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Abstract. Air ions play a crucial role in new particle formation (NPF), which in turn has the potential to in-
fluence global climate and air quality. We conducted a comparative analysis of air ions in three size ranges
(0.8-2 nm cluster ions, 2—7 nm intermediate ions, and 7-20 nm large ions) at two flagship sites: the Station for
Measuring Ecosystem-Atmosphere Relations II (SMEAR II) site in a boreal forest of Finland and the Station for
Observing Regional Processes of the Earth System (SORPES) site in a megacity of eastern China. Air ion num-
ber size distributions (0.8—42 nm) were measured using a Neutral cluster and Air Ion Spectrometer (NAIS) at
these two sites from June 2019—-August 2020. At both sites, rising temperatures reduced the difference between
positive and negative cluster ion concentrations, likely due to the enhanced convection and turbulent mixing
that diminish the Earth’s electrode effect. The median cluster ion concentration at SMEAR II (1270 cm ™) was
approximately six times higher than at SORPES (220 cm™3), which was caused by the high coagulation sink in
the urban area. The median large-ion concentration at SORPES was nearly three times higher (197 cm™3) than
that at SMEAR 11 (67 cm™3), which is due to the high number density of neutral aerosol particles facilitating ion
attachment in the polluted megacity environment. The cluster ion concentration was negatively associated with
the condensation sink (CS) at both sites, with a significantly stronger negative correlation at SORPES, suggest-
ing that the CS was a decisive factor for reducing the cluster ion concentrations in this urban area. The median
formation rates of 2nm ions at SMEAR II (J, : 0.033 cm3s7 1, J2+: 0.041c¢m™3 s’l) were similar to those at
SORPES (J,: 0.028 cm s, J2+: 0.025 cm—3s~1). The median ion-induced fractions were 19.9 % and 1.3 %
at SMEAR 1II and SORPES, respectively, indicating a minor contribution of ions to NPF in polluted environ-
ments. Nevertheless, the charged particles were activated earlier than neutral particles at SORPES, indicating
that the ion-induced nucleation could precede neutral nucleation in this polluted environment. In addition, the
contribution of ion-induced nucleation at SORPES was higher at low NPF intensity, implying the non-negligible
roles of air ions in urban aerosol production. This study underscores the need for long-term observations of air
ions in both pristine boreal forests and polluted urban environments.
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1 Introduction

Air ions are electrically charged substances in the atmo-
sphere, ranging from molecular clusters to large aerosol par-
ticles of varying chemical composition (Arnold et al., 1978).
The air ions in the troposphere are formed mainly through
ionization from cosmic radiation, radon decay, and gamma
radiation (e.g. Bazilevskaya et al., 2008; Chen et al., 2016).
The continuous existence of air ions has been noted by nu-
merous observations, indicating their ubiquitous distribution
throughout the troposphere (Eichkorn et al., 2002; Hirsikko
et al., 2005, 2007c; Laakso et al., 2008; Dos Santos et al.,
2015; Yin et al., 2023). Air ions have historically sparked in-
terest in the field of atmospheric electricity, since their flow
in the electric field of the Earth—atmosphere system provides
the observable conduction current in the atmosphere (Wil-
son, 1921; Harrison and Carslaw, 2003; Israel, 1970). In re-
cent decades, interest in air ions in the atmospheric aerosol
community was fueled by their role in new particle formation
(NPF) (Yu and Turco, 2001; Kulmala and Kerminen, 2008;
Wagner et al., 2017; Arnold, 2008; Kulmala et al., 2007;
Kirkby et al., 2023; Stolzenburg et al., 2020).

NPF, starting with the formation of molecular clusters
and their subsequent growth to larger sizes, can consider-
ably contribute to the atmospheric aerosol loading (Kulmala
et al., 2004, 2012; Kerminen et al., 2018), thus exerting a no-
table impact on air quality (Guo et al., 2014; Kulmala et al.,
2022a) and climate (Boucher et al., 2013). Electric charge
can increase stability and decrease evaporation rates of newly
formed molecular clusters. The enhancement of NPF due
to ions is known as ion-induced nucleation (Yu and Turco,
2001; Curtius et al., 2006; Laakso et al., 2002). Chamber
studies have demonstrated that ion-induced nucleation is a
key factor contributing to the total nucleation rate, under
conditions of low precursor species concentrations and low
temperatures (Kirkby et al., 2011, 2016; Riccobono et al.,
2014). Wagner et al. (2017) observed that ions can enhance
the nucleation process under atmospherically relevant con-
ditions and chemical mixtures of precursors when the cor-
responding neutral clusters are not stable. Lehtipalo et al.
(2016) discovered that ions can increase the growth rates
of sub-3 nm particles, thus facilitating the growth process of
nanoparticles. Besides the chamber experiments, model re-
sults indicate that ion-mediated nucleation (which includes
ion-induced nucleation but also takes into account interac-
tions between ions and particles, e.g., ion—ion recombina-
tion) could be the dominant pathway for NPF (Yu and Turco,
2011; Yu, 2010). However, the contribution of ion-induced
nucleation to NPF in ambient conditions remains unclear at
present. At the rural sites in Hyytiéld, Hohenpeissenberg, and
Melpitz, ion-induced nucleation was estimated to contribute
about 10% to the total formation of 2nm particles (Kul-
mala et al., 2010). In urban areas, such as Helsinki, Boul-
der, and Nanjing, the contribution of ion-induced nucleation
NPF was estimated to be lower, in the range of 0.2 %—1.3 %
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(Herrmann et al., 2014; Iida et al., 2006; Gagné et al., 2012).
At high-altitude sites, such as Pallas and Jungfraujoch, ion-
induced nucleation was estimated to contribute 20 %—30 %
to NPF (Manninen et al., 2010), and in Antarctica, this con-
tribution was estimated to reach approximately 30 % (Asmi
et al., 2010). In general, field observations suggest that the
contribution of ion-induced nucleation to NPF varies from
clean to polluted environments.

The overwhelming majority of air ion observations have
been conducted in the pristine Nordic boreal forests, which
are renowned sources of biogenic volatile organic com-
pounds (BVOCs) (Miki et al., 2019; Wang et al., 2018). Bo-
real forests are relatively clean environments away from ma-
jor anthropogenic pollution sources, offering an unmatched
chance to explore atmospheric processes without the com-
plications introduced by urban or industrial emissions. In the
boreal forest of Hyytiéld in Finland, Laakso et al. (2004) dis-
covered that charged nucleation can contribute to particle for-
mation by favoring the growth of negatively charged clusters.
Moreover, both the concentration and mean size of sub-3 nm
ions in a boreal forest exhibited nocturnal increases, which
has been shown to be distinctly linked to oxidized organic
molecules (Junninen et al., 2008b; Lehtipalo et al., 2011b;
Rose et al., 2018; Huang et al., 2024). Intermediate ions have
been found to serve as a strong indicator of NPF in a boreal
forest environment, with high concentrations observed only
during NPF events (Leino et al., 2016; Tammet et al., 2014).
Compared to the several ion studies in the boreal forests, in-
vestigations of air ions in polluted urban areas remain sparse.
The few studies conducted in urban areas have mainly fo-
cused on air ion concentrations, finding that ion concentra-
tions are typically lower in polluted regions, primarily be-
cause of larger ion sinks in these areas (Skromulis et al.,
2017; Dos Santos et al., 2015; Ling et al., 2010b; Hirsikko
et al., 2007c). However, Ling et al. (2010a) found that ion
concentrations varied considerably inside the urban area, due
to additional ion sources such as power lines. More limited
research in urban environments has attempted to quantita-
tively examine the role of ions in NPF (Yin et al., 2023; Iida
et al., 2006; Herrmann et al., 2014).

The Yangtze River Delta (YRD) of eastern China is one of
the world’s largest clusters of adjacent megacities with a cu-
mulative population of about 100 million people, providing a
valuable opportunity for urban atmospheric research. Based
on a 4 month measurement campaign in Nanjing within the
YRD, Herrmann et al. (2014) suggested that the behavior
of cluster ions might be associated with NPF processes in
this urban area. The dense population and vehicle emissions
in the YRD result in a high condensation sink, which can
cause significant losses of ions to large particles in urban
air (Yin et al., 2023; Dos Santos et al., 2015). Neverthe-
less, BVOC emissions from the abundant broadleaf vegeta-
tion in the southern YRD, as well as expanding green ur-
ban areas, infuse biogenic emissions into this urban pollution
hotspot (Liu et al., 2018; Wang et al., 2020). Therefore, the
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YRD, with its combination of anthropogenic and biogenic el-
ements, presents a complex environment that hinders a com-
prehensive understanding of ions. The Pan-Eurasian Experi-
ment (PEEX) science plan, released in 2015, designated the
northern Eurasian Arctic boreal region and China, particu-
larly the megacities in eastern China, as the “PEEX region”,
given its potential significant impact on global air quality
and climate (Kulmala et al., 2015; Lappalainen et al., 2014).
Within the framework of the PEEX plan, both the boreal for-
est of Finland and the YRD of eastern China are focal areas
of interest.

The main goal of this study is to characterize the simi-
larities and differences in ion characteristics and contribu-
tion of ions to NPF between pristine boreal forests and com-
plex urban polluted environments. To this end, in situ data
from two flagship stations in the PEEX region — SMEAR
I (Station for Measuring Ecosystem-Atmosphere Relations
II) in the boreal forest of Finland and SORPES (Station for
Observing Regional Processes of the Earth System) in the
YRD region of eastern China — were utilized for a compara-
tive analysis. In this study, by comparing data from the two
sites over 1 year from June 2019-August 2020, we aim to
address the following questions. (a) How do ion size distri-
butions and number concentrations of both negative and posi-
tive polarities behave at these two sites? (b) Which factors in-
fluence air ion size distributions and number concentrations
at both sites? (c) What are the differences in ion characteris-
tics (number concentration, formation rate, growth rate, ion-
induced fraction) related to NPF between the two sites?

2 Methods

2.1 Measurement sites

The air ions observed at SMEAR II and SORPES were com-
pared in this study (Fig. 1). SMEAR 1I is situated in a bo-
real Scots pine-dominated forest in Hyytidld, southern Fin-
land (61°51’'N, 24°17'E; 181 m a.s.l. (above sea level)). The
station is located in a rural environment about 60 km north-
east of Tampere, the nearest large city with a population of
about 200 000. SMEAR 1I is renowned for conducting the
world’s longest continuous measurements of aerosol particle-
number concentration and size distribution since 1996. Ad-
ditionally, comprehensive observations of trace gases, soil—
atmosphere fluxes, and meteorological variables have been
concurrently conducted at the site. More details about the
station can be found from Hari et al. (2013). SORPES
(32°07’N, 118°57'E; 40m a.s.l.) is located in Nanjing, a
megacity on the western edge of the Yangtze River Delta in
eastern China. The station is situated in a suburban area about
20km east of downtown Nanjing. Under the prevailing east-
erly wind throughout the year, the site tracks the background
air in the YRD region. Similar to SMEAR II, SORPES is
equipped with comprehensive aerosol and meteorological in-
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strumentation. A more detailed site description is presented
by Ding et al. (2016).

2.2 Instrumentation

In this study, in situ data were collected from both SMEAR 11
and SORPES sites over a 1-year-long time period, spanning
from 7 June 2019-31 August 2020. At both sites, air ions
and total particle data were measured at ground level using
a NAIS (Neutral cluster and Air Ion Spectrometer, described
in Mirme and Mirme, 2013), which determines the number
size distributions of ions and total particles in the electrical
mobility diameter ranges of 0.8-42 and 2.5-42 nm, respec-
tively.

The NAIS consists of two parallel differential mobility an-
alyzers (DMAs), one for each polarity. Each polarity has
a preconditioning unit containing an electrical filter and a
corona-needle charger in front of the DMA. In the ion mode,
both positive and negative ions are simultaneously measured
in the two columns; in the particle mode, aerosol particles
are charged to opposite polarities by corona-needle chargers
and then simultaneously measured in two DMAs. The mea-
surement cycle was 2min for both ion and particle modes
and 30 s for the offset mode. Along the body of each DMA,
21 insulated collector electrodes simultaneously detect and
separate ions and charged particles according to their elec-
trical mobility. The NAIS system utilizes a sample flow rate
of 30Lmin~! and a sheath air flow rate of 60 L min~! for
each analyzer. For particle data, measurements below about
2.5nm are excluded from the measured size range due to
contamination from charger ions. At both sites, each NAIS
was placed indoors in an air-conditioned environment main-
tained at around 25 °C to ensure stable instrument temper-
atures, thus preventing potential temperature-induced biases
or malfunctions. The NAIS data inversion was performed us-
ing the Spectops software following the procedure described
by Manninen et al. (2016). Diffusion losses in the sampling
tube were corrected after the data inversion. The NAIS data at
SORPES from 14 September—15 October 2019 were unavail-
able, because the instrument was taken away for a short-term
campaign.

At SMEAR 11, particle number size distributions ranging
from 3-1000 nm were additionally measured using a twin
differential mobility particle sizer (DMPS). The twin DMPS
measurement system contains two setups, each comprising a
cylindrical DMA and condensation particle counters (CPCs).
A detailed description of the DMPS instrumentation can be
found in Aalto et al. (2001). At SORPES, a particle size dis-
tribution from 4-500 nm was measured by two scanning mo-
bility particle sizers (SMPSs, TSI Inc.), i.e. nano-SMPS and
long-SMPS, which consisted of different DMA and CPC in-
struments. Concurrently, an aerodynamic particle sizer (APS,
TSI Inc.) covered the size range from 500 nm—20 um (aero-
dynamic diameter). The SMPS data were combined with the
APS data using the method of Beddows et al. (2010) to obtain
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Figure 1. Locations of SMEAR II in Hyytiidld, Finland, and SORPES in Nanjing, eastern China, on the map (from © Google Earth) with

population density.

the particle number size distribution (4—1000 nm) applied in
this study. In addition to ion and aerosol data, this study also
used meteorological data: air temperature, relative humidity,
boundary layer height (BLH), wind speed, wind direction,
and precipitation from the two sites. A summary of the in-
strumentation utilized at the two stations is provided in Ta-
ble S1 in the Supplement.

2.3 Data analysis

In this work, according to the protocol of the atmospheric
electricity measurement community, air ions were classified
by mobility as cluster or small ions (3.2-0.5cm?V~!s™1),
intermediate ions (0.5-0.034cm2V~!s™1), and large ions
(0.034-0.0042 cm? V~!s~1), which correspond to mobility
diameters of 0.8-2, 2—7, and 7-20 nm, respectively. The tra-
ditional NPF event classification followed the procedure pre-
sented by Dal Maso et al. (2005) using the DMPS data. Con-
cisely, we categorized the days into four types: NPF event I
days (the days exhibiting a discernible banana-shaped curve
in the particle size distribution temporal surface plot, al-
lowing for the calculation of particle growth and formation
rates), NPF event II days (the days indicative of NPF activ-
ity, yet lacking precise calculability of growth and forma-
tion rates), undefined days (the days when the occurrence
of NPF is ambiguous), and non-event days (the days with
no evidence of NPF events). Concurrently, the number con-
centrations of 2.5-5 nm particles observed by NAIS at each
site were employed in the newly developed “Nano Ranking
Analysis”. This novel method groups days into a number of
percentile intervals to probabilistically characterize the oc-
currence and intensity of NPF at the two sites. The proce-
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dures and detailed description of the “Nano Ranking Analy-
sis” method was presented in Aliaga et al. (2023).

The condensation sink (CS) accounts for the loss rate of
vapor molecules due to condensing onto existing aerosol par-
ticles in the atmosphere (Kulmala et al., 2012). The CS can
be expressed as

CS:ZnDZLfM%%N%, (1)

where D is the diffusion coefficient of the condensing vapor,
Bm.d, s transition-regime correction, and d, and Ny, are the
geometric mean diameter of particles and particle number
concentration in each size bin, respectively.

The calculation of particle growth rates and formation
rates follow the procedure described in Kulmala et al. (2012).
The growth rate (GR) of a particle population during the NPF
events can be expressed as
Gr = o _ By _ dpp=do

dr At
where the d},1 and dj,; represent the particle diameters (in the
unit of nm) at times #; and #,, respectively. For calculation,
dp1 and dpy; refer to the center of the size bin, and ¢ and #, are
the times when the concentration of this size bin reaches the
maximum. The GR of ions and particles in the size ranges of
3—7 and 7-20 nm were calculated using the NAIS data.

The particle formation rate Jg, of diameter dj, is calculated
according to the equation given by Kulmala et al. (2012):

2)

n—n

dep
Jay = dr

-+ X 3
: ’p dp ’

where the first term on the right-hand side is the time evolu-
tion of the particle number concentration in the size ranging

+ Coag Sdp X Ndp
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from dp, to d, + Ad,,. The second term is the coagulation sink
(Coag Sg,) for particles between dp and dp + Adp. The co-
agulation sink is the loss rate of ions/particles due to their
coagulation with larger particles. The third term represents
the growth out of the corresponding size range, where GR is
the respective growth rate. For the calculation of the forma-
tion rate of total 2.5 nm particles and 2 nm ions, the GRs of
particles and ions in the size range of 3—7 nm were used.

Two additional terms need to be considered when calcu-
lating the formation rate of negatively (superscript —) and
positively (superscript +) charged particles, J = according
to the equation below (Kulmala et al., 2012): P

+
= _ %—i-Coa sy NE+ SRNE L onENT
dy = dp £9d, dy Adp dp dy" " <dp
—BN4,NZ, - @)

The additional terms to be included account for the loss
due to the ion—ion recombination (fourth term on the right-
hand side) and gain via the attachment of neutral particles to
smaller ions (fifth term on the right-hand side). The ion—ion
recombination coefficient o and the ion—aerosol attachment
coefficient 8 can be derived from either theory or measure-
ment, and in principle they depend on the shape of the parti-
cle size distribution. In this work, the rate coefficients « and
B were assumed based on the typical values of 1.6 x 107°
and 0.01 x 10~ % cm3 s 1 respectively (Franchin et al., 2015;
Tammet and Kulmala, 2005).

The ion-induced fraction of NPF at 2 nm, which indicates
the contribution of ion-induced nucleation to the overall nu-
cleation rate, was calculated with a modified equation based
on the earlier work by Manninen et al. (2010):

+ _

Jy+J,
total
175

, &)

Ton-induced fraction [2 nm] =

where /% and ]2i are calculated using Eqs. (3) and (4).
In previous studies, the total particle formation rate was typ-
ically taken at 2nm in previous studies. To avoid contam-
ination from charged ions in the NAIS total particle mea-
surements, the total particle formation rate was calculated at
2.5nm in this study. This methodological difference might
introduce a slight overestimation, since the formation rate
at 2.5nm is theoretically lower than that at 2 nm. To main-
tain consistency with previous measurements in the boundary
layer (Gagné et al., 2008; Manninen et al., 2010; Kulmala
et al., 2013), our analysis of ion-induced fraction does not
consider particles formed by ion—ion recombination. Conse-
quently, this work considered solely the particles that were
charged at 2 nm when assessing the ion-induced fraction.
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3 Results and discussion

3.1 Characteristics of ion concentration at SMEAR ||
and SORPES

3.1.1 lon number size distribution and polarity at the two
sites

As shown in Fig. 2a and b, the median ion number size
distributions (INSDs) for both negative and positive polar-
ity within the 0.8—40nm diameter range exhibited compa-
rable patterns. A remarkable peak occurred in the 0.8-2 nm
range, corresponding to cluster ions. The prominence of this
size range is attributed to the continuous formation of cluster
ions, primarily through the ionization of neutral molecules,
clusters, and particles throughout the troposphere (Hirsikko
et al., 2011). The peak of cluster ions was followed by a dra-
matic decline, even approaching zero, in the 2-7 nm inter-
mediate ion size range, and then an uptick in the 8—40nm
large ion size range. The intermediate-ion concentration is
typically very low, being detectable only during NPF events
and under specific conditions such as snowfall and rainfall
(Hirsikko et al., 2011; Tammet et al., 2009; Laakso et al.,
2007). In the atmosphere, cluster ions tend to rapidly attach
to aerosol particles, facilitating the formation of larger ions,
which can explain the elevated INSDs in the large ion size
range. At SORPES, the peak INSD in the cluster ion size
range was significantly lower than that at SMEAR II within
the same size range. This difference is because cluster ions
are removed faster by coagulation with high concentration of
pre-existing aerosol particles in a polluted environment com-
pared with a clean environment, thus resulting in lower clus-
ter ion concentrations at SORPES. Additionally, the abun-
dance of cluster ions at SMEAR II may be due to the higher
ion production rate via higher emissions from radon decay
or stronger external radiation. Conversely, the peak INSD at
SORPES in the large ion size range was considerably higher
than that observed at SMEAR II. Since cluster ions are con-
tinually produced in the atmosphere and have a high coagu-
lation probability with bigger neutral particles in the air, this
attachment process may serve as a substantial source of large
ions. At polluted SORPES, aerosol particles from heavy traf-
fic could further facilitate this process, resulting in higher
concentrations of larger ions. Previous studies have also ob-
served that large ions are associated with traffic emissions in
urban environments (Dos Santos et al., 2015; Hirsikko et al.,
2007c; Tiitta et al., 2007; Thomas et al., 2024).

Significant differences between the negative and positive
INSDs were observed in the cluster ion size range at both
sites (Fig. 2c and d). At SMEAR II and SORPES, the peaks
of INSDs in the cluster size range for positive ions were
shifted slightly to larger sizes compared to negative ions
(Fig. 2a and b), indicating that the mean size of positive
cluster ions was larger than that of negative cluster ions.
At SMEAR 1I, the concentrations of positive and negative
cluster ions were comparable, consistent with previous ob-
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Figure 2. The median ion number size distribution of negative and positive polarity at (a) SMEAR II and (b) SORPES; the solid line
indicates the median, and the dashed lines indicate the 25th and 75th percentile distributions. The correlation between median positive and
negative cluster ions at (c) SMEAR II and (d) SORPES are shown; the dots are colored by air temperature. The black dashed line is the 1 : 1

line.

servations in Hyytidld (Sulo et al., 2022; Komppula et al.,
2007; Hirsikko et al., 2005) using a balanced scanning mo-
bility analyzer (BSMA; Tammet, 2006) and air ion spectrom-
eter (AIS; Mirme et al., 2007). In contrast, at SORPES, the
concentration of positive cluster ions was higher than that of
negative cluster ions. This phenomenon may be attributable
to SORPES hosting more air ions with the compounds con-
taining the highest proton affinities, allowing them to capture
positive charges. The higher concentration of positive cluster
ions at SORPES may also be partly due to the electrode effect
of the negatively charged Earth’s surface, which typically at-
tracts small positive ions downward, causing a dominance of
positive polarity near the ground in calm air (Wilson, 1924;
Hoppel, 1967). Air temperature was found to be a crucial
factor affecting ion polarity at SMEAR II and SORPES. At
both sites, as air temperature increased, the difference be-
tween the concentrations of negative and positive cluster ions
decreased. This phenomenon might be due to increased con-
vective motions and turbulent mixing at higher air tempera-
tures, which reduces the Earth’s electrode effect.

Atmos. Chem. Phys., 25, 10027—10048, 2025

3.1.2 Seasonal and diurnal variations of ion
concentration at the two sites

Figure 3 shows clear seasonal variations in the three size
ranges (cluster: 0.8-2nm; intermediate: 2—7 nm; large: 7—
20nm) at the two sites. At both sites, although positive and
negative cluster ion concentrations differed from each other,
both polarities shared similar seasonal patterns. Notably, a
significant dissimilarity in cluster ion concentrations was ob-
served between the two sites (Fig. 3a and b). Throughout the
whole study period, the median concentration of total clus-
ter ions (sum of both polarities) was 1270 cm~> at SMEAR
IT and 220cm~> at SORPES. These values fall within the
range of 2002500 cm~ reported in a review by Hirsikko
et al. (2011) for sites all over the world. The total cluster
ion concentration at SORPES based on our observation is
notably lower than that reported by Herrmann et al. (2014),
which ranged between 600 and 1000 cm 3. In this study, the
median CS (0.020s~1) was found to be lower compared to
the value presented in Herrmann et al. (2014) (0.041 s,
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which theoretically should lead to an increase in cluster ion
concentrations. However, the observed decrease suggests that
the sources of cluster ions may have changed. A possible ex-
planation could be the rapid urbanization in Nanjing over the
past decade, including the transformation of unpaved roads
to cemented surfaces, which may have led to a reduction in
radon emissions from the ground. Although the intercompar-
ison study between the AIS and NAIS showed reasonably
good agreement in cluster ion concentrations for outdoor air
(Gagné et al., 2011), it is possible that the difference is partly
due to instrument bias, as Herrmann et al. (2014) conducted
ion measurements with an AIS. At both sites, cluster ion con-
centrations generally showed an increase during the summer
months, with the highest concentrations for both polarities
measured in August at SMEAR II and in October at SORPES
(Fig. 3a and b). Given that the near-ground cluster ions pri-
marily originate from cosmic rays, radon, and gamma radi-
ation from the soil (e.g. Hirsikko et al., 2011), the season-
ality of cluster ions is likely linked to the seasonal change
in radon exhalation, which is influenced by factors such as
snow depth, soil humidity, and boundary layer height (Lopez
et al., 2012; Shashikumar et al., 2008; Hatakka et al., 1998).
Additionally, the evolution of the boundary layer may affect
the distribution and availability of precursor vapors, poten-
tially influencing variations in cluster ion concentration and
size.

The median total concentration of large ions was 67 cm™
at SMEAR 1II and 197 cm~3 at SORPES. The higher concen-
tration of large ions at SORPES can be ascribed to heavy-
traffic emissions in urban areas, acting as a source for large
ions. This finding aligns with studies near busy roads by Hir-
sikko et al. (2007c) and Tiitta et al. (2007), which suggest
that large-ion concentrations are affected by traffic-related
aerosols. Besides, the high levels of background aerosol
loading at SORPES are likely conducive to the formation
of larger particles via small ions attaching to larger ones,
thereby contributing to an increased concentration of large
ions. The large-ion concentrations at SMEAR II peaked in
spring, whereas the large-ion concentrations at SORPES had
multiple peaks in the seasonal variation. This is probably due
to the complicated sources of aerosols, including the primary
emissions and NPF in polluted environments (Fig. 3e and
f). A noticeable decrease in the large-ion concentration at
SORPES in February was observed (Fig. 3f), possibly caused
by the substantial reduction in primary and vehicle emissions
during the Chinese New Year period. The concentration of
negative large ions at SORPES showed the same pattern as
intermediate negative ions in June and July, with concentra-
tions clearly exceeding those of positive ions (Fig. 3f). This
may be due to negative intermediate ions produced by rain
attaching to background particles and growing in size.

The intermediate-ion concentrations were relatively sim-
ilar and very low at the two sites (Fig. 3c and d). Dur-
ing the experiment period, the median total intermediate-
ion concentration at SMEAR II and SORPES were 27 and

3
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25cm™3, respectively. The intermediate-ion concentrations
increased significantly in the spring at SMEAR II and in the
autumn at SORPES. Since intermediate ions are predomi-
nantly detected on NPF event days and since NPF events
were found to mainly occur during spring and autumn at
each site in both this study (see Sect. 3.3.1) and previous
studies (Nieminen et al., 2014; Qi et al., 2015), the observed
higher intermediate-ion concentration at the two sites dur-
ing these periods was expected. An intriguing behavior in
the seasonal variation of intermediate ions at SORPES can
be seen in Fig. 3d, with the negative-ion concentrations sig-
nificantly surpassing those of positive ions in June and July.
As rain and waterfalls have been found to produce nega-
tively charged particles smaller than 10 nm (Tammet et al.,
2009), the high level of ambient negative ions at SORPES
in summer can be attributed to heavy and intensive rainfall
in the YRD of China (Fig. S1 in the Supplement). In ad-
dition, throughout the entire measurement period, negative
intermediate-ion concentrations on rainy days were consis-
tently higher than those during non-rainy periods at both sites
(Fig. S2).

Figure 4 illustrates the monthly diurnal variations in to-
tal ion concentration of different size classes at SMEAR 11
and SORPES. At both sites, the cluster ion concentration re-
mained consistently low during winter and barely showed
clear diurnal variations (Fig. 4a and b). At SMEAR 1I, dis-
cernible diurnal cycles of cluster ion concentration were ob-
served during the warm months (April-September), charac-
terized by a significant increase during the night between
20:00 and 04:00LT (local time) (Fig. 4a). This nocturnal
rise in cluster ion concentration agrees with the study by
Mazon et al. (2016) based on the 11-year ion measure-
ment at Hyytidld, with a nighttime formation of 0.9-2.4 nm
ions that can surpass corresponding ion concentration levels
during daytime. Chen et al. (2016) suggest that the night-
time buildup of cluster ions at SMEAR II may be due to
the enhanced charge acquisition. Additionally, this increase
could be linked to the accumulation of ionizing radiation
from radon decay, attributed to lower boundary layer mix-
ing heights before sunrise (Hirsikko et al., 2011). Apart from
elevated production, such a nighttime increase may also re-
sult from a weakening of the sinks for these ions, indicat-
ing that the removal processes of cluster ions are suppressed.
However, these processes are modulated by prevailing atmo-
spheric conditions. Therefore, the phenomenon presented in
Fig. 4a may be the result of the synergy between the produc-
tion and consumption mechanisms of cluster ions and atmo-
spheric dynamics. At SORPES, despite a general increase in
cluster ion concentration during warmer months compared
to colder seasons, no distinct diurnal cycles were observed
(Fig. 4b). The absence of nighttime, and even daytime, bursts
in cluster ion concentrations at SORPES may be attributed to
high background particle loading, which likely keeps the sink
of cluster ions consistently high throughout the day.

Atmos. Chem. Phys., 25, 10027—10048, 2025
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Figure 3. Median seasonal variations of negative- and positive-ion concentration in three size classes (cluster: 0.8—-2 nm; intermediate: 2—
7 nm; large: 7-20nm) at SMEAR II (a, ¢, e) and SORPES (b, d, f). The line inside the box is the median; the top and bottom of each box
are the 25th and 75th percentiles, respectively; the whiskers are the 1.5 interquartile range. Negative- and positive-ion concentrations are
depicted by the blue and red colors, respectively. Different background colors in the figure represent various seasons, with grey indicating
data for the whole period. Positive large-ion concentration in January and September and negative large-ion concentration in September at
SORPES were removed due to electrometer contamination in the corresponding size range (f). Note that NAIS data were unavailable from
14 September—15 October 2019 at SORPES due to instrument deployment in a short-term campaign.

At both sites, diurnal variations in intermediate-ion con-
centrations were only prominent during the warm seasons
(Fig. 4b and c), characterized by a pronounced peak around
noon (11:00-13:00LT). This is because the variations in
intermediate-ion concentrations are closely linked to NPF,
which typically occurs during the period of the strongest
photochemical oxidation around midday. In addition, at
SMEAR 11, intermediate-ion concentrations increased dur-
ing the night, coinciding with the nighttime increase of clus-
ter ions (Fig. 4a). This suggests that such an increase in
intermediate-ion concentration was likely due to the growth
of small ions or the attachment of cluster ions to growing
neutral particles associated with NPF. In contrast to cluster
ions, the nighttime increase in intermediate ions primarily
occurred from March to May, which may be attributed to
abundant biogenic emissions from the boreal forest during
spring. Some studies have shown that the nocturnal bursts
of intermediate ions during spring months in Hyytidld cor-
relate well with the concentration and oxidation products
of monoterpenes (Eerdekens et al., 2009; Lehtipalo et al.,
2011a; Rose et al., 2018; Huang et al., 2024). At both sites,

Atmos. Chem. Phys., 25, 10027—10048, 2025

the diurnal patterns of large-ion concentrations were similar
to those of intermediate ions, with a peak during the day in
warmer seasons and a noticeable increase at night at SMEAR
II (Fig. 4e and f). This pattern suggests that large ions at the
two sites may originate from not only the coagulation of clus-
ter ions to larger particles, but also the growth of intermediate
ions.

3.2 Factors influencing ion concentration

We investigated the correlations of meteorological factors
(air temperature, relative humidity, boundary layer height,
wind speed) and CS with ion concentrations of both polari-
ties across the three size ranges (as shown in Fig. S3). CS, as
the widely recognized sink of ions to larger particles, showed
a negative correlation with both positive and negative clus-
ter ion concentrations at both sites (Fig. S3). Concurrently,
a negative association between total cluster ion concentra-
tion and CS at the two sites was seen (Fig. 5). These results
indicate that CS is an important factor affecting the concen-
tration of cluster ion. The median values of CS at SMEAR 11

https://doi.org/10.5194/acp-25-10027-2025
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Figure 4. Monthly median diurnal variations of total ion concentration (sum of both polarity) of three size classes (cluster: 0.8-2 nm;
intermediate: 2—7 nm; large: 7-20 nm) at SMEAR II (a, ¢, €) and SORPES (b, d, f) from June 2019-August 2020. The large-ion concentration
in January and September at SORPES were removed due to electrometer contamination in the corresponding size range (as shown in Fig. 3f).
Note that the color scales are different for the two sites. NAIS data were unavailable from 14 September—15 October 2019 at SORPES due

to instrument deployment in a short-term campaign.

and SORPES were 0.0025 and 0.0197 s~!, respectively, with
the CS at polluted SORPES being nearly eight times higher
than that at the clean SMEAR II. This highlights the sig-
nificantly higher aerosol loadings in urban areas, leading to
greater coagulation losses of cluster ions to larger particles.
This substantial difference in CS is likely the main reason for
the significantly lower cluster ion concentration at SORPES
compared to SMEAR 1I, as discussed in previous sections.
Notably, the negative association was more pronounced in
the urban (SORPES) than in the clean (SMEAR II) envi-
ronment. Also, the negative correlation coefficient between
cluster ion concentration and CS was considerably higher at
SORPES compared to SMEAR 1II (Fig. S3). At SMEAR 11,

https://doi.org/10.5194/acp-25-10027-2025

the lack of a strong CS dependency of cluster ions could be
due to the low background aerosol loading in the clean for-
est environment. Studies at SMEAR 1I found that changes
in cluster ion concentrations at this clean site are primarily
determined by changes in the ion production rate, which in
turn is mainly driven by ionizing radiation and weather con-
ditions, thus rendering CS a less important factor in cluster
ion concentration (Chen et al., 2016; Hirsikko et al., 2007a).
Although Sulo et al. (2022) found that CS might explain the
long-term trend of cluster ion concentrations in a boreal for-
est environment, short-term variations were more complex
to explain, and the dependence of cluster ions on the CS var-
ied across different seasons. In line with our study, Yin et al.

Atmos. Chem. Phys., 25, 10027-10048, 2025
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(2023) identified a stronger negative correlation between CS
and cluster ion concentration in Beijing. These results indi-
cate that in clean areas with large variations in ion produc-
tion rates and low aerosol mass loadings, the ion production
rate may be the controlling factor for cluster ion concentra-
tion. However, in urban areas with high background particle
loading, CS might be the decisive factor affecting cluster ion
concentrations.

Among the meteorological factors investigated in our
study, air temperature showed the strongest positive correla-
tion with cluster ion concentrations, and this correlation was
stronger for negative than positive ions at both SMEAR 11
and SORPES (Fig. S3). This supports the earlier finding that
the difference between the positive and negative-ion concen-
trations decreases as temperature increases. In addition, wind
speed showed a significant negative correlation with cluster
ion concentrations at SMEAR II. By examining the inter-
relationships between the wind speed, wind direction, and
ion concentrations across the three size ranges, we further
demonstrated the impact of wind on ion concentrations at
both sites (Fig. 6).

At SMEAR I, cluster ion concentrations decreased sig-
nificantly with an increasing wind speed but increased when
the wind was blowing from the northwest (Fig. 6a). Both
intermediate and large-ion concentrations were higher dur-
ing northwesterly and southwesterly winds at SMEAR I,
but this increase was only observed at higher wind speeds
(Fig. 6¢ and e). Wind directions from the northerly sec-
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tor favor NPF events at this site, as air masses from the
clean marine areas to the north have a lower CS (Niem-
inen et al., 2014; Nilsson et al., 2001). Therefore, NPF
could be a contributing factor to the elevated concentrations
of air ions observed during northwesterly winds. The peak
in intermediate-ion concentrations observed in the south-
west may be associated with frequent precipitation from
that direction, in accordance with the findings which have
demonstrated the frequency of rain-induced intermediate ion
bursts in the boreal forests (Hirsikko et al., 2007b) (Fig. 6c).
At SORPES, cluster ion concentration was higher during
northerly and southwesterly winds (Fig. 6b). Additionally,
intermediate- and large-ion concentrations were significantly
higher during westerly winds compared to easterly winds,
exhibiting a remarkable rise in the southwest wind direction
(Fig. 6d and f). As mentioned in Sect. 2.1.2, the SORPES
site is situated southwest of the main traffic roads. Chen
et al. (2023) observed that the highest concentrations of NO,
were recorded in that air mass direction at SORPES, indi-
cating that traffic emissions may constitute a major source
of larger ions. Roadside studies conducted in Finland also
revealed that traffic emission can increase intermediate- and
large-ion concentrations (Hirsikko et al., 2007c¢; Tiitta et al.,
2007). Consequently, in polluted urban areas, in addition to
NPEF, traffic-produced aerosols could be an important factor
affecting ion concentrations.

Nevertheless, no single meteorological factor in our study
showed a particularly strong correlation with ion concentra-
tions (Fig. S3). This is expected, as ion concentrations are af-
fected by the interplay between ion sources, sinks, and mete-
orological conditions. Therefore, to fully understand the rea-
sons behind variations in ion concentration in different en-
vironments, simultaneous observation and analysis of these
factors are essential.

3.3 lons and new particle formation
3.3.1 NPF at SMEAR Il and SORPES

The overall frequency of NPF events (sum of event I and
event II) at SMEAR II was 16 %, with the highest occurrence
in spring with the value of 43 % (Fig. 7a). This frequency is
somewhat close to the 19962012 period reported by Niemi-
nen et al. (2014) (i.e., 23 %), which similarly noted that NPF
is most frequent during the spring months in Hyytidld. Even
though the high concentration of pre-exiting particles in ur-
ban environment was expected to inhibit NPF, NPF occurred
even more frequently at SORPES. The overall frequency of
NPF events at SORPES during the entire measurement pe-
riod was 39 %, with higher frequencies in the warm seasons
(spring, summer, and autumn) (Fig. 7b). The overall NPF
frequency at SORPES during the measurement period from
2019-2020 is in close agreement with the 44 % and 41 % fre-
quencies reported by Qi et al. (2015) during 2012-2013 and
Chen et al. (2023) during 2018-2020, respectively.

https://doi.org/10.5194/acp-25-10027-2025
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Figure 6. Total ion concentration (sum of both polarity) in three classes (cluster: 0.8-2 nm; intermediate: 2—7 nm; large: 7-20nm) as a
function of wind direction and wind speed at SMEAR 1I (a, ¢, e) and SORPES (b, d, f).

To further investigate the relationship between ions and
NPF, the diurnal variations of median total ion concentra-
tions in the three size classes between NPF event days and
non-event days at SMEAR II and SORPES were compared
(Fig. 8). Generally, at both sites, distinct diurnal patterns
in ion concentrations were observed during the NPF event
days: a peak in the cluster ion concentration at SMEAR 11
occurred at night (22:00LT), while at SORPES the highest
concentration was observed in the early morning (07:00 LT),
several hours before typical time of NPF (09:00-12:00 LT)
(Fig. 8a and b). Additionally, at both sites, cluster ion con-
centrations prominently decreased during the NPF event days

https://doi.org/10.5194/acp-25-10027-2025

in the afternoon, even falling below non-event day levels. At
both sites, intermediate-ion concentrations during the NPF
event days showed significant increases, reaching values 8-
14 times higher than those at the same time on the non-event
days (Fig. 8c and d). This substantial increase not only agrees
with Leino et al. (2016) in that intermediate ions can serve
as an effective indicator for NPF at clean SMEAR II, but
also highlights their sensitivity to NPF in polluted areas. The
peak in intermediate-ion concentration at SORPES (11:00-
12:00LT) appeared earlier than at SMEAR II (13:00LT). At
SMEAR I, intermediate-ion concentrations increased con-
siderably during the nights following NPF (18:00-24:00 LT),

Atmos. Chem. Phys., 25, 10027—10048, 2025
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which might be related to nocturnal ion clustering in the bo-
real forest. Such nocturnal increases have been observed to
be more likely following a NPF event day than a non-event
day (Junninen et al., 2008a). However, nocturnal ion cluster-
ing was not observed at SORPES on either NPF event or non-
event days. For large ions, distinct increases were also noted
during NPF event days at both sites, with the peak appearing
earlier at SORPES (13:00LT) than at SMEAR 1II (18:00LT)
as well (Fig. 8e and f). This timing difference could be
partly caused by a higher growth rate of newly formed par-
ticles at SORPES (see Sect. 3.3.2). In addition, the rapid in-
crease in larger ion concentration may be attributed to the
slower growth of boundary layer height on NPF event days
at SORPES, which facilitates the augmentation in ion con-
centration (Fig. S4). As shown in Fig. 8f, slight increases in
large-ion concentration were observed at SORPES during the
morning (08:00-10:00LT) and afternoon (15:00-18:00LT)
on non-event days, potentially originating from traffic emis-
sions during the morning and evening rush hours near the
site.

3.3.2 lon formation rate and growth rate

We determined the formation rates of 2 and 3 nm ions, as
well as the growth rates (GR) for ions from 3—7 nm and from
7-20nm at SMEAR II and SORPES (Table 1). According
to our best knowledge, this work represents the first repot
of long-term formation rate and growth rate of charged par-
ticles in the western part of the YRD region. The median
values of J;© and J;© for both polarities during the active
time (09:00-15:00LT) at each NPF event were not signifi-
cantly different between SORPES (J; : 0.028 cm ™35!, J; :
0.025cm3s~ 1, Jy 2 0.028 cm 3 s_%, J3+: 0.027 cm™3 s_l)
and SMEAR 1I (J; : 0.033em™3s™!, 7)™ 0.041em™3s71;
Jy:0.012 em 357! J3+: 0.016cm~3s~!). This finding is
consistent with previous results obtained across 12 European
sites (Manninen et al., 2010), showing that the charged for-
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mation rate at 2 nm varies little between different sites, typ-
ically ranging between 1072 and 10~'. In contrast, the to-
tal particle formation rate at 2 nm varies considerably across
sites, even by more than an order of magnitude. It indicates
that neutral particle formation rates are more sensitive to sur-
rounding environmental conditions than ion formation rates.
Figure 9 displays the clear seasonal variations in 2 and 3 nm
ion formation rates of both polarities during the entire mea-
surement period at SMEAR II and SORPES. At both sites,
J;F and J;F exhibit similar seasonal patterns, with higher val-
ues observed during the warmer seasons. The formation rate
of 2 and 3 nm ions peaked in the spring at SMEAR 1II and
in the summer at SORPES. The higher ion formation rates
during the warmer part of the year may be associated with
increased biogenic emissions and stronger atmospheric oxi-
dation capacity.

The GRs of ions were size-dependent at SMEAR II and
SORPES, with a clear increase with an increasing size of
the ion. Similar results were found from K-puszta (Yli-Juuti
et al., 2009) in Hungary, Tumbarumba in Australia (Suni
et al., 2008), and 12 European sites (Manninen et al., 2010).
Such size dependency implies the involvement of different
condensing vapors in the growth of different-size particles
based on their saturation vapor pressures. The difference in
GR between negative and positive polarities was minimal at
both sites. The median GR of ions from 3—7 nm showed lit-
tle difference between the two sites. However, at SORPES,
the median GRs of ions from 7-20nm (GR™ 7-20 nm:
6.74nmh~!, GR* 7-20nm: 6.82nmh~!) were higher than
that at SMEAR 1I (GR™7-20nm: 5.58nmh~!, GR™ 7-
20nm: 5.18 nmh ™). This observation is consistent with the
study by Manninen et al. (2010) on the GRs of ions at vari-
ous European sites, where they reported higher GRs at urban
areas compared to rural and coastal sites. Similarly, in Fin-
land, the GR of ions in the urban Helsinki was found to be
higher than that in the clean Hyytidld (Hussein et al., 2008).
The higher GR at SORPES could be caused by more abun-
dant condensing vapors that facilitate the growth process (Qi
et al., 2018).

3.3.3 The role of ions in new particle formation

To shed more light on the role of ions in the NPF pro-
cess, we compared the ion-induced fraction (the ratio of
charged 2 nm to total 2.5 nm particle formation rates) at both
SMEAR 1II and SORPES. As shown in Table 1, the me-
dian ion-induced fraction at SMEAR II was 19.9 % (mean
23.4 %), well within the typical range of 1%-30% ob-
served at European sites (Manninen et al., 2010). However,
at SORPES, the median-induced fraction was only 1.3 %
(mean 2.2 %), approximately 15 times lower than that at
SMEAR II. The higher ion-induced fraction at SMEAR II
(median J tf’Stal: 0.35cm ™3 s~ 1) compared with SORPES (me-
dian J3%: 4.17cm™3s71) is in accordance with previous
findings that the contribution of ion-induced nucleation to
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Figure 9. Seasonal variation of the formation rate of 2 nm (12:F , a, b) and 3 nm ions (J3:F , ¢, d) at SMEAR II and SORPES sites for both
negative and positive polarities during the entire measurement period. The line inside each box is the median; the top and bottom of each box
are the 25th and 75th percentiles, respectively; and the whiskers are the 1.5 interquartile range.

total nucleation increases with a decreasing total formation
rate (Manninen et al., 2010). It is noteworthy that the 1.3 %
ion-induced fraction at SORPES is considerably higher than
the value reported by Herrmann et al. (2014) in 2014 for
the same site (median 0.2 %; mean 0.2 %). This difference
may be attributed to anthropogenic emission reductions since
2013, driven by extensive air quality control efforts in China.
As a result of these reductions, total particle formation rates
in the YRD region were observed to decline over the period
2013-2019 (Shen et al., 2022). Given that variations in the
ion-induced fraction are primarily influenced by the forma-
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tion rate of total particles, the ion-induced fraction may in-
crease as air pollution improves in urban areas. Nevertheless,
while this is a plausible explanation, it needs to be kept in
mind that Herrmann et al. (2014) estimated the formation rate
of 2 nm particles based on observed values of formation rate
of 6 nm particles, which may cause uncertainty.

In line with most of the observations within polluted
boundary layers (Hirsikko et al., 2011), our work suggests
that the contribution of ion-induced nucleation to NPF in pol-
luted areas is minor. Nevertheless, the role of ions in NPF
cannot be overlooked. As shown in Fig. 10, the formation
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Table 1. Formation rates of 2 nm ions for both negative and positive polarities (Jzi), formation rates of 2.5 nm total particles (Jﬁostal; sum

of charged and neutral particles), growth rates of 3—7 and 7-20 nm ions for both negative and positive polarity (GR™ and GR™), and ion-
induced fraction (the ratio of 2 nm ions and 2.5 nm total formation rates) at SMEAR II and SORPES. Formation rates of ions/particles and
ion-induced fraction were determined during each NPF event from 09:00-15:00 LT at both sites.

SMEAR 11 ‘ SORPES
Average Median 25th 75th ‘ Average Median 25th 75th

Jy (em™3s7h 0.060 0.033 0.014 0.071 0.070 0.028 0.015 0.053

Iy (em3s7h 0.066  0.041 0020 0.082 | 0056 0025 0014 0.046

Jiotal (em =35~ 1) 0.822 0348 0.161 0.726 2672 4171 1677 12.265

GR™ 3-7nm (nmh™1) 4.878 3492 1959 5.817 4.144 3.177  2.221 5.757

GR* 3-7nm (nmh~1) 4.311 3.157 1.723  5.896 10.595 4272 2514 7.000

GR™ 7-20nm (nmhfl) 7.159 5.572  3.839 8.342 7.870 6.736  5.107 9.353

GR* 7-20nm (nmh~1) 8.469 5.179 3.623 8.086 7.495 6.818  5.099 9.305

Ion-induced fraction 0.234 0.199 0.158 0.284 0.022 0.013  0.007 0.023
of charged particles starts around an hour earlier than neu- 04 SMEAR I 0.06
tral particle formation at SORPES, suggesting that the ion- ) 0al @ Foos o
induced nucleation could precede neutral nucleation in this 5 Loos &
polluted area. This phenomenon may be explained by the T 02 ooz T
fact that small ions are more easily activated to grow than ? 0.11 | 0.02 ;:
neutral particles under lower vapor supersaturations (Win- s, , | i oot
kler et al., 2008) and that ion-induced nucleation pathways 0 6 SO:P o 18 2 B
are more important or even dominant at low vapor concentra- -~ T ] 0 = Pos
tions (Wagner et al., 2017). As ion-induced nucleation may T e L0.04 o
require lower precursor vapor concentrations than neutral % . | o0 é
pathways, charged particles may be more readily activated in 2 g
a polluted urban environment with limited low-volatility or HE 0 g
condensable vapors. The earlier onset of ion-induced nucle- 7o . . - o Mk

ation is linked to the relatively low condensable vapor con-
centrations in the morning, which enable charged clusters to
activate earlier than neutral particles as vapor levels start to
rise with the increase in solar radiation. Such early occur-
rence of ion-induced nucleation has also been observed in
other field measurements in Europe (Manninen et al., 2010;
Gonser et al., 2014).

In addition, the relationships between ion-induced fraction
and the NPF ranking at SMEAR II and SORPES are pre-
sented in Fig. 11. The NPF ranking values were derived us-
ing the Nano Ranking Analysis method described by Aliaga
et al. (2023). The NPF ranking values provide the informa-
tion about the intensity of NPF events: on average, the days
with higher (lower) ranking values have higher (lower) prob-
ability and intensity of NPF events (see Figs. S5 and S6).
At SMEAR 11, both ion formation rates and total particle
formation rates increased with rising NPF ranking values
(Fig. 11a and c), while the ion-induced fraction showed min-
imal change, with only a slight increase when ranking values
were higher than 80 % (Fig. 11e). In contrast, at SORPES,
ion formation rates showed little increase with rising rank-
ing values, but particle formation rates increased by orders
of magnitude (Fig. 11b and d). This significant difference
led to a clear increase in the ion-induced fraction during
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Hours

Figure 10. Diurnal variations in median charged and total particle
formation rates during NPF event days at SMEAR II and SORPES
from June 2019-August 2020. Charged (negative ions: blue line;
positive ions: red line) and total formation rates (black line) are
measured by NAIS in ion mode and particle mode, respectively.

periods of low NPF ranking values (< 50%) (Fig. 11f). At
SORPES, the ion-induced fraction was highest when NPF
ranking values were lowest (median of 3.2 %, reaching up
to 10.7 %), which was up to three times higher than during
periods with the highest NPF ranking values. The days with
low-ranking values are associated with the so-called “quiet”
NPF (traditionally overlooked non-event days) as described
by Kulmala et al. (2022b). Previous studies show that “quiet”
NPF is a non-negligible source of particles, especially in
polluted environments (Kulmala et al., 2022b; Chen et al.,
2023). Therefore, the relatively high ion-induced fraction ob-
served during low-ranking periods at SORPES suggests that
ion-induced NPF still plays a notable role in airborne aerosol
production in polluted urban environments. Furthermore, this
phenomenon is consistent with the view of Kulmala et al.
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(2022b) that focusing on ion-induced NPF should be a prior-
ity in exploring the mechanisms of quiet NPF.

4 Summary and conclusions

We conducted a comparative analysis of air ions in three size
ranges (0.8—2 nm cluster ions; 2—7 nm intermediate ions; 7—
20nm large ions) at two flagship stations in the PEEX re-
gion: the SMEAR 1I site in a Finnish boreal forest and the
SORPES site in an eastern Chinese megacity, covering the
period from June 2019-August 2020. At both sites, the dif-
ferences in concentrations between the positive and nega-
tive cluster ions diminished with rising temperatures. This is
likely due to the enhanced convective motions and turbulent
mixing at higher air temperatures, which mitigate the Earth’s
electrode effect. During the whole measurement period, the
median cluster ion concentration at SMEAR 11 (1270 cm™3)
was about six times greater than that at SORPES (220 cm™3),
which was caused by the high background aerosol loading
in the urban area. Intermediate-ion concentrations at the two
sites were very low and comparable, with median values of
27 and 25 cm ™3, respectively. The median large-ion concen-
tration at SORPES (197 cm™3) was nearly three times higher
than at SMEAR 1II (67 cm™3). This difference is attributed
to a high probability of cluster ions coagulating with neutral
particles at the polluted SORPES, with heavy-traffic emis-
sions further promoting this process.

Distinct seasonal and diurnal variations in ion concen-
trations were observed at both SMEAR II and SORPES.
At both sites, cluster ion concentrations increased during
summer, peaking in August at SMEAR II and in October
at SORPES. Intermediate-ion concentrations peaked during
spring at SMEAR 1II and during autumn at SORPES, which
was related to the higher frequency of NPF events in these
seasons at the respective sites. Notably, a clear increase
in negative intermediate-ion concentration was observed at
SORPES, which could be caused by the heavy and intensive
rainfall in the YRD of eastern China. The diurnal cycles of
ion concentrations in all three size ranges were more pro-
nounced during the warm season at both sites. At SORPES,
ion concentrations generally peaked during daytime in the
warm season. In contrast, at SMEAR II, ion concentrations
increased during the darker hours of the warm season. It is
noteworthy that the increase in nighttime cluster ion concen-
tration at SMEAR 1II occurred throughout the warm part of
the year (from April-September), while the nocturnal rise
in intermediate ions was primarily observed in spring (from
March to May).

A negative association was observed between the cluster
ion concentration and CS at both sites. The negative cor-
relation was stronger at SORPES compared to SMEAR 1I,
suggesting that CS may be a decisive factor affecting clus-
ter ion concentration in the polluted urban area. Wind speed
and direction also had a significant impact on ion concentra-
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tions at both sites. At SMEAR II, cluster ion concentration
significantly decreases with an increasing wind speed. Ad-
ditionally, ion concentrations were higher during northwest-
erly winds, correlating with NPF events that are favored by
clean winds originating from the pristine northern seas. At
SORPES, intermediate- and large-ion concentrations were
elevated with westerly winds, probably due to traffic emis-
sions from the main roads to the southwest of the site.

We reported ion formation rates and growth rates (GR) for
both polarities at the two sites. During the active time (09:00—
15:00LT) of NPF event days, the median ion formation
rates, J;~ and J57, at SMEAR II (J, : 0.033 cm3s7L, 12+:
0.041cm™3s71; Jy 0.012cm™3s~1, J3+: 0.016cm™3s~ 1)
were similar to those at SORPES (J,: 0.028 cm™3s~!, J;':
0.025cm3s~ 1, J57:0.028 cm 3 s_%, J3+: 0.027cm—3 s_%).
During the entire measurement period, J,;~ and J;© were
higher during the warmer part of the year at both sites.
The median GR of ions from 3-7nm showed a minimal
difference between SMEAR II (GR™3-7nm: 3.50nmh~!,
GR* 3-7nm: 3.16nmh~!) and SORPES (GR™ 3-7nm:
3.18nmh~!, GRT 3-7nm: 4.28 nmh~!). At SORPES, how-
ever, the median GR of ions from 7-20 nm at SORPES (GR™
7-20nm: 6.74nmh~!, GRT 7-20nm: 6.82 nmh’]) were
higher than that at SMEAR II (GR™ 7-20nm: 5.58 nmh~!,
GR* 7-20nm: 5.18 nmh™!). Nighttime increases in J," dur-
ing the NPF event days were noted at SMEAR II. The me-
dian ion-induced fractions were estimated to be 19.9 % at
SMEAR 1II and 1.3 % at SORPES, suggesting that the con-
tribution of ions to NPF is minor in polluted environments.
Nevertheless, we found that charged particles were activated
earlier than neutral particles at SORPES, suggesting charged
particles were more readily activated than neutral particles
in the polluted urban environment. The high ion-induced
fraction was observed during low NPF ranking periods at
SORPES. Such days with low NPF intensity refer to “quiet”
NPF, which is a significant source of aerosols in urban ar-
eas. The higher ion-induced fraction observed during the
typically overlooked quiet NPF compared to strong NPF at
SORPES indicates that ion-induced NPF still plays a notable
role in airborne aerosol production in polluted urban environ-
ments. We therefore highlight the need for long-term obser-
vations of air ions in both pristine boreal forests and polluted
urban environments.

Data availability. The meteorological data from SMEAR II can be
accessed from the SmartSMEAR website: http://avaa.tdata.fi/web/
smart/ (last access: 31 August 2025) (Junninen et al., 2009). The
ion and particle data from SMEAR II, as well as the measurement
data from SORPES, are available from the corresponding authors
upon request.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-25-10027-2025-supplement.
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Figure 11. The total formation rate of 2 nm ions (sum of both polarities), formation rate of 2.5 nm total particles, and ion-induced fraction
(the ratio between charged 2 nm particles and 2.5 nm total particle formation rates) as a function of NPF ranking values at SMEAR 1II and
SORPES during active time (09:00—15:00 LT) of NPF event days. The line inside each box is the median; the top and bottom of each box are
the 25th and 75th percentiles, respectively; and the whiskers are equal to the 1.5 interquartile range.
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