA (Lee et al. 
2008) and over the Mediterranean Sea (Rose et 
al. 2015). Suni et al. (2008) reported noctur-
nal aerosol formation in the Eucalyptus forest 
of Tumbarumba, Australia, with intermediate 
(1.8–7.5 nm) ions bursts taking place during 
32% of the nights they studied. Svennings-
son et al. (2008) detected multiple nighttime 
events at cluster ion sizes in a subarctic mire in 
Abisko, Sweden. Junninen et al. (2008) stud-
ied four years (2003–2006) of nocturnal ion 
cluster events (1.3–1.8 nm) from the SMEAR 
II station in Hyytiälä, Finland, reporting a high 
event frequency in both polarities, and a higher 
likelihood for them to appear after a daytime 
NPF event than after a nonevent. Lehtipalo et 
al. (2011) continued the analysis of Hyytiälä 
nocturnal events where, in addition to ion clus-
ters, they reported equally frequent neutral 
sub-3 nm events. They complemented the field 
data with laboratory experiments, replicating the 
condensation of low volatile organic vapours 
from monoterpene precursors to investigate the 
potential sources of these events. Kalivitis et al. 
(2012) found enhanced nighttime ion concentra-
tions of 1.25–1.66 nm positive and negative ions 
at Finokalia, Crete, under clean, low condensa-

tion and coagulation sink conditions. Kecorius et 
al. (2015) observed a nighttime 2–10 nm parti-
cle concentration increase during ~60% of their 
July–August 2013 campaign in Beijing, China. 
Furthermore, Ehn et al. (2012) investigated the 
negative ion mass spectra of nighttime Hyytiälä 
and concluded that the presence of clusters from 
highly oxidized, low volatile organics mirrors the 
signals from α- and β-pinene ozonolysis in their 
chamber study. Ortega et al. (2012) provided 
experimental results on the oxidation of mono-
terpenes in dark-chamber conditions, specifically 
to simulate potential nighttime nucleation as 
observed by Suni et al. (2008). Finally, Peräkylä 
et al. (2014) reported a marked enhancement of 
ozone-oxidized monoterpene concentrations on 
the nights prior to a nucleation event, correlating 
with nucleation mode growth rates during the 
event of the next morning.

The results of the previous studies motivated 
us to investigate further the presence of night-
time ion clusters in Hyytiälä, and their possible 
connection to daytime NPF events. In this study, 
we investigated 11 years (2003–2013) of nega-
tive and positive small and intermediate ion size 
distributions (0.9–7 nm). Our main goal was to 
quantify the overall characteristics of nocturnal 
ion events in Hyytiälä using a long-time series. 
Particularly, we were interested in assessing how 
relevant the nocturnal cluster formation might be 
in terms of its contribution to total new particle 
formation. The main questions were: (1) Can 
the formation of ion clusters be distinguished 
from the constant cluster ion pool? (2) Do the 
ion clusters activate and grow in size? (3) How 
do ion concentrations in nighttime ion clus-
ter events compare with those in daytime NPF 
events, and is there a connection between these 
two types of events?

Material and methods

Measurement site

All the measurements for this study were con-
ducted during an 11-year period between 20 
March 2003 and 31 December 2013 at the Sta-
tion for Measuring Ecosystem–Atmosphere 
Relations (SMEAR) II (see Hari and Kulmala 
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2005), in Hyytiälä, southern Finland (61°51´N, 
24°17´E; 181 m a.s.l.). The SMEAR II station 
is located in a boreal pine forest, in a pristine 
rural environment, ~60 km NE from the nearest 
city (Tampere). The world’s longest, continu-
ous measurements of aerosol particle-number 
concentrations and size distributions have been 
carried out there since 1996, along with soil–
atmosphere fluxes, sub- and above-canopy fluxes 
and meteorological variables.

Instrumentation

Ion and particle spectrometers

Mobility size distributions of atmospheric ions 
were measured at the ground level using a Bal-
ancing Scanning Mobility Analyser (BSMA, 
Tammet 2006). In the BSMA, both negative 
and positive polarities are alternately scanned 
in an aspiration-type differential mobility ana-
lyzer (DMA) with a mobility range of 3.2–
0.032 cm2 V–1 s–1, corresponding to 0.8–8 nm 
in mobility-equivalent Millikan-Fuchs diameter 
(Mäkelä et al. 1996). The BSMA has a 10-min 
time resolution that includes both polarities.

The classification of days into new particle 
formation (NPF) events or nonevents was based 
on the procedure introduced by Dal Maso et al. 
(2005), and was carried out prior to this study 
using particle number size distribution data 
from a twin Differential Mobility Particle Sizer 
(DMPS) system (for apparatus see Aalto et al. 
2001), covering a diameter range of 3–1000 nm 
(except 3–600 nm during 2003–2004). The 
DMPS data were also used here as a reference 
when inspecting the BSMA data.

A Neutral cluster and Air Ion Spectrometer 
(NAIS; described in Mirme and Mirme 2013) 
was used to determine the total particle con-
centration in the 2–3 nm size range. The NAIS 
consists of two independent DMAs, one for each 
polarity. Each DMA includes an ion (electrical) 
filter and corona-needle charger. Along the body 
of the DMA, 21 collector electrodes measure 
the current and classify ions according to their 
electrical mobility. This enables the instrument 
to classify artificially charged neutral particles 
in a mobility range of 2.4–0.001 cm2 V–1 s–1, 

equivalent to 0.9–47 nm of mobility diameter. 
Data for this instrument were available only for 
2006–2013.

Trace gases and meteorological variables

Since 2010, atmospheric trace gas concentra-
tions and meteorological variables have been 
measured at SMEAR II from different heights 
(from 4.2 to 74 m) on a mast; as of 2011 
the measurements have been made from up to 
125 m. The measurements heights we used in 
this paper were all inside the forest canopy (4.2 
and 8.4 m) in order to make a more relevant 
comparison with the ground-based ion measure-
ments, with the exception of wind direction 
(measured above the canopy level). NOx was 
measured with a chemiluminescence analyzer 
(TEI 42C TL, Thermo Fisher Scientific); O3 
with an ultraviolet light absorption analyzer (TEI 
49C); H2O, CO2 and CO with an infrared light 
absorption analyzer; SO2 with a fluorescence 
analyzer (TEI 43 CTL); wind direction (WD) 
and wind speed (WS) with an ultrasonic ane-
mometer placed above canopy levels; and tem-
perature (T ) with a 4-wired PT-100 sensor. Until 
2010, relative humidity was calculated using 
H2O concentration and T data until 2010, and 
between 2011 and 2013 it was measured directly 
using RH sensors (Rotronic Hygromet MP102H 
with Hygroclip HC2-S3, Rotronic AG). Precip-
itation was determined from a combination of 
optical counter signals (FD12P Weather sensor, 
Vaisala), surface wetness (DRD 11-A raindetec-
tor, Vaisala) and rainfall accumulation measured 
with a tipping bucket counter (Vector Instru-
ments, Rhyl).

Data from all the instruments were available 
as a long (2003–2013) time series, except for the 
NAIS data (2006–2013).

Data analysis

Classifying nocturnal events from sub-3 nm 
ions

Positive and negative ion data measured with 
the BSMA were analyzed visually by plotting 
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the temporal evolution of ion size distributions 
during two days (48 h), centered at midnight 
(local time) between Day 1 and Day 2 (Fig. 1B). 
The corresponding diurnal 0.9–3 nm ion con-
centration was plotted in parallel (Fig. 1C). This 
procedure follows the classification used by Jun-
ninen et al. (2008) for nocturnal ion clusters 
(1.3–1.8 nm). Finally, a corresponding particle 
number size distribution surface plot (hereafter 
simply ‘surface plot’) measured by the DMPS 
(Fig. 1A) was plotted as a reference to daytime 
NPF classification (event, nonevent or undefined 
days; Dal Maso et al. 2005).

A night between Day 1 and Day 2 was con-
sidered to have a sub-3 nm event if the concen-
tration of 0.9–3 nm ions showed a clear increase 
from its afternoon value, and if there was a dis-
tinguishable new ‘bump’ in the BSMA surface 
plot. Both these features can be seen in Fig. 1B 
and C between 19:00 and midnight on both days. 
A sub-3 nm nonevent was defined as a night 
when the 0.9–3 nm ion concentration remained 
low and relatively unchanged from the evening 
until the next morning (ca. 06:00). Each polarity 

was plotted simultaneously, but classified inde-
pendently. This means, for example, that a given 
night could have a negative sub-3 nm event and 
simultaneously a positive ion nonevent. Addi-
tionally, the start and end times of the events, as 
well as the event peak (when the ion concentra-
tion reached its maximum value) were manually 
selected for each polarity from their respective 
number concentration plots (0.9–3 nm). A noc-
turnal event date was recorded as the night of 
Day 1, even if the event began after midnight, 
which case the starting date was Day 1 and the 
starting time was 24 hours + hours of Day 2.

Classifying 2–3 nm ion cluster events

Hõrrak et al. (1998) and Kulmala et al. (2005, 
2007, 2013) reported a constant pool of ion- 
and neutral clusters in the atmosphere, their 
median size being < 1.8 nm mobility diameter in 
Hyytiälä (Hirsikko et al. 2005, Manninen et al. 
2009a). Kulmala et al. (2013, 2014a) suggested 
that it is above this constant molecular and small 
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Fig. 1. Visual classification of a cluster event (CE) on 24–25 April 2013. (A) Daytime new particle formation (NPF) 
events can be seen on Day 1 and Day 2 (DMPS surface plot). Negative CEs in both nights from ~19:00 to midnight 
(UTC + 2) are seen as (B) ‘bumps’ (BSMA surface plot), and an increase in (C) 0.9–3 nm and (D) 2–3 nm ion con-
centrations.
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ions pool, where clusters can be stabilized, acti-
vated and undergo enhanced growth. In order 
to investigate the nocturnal behavior of ions at 
(or larger than) the critical size for clustering 
and activation (Yu 2006, Kulmala et al. 2013), 
we re-classified the sub-3 nm nocturnal events 
based solely on their 2–3 nm ion concentration 
(illustrated in Fig. 1D), and refer to them as clus-
ter events (CE).

Prior to the re-classification, all evenings 
with precipitation detected after 15:00 local time 
(UTC + 2) were discarded from further analysis 
in order to exclude the effect of rain on inter-
mediate ion production (balloelectric effect, see 
Tammet et al. 2009). Additionally, the classifi-
cation of CE was carried out using one polarity 
only, namely 2–3 nm negative ions. This choice 
was made based on the analysis of the sub-3 nm 
events for both positive and negative ions, which 
showed little difference between the polarities in 
terms of event frequency and ion concentrations 
(see Results).

Nighttime 2–3 nm ions

The preliminary list of days with CE was selected 
automatically from the nocturnal sub-3 nm 
ion event days with elevated concentrations in 
the 2–3 nm size range. To begin this selection, 
a nocturnal time window was defined to be 
between 18:00 and 24:00 on Day 1, since both 
the start and peak times of nocturnal sub-3 nm 

events occurred during those hours (see Results), 
and CE would be a subsample of those. A sim-
ilar nocturnal event starting time (~18:00) was 
reported by Lehtipalo et al. (2011) for both ion 
and neutral nocturnal events in Hyytiälä.

In order to determine when the 2–3 nm ion 
concentration increase was large enough to be 
classified as an event, we compared the number 
of days when the 2–3 nm ions reached concen-
trations equal to or greater than 50, 70, 90 and 
120 cm–3 at any point during the 18:00–24:00 
time window of Day 1. Based on our analysis in 
the Result and discussion section “Concentration 
thresholds for 2–3 nm ion cluster events”, we 
selected the concentration threshold of 70 cm–3 
to automatically distinguish the 2–3 nm ion clus-
ter events (CE) from the sub-3 nm ion events 
(see Fig. 2 for an example case). After the 
automatic threshold filter, each CE was visu-
ally inspected to confirm the presence of an 
event from the diurnal ion concentration and 
surface plots (see Fig. 1B and D). Figure 1D 
illustrates an increase in 2–3 nm ion concen-
tration of ≥ 70 cm–3, comparable to that during 
the NPF events of Days 1 and 2, and dropping 
to 0–20 cm–3 in-between the events. It is thus 
a clear example of CE (originally a sub-3 nm 
event; Fig. 1C). If the 2–3 nm ion concentration 
fluctuated throughout the day so that a new mode 
or rise in this concentration did not begin specif-
ically during the nighttime window, the day was 
discarded from the final selection of CEs.
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Fig. 2. An example of a 
2–3 nm cluster event (CE; 
4 May 2003) that passed 
the ≥ 50 and ≥ 70 cm–3 
concentration thresholds 
for 2–3 nm negative ions 
during the nocturnal time 
window (18:00–24:00; 
blue diamonds). The 
morning NPF event can 
be seen within the day-
time time window (08:00–
12:00; red dots).
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Daytime versus nighttime conditions

To enable a comparison with daytime NPF events, 
a similar concentration filter analysis was carried 
out under an NPF daytime window (between 
08:00 and 12:00 local time; Fig. 2 red circles). 
Previous long-time series analysis of new par-
ticle formation in Hyytiälä used a similar time 
window to study NPF conditions (Nieminen et al. 
2014, 2015). Specifically in this case, the morning 
time interval was chosen to capture the beginning 
of a new particle formation event during which 
the earliest stages of clustering would occur 
(~1.7 nm). The NPF event day classification was 
carried out prior to this study using the conven-
tional methods of Dal Maso et al. (2005). In our 
example case (Fig. 2), the daytime and nighttime 
time windows satisfactorily contained the NPF 
and CE events of that day, respectively. To make a 
fair comparison, only NPF days with 2–3 nm ion 
concentrations of ≥ 70 cm–3 were used in our final 
analysis (hereafter filtered NPF). For characteris-
tics of each class see Table 1.

All the NPF- and CE-nonevent concentra-
tions, as well as trace gases and meteorological 
parameters are reported here as median values.

Determining the formation rate of 2 nm ions 
(J2

–)

Formation rates of negative 2 nm ions (J2
–, 

cm–3 s–1) during the cluster events were calculated 
according to a simplified equation for negatively 
charged particles given by Kulmala et al. (2012):

 , (1)

The first term on the right-hand side was esti-
mated by calculating the difference in the 
2–3 nm ion concentrations (dN2–3

–) between the 
peak time (tmax) and the starting time (tstart) of the 
cluster event, and by dividing it by dt = tmax – tstart 
(in s). The remaining variables were estimated as 
median values for the period t1/2 ± 10 min, where 
t1/2 is half way between tmax and tstart.

The coagulation sink (CoagS2-3; in s–1), i.e., 
the loss rate of ions due to their coagulation 
with larger particles, was calculated according 
to Lehtinen et al. (2007) for typical conditions at 
the SMEAR II station:

 , (2)

where dp is the diameter of the coagulating parti-
cle, and m = –1.6 (Lehtinen et al. 2007, Kulmala 
et al. 2012). The condensation sink, CS (s–1), in 
was calculated from the particle number size dis-
tribution data measured by DMPS with a 10-min 
resolution.

The second term on the right-hand side of Eq. 
1 includes the ion growth rate (GR<3) and rep-

Table 1. Summary characteristics for each class.

Class	 Occurance	 Selection criteria

Sub-3 nm nocturnal event	 nighttime	 Concentration of 0.9–3 nm ions increases distinctly during
		  evening/night hours (~17:00–06:00) and/or a ‘bump’ or a new
		  mode is seen in BSMA number size surface plot.
Cluster event (CE)	 nighttime	 No rain after 15:00 hrs (local time).
		  Concentration of 2–3 nm ions increases during 18:00–24:00 of a
		  sub-3 nm nocturnal event day.
		  The 2–3 nm ion concentration reaches ≥ 70 cm–3 threshold
		  A clear bump is seen in the BSMA surface plot.
CE nonevent	 nighttime	 Concentration of sub-3 nm ions remains low and unchanging
		  throughout the night (~17:00–06:00).
Filtered NPF event	 daytime	 An NPF event day classified as per Dal Maso et al. (2005), in
		  which the 2–3 nm ion concentration reaches ≥ 70 cm–3 during
		  08:00–12:00.
NPF nonevent	 daytime	 A day with no NPF observed, as per Dal Maso et al. (2005)
Common nonevent	 day-/nighttime	 A day with no NPF (as per Dal Maso et al. 2005) and no CE present.
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resents the growth of 2–3 nm ions above this size 
range. We observed the lowest CE ion concentra-
tion for 3–7 nm ions in the same concentration 
range as that during nonevents (see Results). We 
thus assumed little growth during CE, and did not 
take the GR term of Eq. 1 into account.

The fourth term of Eq. 1 represents the 
loss of 2–3 nm ions via their recombination 
with sub-3 nm positive ions (concentration N<3

+), 
and the fifth term represents their gain via the 
attachment of sub-2 nm negative ions (N<2

–) 
with neutral 2–3 nm (N2–3) particles. Follow-
ing Tammet and Kulmala (2005) and Kulmala 
et al. (2012), the rate coefficients for these 
processes were taken as α = 1.6 ¥ 10–6 cm3 s–1 
and χ = 0.01 ¥ 10–6 cm3 s–1. The neutral 2–3 nm 
particle concentration data needed for the neu-
tral–ion attachment term were available only 
for 2006–2013. An analysis of the contribution 
of each term in Eq. 1 showed that the 5th term 
contributed < 2% to the overall value of J2

–. For 
this reason, the decision was made to remove 
this term from Eq. 1 in order to keep the full 
2003–2013 data set in the calculation.

Results

Negative and positive sub-3 nm ion 
events

During the studied 11 years, sub-3 nm nocturnal 

events were found in 34% (1324 days) and 30% 
(1172 days) of the negative and positive ion 
data, respectively. Both polarities showed sim-
ilar values in terms of concentrations and event 
times (Table 2). The events in both polarities had 
a median starting time of ~19:30, a peak time 
between 21:30 and 22:00 on Day 1, and an ending 
time by 04:00 on Day 2. The median sub-3 nm 
concentrations at the starting time of the events 
(730 and 800 cm–3) are comparable to the typical 
ion background levels reported for both polarities 
in Hyytiälä (Hirsikko et al. 2005). Event peak 
ion concentrations rose considerably, with median 
levels of 1157 (1168) cm–3 for negative (positive) 
ions, dropping back to background levels (median 
values: 700 and 765 cm–3) by the end of the 
events. Compared with positive ions, concentra-
tions of negative ions were slightly lower at the 
starting and ending times of the events, which is 
in accordance with the electrode effect (Tuomi 
1980) where negative ions are repelled from the 
Earth’s surface, and is noticeable when measuring 
close to the ground level.

The seasonal distribution of the sub-3 nm 
ion events was similar for both polarities, with 
a maximum frequency in May (60% in both 
polarities, see Fig. 3A), and the lowest frequen-
cies during winter (November–February range: 
13%–23% for negative and 10%–16% for pos-
itive polarities). These features are consistent 
with the nocturnal cluster ions analysis made by 
Junninen et al. (2008).

Table 2. Characteristics of negative and positive nocturnal sub-3 nm events for the period of 20 Mar. 2003 to 31 
Dec. 2013. NPF = new particle formation event. Note that daytime NPF classification (in italics) was carried out 
with > 3 nm particle data (following Dal Maso et al. 2005). * median values with 25th to 75th interquartile range in 
parentheses.

	 Negative ions	 Positive ions

No. of sub-3 nm events (days)	 1324	 1172
No. of sub-3 nm nonevents (days)	 868	 976
Start time*	 19:25 (18:30–20:52)	 19:25 (18:10–20:38)
Peak time* 	 21:50 (20:10–01:12)	 21:35 (20:10–00:43)
End time*	 04:20 (01:26–06:43)	 04:05 (00:57–06:28)
Start concentration (cm–3)	 732 (601–858)*	 802 (671–913)*
Peak concentration (cm–3)	 1157 (944–1370)*	 1168 (991–1364)*
End concentration (cm–3)	 700 (570–821)*	 765 (639–867)*
Coincident with a NPF event (days)	 525 (40%)	 501 (43%)
Coincident with an undefined day (days)	 479 (37%)	 415 (35%)
Coincident with a NPF-nonevent (days)	 300 (23%)	 238 (20%)
Night before a NPF event (days)	 504 (38%)	 480 (41%)
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The inter-annual variability of nocturnal 
sub-3 nm ion events did not show a clear pattern. 
The lowest event frequency occurred in 2008 
(28%), while in the years 2006 (42%) and 2011 
(46%) the event fraction was the highest. The 
observed frequencies of sub-3 nm event nights 
were quite substantial, and more numerous com-
pared with the 23% frequency of NPF event days 
in the 16-year time series from Hyytiälä (Niemi-
nen et al. 2014). The inter-annual variabilities of 
the sub-3 nm ion events and NPF events were 
different, however, as the frequency maxima for 
NPF events was observed in 2003–2004 and its 
minimum in 2010, when considering only the 
years used in this study.

In spite of the different inter-annual variabil-
ities of the sub-3 nm ion and NPF events, ~40% 
of the sub-3 nm ion events occurred during the 
evening of a daytime NPF event for both polari-
ties, while ~35% of them occurred during ‘unde-
fined’ days (unclassified days which nonetheless 
present similar ambient conditions to NPF, such 
as RH, CS and solar radiation; see Buenrostro 
Mazon et al. 2009). The lowest fraction (~20%) 
of sub-3 nm event nights occurred on days classi-
fied as non-event days. This concurrence of noc-
turnal ion events with daytime NPF has also been 
reported by Junninen et al. (2008) for Hyytiälä, 
and by Kalivitis et al. (2012) for Finokalia. In 
order to investigate a possible link or interac-
tion between daytime new particle formation and 
nighttime clustering, we focused the rest of this 
study on the 2–3 nm cluster events (CE), a size 
range relevant to new particle formation.

2–3 nm ion cluster events

Previous studies of nocturnal events in Hyytiälä 
included ions and particles from the continu-
ously-present cluster pool size range (< 1.8 nm 
mobility diameter; Hirsikko et al. 2005, Kulmala 
et al. 2012, 2013), more specifically 1.3–1.8 nm 
ions (Junninen et al. 2008), and 0.8~3 nm ions 
and sub-3 nm particles (Lehtipalo et al. 2011). 
In order to investigate whether cluster activa-
tion could be observed during the CE nights, 
the lowest size of the considered ion event was 
2 nm. While the contribution of ion-induced 
nucleation in Hyytiälä has been estimated to 
be about 10% (Gagné et al. 2008, 2010, Man-
ninen et al. 2010), the nocturnal events are not 
limited to ions, as was reported by Lehtipalo et 
al. (2011) with their elevated nocturnal concen-
tration of total sub-3 nm particles. Therefore, 
CE at 2–3 nm ion diameters and above could 
serve to indicate the presence of nocturnal NPF 
in Hyytiälä.

Concentration thresholds for 2–3 nm cluster 
events

Days with precipitation were removed from 
further analysis at this stage. This procedure 
reduced the number of negative sub-3 nm events 
in the 11-year time series from 1324 (34%) to 
985 (25%). Following the analysis of the four 
concentration thresholds (50, 70, 90 or 120 cm–3; 
see Data analysis in Methods), a similar fraction 

Fig. 3. (A) Seasonal and (B) yearly frequency of negative cluster events (CE). The frequencies for the positive 
polarity were similar and are thus not shown. Cluster events peaked in May, with 60% of the month containing CE.
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of CE (8%–45%) and NPF days (9%–52%) 
were filtered after each concentration threshold 
(Table 1). Only a small fraction of CE nonevents 
(3%–14%) and common nonevents (3%–12%) 
passed each concentration threshold (Table 3).

The 257 CE days obtained after the concen-
tration threshold filter of ≥ 70 cm–3 were chosen 
for further analysis. The reasoning behind this 
choice was to find a high enough threshold to 
ensure ‘events’, while still maintaining a large 
enough sample size. The threshold ≥ 70 cm–3 
contained 26% and 33% of the original sub-3 nm 
nocturnal events and NPF events, respectively, 
while only 7% of the nonevents passed this 
filter (Table 3). For comparison, in a study by 
Leino et al. (2016) to automatically identify 
NPF events from negative ion concentrations, 
a similar method of thresholds was applied to 
2–4 nm negative ions. Leino et al. (2016) found 
that daytime maximum 2–4 nm concentrations 
surpassed > 50 and > 100 cm–3 mostly during 
days classified as NPF events (> 70%), and to a 
lesser extent (~20%) when they were undefined 
and nonevents.

Each of the 257 CE (post-filter ≥ 70 cm–3) 
was then visually inspected to confirm the pres-
ence of a distinct event in the 2–3 nm negative 
ions, as was done in the original sub-3 nm 
classification. This resulted in 221 days (86%) 
classified and verified as CE, indicating that 
the threshold method was efficient in finding 
the (2–3 nm) CE from the original post-filtered 
sample (for examples see Fig. 4). The remainder 
of this study was based on the analysis of these 
221 days of CE. For the comparison analysis, 
the “filtered NPF events” refer to those 295 NPF 
events (33% of the total NPF days) that were 
found after applying the ≥ 70 cm–3 concentration 
filter for negative ions. The CE nonevents refer 

to the 868 nights when no sub-3 nm event had 
been observed in the original classification; and 
the common-nonevents refer to the 448 days 
when there was neither a daytime NPF event nor 
a nighttime sub-3 nm event.

Characteristics of 2–3 nm ion cluster events

The seasonality of the CE (Fig. 5A) resembled 
that of the total sub-3 nm events (Fig. 3A), with 
a minimum in autumn and winter, and a peak 
from March to August (7%–29%). Similarly, the 
filtered NPF days (Fig. 5A) had a similar season-
ality to that of the original NPF events (Niemi-
nen et al. 2014, their Fig. 3), with the exception 
that the filtered NPF event days peaked in March 
instead of April. Daily maxima in 2–3 nm ion 
concentrations during CE were highest in May 
(Fig. 5B), while the filtered NPF events showed 
two annual maxima, one in March–April and 
the other one in September–October (Fig. 5B). 
Event frequencies and daily concentration 
maxima thus showed a similar seasonality during 
CE and NPF days, respectively. By considering 
potential sources for these clusters to be oxidized 
organic vapours, it is interesting to note that 
according to Perakylä et al. (2014), the highest 
monoterpene oxidation capacity associated with 
ozone in Hyytiälä is in April/May, from noon to 
early evening. Enhanced monoterpene ozono-
lysis could be providing condensable oxidized 
organic vapours not only for daytime, but also 
under evening conditions.

The median starting time of CE was 18:56 
(25th–75th percentiles = 18:15–19:41) local time. 
This means that CE started typically more than an 
hour before sunset (Fig. 6), thereby making CE 
more of an evening rather than strictly a nocturnal 

Table 3. Number of days (%) for each class when 2–3 nm ion concentrations reached ≥ 50, 70, 90, and 120 cm–3 
during any point within its respective daytime (08:00–12:00) or nighttime (18:00–24:00) time windows. CE nonevent 
= nights when no sub-3 nm event had been observed during the original classification. Common nonevents = days 
with simultaneously no daytime NPF and no CE in the evening.

Class (number of days)	 ≥ 50 cm–3	 ≥ 70 cm–3	 ≥ 90 cm–3	 ≥ 120 cm–3

Sub-3 nm CE (985)	 445 (45%)	 257 (26%)	 163 (17%)	 80 (8%)
NPF (894)	 461 (52%)	 295 (33%)	 188 (21%)	 83 (9%)
CE nonevent (868)	 123 (14%)	 60 (7%)	 45 (5%)	 28 (3%)
Common nonevents (448)	 54 (12%)	 30 (7%)	 25 (6%)	 15 (3%)
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Fig. 4. Examples of days encountered during the classification of nocturnal events. Each panel displays a set of 
48-h plots of number size distributions (DMPS with 3 nm cut-off size, and BSMA) and 0.9–3 nm and 2–3 nm nega-
tive ion concentrations. (A) Sub-3 nm event (0.9–3 nm) additionally classified as a 2–3 nm cluster event (CE). The 
sub-3 nm event lasts until the morning of Day 2, with an interruption around midnight, often seen in this class. (B) 
A spike in ion concentration, or ‘stick’ burst, reaching 7 nm in diameter in the BSMA plot is classified as a sub-3 nm 
event and a CE. It coincides with what appears as a nighttime ‘banana’ in the DMPS plot. (C) A CE nonevent that 
proceeds an NPF event. The increase in 2–3 nm ion concentration is seen during the NPF event (~9:00–12:00), 
after which it decreases and stays constant for the rest of the day. (D) An unclassified evening. An increase in ~2 to 
2.5 nm ion concentration can be seen on the surface plot but the diurnal ion concentration is unchanging between 
18:00 to the following morning. The day was thus left unclassified.

Fig. 5. (A) Monthly frequency of days with NPF events and cluster events (CE). (B) Maximum daily 2–3 nm ion 
concentrations during filtered (≥ 70 cm–3 ion concentration level) NPF events (n = 295) and CE (n = 221) within their 
respective day- and nighttime windows.

phenomenon. The spread of the start times was 
confined to a relatively narrow band between 
ca. 18:00–20:00, irrespective of the season. The 
reason for this feature remains unknown. The 
median peak time of CE was 20:34 (25th–75th 

percentiles = 19:46–21:34), around the time of 
sunset. The nocturnal time-window (18:00–24:00) 
we chose seemed to satisfactorily contain the start 
and peak of most of the CEs, as only 17% of CE 
began before 18:00 (n = 6 for 16:30–17:00, n = 
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31 for 17:00–18:00 start times), and 2% of them 
peaked past midnight (24:00 local time).

The median starting and ending concentra-
tions of 2–3 nm ions during CE were ~10 to 
15 cm–3, reaching the median value of 96 cm–3 
during the CE peak time. Kulmala et al. (2007) 
reported 1.8–3 nm ion concentrations reaching 
~100 cm–3 during an NPF event in Hyytiälä, with 
nighttime values dropping to < 10 cm–3. In this 
study (Fig. 5B), maximum ion concentrations 
during CE were comparable to those during 
the NPF events. This suggests that during a CE 
evening the concentration of 2–3 nm ions can 
rise to the same level as that found during a day-
time NPF event, and furthermore at a size range 
where the cluster activation and growth could be 
possible (Kulmala et al. 2013, 2014).

CE started at ~19:00 local time and ended by 
midnight of Day 1 (Fig. 7B). The ‘bump’ in the 
2–3 nm size range is evident (see Fig. 7B), and 
the increase in concentration (the ‘event’) seems 
to start from the channel below 1.5 nm and fade 
off shortly after reaching 3 nm. The presence of 

a daytime NPF is also apparent on Days 1 and 
2, starting at around 09:00 in both BSMA and 
DMPS surface plots (Fig. 7), illustrating the 
frequent presence of both CE and NPF events 
on the same day. Out of the 221 days, 90% of 
CE were classified as either daytime NPF events 
(55%) or daytime undefined days (35%) — a 
higher fraction compared with 77% of the orig-
inal sub-3 nm nocturnal events (Table 2). Only 
10% concurred with daytime nonevent days; a 
slightly lower percentage (45%) of CEs where 
followed by an NPF event on Day 2 (Table 4).

In contrast to the sub-3 nm events, CE 
appear often as quick bursts in the ion concen-
tration (Fig. 7), peaking shortly after their start, 
with a slower decline thereafter (see Fig. 4A). 
It is interesting that this quick start and gradual 
decay resembles the simulations done by Ortega 
et al. (2012: fig. 5) for nighttime ozonolysis of 
monoterpenes. Ortega et al. (2012) reproduced 
experimentally quick bursts events by setting a 
combination of high ozone and monoterpenes 
(limonene, α-pinene, and Δ3-carene) concentra-
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tions that grew into nucleation mode bananas, 
and suggested that ‘hump’ events (cut at short 
sizes) could be locally sourced — and thus lim-
ited — events.

Formation rates of negative 2 nm ions

Ion formation rates (J2
−) were calculated for 

2–3 nm negative CE using Eq. 1. The data 
needed to calculate the neutral-ion attachment 
term (NAIS particle mode) were available only 
for 137 of the 221 CE days (62%). CE had a 
median J2

– of 0.12 cm–3 s–1 (n = 210 days) (25th 
and 75th percentile: 0.09 and 0.14 cm–3 s–1). Kul-
mala et al. (2013) reported a median J2

– value of 
0.17 cm–3 s–1 for negative ions during nucleation 
events days. While our median J2

– value is close 
to that obtained by Kulmala et al. (2013), we 
did not take into account the growth of ions out 
of the 2–3 nm bin, which has been reported to 
contribute considerably (~50%) to the calculated 
ion formation rate (Manninen et al. 2009b). 
Neglecting this loss term in Eq. 1 resulted in a 
conservative estimate for J2

– in this study. The 
largest contribution to Eq. 1 in this study had the 
ion–ion recombination term (medians: ~65%), 
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Table 4. Daytime NPF classification based on Dal 
Maso et al. (2005) (using DMPS data) for each of the 
CE days (Day 1) and the following morning (Day 2).

	 CE Day 1	 CE Day 2
	 (n = 221 days)	 (n = 221 days)

NPF day	 121 (55%)	 100 (45%)
Undefined day	 077 (35%)	 080 (36%)
Non-event day	 023 (10%)	 036 (16%)
Bad data day	 000	 004 (2%)
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followed by the coagulation sink term (20%) and 
dN/dt term (13%).

Daytime and nighttime behaviour of 
0.9–7 nm ions

Kulmala et al. (2013, 2014) suggested that the 
sequence of processes from condensable vapors 
to particle formation can be broken down into 
clustering, activation of some of these clus-
ters, and subsequent nanoparticle growth, further 
suggesting that cluster activation takes place at 
sizes of around 1.5–2 nm. As discussed earlier, 
CE and daytime NPF events had comparable 
2–3 nm ions concentrations.

We compared the concentration of four 
size bins (0.9–1.5 nm, 1.5–2 nm, 2–3 nm and 
3–7 nm) during the daytime and nighttime 
events/nonevents (Fig. 8). The lowest of these 
size bins (< 1.5 nm) had the highest ion concen-
trations in all classes, regardless of whether a CE 
or filtered NPF event was observed or not, which 
could be explained by the ubiquitous presence of 
the cluster ion pool at this size range (Kulmala et 
al. 2004, 2007). The range of ion concentrations 
in this size bin was not very different between 
the different types of events/nonevents. In the 
following 1.5–2 nm size bin, ion concentra-
tions during both day- and nighttime nonevents 
(median = 18–22 cm–3) were much lower than 
during CE (235 cm–3) or filtered NPF (96 cm–3) 
events. Particularly, median 1.5–2 nm ion con-
centrations during CE were ~2.5 times those 
during the filtered NPF events. This indicates a 
build-up of the sub-2 nm ion population during a 
CE, either due to a higher ion production directly 
into this size range or due to the growth of ions 
from the cluster ion pool into this size bin. Suni 
et al. (2008) found a similar nocturnal enhance-
ment of cluster ions (0.3–2 nm) in Tumbarumba, 
Australia, mentioning radon (Rn) as a possible 
source of cluster ions. However, in this study, 
Rn concentration was lower during CE evenings 
(median = ~0.5 Bq m–3) than in CE nonevents 
(~1.5 Bq m–3), indicating another source for 
the ion build-up. The 2–3 nm size bin had very 
similar ion concentrations between CE and fil-
tered NPF events (median = 31 and 39 cm–3, 
respectively), as discussed earlier in this paper. 

Furthermore, there was as much similarity in 
the 2–3 nm ion concentration between the CE 
and filtered NPF events as there was between 
day- and nighttime nonevents (~1.9 cm–3 and 
2.6, respectively). While this does not suggest 
any causality, nor were there chemical analyses 
available for comparison, it is an interesting 
observation that both CE and filtered NPF events 
had similar concentrations during their respec-
tive time windows, and common nonevents were 
scarce in ions of this size throughout the whole 
day. Ion concentrations in the 3–7 nm size bin, 
a bin indicative of a clear production of grow-
ing nanoparticles, were only substantial during 
the NPF events (52 cm–3): during CE the con-
centration was low (9 cm–3) and only slightly 
higher than those observed during day- and 
nighttime nonevents (2.6 and 2.1 cm–3, respec-
tively). Overall, the elevated concentrations of 
0.9–3 nm ions during both CE and filtered NPF 
events point toward building up an ion popula-
tion separate from the cluster ion pool during 
these events, and particularly so during the CE, 
yet the growth of ions to larger sizes seems to be 
efficient only during the NPF events.

To look into more detail if a certain upper 
limit mobility diameter for CE was distinguish-
able, we plotted the median diurnal evolution 
of 1.7–4 nm ion concentrations of the days with 
CE and days with filtered NPF events (Fig. 9). 
There was an evident nighttime (18:00–24:00) 
peak in the median concentration of ions in the 
1.7–2.4 nm size range on CE days (8–59 cm–3; 
Fig. 9B), comparable to or greater than the peak 
in the concentration of ions of the same ion size 
on the filtered NPF event days (12–25 cm–3; 
Fig. 9A). The 2.4–3.0 nm ion concentra-
tions showed a slight evening ‘bump’ on CE 
days, but the concentrations remained rather 
low (~0.3–3 cm–3 for each 0.2 nm bin from 
2.4–4 nm). Median concentrations of 2.4–3 nm 
ions on filtered NPF event days were higher 
(9–11 cm–3), with a rise in concentration around 
08:00, coinciding with likely NPF start times. 
Finally, ion concentrations increased for the larg-
est size bin (3.8–4 nm, dashed line) as well 
during the NPF events, with a small time lag 
compared with the lower sizes, indicating the 
growth of ions from the preceding size bins. We 
can thus conclude that, on average, the evening 
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CE are not effectively present past the 2.4 nm 
size threshold.

Ambient conditions during cluster 
events

Condensation sink (CS) has been thought to 
affect atmospheric cluster formation and even-
tually NPF (Hyvonen et al. 2005, Nieminen et 
al. 2014, 2015), since the loss rates of nucleating 
and condensing vapours, as well as clusters and 
small particles are directly proportional to CS. 
In our data set, the median value of CS during 
spring (March–May) was the lowest during day-
time NPF events (1.3 ¥ 10–3 s–1; n = 196 days), as 
compared with evenings with CE (2.3 ¥ 10–3 s–1, 
n = 107 days) and both common daytime (3.1 ¥ 
10–3 s–1, d = 48 days) and nighttime nonevents 
(3.2 ¥ 10–3 s–1; d = 48 days) (Fig. 10). In summer 
(June–August), the median value of CS was the 
highest for CE (3.6 ¥ 10–3 s–1, n = 100 days) and 
somewhat lower for CE nonevents (3.2 ¥ 10–3 s–1, 
n = 46 days) and NPF events (2.0 ¥ 10–3 s–1; n = 
37 days) (Fig. 10). These features suggest that 
while high values of CS may supress daytime 
NPF, and possibly also CE during the spring, it 
does not seem be limiting the CE taking place in 
summer.

We observed clear differences in some of the 
meteorological variables and trace gas concentra-
tions between NPF events, nonevents, CE and CE 
nonevents during April–May (Fig. 11). To remove 
the effect of seasonality, only the spring months 
with the highest frequency of NPF and CE events- 
were presented. Ozone concentration was higher 
for both NPF (46 ppb) and CE (42 ppb) compared 
to day- and nighttime nonevents (38 and 35 ppb, 
respectively), which suggests that ozone could 
be an important oxidizing agent during nocturnal 
hours. The preferred wind direction for both CE 
and NPFs was north-westerly (235°/244° respec-
tively), and the ambient relative humidity was low 
(45%/42%), in contrast to the nonevent conditions 
of southeasterly wind directions (~150°–170°) 
and high RH (80%–90%). The northerly wind 
sector has previously been associated with clean 
air masses that are favourable for NPF events 
(Sogacheva et al. 2005). This was further indi-
cated by significantly lower NOx levels during 

NPF and CE. Kalivitis et al. (2012) also found a 
prevalence of clean air mass sectors during their 
nocturnal ion events, which they further linked to 
biogenic vapour accumulation as the air passed 
the island of Crete. Finally, the CE nights were 
warmer albeit stable (lowest median wind speed), 
compared with nonevent nights (see Fig. 10), 
as  reported by Lehtipalo et al. (2011) for the 
same location. The elevated temperatures could 
favor higher and longer (lasting into the night) 
emissions of organic compounds that could then 
remain undiluted or unadvected due to low wind 
speeds. Similarities between daytime NPF and 
evening CE ambient conditions suggest common 
favorable prevailing conditions for enhanced clus-
tering. This points to the importance of environ-
mental conditions on the role of clustering, and 
to a lesser extent on the time of day, as nonevents 
in both day- and nighttime windows differed in 
ambient conditions from their events counterparts.

Summary and conclusions

Here we report to our knowledge the longest 
field observations (March 2003–December 
2013) of nighttime cluster events. Sub-3 nm 
nocturnal events (for 0.9–3 nm ions; hereafter 
‘sub-3 nm events’) were observed in both neg-
ative and positive polarities during a third of 
the days during the 11-year time series. In such 
events, median 0.9–3 nm ion concentrations rose 
from ~700 cm–3 to an event peak of ~1150 cm–3 
between 19:30 and 04:20 local time (medians). 
The starting time of the events occurred mostly 
before sunset, making them more evening events 
rather than strictly nocturnal events.

In order to investigate the nocturnal behaviour 
of ions at the critical size for clustering and/or 
activation (Yu and Turco, 2000, Yu 2006, Eng-
hoff and Svensmark, 2008, Kulmala et al. 2013) 
and subsequent growth, only nighttime events 
and daytime NPF events with elevated 2–3 nm 
ion concentrations (≥ 70 cm–3) were filtered and 
selected for further analysis (hereafter “clus-
ter events” and “filtered NPF events”, respec-
tively). Small and intermediate negative ions 
(0.9–7 nm) concentrations were then compared 
for day- and nighttime events and nonevents. 
Sub-2 nm ion concentrations were significantly 
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Fig. 10. Seasonal condensation sink (CS) variability for daytime filtered-NPF days (green), CE (blue), and both 
day-(nonNPF; dashed box) and night (nonCE; dotted box) nonevent classes. Spring = Mar–May, Summer = Jun–
Aug, Autumn = Sep–Nov. The line inside each box is the median; the top and bottom of each box are the 25th and 
75th percentiles, respectively; the whiskers are equal to 1.5 ¥ interquartile range, and the points beyond whiskers 
are outliers (> 1.5 ¥ interquartile range). The notches visualize variability of the median; if the notches do not over-
lap the sample medians are different at p = 0.05.
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Fig. 11. Meteorological parameters for April–May during NPF and nonNPF daytime (08:00–12:00) as well as CE 
and nonCE nights (18:00–24:00). The line inside each box is the median; the top and bottom of each box are the 
25th and 75th percentiles, respectively; the whiskers are equal to 1.5 ¥ interquartile range, and the points beyond 
whiskers are outliers (> 1.5 ¥ interquartile range). The notches visualize variability of the median; if the notches do 
not overlap the sample medians are different at p = 0.05.

greater during cluster events (CE) compared 
with filtered NPF (by a median factor of 2.5), 
suggesting enhanced clustering (Kulmala et al. 

2004, 2007) during the nocturnal time window 
(18:00–24:00). The concentrations of 2–3 nm 
ions were similar between CE and filtered NPF 
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events (medians = 31 and 39 cm-3), with a CE 
median peak concentration of 96 cm–3, similar to 
the value (~100 cm–3) reported by Kulmala et al. 
(2007) for 1.8–3 nm ion concentrations during 
NPF events. It must be noted that this size range 
already falls within the activated cluster size 
regime proposed by Kulmala et al. (2013). How-
ever, the largest difference between NPF events 
and CE was found in the intermediate ions 
size bin: 3–7 nm ion concentrations increased 
during NPF (median: 52 cm–3) but remained 
low (< 10 cm–3) during CE. Specifically, CE ion 
concentrations decreased substantially at sizes 
> 2.4 nm, indicating the clusters did not grow 
above 3 nm. Nonetheless, CE occurred more fre-
quently (~85%) during days with NPF or during 
undefined days, than during daytime nonevents 
(~10%). This suggests that the initial steps of 
clustering may be observable and comparable in 
both daytime NPF and evening CE, often occur-
ring on the same day. Yet, unlike NPF events, the 
growth of activated clusters as a last step defin-
ing particle formation (Kulmala et al. 2014) did 
not occur in nighttime Hyytiälä. The interesting 
question is then: why are these CE occurring 
in the evening, starting around the same time 
before sunset (~19:00), but not throughout the 
day? And why do they fail to grow?

With respect to the particle nucleation path-
ways delineated by Kulmala et al. (2013, 2014), 
it seems CEs achieve clustering, the first step 
in the gas-to-particle phase transition. Ehn et 
al. (2012) reported highly oxidized organics for 
nighttime Hyytiälä, which could hint to the pos-
sible composition of the CEs. Specifically, CE 
could be large organic clusters (Schobesberger et 
al. 2013, Ehn et al. 2014, Riccobono et al. 2014, 
Praplan et al. 2015) that fail to stabilize and 
grow, perhaps due to the absence of activating 
vapours (Kulmala et al. 2013, 2014), or simply 
because of their insufficient concentrations as 
modelled by Ortega et al. (2012).

This work provided an alternative window 
to study the initial stages in new particle forma-
tion. The next steps would be to couple neutral 
and ion clusters to their chemical composition 
in order to identify a possible formation mech-
anism. Additionally, the participation of ions in 
the initial stage of cluster stabilization in new 
particle formation could be further assessed.
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