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Abstract. The understanding of new particle formation and growth processes is critical for evaluating the role
of aerosols in climate change. One of the knowledge gaps is the ion–particle interaction during the early growth
process, especially in the sub-3 nm range, where direct observations are sparse. While molecular interactions
would imply faster growth rates of ions compared to neutral particles, this phenomenon is not widely observed
in the atmosphere. Here, we show field measurements in the boreal forest indicating a smaller apparent growth
rate of the ion population compared to the total particles. We use aerosol dynamics simulations to demonstrate
that this effect can be caused by the changing importance of ion-induced nucleation mechanisms during the day.
We further compare these results with chamber experiments under similar conditions, where we demonstrate
that this effect critically depends on the abundance of condensable vapors and the related strength of ion-induced
nucleation. Our results imply that atmospheric ion growth rate measurements below 3 nm need to be evaluated
very carefully as they do not represent condensational growth alone but are influenced by ion–particle population
interactions.

1 Introduction

Cloud condensation nuclei (CCN) impact the Earth’s radia-
tive balance significantly by modifying the albedo of clouds
(Twomey, 1974) and their mean lifetime in the atmosphere
(Albrecht, 1989). New particle formation (NPF) by gas-to-
particle conversion is frequently observed around the globe
(Kulmala et al., 2004a; Kerminen et al., 2018; Lee et al.,
2019) and contributes significantly to the total particle num-
ber concentration in the atmosphere (Merikanto et al., 2009;
Spracklen et al., 2008). The new particles formed during NPF

events have to grow fast enough to avoid coagulation loss
with the larger preexisting aerosols (Pierce and Adams, 2007;
Kuang et al., 2009). The growth process is important to char-
acterize because it determines the atmospheric significance
of NPF events, with respect to the CCN budget (Gordon et
al., 2017) and air quality (Guo et al., 2014). The survival
of growing atmospheric particles can be approximated by a
competition between the growth rate and coagulation sink
of these particles (see, e.g., Kerminen and Kulmala, 2002).
Therein, the growth rate (GR) is defined as the change of
aerosol particle or ion diameter per time following Eq. (1):
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GR [nmh−1
] =

1dp

1t
≈
dp,f − dp,i

tf − ti
, (1)

where dp is the particle diameter in nanometers and t the time
associated with this particle diameter. However, this defini-
tion is not unambiguous. While the growth rate of a single
aerosol particle can be theoretically calculated from vapor
molecule condensation (e.g., Nieminen et al., 2010), atmo-
spheric measurements do not track the growth of a single
particle but infer the growth rate from the change of the par-
ticle population over time in a large area (Kulmala et al.,
2012). Different methods for the quantification of such an
apparent particle growth rate exist (Dal Maso et al., 2005;
Hirsikko et al., 2005; Lehtipalo et al., 2014), but direct com-
parisons of the different methods are sparse (e.g., Yli-Juuti et
al., 2011). Moreover, due to the availability of ion-size distri-
bution measurements below 10 nm with instruments like the
neutral cluster and air ion spectrometer (NAIS; Manninen et
al., 2009; Mirme and Mirme, 2013; Manninen et al., 2016),
atmospheric growth rates have been often calculated in that
size range from the evolution of ion populations instead of
the total (neutral plus charged) particle-size distribution (e.g.,
Manninen et al., 2010). However, the ion population and its
time evolution depend crucially on charging processes and
ion–ion recombination and have an additional ion-induced
nucleation source term (Leppä et al., 2009; Gonser et al.,
2014). While charged particles are expected to grow faster
by vapor condensation due to vapor-charged particle interac-
tions which increase the collision cross-section (Leppä et al.,
2011; Lehtipalo et al., 2016; Stolzenburg et al., 2020), this ef-
fect is typically not observed in the real atmosphere (Gonser
et al., 2014; Kulmala et al., 2013a; Manninen et al., 2009).

Here, we use measurements of total particle and ion
growth rates from the SMEAR II station in Hyytiälä, Finland,
and the CLOUD (Cosmics Leaving Outdoor Droplets) ex-
periment at CERN (European Organization for Nuclear Re-
search) to investigate the effect of ions on apparent nanopar-
ticle growth rates. We additionally deploy aerosol dynamics
simulations including ion processes (Leppä et al., 2009) to
explain the observations and investigate the possible origin
of the differing apparent ion and total particle growth rates
for both settings.

2 Instrumental setup and theoretical approach

2.1 Field measurements and chamber experiments

Our field data were collected between March–
September 2020 at the SMEAR II station based in the
boreal forest in Hyytiälä, Finland (61◦51′ N, 24◦17′ E;
181 m a.s.l.), where we recorded 50 NPF events, of which
for 18 we could quantify GRs in both the differential
mobility analyzer train (DMA-train) and the NAIS from
1.8–8 nm (called “strong” NPF events in the following).

The SMEAR II station is considered a semi-clean boreal
forest environment because of the relatively long distance
(> 80 km) to major urban areas (Hari and Kulmala, 2005).
The site is surrounded by a rather homogenous Scots pine
forest and is equipped with comprehensive instrumentation
for measuring interactions between the forest ecosystem and
the atmosphere. It is also part of the European Aerosols,
Clouds and Trace gases Research Infrastructure (ACTRIS).
The complete description of the Hyytiälä forest station site
is presented in Hari and Kulmala (2005).

We additionally use data from the CERN CLOUD exper-
iment, which allows for precise control of the experimental
conditions (relative humidity, temperature and trace gas con-
centrations). Furthermore, two electrode meshes in the cham-
ber allow neutral conditions to be established by the applica-
tion of an electric field which removes all air ions. A de-
tailed description of the CLOUD experiment can be found in
Duplissy et al. (2016). Here we use data from experiments
which simulated the NPF process in Hyytiälä as close as
possible (Lehtipalo et al., 2018), using a mixture of sulfuric
acid, ammonia, NOx and oxidized organics from α-pinene
and δ-3-carene ozonolysis as particle precursors (in total 14
experiments). The experimental conditions in Hyytiälä and
CLOUD are compared in Table 1.

The usage of the CLOUD data enables a comparison of
the effect of ions on particle growth under ambient and
controlled laboratory conditions. Based on the chamber ex-
periments, Lehtipalo et al. (2018) proposed parametriza-
tions for particle formation (neutral formation rate at 1.7 nm,
J1.7 (neutral)) and growth processes (growth rate, GR) for the
conditions similar to the boreal forest, which are given be-
low:

J1.7 (neutral) [cm−3 s−1
]

= a1 · [H2SO4]2
[NH3][HOMdim], (2)

GR [nmh−1
] = b1 [H2SO4]+ b2 [NH3] [H2SO4]

+ b3[HOMdim], (3)

with the fitted constants a1 = 7.4× 10−23 s−1 pptv−3 cm6

for the formation rate parametrization and b1 = 2.07×
10−7 nm h−1 cm3, b2 = 7.3× 10−11 nm h−1 cm3 pptv−1 and
b3 = 2.6× 10−6 nm h−1 cm3 for the growth in the size range
of 1.8–3.5 nm. In the above parametrizations, the sulfu-
ric acid [H2SO4] and highly oxygenated organic molecule
(HOM) dimer [HOMdim] concentrations are given per cubic
centimeter (cm−3) and the ammonia mixing ratio [NH3] in
parts per trillion per volume (pptv). We fit the ion-induced
nucleation fraction by a function which is limited by the ion-
pair production rate (as it gives the maximum rate at which
ion-induced nucleation can proceed with every ion seeding a
new particle) and which approaches the neutral nucleation
rate exponentially around the vapor concentrations where
ion-induced nucleation becomes less dominant:
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J1.7 (ion) [cm−3 s−1
]

= c1− c1 · exp(c2 · [H2SO4]2
[NH3][HOMdim]). (4)

We find c1 = 3.4 cm−3 s−1 (close to the ion-pair production
rate Qi.p.) and c2 = 2× 10−22 cm−9 pptv−1 (free parameter
of the fit) using the J (tot)= J (ion)+ J (neutral) data ob-
tained under galactic cosmic ray conditions (no ion removal
in the chamber) from Lehtipalo et al. (2018) for the fit.

2.2 Particle instruments

In both experimental settings, we used a similar array of
particle- and ion-size distribution measuring instrumentation.

2.2.1 DMA-train

A DMA-train is deployed to measure the particle-size dis-
tribution between 1.8–8 nm. It contains six Grimm Aerosol
GmbH S-DMAs set to a fixed voltage to measure contin-
uously at six different particle diameters between 1.8 and
8 nm (Stolzenburg et al., 2017). This configuration of the in-
strument allows for a high temporal resolution and a good
sensitivity towards low particle concentrations in the sub-
10 nm range. Furthermore, the DMA-train can also mea-
sure sub-3 nm particle growth with an unprecedented siz-
ing precision due to the usage of mobility spectrometry. In
Hyytiälä, the DMA-train was operated in a measurement
container with a 1 m stainless steel inlet at a total inlet flow of
20 L min−1 to reduce sampling losses. Two TSI Model 3088
Soft X-Ray neutralizers were used to obtain the total (neutral
plus charged) particle-size distribution from 1.8–8 nm. The
DMA-train measurements from the CERN CLOUD chamber
have been previously reported in more detail (e.g., Stolzen-
burg et al., 2018, 2020), but the setup was overall very similar
to Hyytiälä.

2.2.2 DMPS

The particle-size distribution between 3 and 1000 nm was
measured with a twin differential mobility particle sizer
(twin-DMPS) in Hyytiälä. The twin-DMPS consists of a long
and a short Vienna DMA and two butanol condensation parti-
cle counters (TSI 3025 and TSI 3775). The setup at SMEAR
II is described by Aalto et al. (2001). The DMPS was lo-
cated in a small measurement hut ca. 20 m away from the
DMA-train container, and the DMPS inlet is inside the forest
canopy on the roof of the hut at 8 m height. At CLOUD the
total particle-size distribution above 8 nm was recorded with
a TSI nano-SMPS (Tröstl et al., 2015) and a custom-built
long-SMPS.

https://doi.org/10.5194/acp-22-13153-2022 Atmos. Chem. Phys., 22, 13153–13166, 2022
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2.2.3 NAIS

The ion-size distribution was measured with a NAIS (Man-
ninen et al., 2009; Mirme and Mirme, 2013; Manninen et
al., 2016) manufactured by Airel Ltd both in Hyytiälä and at
CLOUD. The NAIS consists of two parallel differential mo-
bility analyzers to measure the mobility distribution of posi-
tive and negative ions simultaneously. Ions are classified ac-
cording to their electrical mobility, and their concentration is
recorded by a set of ring-shaped electrometers. The NAIS
measures small ions and charged particles in the 0.0013–
3.2 cm2 V−1 s−1 mobility range (ca. 0.8–40 nm in mobility
diameter). The instrument alternates between three different
measurement modes: ions, total aerosol and offset (zero mea-
surements) mode. In Hyytiälä, the NAIS was located in the
same place as the DMPS, but it samples from ca. 3 m height
above the ground.

2.3 Mass spectrometer: CI-API-TOF

Sulfuric acid and HOM concentrations were measured with
a chemical ionization atmospheric pressure interface time-
of-flight mass spectrometer (CI-API-TOF; Jokinen et al.,
2012), which was located on top of a 35 m high tower
just above the container area where the DMA-train was lo-
cated. Vertical differences for HOMs are typically minor
at that measurement site, such that the above-canopy mea-
surements can be regarded as representative enough for our
near-ground growth estimates (Zha et al., 2018). However,
a comparison to a few available days of ground-based CI-
API-TOF measurements during the campaign revealed lower
[HOMdim] but similar [HOMtot], pointing towards a signif-
icantly reduced transmission at large masses. The CI-API-
TOF was equipped with a chemical ionization inlet with X-
ray ionizer. Nitrate ion chemical ionization is a very selec-
tive method to detect strong acids, such as sulfuric acid and
highly oxygenated organic compounds. Calibration was per-
formed using sulfuric acid (Kürten et al., 2012), and the ob-
tained calibration coefficient (2.6×109 cm−3) was also used
for the concentration measurement of HOM compounds.
The total HOM concentration [HOMtot] was calculated as
a sum of masses 260–622 Th. The HOM dimer concentra-
tion [HOMdim] was retrieved from high-resolution peak fit-
ting identifying the potential HOM dimers in the mass range
above 400 Th. For CLOUD, a similar instrument was used,
and total HOM concentrations were estimated using a simi-
lar mass range and included a mass-dependent transmission
correction, which was not applied to Hyytiälä data due to
missing calibrations. For CLOUD, [HOMdim] includes only
non-nitrate dimer peaks which could be identified (Lehtipalo
et al., 2018).

2.4 Theoretical approaches for growth rate calculation

The neutral and ion growth rates have been calculated from
atmospheric particle- and ion-size distribution with two dif-

ferent methods: maximum concentration and appearance
time method. These two methods used in this study deter-
mine the time when the growing mode reaches different di-
ameters according to different criteria (Dada et al., 2020).
The first method estimates the maximum concentration for
the different mobility diameters and estimates the growth
rate from a linear fit of these maximum concentration times
versus diameter in the corresponding size range (Hirsikko et
al., 2005). The second method, the appearance time method
(Lehtipalo et al., 2014), estimates the 50 % appearance time
of the different mobility diameters during a NPF event. It
is important to note that both approaches estimate an ap-
parent growth rate from the evolution of the particle-size
distribution, which cannot necessarily be translated into a
pure condensational growth rate of a single aerosol particle
within that population. Population dynamic effects such as
self-coagulation, extra-modal coagulation, cluster contribu-
tion and changing vapor concentrations can all significantly
influence the results of such apparent growth rate methods
(Stolzenburg et al., 2005; Kontkanen et al., 2016; Li and Mc-
Murry, 2018; Olenius et al., 2014). However, the effect of
coagulation is normally relatively small in Hyytiälä due to
the moderate formation and sink rates (Kulmala et al., 2013).
Therefore, methods which aim to disentangle these effects
(e.g., Pichelstorfer et al., 2018) do not need to be applied,
and more importantly they could not be used with ion-size
distributions, due to the additional interactions between the
ion and neutral particles (Leppä et al., 2011).

2.5 Aerosol and ion dynamics simulation with ion-UHMA

We use the University of Helsinki Multicomponent Aerosol
model for neutral and charged particles (ion-UHMA) to sim-
ulate the basic dynamical processes (i.e., condensation, co-
agulation and deposition) as well as ion dynamics, i.e., ion–
aerosol interaction and ion–ion recombination, during NPF.
The ion-UHMA is a sectional model composed of 60 sec-
tions from 1.8 to 1000 nm, which include a neutral, positively
charged and negatively charged population and their interac-
tions. Sub-1.8 nm charged clusters are treated dynamically
in the model, with an ion-pair production rate of 3 cm−3 s−1.
The nucleation rates (neutral Jn, positive J+ and negative J−)
are treated as input and are not determined by the model. Par-
ticle growth due to vapor condensation is calculated from the
kinetically limited condensation of sulfuric acid and a nano-
Köhler type activation of the clusters by organics (Kulmala
et al., 2004b). The collision efficiencies also consider charge
and dipole effects (Nadykto and Yu, 2003; Stolzenburg et al.,
2020). More details can be found in Leppä et al. (2009).

We performed three different simulations illustrating the
importance of ion processes in new particle growth. For two
simulations, we choose a setting representative for Hyytiälä
with a diurnal pattern for condensable vapors, where in the
first simulation (Hyytiälä-diurnal) we apply a diurnal nucle-
ation rate following a sinusoidal profile as given in Eq. (5),

Atmos. Chem. Phys., 22, 13153–13166, 2022 https://doi.org/10.5194/acp-22-13153-2022
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which is the same approach as used by Leppä et al. (2009):

J1.7[cm−3 s−1
] = Jmax · sin

(
π

2

(
t − tstart

tmax− tstart

))
for t > tstart and t < 2tmax− tstart else 0. (5)

For the ion-induced nucleation, J diurnal
1.7 (ion) we use Jmax =

1.0 cm−3 s−1 and tstart = 7 h, tmax = 13 h, while for the
neutral nucleation rate J diurnal

1.7 (neutral), we use Jmax =

1.0 cm−3 s−1 and tstart = 8 h, tmax = 13 h. In the sec-
ond simulation (Hyytiälä-parametrization) we follow the
parametrization by Lehtipalo et al. (2018) (Eqs. 2 and 4) for
the nucleation rate but use an analytical idealization of the
diurnal nucleation rate pattern as input for ion-UHMA. For
the third setting (CLOUD-parametrization), we simulated the
conditions in the CLOUD experiment, i.e., no background
aerosol but wall losses and a different temporal behavior of
the condensing vapors but again following the parametriza-
tion by Lehtipalo et al. (2018) for the input nucleation rate
within an analytical approximation for its temporal behavior
as input for ion-UHMA. The main parameters of the three
model setups are also summarized in Table 1.

3 Results

3.1 Comparison between different approaches for
growth rate calculation

Figure 1 compares the apparent growth rates using either to-
tal or ion-size distribution for growth rate analysis for two
size ranges (1.8–3.2 nm, Fig. 1a; 3.2–8 nm, Fig. 1b) for our
dataset from Hyytiälä. The applied analysis method does not
result in significant systematic differences between the ob-
tained growth rates as shown in Fig. S1 in the Supplement,
as the large majority of the measured GR are included in the
[1 : 2; 2 : 1] range, and the methods correlate rather well with
an R2 of 0.64 (1.8–3.2 nm) and 0.47 (3.2–8 nm). This corre-
sponds well with earlier analysis of the differences between
GR analysis methods (Yli-Juuti et al., 2011). In contrast,
when we compare the results obtained by the same method,
but using the total and charged particle-size distributions, we
see a significant offset towards lower ion GR values indepen-
dent of the chosen method for our smaller size interval (1.8–
3.2 nm, Fig. 1a) but not for the larger size range (3.2–8 nm,
Fig. 1b). The same observation is also obtained when using
the same instrument (i.e., NAIS) for the total and ion growth
rate calculation (Fig. S2), where however the total growth
rate has generally higher uncertainties due to lower signal
when compared to the DMA-train (see Kangasluoma et al.,
2020) used for Fig. 1. While the observed scatter in Fig. 1
is in the same range as obtained for the method comparisons
(mainly within the 2 : 1/1 : 2 range; see Fig. S1), the ion GRs
have a factor of 2 lower values on average than the total GRs.
Altogether, these results demonstrate that the apparent (both
maximum-concentration- and appearance-time-derived) ion

and total particle growth cannot be viewed interchangeably
below 3 nm.

3.2 Growth rate comparison between total particles and
ions observed in Hyytiälä and the CLOUD chamber

To explore further the discrepancy between apparent ion
and total particle growth rates, we compare our results to
measurements at the CERN CLOUD experiment. Earlier,
Stolzenburg et al. (2020) and Lehtipalo et al. (2016) showed
that the initial ion growth (below 3 nm) proceeds faster than
total growth in the chamber when sulfuric acid and ammo-
nia or sulfuric acid and amines are the condensable vapors.
This is in line with the theoretical expectation that the polar
sulfuric acid molecules exhibit an increased collision cross-
section with charged particles due to dipole–charge interac-
tions (e.g., Nadykto and Yu, 2003). These results are contra-
dictory to our ambient observations, but neither of the sys-
tems represent the conditions typical for the boreal forest.
Therefore, we compare our results with the experiments with
a mixture of SO2, α-pinene, δ-3-carene, O3, NOx and NH3,
which are more representative for Hyytiälä (Lehtipalo et al.,
2018). Figure 2 shows a comparison between our ambient
results from Hyytiälä and the CLOUD experiments. When
looking at the ratio between ion and total population growth
rates, we observe a clear difference between Hyytiälä and
CLOUD. The sub-3 nm ambient ion growth rates are on aver-
age clearly lower than the total growth rates (Fig. 2a), which
is not reproduced in CLOUD (Fig. 2c). However, at larger
sizes (3–8 nm), both ambient measurements show no signif-
icant differences between the apparent ion and total growth
rates (Fig. 2b), and the laboratory results even show slightly
higher ion than total GRs (Fig. 2d); however the ion medi-
ans are not higher than the 75 quantile of the measured total
GRs, and therefore this effect could be well within poten-
tial statistical fluctuations. Figure 2e confirms that the slower
ion growth in the ambient measurement is independent of
the condensable vapor concentration as we plot the measured
growth rates versus the modeled ones, calculated using the
parametrization of Eq. (3) based on measured vapor concen-
trations. For Hyytiälä, we used the measured condensable va-
por concentrations during the growth period (NH3 was not
measured but approximated by 150 pptv; see, e.g., Makko-
nen et al., 2014). The CLOUD results are on the 1 : 1 line, as
they are the basis for the parametrization and show no sig-
nificant difference between the ion and total particle growth
rates. The ambient growth rates are slightly higher than pre-
dicted by the model but still show a reasonable correlation
with the modeled GRs. The higher measured GRs can be
explained by uncertainties in the vapor concentration mea-
surements and by the fact that the parametrization does not
consider other organic precursors than HOM dimers, which
probably leads to an underestimation.

We investigate the dynamic behavior of the growth pro-
cess in Fig. 3, where we present the total particle- and ion-

https://doi.org/10.5194/acp-22-13153-2022 Atmos. Chem. Phys., 22, 13153–13166, 2022
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Figure 1. Comparison of the apparent (maximum concentration, square symbols, and appearance time method, star symbols) ion GRs
(GRNAIS) and the total GRs (neutral plus charged, GRTotal measured with a DMA-train) for the dataset recorded between March–
September 2020 in Hyytiälä. The dashed blue line shows the 1 : 1 ratio and the colored areas the 25 % (grey) and 50 % (green) deviation
regions. Panel (a) compares the sub-3 nm size range (1.8–3.2 nm) and (b) the 3.2–8 nm size range. Red symbols correspond to the measure-
ment of the positive ion growth rate, and blue symbols correspond to the measurement of the negative ion growth rate.

size distribution during three characteristic NPF event days
observed in Hyytiälä between March and September 2020.
During the entire measurement period (spring to summer) the
times of maximum concentration of the smallest ions (1.8–
3 nm) during NPF events occur earlier (roughly 30–60 min)
than the times of maximum concentration of the total parti-
cles of same size (see also Fig. S3 for the same observation
with the appearance time method). As the concentration of
ions is typically more than a factor of 10 lower compared to
the total particle concentration, the earlier appearance of the
ions during NPF has no significant effect on the appearance
of the total growing mode (see also Stolzenburg et al., 2020).
Therefore, this earlier appearance of the small ions results
in a slower apparent ion growth rate compared to the total
growth rate as the maximum concentration times of larger
particles and ions agree better. This observation is in line with
the results from Gonser et al. (2014) for a measurement site
in Bavaria, Germany. Gonser et al. (2014) proposed a con-
ceptual model to explain why we could observe faster total
particle growth compared to ion growth in ambient measure-
ments. If ion-induced nucleation starts earlier during daytime
due to an increased cluster stability compared to the neu-
tral pathway, the ion population will appear first. However,
during the growth process, the growing ions are constantly
neutralized by ion–ion recombination, and the ion popula-
tion is more influenced by the charging of particles, which
are born neutral, with the latter becoming more and more sig-
nificant when the neutral nucleation pathway becomes domi-
nant. That way, the neutral and ion populations become indis-
tinguishable at a later stage (also explaining the same ion and
total particle growth rate for particles larger than 3 nm in both
chamber and ambient experiments). The earlier appearance
of the ion population is therefore a possible reason for the re-
duced apparent ion growth rate, which is inferred by methods

investigating the appearance of the population at a certain di-
ameter. However, in the dataset of Gonser et al. (2014), the
total size distribution was limited to 2–2.5 nm, and neither
a quantitative understanding nor a supporting model for this
effect was presented.

3.3 Ion-UHMA simulations of the particle-ion interaction

We tested the Gonser et al. (2014) conceptual model with
aerosol dynamics simulations including ion processes (ion-
UHMA; see Methods). In a first approach (Hyytiälä-diurnal
simulations), we followed the basic arguments of Gonser et
al. (2014) and used a simple sinusoidal diurnal pattern to de-
scribe the nucleation rate identical to the results of Leppä et
al. (2009). In line with the conceptual model from Gonser
et al. (2014), we implement that diurnal pattern for the nu-
cleation rate with the 50 % ion-induced fraction starting 1 h
earlier than the neutral nucleation. For the condensing vapors
contributing to GR, we assumed that the sulfuric acid con-
centration has a diurnal sinusoidal variation between 1×105

and 4×106 cm−3 (peak value close to the mean H2SO4 value
of “strong” NPF events) and the nano-Köhler organics are
constant at a concentration of 2× 107 cm−3 (same value as
used in Leppä et al. (2009), close to the mean [HOMtot] value
of the “strong” NPF events). In the beginning of the simula-
tion, two lognormal background particle modes are present,
which are diluted following the diurnal pattern of an increas-
ing boundary layer height after sunrise. The results are pre-
sented in Fig. 4, where we can clearly observe a faster appar-
ent particle growth rate for the total population compared to
the ions (positive and negative) for the smallest size interval,
while there is no difference above 3 nm. However, it remains
to be clarified as to whether we can justify the assumption of
Jion starting earlier than Jtot and whether we can explain the
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Figure 2. Comparison between GRs from CLOUD (Lehtipalo et al., 2018) and Hyytiälä. Due to higher vapor concentrations at CLOUD, the
overall GRs are somewhat higher in CLOUD than in Hyytiälä. We represent the same instrument data with the same color code (i.e., green
for the DMA-train, salmon for NAIS positive mode and blue for NAIS negative mode). Upper panels (a–d) are box plots of the growth rate
distribution during Hyytiälä (“strong” NPF events only) and CLOUD campaign, showing the median growth rate and 25–75 percentiles of
the data as horizontal black line and boxes and the 5–95 percentiles as error bars and strong outliers as diamonds. Lower panel (e) shows all
available growth rate measurements during both campaigns in relation to the total condensing vapour and their corresponding growth rate
according to Eq. (3), with the green squares as the DMA-train data from Hyytiälä and the green diamonds the DMA-train data from CLOUD.
NAIS growth rate data are displayed as triangles, with the orientation indicating if Hyytiälä or CLOUD data are used.

absence of the slower ion growth rate in the chamber experi-
ments.

As a second approach, we used the parametrization of the
nucleation rates presented in Eqs. (2) and (4) as the basis for
the nucleation rate input (Hyytiälä-parametrization). Figure 5
shows the retrieval of the neutral and ion-induced J rates
and the ion-induced fraction using that parametrization and
the resulting diurnal variation in Hyytiälä based on the mea-
sured concentrations of sulfuric acid, ammonia and dimers
of HOM. The CLOUD results presented in Fig. 5a (Lehti-
palo et al., 2018) show that both nucleation pathways (neutral
and ion-induced) produce particles across all vapor concen-
trations, with the neutral nucleation rate scaling with increas-
ing total nucleating vapor and the ion-induced nucleation be-
ing limited around the ion-pair production rate as already
shown in Eqs. (2) and (4) (Fig. 5a). Therefore, the fraction
of ion-induced to total nucleation rate varies strongly with
the available nucleating vapor concentrations, from almost 1
(below 1022 cm−6 pptv) to almost 0 (above 1023 cm−6 pptv),

as can be seen in Fig. 5b. If the diurnal evolution of the to-
tal nucleating vapor concentrations crosses this vapor con-
centration range, we would obtain a situation where first the
ion-induced nucleation and later the neutral pathway domi-
nates the total nucleation rate. Figure 5c illustrates that be-
havior for the measured data. However, the measured data
needed to be scaled by a factor of 500 in order to be in the
vapor concentration range where the transition between ion-
induced and neutral-dominated nucleation occurs in the re-
lated CLOUD experiments. This is in line with the higher
observed than predicted GRs in Fig. 2e.

Apart from measurement uncertainties (around a factor of
2 for each vapor measurement, resulting in a potential off-
set of up to a factor 24

= 16), there could be several other
reasons why the critical range for the shift between ion-
induced and total nucleation rate might be at lower con-
centration in Hyytiälä than CLOUD: (1) the parametrization
from Lehtipalo et al. (2018) is based on CLOUD experi-
ments, where higher cluster ion concentrations (see also Ta-
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Figure 3. Evolution of the ion-size distribution (first and second row) measured with the NAIS and the combined total (neutral plus charged)
size distribution measured with the DMA-train and the twin-DMPS during three characteristic events. The maximum diameter detected by
the DMPS is cut off at 40 nm to have an easier comparison with the ion-size distribution range of the NAIS. The black points represent the
maximum concentration times for the different mobility diameters used to calculate the growth rate in the sub-10 nm size range (see Fig. S3
for example fits of the maximum concentration time at 1.8 nm).

ble 1, 2000 versus 500) lead to more significant ion-induced
nucleation (Wagner et al., 2017). Assuming a linear rela-
tionship between Ni.p. and J (Dunne et al., 2016) would
result in up to a factor of 4 difference for the vapor con-
centration where the transition between ion-dominated and
neutral-dominated occurs. (2) Cluster stability is mostly con-
trolled by ammonia, and therefore the importance of ion-
induced nucleation might be strongly affected by ammo-
nia availability, and the importance of ammonia with re-
spect to the ion-induced fraction might be underestimated in
that parametrization as ammonia concentrations were likely
much lower in Hyytiälä than in most CLOUD runs (see
Table 1). (3) Other factors than the nucleating vapor con-
centrations might also crucially affect cluster stability, and
hence the fraction of ion-induced nucleation and the va-
por range where the transition between ion-dominated and
neutral-dominated nucleation occurs. Temperature and rela-
tive humidity could be crucial (Gagné et al., 2010), with es-
pecially the latter varying strongly between and during the
different NPF event days (see Table 1) but were kept fixed
in Lehtipalo et al. (2018). (4) We observe a significantly dif-
ferent [HOMdim] / [HOMtot] ratio for Hyytiälä and CLOUD
(mean values “strong” NPF days 0.005 and 0.05, respec-
tively), which could be caused by a reduced transmission of
the CI-API-TOF deployed in Hyytiälä (see Sect. 2.3). (5) It

is not known which subset of oxidized organics are actu-
ally participating in the nucleation and growth processes in
Hyytiälä. HOM dimer concentrations, chemical composition
and volatility are very sensitive to the actual involved or-
ganic oxidation chemistry and temperature (Bianchi et al.,
2019; Stolzenburg et al., 2018), and therefore significant dif-
ferences between the chamber and ambient atmosphere are
expected. This leads to the conclusion that the parametriza-
tion from Lehtipalo et al. (2018) is not perfectly transferable
to Hyytiälä conditions with respect to the importance of ion-
induced nucleation, and, in addition, our measured total con-
densable vapors especially [NH3] and [HOMdim], might also
be underestimated.

Altogether, it is plausible that the transition from a high to
a low ion-induced nucleation fraction in Hyytiälä happens at
lower concentration than predicted by the parametrization.
We therefore idealized the scaled nucleating vapor curve
(Fig. 5c) by an analytical Gaussian expression for compu-
tational simplicity and used it as input for the nucleation rate
calculation with the parametrizations given in Eqs. (2) and
(4). We kept the vapor concentrations for the vapors con-
tributing to growth (H2SO4 and nano-Köhler organics simi-
lar to HOMtot) similar as for the Hyytiälä-diurnal simulation
(with H2SO4 also changed to a Gaussian profile better resem-
bling the actual diurnal pattern). The results are presented in
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Figure 4. Model results based on Leppä et al. (2009), with the
ion-induced nucleation starting 1 h earlier than the neutral pathway,
as suggested by the conceptual approach of Gonser et al. (2014).
Panel (a) corresponds to the total particle-size distribution, and pan-
els (b) and (c) are the (positive and negative) ion-size distributions.
The calculated apparent growth rate with the ion-UHMA model
(black scatters) has also been plotted. Panel (d) corresponds to the
evolution of the nucleation rate of the total particle (Jtot), the ions
(Jion) and the neutral particles (Jn).

Fig. 6a–d and show a GRion<GRtot below 3 nm but simi-
lar values above 3 nm, identical to our ambient observations.
In addition, the quantitative results are closer to the ambient
measurements, confirming that it is indeed that slow tran-
sition from ion-induced to neutral-dominated nucleation rate
that is responsible for the decreased apparent ion growth rate.
In that sense, ion-induced nucleation does not, strictly speak-
ing, start 1 h earlier as in the simple case, but the increase of
the vapor concentrations through the critical concentration
range from almost unity to almost zero ion-induced fraction
occurs within 3–5 h in Hyytiälä (Fig. 5c). Moreover, the sec-
ond simulation set also explains the absence of the effect at
the CLOUD experiment: here this transition occurs within
∼ 10 min (sulfuric acid lifetime), where all other vapor con-
centrations were typically kept constant, and the nucleation
burst was induced by switching on the UV lights inside the
chamber and the subsequent formation of sulfuric acid. We
show the results from simulations using such a vapor con-

centration profile together with adjusted boundary conditions
(no background aerosol but wall losses included) in Fig. 6e–h
(CLOUD-parametrization). No significant difference is ob-
served between the apparent total and ion growth rates for
such simulation cases. Note, that in simulations where sul-
furic acid is the major growth contributor, the dipole–charge
interactions would even lead to a significantly enhanced ion
growth rate compared to the total growth rate. However, in
the experiments by Lehtipalo et al. (2018), the organics dom-
inate the growth, and no dipole–charge interactions are con-
sidered for the collisions of organics with growing ions in the
simulations.

4 Conclusions

The role of ions in atmospheric new particle formation and
initial growth is still not fully clarified, although ion popu-
lations are often used to infer nanoparticle growth rates. We
have shown that apparent particle growth rates in the sub-
3 nm range can be underestimated if ion-size distributions are
used instead of total size distributions. We observed, during
the entire period of measurement in the boreal forest (Spring
to Summer 2020), an earlier formation of ions than total par-
ticles in the sub-3 nm range. As typical ion concentrations
are a factor 10 less compared to total particle concentration,
the earlier ion appearance did not affect the appearance of
the total growing mode but resulted in slower apparent ion
growth rates. Previous work suggests that in the case of con-
densing polar molecules such as sulfuric acid, the growth of
sub-3 nm charged particles should be enhanced compared to
the neutral particle growth (Stolzenburg et al., 2020). How-
ever, the mix of condensable vapors in Hyytiälä is more com-
plex, and therefore we compared the observation in Hyytiälä
with results from CLOUD chamber experiments under simi-
lar conditions (Lehtipalo et al., 2018). While the parametriza-
tion from the chamber experiments can reasonably predict
the observed order of magnitude of the ambient growth rates,
we observe no difference between total and ion growth rate
in contrast to our ambient observations.

Gonser et al. (2014) proposed a conceptual model to
explain the observation of slower ion growth where ion-
induced nucleation starts earlier during daytime, but during
the growth process ions are constantly neutralized by ion–ion
recombination. That way, the neutral and ion population be-
comes very difficult to distinguish at larger sizes, but this re-
sults in slower apparent ion growth rates for sub-3 nm sizes.
Here, we confirmed the conceptual model with aerosol dy-
namics simulations based on the ion-UHMA model, which
includes neutral, positively and negatively charged popula-
tions and their interactions. We modeled the nucleation rate
according to Lehtipalo et al. (2018) and showed quantita-
tively how the transition from an ion-induced nucleation
regime to a neutral-dominated nucleation scheme leads to ap-
parent sub-3 nm ion growth rates, which are roughly a factor
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Figure 5. The importance of ion-induced nucleation in the boreal forest. Panel (a) shows the measured nucleation rates (diamonds under
galactic cosmic ray conditions and circles under neutral conditions) and the parametrizations (Eqs. 2 and 4). Panel (b) shows the fraction of
ion-induced nucleation from total nucleation rate against the parametrizations from Eqs. (2) and (4). Panel (c) shows the diurnal pattern of
the calculated nucleation rates and ion-induced fraction in Hyytiälä.

Figure 6. Ion-UHMA model results, with the J rates parametrized according to Lehtipalo et al. (2018) for both Hyytiälä (a–d) and
CLOUD (e–h) conditions. Panels (a) and (e) show the total particle-size distribution. Panels (b) and (f) and (c) and (g) show the posi-
tive and negative ion-size distribution, respectively. Panels (d) and (h) show the sulfuric acid concentration for vapor growth (blue) and the
parametrized nucleation rate according to Lehtipalo et al. (2018), assuming typical profiles of [H2SO4]2 [NH3] [HOMdim] for Hyytiälä and
CLOUD.
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of 2 lower than the total growth rate, in good agreement with
our ambient observations. The simulations also provided the
explanation of the absence of this effect during CLOUD
measurements, where the nucleating vapor concentrations
are typically changed within 10 min and hence the change
from ion-induced nucleation into the neutral-dominated nu-
cleation occurs much faster than in Hyytiälä. Altogether, our
results show that the apparent (i.e., maximum concentration
or appearance time method based) ion GRs do not corre-
spond to the real condensational growth (also not the com-
bined condensational and coagulation growth) of the parti-
cle population but are heavily affected by the temporal be-
havior of ion-induced nucleation and aerosol–ion dynamics
processes like ion–ion recombination and particle diffusion
charging. Sub-3 nm apparent growth rates based on ion pop-
ulation measurements are therefore not necessarily suited to
infer information on the abundance of condensable vapors
or their seasonal variation and should always be interpreted
cautiously. However, the effect of reduced ion GR compared
to total particle GR depends on the actual nucleation mecha-
nism, the abundance of ions and ultimately on the transition
time between an ion-induced and neutral-dominated nucle-
ation regime, and hence it is difficult to transfer our findings
to other environments. In settings where ion-induced nucle-
ation always dominates (e.g., at remote or high-altitude sites)
or where the transition is very short due to a strong neu-
tral nucleation pathway (e.g., polluted settings with strong
H2SO4–amine clustering), we expect to see fewer differences
between ion and total GR.

Code availability. The ion-UHMA code used to gener-
ate the results discussed in this paper is archived under
https://doi.org/10.23729/328f4a5c-006f-4563-a0cc-2728bda6ef4c
(Stolzenburg, 2022), and the most recent ion-UHMA code
including possible future updates can be found under
https://version.helsinki.fi/atm/ion-uhma/-/tree/hyde-ion-gr (last
access: 11 October 2022, registration required).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-22-13153-2022-supplement.

Author contributions. DS designed the study, LGC, KL, LRA,
NS, SH, JK and DS performed the measurements, DS performed the
simulations, LGC, KL, NS and DS analyzed the data, LGC, KL, JK,
MK, PMW and DS were involved in the scientific discussion and
interpretation of the results, and LGC and DS wrote the manuscript.
All authors commented on and edited the final paper.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Atmospheric Chemistry and Physics.
The peer-review process was guided by an independent editor, and
the authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. Technical and scientific staff in Hyytiälä
are acknowledged.

Financial support. This research has been supported by the
ACCC Flagship funded by the Academy of Finland (grant
no. 337549), Academy professorship funded by the Academy
of Finland (grant no. 302958), Academy of Finland projects
nos. 1325656, 316114 and 325647; University of Helsinki 3-year
grant (no. 75284132), Russian Mega Grant project “Megapolis
– heat and pollution island: interdisciplinary hydroclimatic,
geochemical and ecological analysis” (grant no. 075-15-2021-574);
“Quantifying carbon sink, CarbonSink+ and their interaction
with air quality” INAR project funded by Jane and Aatos Erkko
Foundation, European Research Council (ERC) project ATM-
GTP contract no. 742206, Samsung PM2.5 SRP, the European
Union’s Horizon 2020 Research and Innovation programme Marie
Skłodowska-Curie grant agreement no. 895875 (“NPF-PANDA”)
and the Marie Skłodowska-Curie ITN “CLOUD-MOTION” (grant
no. 764991).

Open-access funding was provided by the Helsinki
University Library.

Review statement. This paper was edited by Radovan Krejci and
reviewed by two anonymous referees.

References

Aalto, P., Hämeri, K., Becker, E. D. O., Weber, R., Salm,
J., Mäkelä, J. M., Hoell, C., O’Dowd, C. D., Karlsson,
H., Hansson, H., Väkevä, M., Koponen, I. K., Buzorius,
G., and Kulmala, M.: Physical characterization of aerosol
particles during nucleation events, Tellus B, 53, 344–358,
https://doi.org/10.3402/tellusb.v53i4.17127, 2001.

Albrecht, B. A.: Aerosols, cloud microphysics, and
fractional cloudiness, Science, 245, 1227–1230,
https://doi.org/10.1126/science.245.4923.1227, 1989.

Bianchi, F., Kurte, T., Riva, M., Mohr, C., Rissanen, M. P., Roldin,
P., Berndt, T., Crounse, J. D., Wennberg, P. O., Mentel, T. F.,
Wildt, R., Junninen, H., Jokinen, T., Kulmala, M., Worsnop,
D. R., Thornton, J. A., Donahue, N., Kjaergaard, H. G., and
Ehn, M.: Highly Oxygenated Organic Molecules (HOM) from
Gas-Phase Autoxidation Involving Peroxy Radicals: A Key Con-
tributor to Atmospheric Aerosol, Chem. Rev., 119, 3472–3509,
https://doi.org/10.1021/acs.chemrev.8b00395, 2019.

Dada, L., Lehtipalo, K., Kontkanen, J., Nieminen, T., Baalbaki,
R., Ahonen, L., Duplissy, J., Yan, C., Chu, B., Petäjä, T.,
Lehtinen, K., Kerminen, V. M., Kulmala, M., and Kangaslu-
oma, J.: Formation and growth of sub-3-nm aerosol parti-
cles in experimental chambers, Nat. Protoc., 15, 1013–1040,
https://doi.org/10.1038/s41596-019-0274-z, 2020.

https://doi.org/10.5194/acp-22-13153-2022 Atmos. Chem. Phys., 22, 13153–13166, 2022

https://doi.org/10.23729/328f4a5c-006f-4563-a0cc-2728bda6ef4c
https://version.helsinki.fi/atm/ion-uhma/-/tree/hyde-ion-gr
https://doi.org/10.5194/acp-22-13153-2022-supplement
https://doi.org/10.3402/tellusb.v53i4.17127
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.1021/acs.chemrev.8b00395
https://doi.org/10.1038/s41596-019-0274-z


13164 L. Gonzalez Carracedo et al.: On the relation between apparent ion and total particle growth rates

Dal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., Hussein, T.,
Aalto, P. P., and Lehtinen, K. E. J.: Formation and growth of fresh
atmospheric aerosols: eight years of aerosol size distribution data
from SMEAR II, Hyytiälä, Finland, Boreal Environ. Res., 10,
323–336, 2005.

Dunne, E. M., Gordon, H., Kürten, A., Almeida, J., Duplissy,
J., Williamson, C., Ortega, I. K., Pringle, K. J., Adamov, A.,
Baltensperger, U., Barmet, P., Benduhn, F., Bianchi, F., Breit-
enlechner, M., Clarke, A., Curtius, J., Dommen, J., Donahue,
N. M., Ehrhart, S., Flagan, R. C., Franchin, A., Guida, R.,
Hakala, J., Hansel, A., Heinritzi, M., Jokinen, T., Kangasluoma,
J., Kirkby, J., Kulmala, M., Kupc, A., Lawler, M. J., Lehti-
palo, K., Makhmutov, V., Mann, G., Mathot, S., Merikanto,
J., Miettinen, P., Nenes, A., Onnela, A., Rap, A., Reddington,
C. L. S., Riccobono, F., Richards, N. A. D., Rissanen, M. P.,
Rondo, L., Sarnela, N., Schobesberger, S., Sengupta, K., Simon,
M., Sipilä, M., Smith, J. N., Stozkhov, Y., Tomé, A., Tröstl,
J., Wagner, P. E., Wimmer, D., Winkler, P. M., Worsnop, D.
R., and Carslaw, K. S.: Global atmospheric particle formation
from CERN CLOUD measurements, Science, 354, 1119–1124,
https://doi.org/10.1126/science.aaf2649, 2016.

Duplissy, J., Merikanto, J., Franchin, A., Tsagkogeorgas, G., Kan-
gasluoma, J., Wimmer, D., Vuollekoski, H., Schobesberger,
S., Lehtipalo, K., Flagan, R. C., Brus, D., Donahue, N. M.,
Vehkamäki, H., Almeida, J., Amorim, A., Barmet, P., Bianchi,
F., Breitenlechner, M., Dunne, E. M., Guida, R., Henschel, H.,
Junninen, H., Kirkby, J., Kürten, A., Kupc, A., Määttänen, A.,
Makhmutov, V., Mathot, S., Nieminen, T., Onnela, A., Pra-
plan, A. P., Riccobono, F., Rondo, L., Steiner, G., Tome, A.,
Walther, H., Baltensperger, U., Carslaw, K. S., Dommen, J.,
Hansel, A., Petäjä, T., Sipilä, M., Stratmann, F., Vrtala, A., Wag-
ner, P. E., Worsnop, D. R., Curtius, J., and Kulmala, M.: Effect
of ions on sulfuric acid-water binary particle formation: 1. The-
ory for kinetic- and nucleation-type particle formation and atmo-
spheric implications, J. Geophys. Res.-Atmos., 121, 1752–1775,
https://doi.org/10.1002/2015JD023538, 2016.

Gagné, S., Nieminen, T., Kurtén, T., Manninen, H. E., Petäjä, T.,
Laakso, L., Kerminen, V.-M., Boy, M., and Kulmala, M.: Fac-
tors influencing the contribution of ion-induced nucleation in
a boreal forest, Finland, Atmos. Chem. Phys., 10, 3743–3757,
https://doi.org/10.5194/acp-10-3743-2010, 2010.

Gonser, S. G., Klein, F., Birmili, W., Größ, J., Kulmala, M., Manni-
nen, H. E., Wiedensohler, A., and Held, A.: Ion-particle interac-
tions during particle formation and growth at a coniferous forest
site in central Europe, Atmos. Chem. Phys., 14, 10547–10563,
https://doi.org/10.5194/acp-14-10547-2014, 2014.

Gordon, H., Kirkby, J., Baltensperger, U., Bianchi, F., Breit-
enlechner, M., Curtius, J., Dias, A., Dommen, J., Donahue,
N. M., Dunne, E. M., Duplissy, J., Ehrhart, S., Flagan, R.
C., Frege, C., Fuchs, C., Hansel, A., Hoyle, C. R., Kul-
mala, M., Kürten, A., Lehtipalo, K., Makhmutov, V., Molteni,
U., Rissanen, M. P., Stozkhov, Y., Tröstl, J., Tsagkogeor-
gas, G., Wagner, R., Williamson, C., Wimmer, D., Winkler,
P. M., Yan, C., and Carslaw, K. S.: Causes and importance
of new particle formation in the present-day and preindus-
trial atmospheres, J. Geophys. Res.-Atmos., 122, 8739–8760,
https://doi.org/10.1002/2017JD026844, 2017.

Guo, S., Hu, M., Zamora, M. L., Peng, J., Shang, D., Zheng,
J., Du, Z., Wu, Z., Shao, M., Zeng, L., Molina, M. J.,

and Zhang, R.: Elucidating severe urban haze formation
in China, P. Natl. Acad. Sci. USA, 111, 17373–17378,
https://doi.org/10.1073/pnas.1419604111, 2014.

Hari, P. and Kulmala, M.: Station for Measuring Ecosystem-
Atmosphere Relations (SMEAR II), Boreal Environ. Res., 10,
315–322, 2005.

Hirsikko, A., Laakso, L., Hõrrak, U., Aalto, P. P., Kerminen, V.
M., and Kulmala, M.: Annual and size dependent variation of
growth rates and ion concentrations in boreal forest, Boreal Env-
iron. Res., 10, 357–369, 2005.

Jokinen, T., Sipilä, M., Junninen, H., Ehn, M., Lönn, G., Hakala,
J., Petäjä, T., Mauldin III, R. L., Kulmala, M., and Worsnop,
D. R.: Atmospheric sulphuric acid and neutral cluster measure-
ments using CI-APi-TOF, Atmos. Chem. Phys., 12, 4117–4125,
https://doi.org/10.5194/acp-12-4117-2012, 2012.

Kangasluoma, J., Cai, R., Jiang, J., Deng, C., Stolzenburg,
D., Ahonen, L. R., Chan, T., Fu, Y., Kim, C., Laurila, T.
M., Zhou, Y., Dada, L., Sulo, J., Flagan, R. C., Kulmala,
M., Petäjä, T., and Lehtipalo, K.: Overview of measure-
ments and current instrumentation for 1–10 nm aerosol parti-
cle number size distributions, J. Aerosol Sci., 148, 105584,
https://doi.org/10.1016/j.jaerosci.2020.105584, 2020.

Kerminen, V. M. and Kulmala, M.: Analytical formulae connect-
ing the “real” and the “apparent” nucleation rate and the nu-
clei number concentration for atmospheric nucleation events,
J. Aerosol Sci., 33, 609–622, https://doi.org/10.1016/S0021-
8502(01)00194-X, 2002.

Kerminen, V.-M., Chen, X., Vakkari, V., Petäjä, T., Kulmala, M.,
and Bianchi, F.: Atmospheric new particle formation and growth:
review of field observations, Environ. Res. Lett., 13, 103003,
https://doi.org/10.1088/1748-9326/aadf3c, 2018.

Kontkanen, J., Olenius, T., Lehtipalo, K., Vehkamäki, H., Kul-
mala, M., and Lehtinen, K. E. J.: Growth of atmospheric clus-
ters involving cluster–cluster collisions: comparison of differ-
ent growth rate methods, Atmos. Chem. Phys., 16, 5545–5560,
https://doi.org/10.5194/acp-16-5545-2016, 2016.

Kuang, C., Mcmurry, P. H., and Mccormick, A. V.: Determina-
tion of cloud condensation nuclei production from measured
new particle formation events, Geophys. Res. Lett., 36, L09822,
https://doi.org/10.1029/2009GL037584, 2009.

Kulmala, M., Vehkamäki, H., Petäjä, T., Dal Maso, M., Lauri,
A., Kerminen, V. M., Birmili, W., and McMurry, P. H.:
Formation and growth rates of ultrafine atmospheric parti-
cles: A review of observations, J. Aerosol Sci., 35, 143–176,
https://doi.org/10.1016/j.jaerosci.2003.10.003, 2004a.

Kulmala, M., Kerminen, V.-M., Anttila, T., Laaksonen, A.,
and O’dowd, C. D.: Organic aerosol formation via sul-
phate cluster activation, J. Geophys. Res., 109, 4205,
https://doi.org/10.1029/2003JD003961, 2004b.

Kulmala, M., Petäjä, T., Nieminen, T., Sipilä, M., Manninen,
H. E., Lehtipalo, K., Dal Maso, M., Aalto, P. P., Junninen,
H., Paasonen, P., Riipinen, I., Lehtinen, K. E. J., Laakso-
nen, A., and Kerminen, V. M.: Measurement of the nucleation
of atmospheric aerosol particles, Nat. Protoc., 7, 1651–1667,
https://doi.org/10.1038/nprot.2012.091, 2012.

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manni-
nen, H. E., Nieminen, T., Petäjä, T., Sipilä, M., Schobesberger,
S., Rantala, P., Franchin, A., Jokinen, T., Järvinen, E., Äijälä, M.,
Kangasluoma, J., Hakala, J., Aalto, P. P., Paasonen, P., Mikkilä,

Atmos. Chem. Phys., 22, 13153–13166, 2022 https://doi.org/10.5194/acp-22-13153-2022

https://doi.org/10.1126/science.aaf2649
https://doi.org/10.1002/2015JD023538
https://doi.org/10.5194/acp-10-3743-2010
https://doi.org/10.5194/acp-14-10547-2014
https://doi.org/10.1002/2017JD026844
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.5194/acp-12-4117-2012
https://doi.org/10.1016/j.jaerosci.2020.105584
https://doi.org/10.1016/S0021-8502(01)00194-X
https://doi.org/10.1016/S0021-8502(01)00194-X
https://doi.org/10.1088/1748-9326/aadf3c
https://doi.org/10.5194/acp-16-5545-2016
https://doi.org/10.1029/2009GL037584
https://doi.org/10.1016/j.jaerosci.2003.10.003
https://doi.org/10.1029/2003JD003961
https://doi.org/10.1038/nprot.2012.091


L. Gonzalez Carracedo et al.: On the relation between apparent ion and total particle growth rates 13165

J., Vanhanen, J., Aalto, J., Hakola, H., Makkonen, U., Ruuska-
nen, T., Mauldin, R. L., Duplissy, J., Vehkamäki, H., Bäck,
J., Kortelainen, A., Riipinen, I., Kurtén, T., Johnston, M. V.,
Smith, J. N., Ehn, M., Mentel, T. F., Lehtinen, K. E. J., Laakso-
nen, A., Kerminen, V. M., and Worsnop, D. R.: Direct observa-
tions of atmospheric aerosol nucleation, Science, 339, 943–946,
https://doi.org/10.1126/SCIENCE.1227385, 2013.

Kürten, A., Rondo, L., Ehrhart, S., and Curtius, J.: Calibration of
a Chemical Ionization Mass Spectrometer for the Measurement
of Gaseous Sulfuric Acid, J. Phys. Chem. A, 116, 6375–6386,
https://doi.org/10.1021/jp212123n, 2012.

Lee, S.-H., Gordon, H., Yu, H., Lehtipalo, K., Haley, R., Li, Y.,
and Zhang, R.: New Particle Formation in the Atmosphere: From
Molecular Clusters to Global Climate, J. Geophys. Res.-Atmos.,
124, 7098–7146, https://doi.org/10.1029/2018JD029356, 2019.

Lehtipalo, K., Leppä, J., Kontkanen, J., Kangasluoma, J., Franchin,
A., Wimmer, D., Schobesberger, S., Junninen, H., Petäjä, T.,
Sipilä, M., Mikkilä, J., Vanhanen, J., Worsnop, D. R., and Kul-
mala, M.: Methods for determining particle size distribution and
growth rates between 1 and 3 nm using the Particle Size Magni-
fier, Boreal Environ. Res., 19, 215–236, 2014.

Lehtipalo, K., Rondo, L., Kontkanen, J., Schobesberger, S., Jokinen,
T., Sarnela, N., Kürten, A., Ehrhart, S., Franchin, A., Nieminen,
T., Riccobono, F., Sipilä, M., Yli-Juuti, T., Duplissy, J., Adamov,
A., Ahlm, L., Almeida, J., Amorim, A., Bianchi, F., Breitenlech-
ner, M., Dommen, J., Downard, A. J., Dunne, E. M., Flagan, R.
C., Guida, R., Hakala, J., Hansel, A., Jud, W., Kangasluoma, J.,
Kerminen, V. M., Keskinen, H., Kim, J., Kirkby, J., Kupc, A.,
Kupiainen-Määttä, O., Laaksonen, A., Lawler, M. J., Leiminger,
M., Mathot, S., Olenius, T., Ortega, I. K., Onnela, A., Petäjä,
T., Praplan, A., Rissanen, M. P., Ruuskanen, T., Santos, F. D.,
Schallhart, S., Schnitzhofer, R., Simon, M., Smith, J. N., Tröstl,
J., Tsagkogeorgas, G., Tomé, A., Vaattovaara, P., Vehkamäki,
H., Vrtala, A. E., Wagner, P. E., Williamson, C., Wimmer, D.,
Winkler, P. M., Virtanen, A., Donahue, N. M., Carslaw, K. S.,
Baltensperger, U., Riipinen, I., Curtius, J., Worsnop, D. R., and
Kulmala, M.: The effect of acid-base clustering and ions on the
growth of atmospheric nano-particles, Nat. Commun., 7, 1–9,
https://doi.org/10.1038/ncomms11594, 2016.

Lehtipalo, K., Yan, C., Dada, L., Bianchi, F., Xiao, M., Wagner,
R., Stolzenburg, D., Ahonen, L. R., Amorim, A., Baccarini, A.,
Bauer, P. S., Baumgartner, B., Bergen, A., Bernhammer, A. K.,
Breitenlechner, M., Brilke, S., Buchholz, A., Mazon, S. B., Chen,
D., Chen, X., Dias, A., Dommen, J., Draper, D. C., Duplissy, J.,
Ehn, M., Finkenzeller, H., Fischer, L., Frege, C., Fuchs, C., Gar-
mash, O., Gordon, H., Hakala, J., He, X., Heikkinen, L., Hein-
ritzi, M., Helm, J. C., Hofbauer, V., Hoyle, C. R., Jokinen, T.,
Kangasluoma, J., Kerminen, V. M., Kim, C., Kirkby, J., Kontka-
nen, J., Kürten, A., Lawler, M. J., Mai, H., Mathot, S., Mauldin,
R. L., Molteni, U., Nichman, L., Nie, W., Nieminen, T., Ojdanic,
A., Onnela, A., Passananti, M., Petäjä, T., Piel, F., Pospisilova,
V., Quéléver, L. L. J., Rissanen, M. P., Rose, C., Sarnela, N.,
Schallhart, S., Schuchmann, S., Sengupta, K., Simon, M., Sip-
ilä, M., Tauber, C., Tomé, A., Tröstl, J., Väisänen, O., Vogel,
A. L., Volkamer, R., Wagner, A. C., Wang, M., Weitz, L., Wim-
mer, D., Ye, P., Ylisirniö, A., Zha, Q., Carslaw, K. S., Curtius,
J., Donahue, N. M., Flagan, R. C., Hansel, A., Riipinen, I., Vir-
tanen, A., Winkler, P. M., Baltensperger, U., Kulmala, M., and
Worsnop, D. R.: Multicomponent new particle formation from

sulfuric acid, ammonia, and biogenic vapors, Sci. Adv., 4, 1–51,
https://doi.org/10.1126/sciadv.aau5363, 2018.

Leppä, J., Kerminen, V. M., Laakso, L., Korhonen, H., Letinen, K.
E. J., Gagné, S., Manninen, H. E., Nieminen, T., and Kulmala,
M.: Ion-UHMA: A model for simulating the dynamics of neutral
and charged aerosol particles, Boreal Environ. Res., 14, 559–575,
2009.

Leppä, J., Anttila, T., Kerminen, V.-M., Kulmala, M., and Lehtinen,
K. E. J.: Atmospheric new particle formation: real and apparent
growth of neutral and charged particles, Atmos. Chem. Phys., 11,
4939–4955, https://doi.org/10.5194/acp-11-4939-2011, 2011.

Li, C. and McMurry, P. H.: Errors in nanoparticle growth
rates inferred from measurements in chemically react-
ing aerosol systems, Atmos. Chem. Phys., 18, 8979–8993,
https://doi.org/10.5194/acp-18-8979-2018, 2018.

Makkonen, U., Virkkula, A., Hellén, H., Hemmilä, M., Sund, J.,
Hakola, H., Äijälä, M., Ehn, M., Junninen, H., Keronen, P.,
Petäjä, T., Worsnop, D. R., Kulmala, M., and Worsnop, D. R.:
Semi-continuous gas and inorganic aerosol measurements at a
boreal forest site: Seasonal and diurnal cycles of NH3, HONO
and HNO3, Boreal Environ. Res., 19, 311–328, 2014.

Manninen, H. E., Petäjä, T., Asmi, E., Riipinen, N., Nieminen, T.,
Mikkilä, J., Hõrrak, U., Mirme, A., Mirme, S., Laakso, L., Ker-
minen, V. M., and Kulmala, M.: Long-term field measurements
of charged and neutral clusters using Neutral cluster and Air Ion
Spectrometer (NAIS), Boreal Environ. Res., 14, 591–605, 2009.

Manninen, H. E., Nieminen, T., Asmi, E., Gagné, S., Häkkinen,
S., Lehtipalo, K., Aalto, P., Vana, M., Mirme, A., Mirme, S.,
Hõrrak, U., Plass-Dülmer, C., Stange, G., Kiss, G., Hoffer, A.,
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