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Abstract. Small ions, consisting mostly of charged molecular clusters with mobility diameters below 2 nm,
exist continuously in the atmosphere. Here, we studied small ion number size distributions measured with neu-
tral cluster and air ion spectrometer measurements in Hyytiälä, Finland, and Beijing, China. We found that in
Hyytiälä, there is a strong positive relationship between the concentration and diameter of small ions of both
polarities and highly oxidized organic molecule (HOM) and sulfuric acid concentrations, and that the relation-
ship with the former is especially strong. The relationship between the negative sulfuric acid cluster ions and the
small ion number size distribution in Hyytiälä was found to be more complex but overall positive. In contrast to
Hyytiälä, we found that in Beijing, the small ion number size distribution does not have a clear relationship with
sulfuric acid or oxidized organic molecule (OOM) concentration. We found that the small ion size distribution
in Hyytiälä behaved as expected with respect to varying coagulation sink (CoagS), with concentrations of the
smallest ions decreasing most with increasing CoagS. Surprisingly, the small ion size distribution in Beijing
did not vary significantly with varying CoagS. However, in both locations, the impact of growth on the small
ion number size distribution during periods of intense cluster formation and new particle formation is clearly
seen. Our results show that although in Hyytiälä the growth of small ions to larger diameters is limited by the
concentrations of sulfuric acid and OOMs, in Beijing there are additional factors required for the small ions to
grow.

1 Introduction

Atmospheric aerosol particles influence the Earth’s climate
(e.g., Quaas et al., 2009; Boucher et al., 2013; Schmale et
al., 2021; Li et al., 2022) and can have adverse effects on hu-
man health (e.g., Shiraiwa et al., 2017; Arfin et al., 2023).
These influences have commonly been related to properties,
such as the mass or number concentration of an atmospheric
aerosol population, its size distribution, or its chemical com-
position (Shiraiwa et al., 2017; Atkinson et al., 2015; Fin-
lay, 2021). The electric charge state of atmospheric aerosols

has attracted much less interest, although this property may
have large influences on the dynamics of atmospheric aerosol
populations (Harrison and Carslaw, 2003; Fdez-Arroyabe et
al., 2022), thereby affecting many other important aerosol
properties. The presence of charges also makes it possible
to measure low aerosol concentrations at high resolution in
both time and particle size (Mirme and Mirme, 2013; Mirme
et al., 2025).

Charged atmospheric particles, or more broadly ions, in-
clude charged aerosol particles, charged molecular clusters,
and even large molecules having a charge. Ions with electri-
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cal mobility diameters roughly below 2 nm in diameter are
classified as small ions, and consist of charged molecular
clusters, while ions above 2 nm consist of charged aerosol
particles (Tammet, 1995; Ehn et al., 2010). Of these charged
aerosol particles, those with diameters between 2 and 7 nm
are referred to as intermediate ions (Tammet, 1995).

Atmospheric ions are created through the ionization of
molecules of the atmosphere. Most important of these ion-
ization sources are cosmic ray radiation, gamma radiation,
and radon decay (Harrison and Tammet, 2008). Small ions,
constantly present in the troposphere as molecules, are ion-
ized and subsequently grow to small ions (Harrison and Tam-
met, 2008; Hirsikko et al., 2011). The lifetime of small ions
is short, at around 100 s, and their chemical composition de-
pends on the atmospheric trace gas concentrations and their
chemistry (Harrison and Tammet, 2008; Ehn et al., 2010;
Shuman et al., 2015). In contrast, intermediate ions are typ-
ically detected mainly during the occurrence of atmospheric
new particle formation (Tammet et al., 2014; Tuovinen et
al., 2024), or during snowfall or rain (Hirsikko et al., 2007;
Tammet et al., 2014). New particle formation (NPF) is con-
sidered to occur when constantly existing stable clusters,
neutral or charged, start to grow to larger sizes by the up-
take of precursor vapors such as sulfuric acid and organic
compounds with low volatilities (Kulmala et al., 2006, 2007;
Lehtipalo et al., 2018; Kirkby et al., 2023).

A recent study by Kulmala et al. (2024a) presented the use
of a novel Cluster Ion Counter (CIC) for measuring small and
intermediate ion concentrations to study local-scale NPF and
to derive other parameters such as condensation sink (CS).
The information gained by these measurements can be used
further to study the complex climate–biosphere feedbacks
(Kulmala et al., 2020, 2024b). These recent advances have
motivated us to take a deeper look at the small ion size dis-
tribution.

The concentration of small ions depends on the ionization
rate and the loss rate of small ions due to ion–ion recombina-
tion, coagulation with larger aerosol particles, and deposition
(Tammet et al., 2006; Hõrrak et al., 2008). The size of the
small ions depends on their chemical composition and age
as the ions grow through chemical reactions and condensa-
tion of vapors, or through coagulation with neutral clusters.
We can learn more about these chemical and dynamical pro-
cesses by investigating the small ion number size distribu-
tions.

In this study, we combine ion number size distribution
data measured by neutral cluster and air ion spectrometer
(NAIS; Manninen et al., 2011; Mirme and Mirme, 2013) with
concentrations of low-volatility vapors and ion clusters mea-
sured by mass spectrometer instruments to identify how, and
why, the size distribution of small ions changes and evolves.
Data from two different contrasting locations – Hyytiälä, Fin-
land, and Beijing, China (Kulmala et al., 2025) – are used.
First, we will study if the variation of the small ion size distri-
bution with season is considerable. Second, we will quantify

the potential relationship of organic low-volatility vapors and
sulfuric acid on the size and number of small ions. Third, we
will analyze the impact of coagulation scavenging on small
ion size distribution. Fourth, we will analyze the small ion
size distribution as a function of intensity of NPF to reveal
how the small ion size distribution changes as the clusters
grow. Finally, some case studies are presented. With these,
we aim to identify the most important processes impacting
the small ion number size distribution and to evaluate the
role of these processes in driving the growth of small ions to
intermediate ions.

2 Background and methods

2.1 Evolution of small ion size distribution

Typically, the parameter of interest when small ions are con-
sidered is their total number concentration and its temporal
evolution. The changes in the small ion number concentra-
tion can be described by the simplified air ion balance equa-
tion:

dN±

dt
=Q−CoagSN±−αN±N∓− SN± (1)

Here, N± is the concentration of one polarity, while N∓ is
the concentration of the other polarity. The first term on the
right-hand side of the equation describes the source rate of
the ions, where Q is the ionization rate of air molecules.
The second term, where CoagS stands for coagulation sink,
tells the loss rate of small ions due to coagulation on larger
aerosol particles. The third term tells the loss rate of ions due
to ion–ion recombination, where α is the ion recombination
coefficient. The final term describes other losses of the ions,
including deposition, and S is the loss rate of the ions to these
other sinks.

As we can see, the above equation does not explicitly de-
pend on the size of the small ions, nor can it be directly used
to describe the evolution of the size-dependent small ion size
distribution. The time evolution of small ions of certain size
i are described by the charged general dynamics equations
(charged GDEs; Kulmala et al., 2012):

dN±i
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= Ji +χNiN
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d<i −N
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−
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1di
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Here, Ji is the formation rates of ions of size i. The second
term on the right-hand side represents the charging of neu-
tral clusters by ions smaller than i, whereX is the ion-cluster
attachment coefficient. The last term, where GR is the ion
growth rate, describes the growth of ions i to larger sizes.
Considering Eq. (2), we can see that an increasing GR will
shift the ion size distribution towards larger diameters. Co-
agS is the highest for the smallest ions, and if it increases,
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the concentrations of smallest ions decrease the most, caus-
ing an apparent shift in the distribution towards larger di-
ameters. However, CoagS also affects the lifetime of small
ions, so that with an increasing CoagS the ions have less time
to grow, reducing the concentration of larger small ions. If
ion concentrations are high, the ion–ion recombination rate
will be higher, which will also lead to shorter small ion life-
time and possibly smaller concentrations of larger small ions.
Through ion-cluster attachment, the small ion size distribu-
tion depends on the size distribution of neutral clusters, al-
though this term is relatively small when compared to the
coagulation loss and growth terms.

We assume that the role of direct transport of clusters on
the changes in the small ion size distribution is negligible
due to their short lifetime of just a couple of minutes (Tam-
met et al., 2006). Therefore, the observations are assumed
to be very local. However, transport can indirectly impact
the size distribution of small ions, i.e., through the transport
of trace gases and larger particles. We also note that while
meteorological conditions, such as temperature, strongly in-
fluence processes such as HOM formation (e.g., Quéléver et
al., 2019), we do not explicitly consider them in this study.

2.2 Measurement sites

Two different locations were considered in this study:
the SMEAR II measurement station in Hyytiälä, Finland
(61°51′ N, 24°17′ E), and the BUCT/AHL measurement sta-
tion in Beijing, China (39°94′ N, 116°30′ E). The former is a
rural site surrounded by boreal forest, while the latter is an
urban site close to residential buildings and traffic roads. For
more details on the SMEAR II station, see Hari and Kulmala
(2005). For more details on the BUCT/AHL site, see Liu et
al. (2020). These two locations are included in the analysis
due to their contrasting natures, providing an opportunity for
insight into the variation in small ion size distribution and
small ion dynamics in different environments.

2.3 Measurement and other data

Atmospheric ion and total particle number size distributions
in Hyytiälä and Beijing were measured with neutral clus-
ter and air ion spectrometer (NAIS; Manninen et al., 2011;
Mirme and Mirme, 2013). The NAIS measures both charged
and total particle number size distributions in the ranges 0.8–
42 and 2.5–42 nm, respectively. The main focus of the anal-
ysis in this study is on the number size distributions of small
ions (diameters below 2.0 nm). Ion concentrations between
2.0 and 2.3 nm were used to characterize the intensity of lo-
cal clustering (Tuovinen et al., 2024). New particle formation
ranking data, characterizing the intensity of NPF, were also
used. The NPF ranking was based on the total particle num-
ber concentration between 2.5 and 5.0 nm, and determined
according to the method presented by Aliaga et al. (2023).

The chemical composition of small ions typically differs
between the polarities (Ehn et al., 2010; Zha et al., 2023). For
example, Ehn et al. (2010) found that in Hyytiälä the daytime
negative small ions consisted largely of sulfuric acid clus-
ters, while positive small ions consisted of organic species
such as alkyl pyridines and alkyl amines. Therefore, we can-
not assume that the negative and positive small ion popula-
tions behave similarly with respect to, i.e., increased sulfuric
acid concentrations. Thus, both negative and positive polarity
were separately considered.

All diameters used in the study are electrical mobility di-
ameters. We note that especially for the smallest of the ions,
the mobility diameter may not accurately describe the physi-
cal dimensions of the ion (see, e.g., Ehn et al., 2011). Regard-
less, we refer to diameter rather than the electrical mobility,
as we see it as a more intuitively understandable parameter
for the ion size.

For Hyytiälä, all the times used in this study are in
UTC+2. For Beijing, times are in UTC+8.

From Hyytiälä, concentrations of neutral sulfuric acid
and highly oxidized organic molecules (HOMs) were
used to study the influence of cluster formation and
growth on the small ion size distribution. These were
measured with chemical-ionization atmospheric-pressure-
interface time-of-flight (CI-APi-TOF) mass spectrometer
(Jokinen et al., 2012). In addition, the signal counts of ion-
ized sulfuric acid clusters measured with APi-TOF were used
to give further insight into the composition of the small ions.
The signal counts in the study are given as relative sig-
nals to the total measured ion current. From Beijing, neu-
tral sulfuric acid, sulfuric acid dimer, and total oxidized or-
ganic molecule (OOM) concentrations – which were mea-
sured with a nitrate-based long time-of-flight chemical ion-
ization mass spectrometer (CIMS) – were included in the
analysis. We note that we use the term OOM instead of HOM
for the organic molecules in Beijing based on previous results
by Yan et al. (2021), suggesting that most of these measured
organic molecules in Beijing do not meet the requirements
for HOMs (see Bianchi et al., 2017).

Condensation sinks (CS) for both sites were included in
the analysis as proxies for the coagulation scavenging of the
small ions. In Hyytiälä, the particle size distributions from
which CS was derived were measured with a twin differential
mobility particle sizer (DMPS) system (Aalto et al., 2001).
In Beijing, the particle size distributions for CS were mea-
sured with a particle size distribution (PSD) system (Liu et
al., 2016).

Data coverage for both sites is presented in Fig. 1.

2.4 Determining the average small ion diameter

From the small ion number size distributions, we determined
the mean mobility diameter (dmean) and the median mobil-
ity diameter (dmedian) of small ions. First, cubic interpolation
was applied to the measured ion number size distributions.
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Figure 1. Data coverage for the two sites – Hyytiälä, Finland, and
Beijing, China – from which data were used in this study. NSD
refers to number size distribution, SA to sulfuric acid, SA2 to neu-
tral sulfuric acid dimer, HOM to highly oxidized organic molecule,
and OOM to oxidized organic molecule. CS refers to condensation
sink.

We note that nearest neighbor and linear interpolation meth-
ods were also tested, and the influence of the chosen method
on the value of dmean or dmedian was found to be minor. The
diameter range for the interpolation was from the lower de-
tection limit to 2.0 nm, with a step of 0.001 nm. Then, dpeak
was determined by finding the diameter corresponding to the
maximum concentration of small ions. Weighted mean and
median were used to determine dmean and dmedian, with the
number concentrations of ions below 2 nm in diameter used
as weights. The equation below was used to find weighted
mean diameter:

dmean =

∑
Nidi∑
Ni

, (3)

where di is the diameter of ions of a certain size and Ni is
their number concentration. The weighted median was deter-
mined by finding the diameter dj , satisfying

j =

[∑
Nidi >

1
2

∑
Nidi

]
. (4)

3 Results

3.1 Seasonal variation of the small ion size distribution

Figure 2a and b show the monthly median negative and posi-
tive ion distributions between 0.8 and 2.0 nm in Hyytiälä. Ta-
ble 1 records the monthly mean and median diameters (dmean
and dmedian). Clear month-to-month changes in the size dis-
tributions are observed, and these are more pronounced for
negative ions (Fig. 2a). During winter, the concentration
of negative ions already peaks below 1.0 nm, while during
summer the highest concentration is observed between 1.1
and 1.2 nm. In addition, the concentrations of negative ions

Table 1. Mean and median monthly diameters (nm) of ions between
0.8 and 2.0 nm in Hyytiälä.

Month Negative ions Positive ions

dmean dmedian dmean dmedian

1 0.99 0.95 1.16 1.13
2 1.00 0.96 1.17 1.15
3 1.05 1.02 1.2 1.18
4 1.08 1.06 1.21 1.20
5 1.12 1.10 1.27 1.25
6 1.15 1.11 1.29 1.27
7 1.15 1.11 1.28 1.26
8 1.13 1.10 1.25 1.23
9 1.11 1.08 1.22 1.20
10 1.05 1.02 1.19 1.17
11 1.01 0.98 1.17 1.14
12 0.99 0.95 1.16 1.13

above 1.1 nm increase from winter to summer. When close
to 2.0 nm in diameter, the ion concentration is almost 1 order
of magnitude higher. This behavior of the size distribution is
reflected in the values of dmean and dmedian, which are small-
est during December and January, with dmean= 0.99 nm and
dmedian= 0.95 nm. The the largest is during June and July,
with dmean= 1.15 nm and dmedian= 1.11 nm.

Positive ion size distributions (Fig. 2b) behave similarly
to the negative ones; however, the changes are less pro-
nounced. Above 1.4 nm and up to 2.0 nm, the concentra-
tions are roughly twice as high, or less, during summer
compared to winter. For positive small ions, the smallest
value of dmean= 1.16 nm and dmedian= 1.13 nm (December
and January), with the largest value of dmean= 1.29 nm and
dmedian= 1.27 nm (June). The difference between the av-
erage diameters of negative and positive small ions was
around 0.15 nm, in line with previous studies (e.g., Hõrrak
et al., 2000).

The observed seasonal behavior of the size distributions
in Hyytiälä follow expectations: during spring and summer,
the concentrations of low-volatility vapors are much higher
due to increased solar radiation and organic emissions (Sulo
et al., 2021). Therefore, small ions should be able to grow to
larger diameters due to the uptake of these vapors. We will
look further into how the small ion size distribution varies
with respect to low volatile vapor concentrations in Sect. 3.2.

Figure 2c and d show the monthly median negative
(Fig. 2c) and positive (Fig. 2d) ion distributions between 0.8
and 2.0 nm in Beijing, while Table 2 records the monthly
dmean and dmedian. As expected, due to the high CoagS
(Eqs. 1, 2, and Fig. A1), the concentrations are lower than in
Hyytiälä. For negative ions (Fig. 2c), the concentrations dur-
ing summer are higher than in other seasons below 1.6 nm
and lower than in other seasons close to 2.0 nm. During
spring, the concentrations of negative ions below 1.4 nm
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Figure 2. Median monthly sub-2 nm negative (a, c) and positive (b, d) ion size distributions for Hyytiälä (a, b) and Beijing (c, d). The
different months are marked by the different colors.

are lower than in other seasons. The smallest value of neg-
ative dmean and dmedian are in November: dmean= 1.04 nm
and dmedian= 1.01 nm. The largest values are during June:
dmean= 1.16 nm and dmedian= 1.12 nm.

For positive small ions in Beijing (Fig. 2d), the concen-
trations of both the smallest and the largest ions in the 0.8
to 2.0 nm range are both considerably lower from January to
March compared to the later months. Otherwise, it is hard
to identify a clear seasonal pattern. The largest positive av-
erage diameter is during February (dmean= 1.32 nm, and
dmedian= 1.31 nm), while the smallest values are in Novem-
ber, (dmean= 1.22 nm and dmedian= 1.21 nm).

Compared to Hyytiälä, the seasonal trends in Beijing are
not as clear or strong, which implies that the factors control-
ling the small ion size distribution are less seasonal in Beijing
than in Hyytiälä, where the small ion size distribution shows
a strong seasonal variation. However, we note that because
there are less data from Beijing compared to Hyytiälä, vari-
ation between years can have a larger impact on the results
than in Hyytiälä.

Table 2. Mean and median monthly diameters (nm) of ions between
0.8 and 2.0 nm in Beijing.

Month Negative ions Positive ions

dmean dmedian dmean dmedian

1 1.10 1.07 1.30 1.30
2 1.09 1.06 1.32 1.31
3 1.09 1.06 1.28 1.27
4 1.10 1.05 1.28 1.26
5 1.12 1.07 1.28 1.27
6 1.16 1.12 1.27 1.26
7 1.12 1.08 1.25 1.24
8 1.10 1.08 1.25 1.24
9 1.10 1.07 1.25 1.24
10 1.07 1.03 1.24 1.23
11 1.04 1.01 1.22 1.21
12 1.05 1.01 1.23 1.21
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3.2 Potential impact of low-volatility vapors to small ion
size distribution in Hyytiälä

3.2.1 Highly oxidized organic molecules (HOMs)

Figure 3 shows the median ion number size distributions
between 0.8 and 2.0 nm in Hyytiälä with respect to vary-
ing neutral highly oxidized organic molecule (HOM) con-
centration. HOM monomers, HOM dimers, and total HOM
are considered separately. Results for daytime (10:00–16:00)
and evening (18:00–00:00) are both presented (Fig. 3a and b,
respectively). The HOM concentrations are divided into per-
centiles.

A clear increase in the number of negative ions (Fig. 3a,
i–iii, Fig. 3b, i–iii) above approx. 1.05 nm, and for posi-
tive ions (Fig. 3a, iv–vi, Fig. 3b, iv–vi) slightly larger than
that, is seen with an increasing HOM concentration for all
three HOM categories. The differences are the largest for
HOM monomers (i, iv) and HOM total (iii, vi), which is
mainly dominated by the HOM monomers. The differences
are also stronger for negative ions than positive ions, and are
stronger during the evening (Fig. 3b) compared to the day-
time (Fig. 3a).

Comparing the negative ion size distributions between the
HOM percentiles of 0 %–20 % and 80 %–100 %, we see that
the difference in the concentrations increases with an in-
creasing diameter; close to 2.0 nm, this difference is approx-
imately 1 order of magnitude during the daytime (Fig. 3a,
i–iii) and a bit more during the evening (Fig. 3b, i–iii). Com-
paring the similar negative ion concentrations when HOM
monomer concentration during the evening is in the 80 %–
100 % percentile compared to 0 %–20 %, there is an approx.
0.5 nm shift in the diameters (Fig. 3b, i), which is a big dif-
ference for the sub-2 nm ion population.

In line with the large differences in the small ion size
distributions in Fig. 3 with respect to HOM concentration,
a strong correlation between the small ion dmean and the
HOM concentrations was seen (Fig. 4). The Spearman corre-
lation coefficients (rs) between dmean and HOMs were 0.6 or
above, for both daytime and evening. For daytime, the best
correlation was between dmean of positive ions and HOM
monomer concentration: rs= 0.74 (Fig. 4e). During night-
time, the strongest correlation was between dmean of negative
ions and HOM monomer concentration: rs= 0.73 (Fig. 4c).

The clear correlation between HOMs and the small ion
size distribution in Hyytiälä suggests a strong impact of or-
ganic compounds to the small ion population. This interpre-
tation, as opposed to the correlation being due to a corre-
lation with another variable, such sulfuric acid concentra-
tion is supported by the observation of the correlation being
stronger during the evening when the concentrations of other
precursors such as sulfuric acid are lower and organic ion-
cluster formation is known to take place in Hyytiälä (Mazon
et al., 2016; Rose et al., 2018). We note that part of the in-
crease in the diameters of the small ions when HOMs are

abundant could be due to the large size of organic molecules
when compared to sulfuric acid molecules. However, the
clear increase in concentrations even close to 2.0 nm suggests
that the impact is mainly due to the growth of small ions by
the uptake of organic vapors.

While the concentrations of larger small ions of both po-
larities increase with increasing HOM percentile, the differ-
ences are larger for the negative ions (Fig. 3). This could be
due to the uptake of organics being more effective for the
negatively charged ions. However, the equally strong corre-
lation between dmean of positive small ions and HOM con-
centrations does not support this interpretation. A possible
explanation is the size difference between the negative and
positive small ions: due to the larger diameter of positive
small ions, it might be that the impact of the growth to the
diameters of the positive ions is not as large. For a larger
cluster (ion), more molecules are needed to increase the di-
ameter equally than for a smaller one.

3.2.2 Sulfuric acid

Figure 5 shows the median daytime negative and positive
small ion (0.8–2.0 nm) size distributions grouped by the per-
centiles of neutral sulfuric acid (SA) concentration (Fig. 5a
and b). In addition, the daytime hourly mediandmean values
are shown as a function of the SA concentration (Fig. 5c
and d). We see a clear increase in the concentrations of neg-
ative (positive) small ions larger than approximately 1.05
(1.1) nm when comparing SA concentrations in the lower
percentiles to the higher percentiles, until the behavior seems
to stall so that the 60 %–80 % and 80 %–100 % percentiles
show similar size distributions. From previous studies, we
know that while sulfuric acid is often needed for the initial
cluster formation, organic compounds tend to drive the clus-
ter growth (e.g., Kulmala et al., 2013). This could explain
the lack of differences in the size distributions between the
60 %–80 % and 80 %–100 % percentiles of the SA concen-
tration.

A good positive correlation was seen between dmean and
SA concentration for both polarities: rs= 0.51 (0.61) for
negative (positive) ions (Fig. 5c and d). The correlation is
slightly weaker than what was observed between dmean and
HOM concentrations. The majority of dmean values above
1.1 nm correspond to days with a high NPF ranking, while
most values of dmean below 1.1 nm correspond to days with
low NPF rank values below 0.5. Notably, for dmean of neg-
ative small ions above approx. 1.1 nm, the values of dmean
do not seem to increase with an increasing SA concentration
as clearly as they do with an increasing HOM concentration
(Fig. 4). As discussed above, organic compounds might be
needed to drive the growth of small ions further, and thus de-
pendency of dmean on SA is not seen as clearly when dmean is
above 1.1 nm.
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Figure 3. The median negative (i–iii) and positive (iv–vi) small ion (sub-2 nm) size distributions in Hyytiälä, Finland, grouped by the
percentiles of neutral HOM monomer (i, iv), HOM dimer (ii, v), and total HOM (iii, vi) concentrations. Both the evening (18:00–00:00)
size distributions (b) and daytime (10:00–16:00) size distributions (a) are shown. Daytime percentiles for HOM monomers, dimers, and total
are 20 %: 4.30× 106, 5.93× 105, and 5.10× 106 cm−3; 40 %: 1.34× 107, 1.45× 106, and 1.50× 107 cm−3; 60 %: 4.00× 107, 2.44× 106,
and 4.18× 107 cm−3; 80 %: 9.70× 107, 7.62× 106, and 1.05× 108 cm−3, respectively. Evening percentiles for HOM monomers, dimers,
and total are 20 %: 3.00× 106, 4.94× 105, and 3.75× 106 cm−3; 40 %: 8.40× 106, 1.50× 106, and 1.03× 107 cm−3; 60 %: 3.17× 107,
2.95× 106, and 3.65× 107 cm−3; 80 %: 7.52× 107, 7.70× 106, and 8.46× 107 cm−3, respectively.

3.3 Relationship of small ion size distribution with
low-volatility vapors in Beijing

Figure 6a shows the number size distributions of small ions
grouped by percentiles of neutral sulfuric acid, sulfuric acid
dimer, and total oxidized organic molecule (OOM) concen-
tration in Beijing. We can see that, especially compared to

results already for Hyytiälä, the differences in the size dis-
tributions with respect to the different values of sulfuric acid
or OOMs are small for both polarities. The concentration of
negative ions below approx. 1.2 nm slightly decreases with
increasing sulfuric acid (Fig. 6a, i) or sulfuric acid dimer
(Fig. 6a, ii) concentration, while the concentrations above

https://doi.org/10.5194/ar-4-37-2026 Aerosol Res., 4, 37–62, 2026
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Figure 4. Mean diameter (dmean) of negative (a–d) and positive (e–h) small (sub-2 nm) ions as a function of HOM (monomer, dimer, and
total) concentration in Hyytiälä. The individual points are hourly medians, and the daytime (10:00–16:00, marked in green) and evening
(18:00–00:00, marked in dark-blue) are shown separately. Spearman correlation coefficients (rs) are shown.

approx. 1.2 nm increase, indicating a weak but positive re-
lationship between the sulfuric acid and the negative small
ion growth. Close to 2.0 nm, where the increase is the high-
est, the concentration of negative ions is higher by around a
factor of 2 when sulfuric acid concentration is in the 80 %–
100 % percentile compared to when it is in the 0 %–20 %
percentile (Fig. 6a, i). For both polarities, the concentrations
below approx. 1.75 nm appear higher when the total OOM
concentration is in the 80 %–100 % percentile compared to
other times (Fig. 6a, iii, and vi). However, the concentrations
close to 2.0 nm are not simultaneously higher, indicating that
despite the increased concentration of the small ions, a larger
number of them is not growing into intermediate ions.

Figure 6b shows the scatter plots of dmean and sulfuric
acid, sulfuric acid dimer, and total OOM concentrations. A
weak positive correlation is seen, and the Spearman corre-
lation coefficients (rs) are between 0.08 and 0.25. The dif-
ferences in the values of dmean are small. The relationship
between the small ion size distribution or dmean, and the low-

volatility vapor concentrations in Beijing appears weaker
compared to Hyytiälä.

3.4 Impact of coagulation scavenging on the small ion
size distribution

Figure 7 shows the median small ion number size distribu-
tions in Hyytiälä and Beijing corresponding to the respec-
tive percentile values of condensation sink (CS). We see that
the changes in the small ion size distribution with respect to
changing CS are relatively small. In Hyytiälä (Fig. 7a, b), the
concentration of small ions, especially that of the smallest in
diameter, decreases slightly with an increasing CS. The sink
is relatively low in Hyytiälä, and therefore this result is not
unexpected.

Based on Fig. A1, which shows the approximate values of
the different terms in Eq. (2), we would expect CoagS to have
a much stronger impact on the small ion dynamics in Bei-
jing than in Hyytiälä. The impact should be most clear for
the smallest diameters. Surprisingly, this was not observed.
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Figure 5. The median number size distributions of small ions between 0.8 and 2.0 nm grouped by percentiles of neutral sulfuric acid
concentration (a) negative and (b) positive ions, scatter plots, and Spearman correlation coefficients (rs) of hourly mean diameter of small
ions (dmean) and sulfuric acid concentration (c) negative and (d) positive ions in Hyytiälä. In the scatter plot, the color indicates the respective
NPF rank of the day. Only daytime (10:00–16:00) values are included. The percentile values for sulfuric acid are 20 %: 4.22× 104 cm−3,
40 %: 1.79× 105 cm−3, 60 %: 5.06× 105 cm−3 and 80 %: 1.08× 106 cm−3.

Figure 7c shows that in Beijing, the negative small ion size
distribution below approx. 1.3 nm stays unchanged and the
concentrations above decrease with an increasing CS. The
larger positive small ion concentrations (Fig. 7d) also seem
to slightly decrease with increasing sink, while the concen-
trations of the small ions close to 0.8 nm actually increase.
Figure A2a also shows that the total sub-2 nm concentration
barely changes with a changing CS. These results suggest
that there could be a source of unknown nature for small
ion-cluster formation that is higher when CS is high, which
would compensate for the increased coagulation scavenging
of the ions.

Figure A2d–f show the concentrations of the different low-
volatility vapors as a function of CS. We see that the concen-
tration of sulfuric acid (Fig. A2d) and sulfuric acid dimers
(Fig. A2e) decreases with an increasing sink, as expected.
However, the concentration of OOMs (Fig. A2f) increases
with an increasing sink. While this is purely speculation, if
organic compounds are forming small ion clusters when the
sink is higher, the weak apparent impact of CS on the small
ion size distribution could be explained. An alternative po-
tential explanation could be if there is a positive correlation

between CS and the concentration of bases, which stabilizes
the small clusters. Regardless, the impact of CS on the statis-
tics of the small ion size distribution in Beijing appears to be
very small.

3.5 Correlation of small ion size distribution with sulfuric
acid clusters and NPF in Hyytiälä

Figure 8a shows the median number size distribution of nega-
tive small ions grouped by the percentiles of the signals of SA
ion clusters HSO−4 (monomer), H2SO4×HSO−4 (dimer), and
(H2SO4)2×HSO−4 (trimer), and their ratios in Hyytiälä. The
median distributions are determined from daytime (10:00–
16:00) values. We observe a clear increase in the number of
small ions with diameters above approx. 1.2 nm, with an in-
creased signal of SA ion monomers (Fig. 8a, i) and dimers
(Fig. 8a, ii). The increase is especially clear for dimers and
the dimer to monomer ratio (Fig. 8a, iv). The concentration
of small ions close 2.0 nm, where the differences are highest,
is an order of magnitude higher when the dimer signal is in
the 80 %–100 % percentile compared to when the signal is in
the 0 %–20 % percentile. These results show that the dimer
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Figure 6. (a) Small ion median daytime (08:00–16:00) number size distributions in Beijing, grouped by percentiles of sulfuric acid (SA),
SA dimer, or total oxidized organic molecule (OOM) concentrations. (b) Hourly daytime mean diameter (dmean) of small ions versus SA,
SA dimer, and total OOM concentrations. Panels (i)–(iii) are for negative polarity and panels (iv)–(vi) are for positive, and the figures with
SA, SA dimer, and OOMs are in the respective order. Spearman correlation coefficients (rs) are included. The percentile limits of SA, SA
dimer, and total OOM are 20 %: 1.64× 106, 1.26× 104, and 2.19× 107 cm−3; 40 %: 2.53× 106, 3.11× 104, and 5.89× 107 cm−3; 60 %:
3.66× 106, 6.01× 104 and 1.23× 108 cm−3; and 80 %: 5.17× 106, 1.32× 105, and 2.15× 108 cm−3.

signal is a strong indicator for both the cluster formation and
the growth of clusters to larger sizes in Hyytiälä.

We used the 2.0–2.3 nm ion concentrations and NPF rank-
ing (Aliaga et al., 2023) as proxies for conditions that were
favorable for cluster formation and growth. Figure 8b shows

the median daytime (10:00–16:00) size distributions for both
polarities with respect to the percentiles of 2.0–2.3 nm ion
concentrations and bins of NPF ranking in Hyytiälä. When
the 2.0–2.3 nm ion concentration is higher, a clear increase
in concentrations is seen above approx. 1.2 nm (Fig. 8b,
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Figure 7. The median small ion size distributions grouped by the respective percentile of the condensation sink (CS) values for Hyytiälä (a, b)
and Beijing (c, d). The percentile value limits for CS for Hyytiälä are 1.3× 10−3, 2.3× 10−3, 3.5× 10−3, and 5.5× 10−3 s−1. For Beijing,
the percentile value limits for CS are 9.3× 10−3, 1.9× 10−2, 3.1× 10−2, and 4.5× 10−2 s−1.

i and iii). The difference in negative small ion concentrations
close to 2.0 nm between 80 %–100 % and 0 %–20 % is over
1 order of magnitude (Fig. 8b, i). The small ion size distribu-
tion for both polarities shows this growth of small ions up to
2.0 nm, when local-scale intermediate ion formation is taking
place.

Similar observations can be made from the small ion size
distributions with respect to the different NPF ranking val-
ues. However, the differences are smaller than with respect
to 2.0–2.3 nm ions, and especially for positive small ions,
such differences are very small (Fig. 8b, iv). There is likely a
combination of factors at play here. First of all, NPF ranking
was determined for total particles between 2.5 and 5 nm, and
there might be differences stemming both from the ranking
being less sensitive for local NPF and for 2.0–2.3 nm ion con-
centrations being more sensitive for ion-induced clustering
or NPF. In addition, differences between what is observed in
the total particles versus ions can be caused by a variation in

the chemical compounds, which take up the available charges
(Bianchi et al., 2017).

We note that the differences in the number size distribution
of positive small ions are once again smaller than for negative
small ions. Similarly to Sect. 3.2.1, we hypothesize that this
is due to the size difference between the polarities.

Figure 9 shows the scatter plot of hourly daytime nega-
tive (a) and positive (c) small ion dmean and the concentration
of 2.0–2.3 nm ions. As expected, a strong positive trend is
seen between dmean and 2.0–2.3 nm ion concentrations. The
correlation coefficient is rs= 0.54 (0.67) for negative (posi-
tive) ions. Figure 9 also shows the box plots of dmean with
NPF ranking, with negative small ions in panel (b) and pos-
itive in panel (d). The median of dmean increases with in-
creasing NPF ranking, as expected. However, the variance
for lower rankings is much higher, resulting overall in quite
a low correlation between dmean and NPF ranking, with 35
rs= 0.22 (0.26) for negative (positive small) ions.
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Figure 8. (a) Hyytiälä daytime median negative small ion number size distributions grouped by percentile of the signals of HSO−4 ,
H2SO4×HSO−4 , or (H2SO4)2×HSO−4 ions (i, ii, iii, respectively), and their ratios (iv–vi). (b) Daytime median small ion size distribu-
tions for both polarities grouped by the percentile of 2.0–2.3 nm ion concentrations (i, iii) of the respective polarity or by NPF ranking (ii, iv).
The percentile limits for negative (positive) 2.0–2.3 nm ion concentrations are 20 %: 0.48 (1.75) cm−3, 40 %: 1.01 (2.34) cm−3, 60 %: 1.94
(3.49) cm−3, and 80 %: 3.39 (5.35) cm−3.

3.6 Impact of NPF on small ion distribution in Beijing

Figure 10a shows the small ion size distributions with respect
to the concentration of 2.0–2.3 nm ions (i, ii) or NPF ranking
(iii, iv) in Beijing. Negative ions are in panels (i)–(ii) and pos-
itive in panels (iii)–(iv). For both polarities, clear differences
are seen in the distributions, depending on the percentile of

the 2.0–2.3 nm ion concentration. When the 2.0–2.3 nm ion
concentrations are higher, the concentration of negative (pos-
itive) small ions above approx. 1.0 (1.3) nm is increased. The
differences are largest close to 2.0 nm. Comparing the 0 %–
20 % and 80 %–100 % percentiles, the difference in the con-
centrations is around 1 order of magnitude when the diameter
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Figure 9. Hourly daytime negative (a, b) and positive (c, d) small ion diameter versus a concentration of 2.0–2.3 nm ions of respective
polarity (a, c) or NPF ranking (b, c) in Hyytiälä. Correlation coefficients (rs) are also shown. The middle line of the box plots for dmean and
NPF rank are the median values, while the boxes show the 25 % and 75 % percentiles, and the lines are the 10 % and 90 % percentiles.

is approaching 2.0 nm, comparable to what was observed in
Hyytiälä. Similar observations are seen with respect to NPF
ranking, although to a lesser extent. For negative small ions
(Fig. 10a, ii), the concentration at around 2.0 nm is four to
five times higher when the NPF ranking is above 0.80 com-
pared to when it is below 0.20. For positive ions, the concen-
tration is less than two times higher (Fig. 10a, iv).

When looking at the small ion distributions in Beijing with
respect to different 2.0–2.3 nm ion concentrations or NPF
ranking, unlike for low-volatility vapor concentrations, we
are able to see the growth of small ions to intermediate ions
in the size distribution. These results show that the growth of
small ions to larger diameters in Beijing is not limited by the
availability of sulfuric acid or oxidized organic vapors, unlike
in Hyytiälä. In addition, based on our analysis, it does not
appear to be strongly limited by CS either. This is supported
by the relatively weak correlation between CS and the NPF
ranking or 2.0–2.3 nm ions (Fig. A2b, c). Therefore, we spec-
ulate that the small ion growth could be limited more by the
availability of bases. However, due to the lack of long-term
base concentration data, this question remains unanswered.

Figure 10b shows the scatter plots of dmean and 2.0–2.3 nm
ion concentration, and the box plots of dmean and NPF rank-
ing. The correlation coefficients for negative ions are as ex-
pected – rs= 0.58 and rs= 0.41 between dmean and 2.0–
2.3 nm ion concentration or NPF ranking, respectively. For
positive ions, the correlation coefficient between dmean and
NPF ranking is rs= 0.59, while it is only 0.21 between dmean

and 2.0–2.3 nm ion concentration. From Fig. 10a we see that
the concentrations of positive small ions below 1.0 nm also
increase to some extent with increasing 2.0–2.3 nm ion con-
centration, which likely impacts the values of dmean, resulting
in a relatively poor overall correlation.

Notably, the differences in the size distributions with re-
spect to NPF ranking are clearer, and the correlation between
dmean and the ranking is stronger in Beijing than in Hyytiälä
for both polarities. One of the explaining factors could be
the fact that intense NPF in Beijing is more common than in
Hyytiälä (e.g., Dada et al., 2017; Deng et al., 2020), impact-
ing the statistics of the ranking. Another possibility is that
local clustering events, where ions or particles grow close
to 2.0 nm but not much further, could be more common in
Hyytiälä.

3.7 Case studies

Next, some case studies on the development of negative small
ion size distributions, and other investigated variables, are
presented for Hyytiälä and Beijing. These cases show that we
are able to observe the cluster growth, driven by daytime NPF
or evening clustering, from the ion number size distributions
of individual days and not only from the statistics of the size
distributions. Based on the analysis presented in this study,
the behavior of negative and positive small ion populations is
mostly similar, and therefore, for simplicity, we have limited
the analysis here to negative polarity.

https://doi.org/10.5194/ar-4-37-2026 Aerosol Res., 4, 37–62, 2026



50 S. Tuovinen et al.: Investigating small ion number size distributions

Figure 10. (a) Median negative and positive small ion number size distributions in Beijing grouped by percentiles of 2.0–2.3 nm ion concen-
trations (b). Scatter plots of mean diameter and 2.0–2.3 nm ion concentrations (of respective polarity) or NPF ranking. Panels (i)–(ii) are for
negative polarity and panels (iii)–(iv) for positive. Values are for daytime (08:00–16:00). The percentile limits of 2.0–2.3 nm concentration
for negative (positive) ions are 20 %: 0.51 (0.85) cm−3, 40 %: 0.92 (1.27) cm−3, 60 %: 1.33 (1.72) cm−3, and 80 %: 2.47 (3.22) cm−3.

3.7.1 Hyytiälä case 1 – an early spring day with NPF

First of the investigated days was 10 March 2021 and is
presented in Fig. 11. During this day, a strong NPF event
was observed, with clear growth observed both in the total

particle and the ion number size distribution (see Fig. A3).
In the morning, a strong increase in the SA ion dimer and
trimer signals was detected after 07:00 (Fig. 11c), which oc-
curred simultaneously with an increase in the concentration
of neutral sulfuric acid. Shortly after, at around 08:00, neutral
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Figure 11. Data from Hyytiälä, 10 March 2021. (a) Hourly mean diameter of negative small ions (0.8–2.0 nm), total concentration of small
ions, and concentration of 2.0–2.3 nm negative ions. (b) 2 h median number size distribution of negative small ions. (c) Hourly signals of
HSO−4 , H2SO4×HSO−4 , and (H2SO4)2×HSO−4 ions. (d) Hourly median concentrations of neutral sulfuric acid (SA) and highly oxidized
molecule (HOM) monomers and dimers, and the condensation sink (CS).

HOM monomer concentration started to increase (Fig. 11d).
A strong increase in the concentration of 2.0–2.3 nm negative
ions was observed after 09:00, indicating intense NPF on a
local scale (Fig. 11a). Approximately 1 h before an increase
in the concentration of 2.0–2.3 nm ions was first observed,
the small ion dmean started to increase from below 1.0 nm
(Fig. 11a), showing that the growth of clusters in the small
ion population to larger sizes had begun. We can also see this
from the negative ion number size distributions (0.8–2.0 nm;
Fig. 11b): in the early hours of the day, the concentrations of
the smallest ions are at their highest, while the concentration
of ions above approx. 1.1 nm are at their lowest. Through-
out the morning hours, we can see that the concentration of
ions above approx. 1.1 nm increases, and in the afternoon,
at around 14:00, the concentration of ions close to 2.0 nm is
over a order of magnitude higher than during the night be-
fore. At around 14:00, the concentration of 2.0–2.3 nm ions
and small ion dmean also reach their peaks. At the same time,
CS is at its lowest (Fig. 11d). Then, the concentrations of
larger small ions (2.0–2.3 nm) and SA ion clusters start to
decrease, alongside the concentration of HOM monomers.

We also took a look at the diameter specific concentrations
in a smaller time frame (Fig. A6), which clearly shows how

clear increase concentrations are observed for the diameters
above 1.2 nm. A time delay between the increasing concen-
tration of larger ions and smaller ions was seen, showing the
growth of ions between 1.2 and 2.0 nm. Using the appear-
ance time method (Lehtipalo et al., 2014), GR between 1.24
to 2.05 nm was estimated: GR= 0.40 nm h−1. This value is
somewhat lower than typical GRs reported in Hyytiälä (Hir-
sikko et al., 2005; Yli-Juuti et al., 2011), as expected due
to the small size of the considered ions. Regardless, it shows
that the growth of ions below 2.0 nm is non-negligible on this
particular day. We note that this GR, or the ones presented for
the Hyytiälä case 2 and the Beijing case, is not a representa-
tive of the whole range of GRs for similar cases in the same
location and that there can be considerable variability.

This day clearly shows how the sulfuric acid and HOM-
driven particle formation is seen as the growth of the small
ions to larger diameters. With the ion size distribution data,
we have been able to get insight on when the cluster growth
starts and how it progresses throughout this day.
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Figure 12. Data from Hyytiälä, 19 April 2021. (a) Hourly mean diameter of negative small ions (0.8–2.0 nm), total concentration of small
ions, and concentration of 2.0–2.3 nm negative ions. (b) 2 h median number size distribution of negative small ions. (c) Hourly signals of
HSO−4 , H2SO4×HSO−4 , and (H2SO4)2×HSO−4 ions. (d) Hourly median concentrations of neutral sulfuric acid (SA) and highly oxidized
molecule (HOM) monomers and dimers, and the condensation sink (CS).

3.7.2 Hyytiälä case 2 – a spring day with strong evening
clustering

The second of the chosen days for Hyytiälä was 19 April
2021 (Fig. 12). The NPF ranking of this day was high, over
0.9; however, the growth in the negative ion and total particle
mode was discontinuous, with the clearest growth observed
above 5.0 nm, suggesting that the fraction of growing locally
formed neutral clusters or ions was low (Fig. A4). However,
strong evening ion-cluster formation was observed on this
day. Therefore, case 2 illustrates both the contribution of or-
ganic vapors to initiate the growth of larger particles and the
evening ion-cluster formation attributable to HOM dimers
(Mazon et al., 2016).

Starting from the early hours of the day, the signals of
SA ions and neutral SA concentration increase (Fig. 12c
and d), reaching their maxima around 13:00 in the early
afternoon. Compared to Hyytiälä case 1, the signal from
trimers is lower in relation to the signal from the monomer
and dimer. At the same time, CS decreases (Fig. 12d). From
the negative ion number size distributions (Fig. 12b), we see
that the concentration of negative ions below approx. 1.2 nm
increases, and the concentration of small ions above ap-

prox. 1.2 nm strongly decreases, starting from the early hours
of the day until the afternoon. This is reflected in the value
of dmean, which decreases from over 1.2 nm to below 1.1 nm
(Fig. 12a). The concentration of 2.0–2.3 nm negative ions de-
creases until 08:00 in the morning, after which it increases
briefly before decreasing again (Fig. 12a). The small ion to-
tal concentration also strongly decreases from over 800 to
600 cm−3 (Fig. 12a). Unlike in case 1, on this day, the growth
of small ions during the daytime is negligible, and an in-
creased fraction of the available charge is taken up by small
(below 1.2 nm) ions, many of which are likely composed of
sulfuric acid monomers or dimers. This explains the behav-
ior of the ion size distributions (dmean) and the total small ion
concentration.

After 14:00 in the afternoon, the concentration of neutral
HOM dimers starts to increase, and reaches a peak at around
19:00 (Fig. 12d). Compared to case 1, the HOM dimer con-
centration is over 1 order of magnitude higher. Notably, at
the same time as the HOM dimer concentration starts to in-
crease, clear growth of total particles above 5.0 nm is ob-
served (Fig. A4). The concentration of small ions larger than
approx. 1.2 nm (Fig. 12b) and the 2.0–2.3 nm ion concentra-
tion (Fig. 12a) strongly increase. Small ion dmean increases
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from approx. 1.1 to 1.3 nm, while the total negative small ion
concentration increases from around 600 to 1000 cm−3. The
negative ion GR between 1.43 to 2.05 nm was estimated to
be 1.28 nm h−1 (Fig. A6), which is over twice as high as the
GR estimated for case 1, likely due to the high concentration
of lower volatility HOMs driving the small ion growth during
this particular evening.

3.7.3 Beijing case – a day with intense NPF

Figure 13 presents data from Beijing on 20 January 2019.
This day was characterized by an intense NPF event, ob-
served both in the ion and the total particle size distribu-
tion (Fig. A5). We see that from 00:00 until 05:00 in the
morning, the negative small ion concentrations seem to in-
crease, which is apparent for the whole sub-2 nm size range
(Fig. 13a and b). Simultaneously, dmean of the small ions in-
creases (Fig. 13a). The concentration of 2.0–2.3 nm negative
ions stays low (Fig. 13a), indicating that there is no signif-
icant growth of small ions to intermediate ions. CS is simi-
lar throughout the night and the early morning. Based on the
data presented here, we hypothesize that the increase in small
ion concentration is attributed to a larger fraction of the ions
being detected by the instrument as dmean increases.

After 05:00 in the morning, an increase in neutral sulfuric
and sulfuric acid dimer concentration is observed (Fig. 13c).
Simultaneously, the concentration of 2.0–2.3 nm ions in-
creases sharply, indicating the formation of intermediate
ions. Two changes in the small ion size distribution are
shown: first, the concentration of small ions below approx.
1.5 nm ions decreases; second, the concentration of small
ions above that increases. The increasing growth of small
ions to larger sizes causes a shift in their size distribution.
Notably, no growth in the surface plots (Fig. A5) is observed
yet, likely due to locality of or insufficient intensity of the
ion formation. After 12:00, the concentrations of small ions
larger than approx. 1.5 nm start to decrease, as does the con-
centration of 2.0–2.3 nm ions. While the growth of ions and
particles at larger diameters continues, the intensity of the
cluster growth decreases.

In this case, the negative small ion GR was estimated to be
0.24 nm h−1 from 1.72 to 2.06 nm (Fig. A7), which is lower
than the values determined for the two Hyytiälä cases and
is on the lower range of values of particle GRs for Beijing
(Deng et al., 2020). Another noteworthy observation can be
made from the diameter specific concentrations (Fig. A7):
as already seen from the size distributions and more clearly
here, the concentrations of ions up to around 1.5 nm decrease,
while the concentrations above increase at the same time.
This implies that the ions, which actually start to grow to
larger sizes, are close to 1.5 nm in diameter, although at such
a low GR that their survival probability to larger sizes is
likely very low (Kulmala et al., 2017).

In Sect. 3.3, we saw how in Beijing there does not seem to
be a correlation between the small ion number size distribu-

Figure 13. Data from Beijing, 20 January 2019. (a) Hourly mean
diameter of negative small ions (0.8–2.0 nm), total concentration of
small ions, and concentration of 2.0–2.3 nm negative ions. (b) 2 h
median number size distribution of negative small ions. (c) Hourly
median concentrations of neutral sulfuric acid (SA), SA dimer, and
total oxidized organic molecules (OOMs), and condensation sink
(CS).

tion and the concentration of sulfuric acid. On this day, the
increased concentrations of sulfuric acid occurred approx. si-
multaneously with the observed small ion growth. Previous
studies have shown the importance of sulfuric acid in parti-
cle formation in Beijing (Yao et al., 2018; Cai et al., 2021;
Yan et al., 2021). As a result, it seems likely that the growing
small ions seen on this day are composed of sulfuric acid.
However, while sulfuric acid forms these growing clusters,
their growth also requires other ingredients.

4 Conclusions

We studied the seasonality of the small ion number size dis-
tribution and the relationship of the small ion size distribution
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with low-volatility organic vapors, sulfuric acid, coagulation
sink (CoagS), and NPF in the rural boreal forest location of
Hyytiälä, Finland, and the urban megacity location of Bei-
jing, China. Both analysis of long-time series of data and
daily case studies were carried out. We found a clear sea-
sonality of the small ion size distribution in Hyytiälä, where
the small ions of both polarities were the smallest in size dur-
ing winter and the largest during late spring and summer. In
Beijing, while there were month-to-month variations in the
size distribution, no clear seasonal pattern was identified.

We found that in Hyytiälä, the small ion size distribu-
tion strongly varied with respect to the concentration of or-
ganic, especially highly oxidized organic (HOM) monomer,
compounds and that the concentration of small ions above
approx. 1.2 nm increased strongly with increasing HOM
monomer concentration. This was observed more strongly
for negative polarity and during the evening, which was
found to be connected to the evening ion-cluster formation
driven by organics in Hyytiälä. The small ion size distribu-
tion also showed a clear increase in the size of the small ions
in Hyytiälä with respect to neutral sulfuric acid and ionized
sulfuric acid dimers, associated with daytime cluster forma-
tion and growth. In contrast, there was no clear relationship
between the concentration of either organic vapor or sulfuric
acid, and the size of the small ions in Beijing. The reason
for this remains to be identified, but we hypothesize that the
concentration of bases is the limiting factor determining if
the growth of small ions is seen in Beijing.

We found that the small ion size distribution in either
location did not change strongly with changing CoagS. In
Hyytiälä, small decrease in the concentration of especially
the smallest ions was seen, as expected. However, despite our
expectations, this was not observed in Beijing. The reason for
this remains to be answered in future research.

When the concentration of ions in the range 2.0–2.3 nm in-
creased, indicating the occurrence of local NPF, we observed
clear signs of growth in the small ion size distribution. This
was seen in both locations, even in Beijing, where no clear
association of small ion size with organic vapor or sulfuric
acid was found. To a lesser extent, an increase in the small
ion size was also seen with respect to NPF rank, a parameter
that characterizes the intensity of NPF. These results support
the conclusion that in Beijing the concentration of sulfuric
acid or organic vapor does not determine whether small ions
grow to intermediate ions.

Overall, we have shown in a novel way how the atmo-
spheric cluster formation and growth processes impact the
number size distribution of small ions. The sub-2 nm size
range is integral for understanding the first steps of new par-
ticle formation and the activation of the clusters to grow into
particles. Our results can be applied to research on the dy-
namics of charged clusters and how they grow from clusters
to particles.

Appendix A: Supplementary figures

Figure A1. A rough approximation of the different loss terms of
negative ions as a function of ion diameter based on Eq. (2) in both
Hyytiälä and Beijing. The concentration of positive ions was based
on the median number size distributions. GR was assumed to equal
1 nm h−1 and was assumed to be constant regarding diameter. Co-
agS was scaled based on the median CS assuming that the charge
enhancement of the sink was by a factor of 2. The median CSs were
CS= 2.9× 10−3 and 2.5× 10−2 s−1 for Hyytiälä and Beijing, re-
spectively.
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Figure A2. The concentrations of negative sub-2 nm (a) and 2.0–2.3 nm (b) ions; NPF ranking values (c); and the concentrations of neutral
sulfuric acid (SA)(d), SA dimer (e), and total oxidized organic molecules (OOMs) (f) with respect to condensation sink (CS) in Beijing.
The values are hourly medians, except for panel (c), where NPF ranking is a daily parameter and CS is the daytime median. The Spearman
correlation coefficients (rs) are also shown.
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Figure A3. Surface plots of negative ion number size distribution
and total particle number size distribution measured by NAIS and
DMPS in Hyytiälä on 10 March 2021.

Figure A4. Surface plots of negative ion number size distribution
and total particle number size distribution measured by NAIS and
DMPS in Hyytiälä on 19 April 2021.
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Figure A5. Surface plots of negative ion number size distribution and total particle number size distribution measured by NAIS and SMPS
(see Liu et al., 2016, for more information) in Beijing on 20 January 2019.
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Figure A6. The upper panels show concentrations of ions of a certain diameter with the hour of the day on 10 March and 19 April 2021 in
Hyytiälä, Finland. The different colors of the lines indicate the respective ion diameter (di ). The bottom panels show the appearance time,
defined as the time that the concentration reaches 50 % of its maximum, and the respective di . The ion growth rate (GR), derived from these
values as a slope of linear regression, is shown. For 10 March, the GR was determined from 1.24 to 2.05 nm and for 19 April from 1.43 to
2.05 nm.
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Figure A7. The upper panel shows the concentrations of ions of
a certain diameter with the hour of the day on 20 January 2019 in
Beijing, China. The different colors of the lines indicate the respec-
tive ion diameter (di ). The bottom panel shows the appearance time,
defined as the time that the concentration reaches 50 % of its maxi-
mum, and the respective di . The ion growth rate (GR), derived from
these values as a slope of linear regression, is shown. The GR was
determined from 1.72 to 2.06 nm.

Code and data availability. The Hyytiälä DMPS dataset can be
accessed through the SmartSMEAR data portal at https://smear.
avaa.csc.fi/ (last access: 31 August 2025). Other data and the codes
used to produce the figures in this paper are available upon request
from the authors.
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