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Andrea C. Wagner,fq Mingyi Wang,r Dongyu Wang,d Yonghong Wang, as

Stefan K. Weber,ef Marcel Zauner-Wieczorek, f Urs Baltensperger,d

Joachim Curtius,f Neil M. Donahue, t Imad El Haddad, d Richard C. Flagan,u

Armin Hansel, l Ottmar Möhler,v Tuukka Petäjä, a Rainer Volkamer,w

Douglas Worsnopa and Katrianne Lehtipaloax

Iodine oxoacids are recognised for their significant contribution to the formation of new particles in marine and

polar atmospheres. Nevertheless, to incorporate the iodine oxoacid nucleation mechanism into global

simulations, it is essential to comprehend how this mechanism varies under various atmospheric conditions.

In this study, we combined measurements from the CLOUD (Cosmic Leaving OUtdoor Droplets) chamber at

CERN and simulations with a kinetic model to investigate the impact of temperature, ionisation, and humidity

on iodine oxoacid nucleation. Our findings reveal that ion-induced particle formation rates remain largely

unaffected by changes in temperature. However, neutral particle formation rates experience a significant

increase when the temperature drops from +10 °C to −10 °C. Running the kinetic model with varying

ionisation rates demonstrates that the particle formation rate only increases with a higher ionisation rate when

the iodic acid concentration exceeds 1.5 × 107 cm−3, a concentration rarely reached in pristine marine

atmospheres. Consequently, our simulations suggest that, despite higher ionisation rates, the charged cluster

nucleation pathway of iodic acid is unlikely to be enhanced in the upper troposphere by higher ionisation

rates. Instead, the neutral nucleation channel is likely to be the dominant channel in that region. Notably, the

iodine oxoacid nucleation mechanism remains unaffected by changes in relative humidity from 2% to 80%.

However, under unrealistically dry conditions (below 0.008% RH at +10 °C), iodine oxides (I2O4 and I2O5)

significantly enhance formation rates. Therefore, we conclude that iodine oxoacid nucleation is the dominant

nucleation mechanism for iodine nucleation in the marine and polar boundary layer atmosphere.
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View Article Online
Environmental signicance

Understanding atmospheric new particle formation is of paramount importance, since it is impacting the climate. Particle formation through iodine oxoacid
nucleation has rarely been incorporated into global simulations, despite observations at various coastal locations and increasing concentration of iodine,
primarily driven by climate change. This study employs chamber measurements and a kinetic model to explore the inuence of temperature, ionisation rate,
and humidity on iodine oxoacid nucleation. Our ndings indicate that ion-induced formation rates of iodine oxoacid are not signicantly affected by
temperature but the neutral formation rates increase with decreasing temperature. Furthermore, increases in ionisation rates decrease the ion-induced
nucleation rate under atmospherically relevant iodic acid concentrations, and humidity has no signicant effect on nucleation.
1 Introduction

Atmospheric aerosols are liquid or solid particles suspended in
the air, which affect the global radiative budget directly by
scattering and absorbing shortwave and longwave radiation,
resulting in a direct radiative forcing.1 Additionally, aerosols of
sufficient size indirectly affect the climate by acting as cloud
condensation nuclei (CCN). A change in CCN number may
cause a change in the microphysical properties of clouds and
thereby affecting the cloud lifetime, albedo and precipitation. A
better understanding of the formation and growth of aerosol
particles is especially needed since more than half of the global
CCN originate from new particle formation processes in the
atmosphere.2

New particle formation has been observed all over the world3

at locations ranging from cities4–7 to pristine regions like the
Arctic,8 Antarctica,9 remote marine atmosphere,10 and the
boreal forest.11,12 Sulphuric acid and organic vapours are
believed to be the major contributors to new particle formation
in the continental boundary layer and have been extensively
researched.13–15

Iodine species have recently been proposed to be important
for particle formation processes as well.16–21 This has been
observed in coastal17–20,22 and polar environments.23–25 Iodine
precursors, emitted from the sea surface,26 sea ice,27 and mac-
roalgae18 are rapidly photolysed in the atmosphere to produce
a series of iodine oxides (e.g., iodine monoxide, IO and iodine
dioxide, OIO) and oxoacids (e.g., iodic acid, HIO3 and iodous
acid, HIO2). The exact iodine particle formation mechanisms
have been under debate for more than 20 years, with iodine
oxides such as OIO, iodine tetroxide (I2O4) and iodine pentoxide
(I2O5) initially thought to be the nucleating molecules.17,18,28–31

However, recent eld observations at the Mace Head obser-
vatory have revealed the important role of HIO3 in iodine
particle formation processes.19 Further experiments carried out
at the Cosmics Leaving OUtdoor Droplets (CLOUD) chamber at
CERN found that HIO3 is produced from oxidised iodine in the
presence of ozone and water vapour,16 and iodooxy hypoiodite
(I2O2) is the critical precursor for producing HIO3.32 This simple
and efficient production pathway of HIO3 may help explain the
ubiquitous presence of HIO3 globally,16 even including inland
polluted cities such as Beijing and Nanjing.33

The CLOUD experiment has also revealed that HIO3 alone is
not able to explain iodine particle formation and HIO2 is
needed to form the initial clusters together with HIO3 (termed
the iodine oxoacid nucleation mechanism).16 Recent theoretical
work utilising quantum chemical calculations and kinetic
simulations further uncovered the critical role of HIO2 in
| Environ. Sci.: Atmos., 2024, 4, 531–546
stabilising HIO3 clusters because HIO2 exhibits strong alkaline-
like behaviour.34,35 The fact that iodine oxidation produces both
HIO3 and HIO2 makes its nucleation process autonomous; this
differentiates iodine species from the sulphuric acid nucle-
ation, which typically requires additional base molecules such
as ammonia and amines to form stable clusters.15,36 Impor-
tantly, the particle formation rates of iodine oxoacids (HIO3 and
HIO2) exceed those of sulphuric acid at comparable acid
concentrations, especially in the remote areas under low base
concentrations.16 The stabilising effect of HIO2 was also seen
with sulphuric acid.21,37,38

Since iodine oxoacid nucleation is a recently discovered
mechanism, there exists a critical knowledge gap regarding the
factors that inuence nucleation rates in this chemical system.
These factors include atmospheric ionisation rates, humidity,
and temperature. The importance of atmospheric ionisation
rates lies in their direct inuence on particle formation
dynamics, particularly in the upper troposphere where charged
clusters play a signicant role. Similarly, temperature is
a crucial parameter affecting formation rates, as variations in
temperature can signicantly impact the stability and reactivity
of precursor molecules.39 Hence, understanding the precise
inuence of these factors is paramount for accurately repre-
senting them in models.

In this study, we carry out particle formation experiments at
the CLOUD chamber at CERN aiming to improve the under-
standing of iodine oxoacid particle formation and its depen-
dency on temperature, humidity and ionisation rate. As water
vapour is a key component in the formation of iodic acid,
varying the humidity may alter the ratio between iodine oxides
and oxoacids. This may further allow us to disentangle the
contribution of iodine oxoacids and oxides to iodine particle
formation in the marine boundary layer. Additionally, we use
a kinetic model to calculate the formation rate of charged iodic
acid clusters at different temperatures, ionisation rates and
sink. Recent measurements of iodine in the upper troposphere
suggest the presence of HIO3 in this region.40 Combining those
parameters allows us to evaluate how signicant the charged
cluster formation mechanism of iodic acid is in the upper
troposphere.
2 Methods
2.1 CLOUD chamber

The data used in this study were collected during the CLOUD12
and CLOUD13 campaigns (2017 and 2018) at the Cosmics
Leaving OUtdoor Droplets (CLOUD) chamber at CERN in
Geneva, Switzerland. The CLOUD chamber is a 26.1 m3 stainless
© 2024 The Author(s). Published by the Royal Society of Chemistry
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steel cylinder suitable for studying nucleation processes under
well-controlled, atmospherically relevant conditions.15,41

We used three different ionisation settings to investigate the
effect of ions on nucleation. First, the chamber was in the so-
called neutral mode, in which a high-voltage eld was used to
remove all ions. Two electrodes created an electric eld of up to
30 kV m−1, thereby effectively removing all the ions inside the
CLOUD chamber. When the electric eld was turned off, ions
were created in the chamber by natural galactic cosmic rays
(GCRs). The ion production rate under such GCR conditions
inside the chamber was determined to be 4.1 ion pairs cm−3

s−1.39 In the last setting, the chamber was exposed to a 3.5 GeV/c
pion beam from the CERN Proton Synchrotron. This increased
the ion production rate by approximately a factor of twenty
compared to the GCR conditions.39

In this work, we focus on the nucleation experiments initi-
ated by molecular iodine (I2). During the experiments, stable
concentrations of I2 and ozone were maintained inside the
chamber. We initiated each nucleation event by turning on the
green light (528 nm), which photolysed I2 to produce iodine
atoms. Iodine atoms undergo oxidation processes which even-
tually form HIO3 and HIO2. Each nucleation experiment was
continued until a steady state for each ionisation setting was
reached, aer which the chamber was cleaned and prepared for
the next experiment.16

The experiments relevant to this study were conducted at
both −10 °C and +10 °C. An additional series of experiments
was carried out at +10 °C, with relative humidity (RH) ranging
from below 0.008% to 80%. The cryogenic synthetic air
employed in this investigation comprises 21% O2 and 79% N2,
with a certied water concentration well below 1 ppmv (0.008%
RH). To regulate humidity in the chamber, the primary airow
is humidied using a temperature-controlled Naon humidi-
er, which utilises ultrapure water. In order to achieve the driest
conditions possible for the experiments without added water
vapour, the chamber was purged with cryogenic air for over
a week before the dry experiments.
2.2 Instruments

Several instruments continuously monitored the experiments in
the CLOUD chamber. The particle size distribution between 1
and 3 nm was measured with a scanning particle size magnier
(PSM) coupled with a condensation particle counter (CPC). The
PSM is an aerosol pre-conditioner, which uses DEG (diethylene
glycol) to grow aerosol particles as small as 1 nm to sizes that are
easily detectable by a CPC.42 The particles between 6 and 65 nm
were measured with a nano scanning mobility particle sizer
(nano-SMPS 3982, TSI),43 while the particles larger than 65 nm
were measured with a custom-built long SMPS. Additionally,
a condensation particle counter (CPC) (TSI 3756) measured the
total particle concentration above 2.5 nm. With these instru-
ments, the particle size distribution from 1 nm to 1 mm was
measured. The ion size distribution between 0.8 and 40 nm was
measured by a Neutral Cluster and Air Ion Spectrometer (NAIS).44

Gas-phase species were measured using a nitrate chemical
ionisation mass spectrometer (nitrate-CIMS) and a bromide-
© 2024 The Author(s). Published by the Royal Society of Chemistry
CIMS. The nitrate-CIMS is an APi-TOF (Atmospheric Pressure
interface Time-Of-Flight) coupled with a chemical ionisation
unit using nitric acid as the reagent gas. It is used extensively for
detecting sulphuric acid, highly oxygenated organic molecules,
and iodic acid (HIO3). In this study, it was used to analyse the
concentrations of HIO3, HIO2, I2O4 and I2O5. The details of the
nitrate-CIMS instrument in this study can be found in Kürten
et al. (2014).45 The nitrate-CIMS has an ion lter integrated into
its sampling line to separate ions and charged clusters from the
neutral molecules; thus, it measures only neutral molecules and
clusters in CLOUD. In this study, a bromide-CIMS was used to
measure the water content in the chamber.46 It is an APi-TOF
coupled with a chemical ionisation unit using dibromo-
methane (CH2Br2) as the reagent gas. The CH2Br2 is fed into the
sheath ow of the inlet, under the illumination of a so X-ray
source, producing bromide anions (Br−). The Br− ions are
directed into the sample ow by a negative electric eld, which
then cluster with neutral molecules in the sample air.46,47 With
the measured water content using the H2OBr

−,46 we estimated
the relative humidity below 2% in the chamber during the dry
experiments. The detection limit in this case is inadequate for
measuring the water content in the dry cryogenic air. None-
theless, it serves the purpose of ensuring that no unintended
humidity is introduced into the cryogenic air. Above 2% the
relative humidity was measured using the dew point monitor
DewMaster from EdgeTech. We chose a time when both the dew
point monitor and the bromide-CIMS were working well to
calculate a calibration factor, which we then used to estimate
the humidity below 2%.

2.3 Field observations in the Arctic

In this study, iodine oxoacid particle formation rates from the
CLOUD experiments are compared to eld observations by
Baccarini et al. (2020)24 who reported new particle formation
events during the Arctic Ocean expedition between August and
September 2018. The authors found that the observed particle
formation events were predominantly driven by iodine species.
HIO3 and H2SO4 were measured using a nitrate-CIMS. We used
the combined particle size distribution (2.14–921 nm)
measured with an NAIS and a custom-built differential mobility
particle sizer (DMPS) from that study to calculate the particle
formation rate. Further details about this eld campaign can be
found in Baccarini et al. (2020).24

We calculated the formation rate at 2.5 nm (J2.5) for ve event
days, where the HIO3 concentration was between 1 × 106 and 8
× 106 cm−3 and the temperature between 0 and −10 °C. The
sulphuric acid andmethanesulphonic acid concentrations were
negligible (below 7 × 105 cm−3 and 4 × 105 cm−3 respectively)
during the events. The standard deviation was calculated for the
J2.5 and the HIO3 concentration to estimate the uncertainty.

2.4 Formation rates

The formation rate of aerosol particles (JDp
) is dened as the ux

of particles above a certain particle diameter Dp, which is 1.7 nm
in this study. For chamber measurements, the formation rate
was calculated by taking the derivative of the total
Environ. Sci.: Atmos., 2024, 4, 531–546 | 533
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concentration measured above 1.7 nm (dN/dt) and accounting
for the size-dependent losses of particles due to dilution Sdil,
wall loss Swall and coagulation loss Scoag.

J1:7 ¼ dN. 1:7

dt
þ Sdil þ Swall þ Scoag (1)

A more detailed description of the formation rate calculation
can be found in Dada et al. (2020).48 The formation rate of each
experiment was determined as the median value aer reaching
a steady state.

For eld measurements, a different size range had to be used
due to limited instrumentation. The formation rates were
calculated for a specic size range (from 2.5 to 25 nm in this
study), instead of the total particle population above a certain
size, because it is possible that other particle sources could
contribute to the particle population, especially at larger sizes.
In addition, while wall and dilution losses are not applicable for
the atmosphere, freshly formed particles can grow out of the
size range (i.e., 25 nm), therefore the loss due to growth out of
the size range needs to be accounted for (SGR). Finally, the
particle formation from the Arctic eld study can be calculated
using the following equation:49

J2:5 ¼ dN2:5�25

dt
þ Scoag þ SGR (2)

The formation rates were averaged from the beginning of the
new particle formation event until its peak. The growth rates
(GR5–20 nm) were calculated by Baccarini et al. (2020)24 for the
mean diameter mode of the events. Both for the chamber
experiments and the eld observations, the standard deviation
was calculated to represent the errors.
2.5 Denitions

In the following paragraph, we will clarify the formation rate
terminology used in this publication. We use the same denitions
as Wagner et al. (2017).50 The total formation rate, Jtot, consists of
the neutral formation rate, JN, which can be measured during the
neutral stages of CLOUD experiments (see Section 2.1), and the
ion-induced formation rate, Jiin, which in turn consists of the
formation rate of the charged ion clusters, J±, and the formation of
neutral clusters due to ion–ion recombination, Jrec.51 Thus, the
total formation rate can be written as:

Jtot = JN + J± + Jrec (3)

At CLOUD we can directly measure JN, JGCR, and JBeam by
varying the ionisation setting of the chamber between Neutral,
GCR and Beam, as explained in Section 2.1. During the Neutral
stage, we can directly measure JN and during the GCR and Beam
stages, we can measure Jtot at different ionisation rates. There-
fore, Jiin can be calculated with

Jiin = JGCR − JN (4)
534 | Environ. Sci.: Atmos., 2024, 4, 531–546
This requires that all the experimental conditions except the
ionisation rate stay the same. A time series of the formation rate
during a CLOUD experiment is plotted in Fig. 1 to visualise the
terms contributing to nucleation at different stages of the
experiment. In order to disentangle J± from Jiin, the PANDA520
model16,52 was used to simulate the formation rate of charged
clusters J± at 1.7 nm. We note that J± differs from Jiin because
themodel does not factor in neutralised particles resulting from
ion–ion recombination.
2.6 PANDA520 model

The kinetic model Polar ANd high-altituDe Atmospheric
research 520 (PANDA520)52 was used to calculate the formation
rate of the charged clusters (J±) for ion-induced iodic acid
nucleation. Further information on the model can be found in
He et al. (2021).52 For this study, the PANDA520 model was
simplied to only include the parametrisations that are neces-
sary for this study, which are wall and dilution loss, ion–ion
recombination and ion–neutral collision processes. Addition-
ally, we included temperature and pressure dependent para-
metrisations to investigate the temperature and altitude
dependency of the formation rate of charged clusters.

It was previously shown that ion-induced iodic acid nucle-
ation only occurs in the negative ion channel, while the positive
ion channel shows no cluster growth.16 Therefore, positive
clusters are treated as one of the sinks for the negative clusters
in the model. Additionally, evaporation rates are not taken into
account in the model since He et al. (2021)16 has concluded that
ion-induced nucleation from iodine oxoacids proceeds at the
collision limit with negligible cluster evaporation, specically at
temperatures below 10 °C. Furthermore, the model includes
parametrisations for wall and dilution loss, ion–ion recombi-
nation and ion–neutral collision.

The wall loss is calculated based on the equation from
Crump et al. (1981)53 and takes the temperature, pressure, and
particle diameter into account.52 The dilution loss is 1.6 × 10−4

s−1, which is calculated from the volume and the total ow of
the CLOUD chamber; 26.1 m3 and 250 litre per minute
respectively. In the simulations for atmospheric conditions, the
wall loss is used to mimic the sink of charged clusters to large
particles in the atmosphere (coagulation loss) and wet and dry
deposition.

The ion–ion recombination rate (krec) was calculated
according to the parametrisation from Israël (1957)54 which
takes the pressure and temperature into account. According to
Zauner-Wieczorek et al. (2022),55 this parametrisation has the
best agreement with eld and model data for an altitude range
of 0–22 km. We calculated the ion–ion recombination rate for
the upper troposphere by adjusting the temperature and pres-
sure according to the international standard atmosphere,56

which is a standardised model of the vertical temperature and
pressure changes.

The ion–neutral collision rates and negative ion transfer
rates were calculated with the tool provided by Kummerlöwe
et al. (2005).57
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 An example of the formation rate time series at different ionisation settings to visualise the terminology used in this study. In the first stage
of the experiment, the HV clearing field was turned on to establish ion-free conditions in the chamber and thus we measured the neutral
formation rates (JN). At the end of this stage (15 : 50, indicated with a vertical dashed line), the HV clearing field was switched off. After this point,
the ions produced by galactic cosmic rays (GCRs) were no longer removed from the chamber and the particle formation rates increased (JGCR).
The difference between JGCR and JN represents the ion-induced formation rate (Jiin).50
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The ionisation rate (IR) for most of the modelled results in
this simulation was set to 4.1 ion pairs cm−3 s−1, based on
steady-state concentrations of ions in the CLOUD chamber.
Additionally, we used ionisation rates of 10, 20 and 50 ion pairs
cm−3 s−1 to investigate the inuence of the ion production rate
on the formation rate of charged clusters. We chose 50 ion pairs
cm−3 s−1 as the maximum value because it represents the ion-
isation rate in the atmosphere at around 15 km.58

The formation rate of the charged clusters can be calculated
as shown here:

J± = N−
crit−1[HIO3]kcol (5)

[HIO3] is the iodic acid concentration and kcol is the collision
rate. N−

crit is the concentration of the negative ion cluster
concentration at the selected size, which is 1.7 nm in this study.
We need to know howmany monomers are needed for a cluster to
reach the selected size. Under the assumption that the monomers
are spherical, we can calculate this number with eqn (6):

dp ¼
�

6$i$M

p$NA$r

�1
3 þ 0:3 nm (6)

where M is the molecular mass and r is the density of HIO3

monomer. The density was determined by R'Mili et al. (2022)59 to
be 2.83 g cm−3 at 22% relative humidity. NA is the Avogadro
constant and we add 0.3 nm for themobility correction (difference
betweenmass andmobility diameter).60 The number ofmonomers
needed to reach the selected size (1.7 nm) is represented by i. Aer
accounting for the 0.3 nm mobility shi, 14 iodic acid monomers
are needed to reach the selected cluster size of 1.7 nm. Addition-
ally, we also calculated the diameter under the assumption that
each iodic acid molecule contains two water molecules.16 This is
© 2024 The Author(s). Published by the Royal Society of Chemistry
a more realistic approach since charged iodine clusters are usually
hydrated in the atmosphere.61 In this case 10 monomers are
needed to reach the selected cluster size of 1.7 nm. We use this in
Section 3.3, where we compare the model data with the eld and
CLOUD data.
3 Results
3.1 Experimental formation rates at different temperatures
and ionisation rates

A typical series of iodine oxoacid nucleation experiments at +10 °C
(panel 2A) and at −10 °C (panel 2B) in the CLOUD chamber are
shown in Fig. 2. The upper panel shows the total formation rates
and the ion concentrations during the experiments, the middle
panel shows the HIO3 and HIO2 concentrations, and the bottom
panel shows the particle size distribution measured by the SMPS.
The dotted line separates the different stages of the experiment, in
which the chamber was either in the Neutral, GCR or Beammodes
(see Section 2.1). Iodine (I2), ozone and water were added to the
chamber during the experiments. Subsequently, I2 was photolysed
and oxidised to form HIO3 and HIO2.16,32 The concentrations of
HIO3 and HIO2 and other experimental conditions, except the
ionisation rate, were kept stable during this set of experiments, so
any change in the formation rate can be attributed solely to the
change in ionisation rate.

When comparing panels A and B, it is apparent that the
formation rate increases signicantly when the temperature
decreases. The average HIO3 and HIO2 concentrations are 2 ×

107 cm−3 and 5 × 105 cm−3 at +10 °C (A2) and 8 × 106 cm−3 and
2 × 105 cm−3 at −10 °C (B2). Even with the lower concentration
of iodine oxoacids, the neutral particle formation rate at −10 °C
exceeds that at +10 °C by approximately two orders of
Environ. Sci.: Atmos., 2024, 4, 531–546 | 535
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Fig. 2 Iodine oxoacid nucleation in the CLOUD chamber at +10 °C (panel A) and −10 °C (panel B). The plots show the calculated formation rate
at 1.7 nm and the total ion concentration measured by the NAIS in the top panels (A1 and B1). The second panels (A2 and B2) show the HIO3 and
HIO2 concentrations and the third panels (A3 and B3) show the particle size distribution measured by the SMPS. The formation rate increases
from +10 °C to −10 °C. Furthermore, the ion enhancement is clearly visible at +10 °C whereas there is no significant change at −10 °C. This
shows that neutral nucleation dominates the formation process at −10 °C.
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magnitude. This conrms that a lower temperature signicantly
enhances the neutral iodine oxoacid nucleation, consistent with
previous studies.16,62,63 The temperature enhancement can be
seen as well in the particle size distributions (A3 and B3); the
latter clearly features a stronger formation rate.

Furthermore, the ion enhancement of the formation rate is
clearly visible at +10 °C (A1), whereas at −10 °C there is no
signicant change in the total formation rate when the ionisa-
tion rate is changed (B1). This is likely due to the fact that ion-
induced nucleation of iodic oxoacids is already proceeding at
the kinetic limit at +10 °C and therefore cannot increase further
when the temperature decreases.16 On the other hand, the
neutral iodine oxoacid nucleation is relatively weak at +10 °C
and it is signicantly enhanced at −10 °C. Hence, the neutral
iodine oxoacid nucleation dominates the total formation rate at
−10 °C and the ion-induced channel becomes less signicant.
In contrast, elevating the ionisation rate from 0 to 4.1 ion pairs
cm−3 s−1 at +10 °C results in an increase of the formation rate
536 | Environ. Sci.: Atmos., 2024, 4, 531–546
from 0.04 to 3.5 cm−3 s−1, highlighting the importance of ion-
induced nucleation at warmer temperatures. Interestingly,
increasing the ionisation rate further from GCR conditions to
Beam-enhanced conditions increases the formation rate only by
a factor of 2 from 3.5 to 7.2 cm−3 s−1. This differentiates the
iodine oxoacid nucleation from, e.g., the sulphuric acid–
ammonia system in which a larger beam enhancement was
observed.15 As ion-induced nucleation is thought to have
potential climate impacts especially in the upper troposphere–
lower stratosphere,15,64 resolving the ionisation rate enhance-
ment is crucial. We will investigate this phenomenon in the
following section.
3.2 Modelling charged cluster formation rates at different
altitudes

We use the PANDA520 model52 to investigate the impact of
changing environmental conditions on the formation rate of
the charged HIO3 clusters, J±. While our previous studies
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mainly focused on marine boundary layer conditions,16,52 we
have extended the parametrisation in this study to cover
conditions from the marine surface to lower stratospheric
conditions (see Methods). In Fig. 3, we examine the dependency
of J± on temperature, ionisation rate, and the sink (a surrogate
for coagulation sink, dry deposition, wet deposition, etc.).

The model shows that J± only has a very weak temperature
dependence, being slightly lower at lower temperatures
(Fig. 3A), which is due to the fact that the recombination loss
increases with decreasing temperature. Therefore, more ions
will be lost due to ion–ion recombination processes. This
conrms the conclusion that the temperature dependence of
Jtot, which was seen in Fig. 2, comes from the neutral nucleation
pathway, which is strongly enhanced by a lower temperature.

In contrast, the ionisation rate has a clear effect on J±
(Fig. 3B). At high iodic acid concentrations, a higher ionisation
rate leads to higher formation rates. But interestingly, when the
iodic acid concentration is lower than about 1.5 × 107 cm−3,
increased ionisation rate suppresses J±. This goes against the
general conception that an increased ionisation rate always
leads to an enhanced formation rate.15,36 This is because higher
ionisation rates result in elevated ion concentrations. However,
the higher ion concentrations also lead to increased recombi-
nation losses between ions of opposite charge. The higher
ionisation rate enhances the total ion concentration essentially
linearly. On the other hand, the survival probability of an ion
monomer (i.e., IO3

−) growing to 1.7 nm relies on the growth by
sequential HIO3 additions and the sink by neutralisation with
cations. It should be noted that the neutralisation process
affects every step of the cluster growth process. Hence, the
heightened total ion concentrations and the diminished cluster
survival probability exhibit distinct dependencies on the ion-
isation rate. When a certain level of iodic acid is reached, the
gain of 1.7 nm ions due to condensational growth outweighs the
loss of ions due to recombination and J± increases with the
Fig. 3 The temperature (A), ionisation rate (B), and sink (C) dependence
temperature is +10 °C, the ionisation rate is 4.1 ion pairs cm−3 and the sink
cluster formation rate is most sensitive to the ionisation rate. At HIO3 con
higher than the ion growth due to HIO3 condensation and the formatio

© 2024 The Author(s). Published by the Royal Society of Chemistry
increasing ionisation rate. However, at low to moderate iodic
acid concentrations, this dependence will be reversed. The
same principle applies to charged particle coagulation loss to
larger charged particles of opposite polarity.65 Our data show
that the turning point for HIO3 is at approximately 1.5 × 107

cm−3. This explains, at least partly, why the beam enhancement
in the experiment presented in Fig. 2 A1 (HIO3 = 2 × 107 cm−3)
is rather weak.

Finally, the sink due to larger particles (coagulation loss) and
deposition has the expected effect of decreasing the formation
rate (Fig. 3C). The default sink value used in the simulations at
+10 °C is 0.002 s−1 which originates from the wall loss rate of
CLOUD.52 It is important to note that increasing the sink from
its default value has a more signicant impact on overall
formation rates compared to decreasing the sink by the same
factor at HIO3 <2 × 107 cm−3. This is because the charged
cluster formation process is controlled by twomajor sinks in the
atmosphere: ion–ion recombination and coagulation with
existing neutral particles. Neither of these processes depends
on the concentration of HIO3. Conversely, the charged cluster
growth process is dominated by HIO3 condensation. Therefore,
at lower HIO3 concentrations, increasing the sink would have
a more signicant impact on reducing the cluster formation
rate.

In order to estimate the collective impact of these parame-
ters and to explore the potential signicance of J± across
different altitudes of the marine atmosphere, we utilised the
conditions stipulated by the international standard atmo-
sphere.56 This allowed us to adjust the temperature and pres-
sure in accordance with prescribed values and subsequently
compute the formation rate at various altitudes (depicted in
Fig. 4). At the sea level (0 km), the pressure and temperature
stand at 1013 hPa and 15 °C, respectively. At 5 km, these values
change to 540 hPa and −17.5 °C; at 10 km, they are 264 hPa and
−50 °C; and at 15 km, they reach 120 hPa and −56.5 °C. As
of J± simulated by the PANDA520 model. If not stated otherwise the
is 0.002 s−1. This shows that from these three parameters, the charged
centrations below 1.5 × 107 cm−3 the impact of recombination loss is

n rate decreases with increasing ionisation rate.
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altitude increases, both temperature and pressure decrease,
while the ionisation rate due to galactic cosmic rays increases.
Additionally, in Fig. 4B, we introduced variation to the sink,
simulating its highest magnitude at the ground level and
subsequent decrease at higher altitudes.

The ionisation rate has the greatest inuence on J± across
the range of altitudes simulated here. At low HIO3 concentra-
tions, the increasing ionisation rate at higher altitudes leads to
a decreased J±, whereas the opposite is the case at high HIO3

concentrations (>1.5 × 107 cm−3, Fig. 4A). In Fig. 4B, the sink is
also considered, which decreases the formation rate, especially
at the lowest altitudes and thus evens out the simulated
formation rates at different parts of the atmosphere. Since the
HIO3 concentration in marine atmospheres (excluding the
coastal regions) is likely close to or below 1 × 107 cm−3,16,40 the
low HIO3 concentrations are likely mechanistically more
interesting.

All in all, our results indicate that enhancing the ionisation
rate may not necessarily accelerate new particle formation since
it is also dependent on the chemical system. One unique thing
about ion-induced HIO3 nucleation is that it proceeds at the
Fig. 4 The simulated formation rate of charged clusters under condition
adjusted according to the international standard atmosphere56 and the
temperature at the different altitudes are 1013 hPa and 15 °C at 0 km; 540
is 120 hPa and −56.5 °C. In figure (B) the sink effect is added.

538 | Environ. Sci.: Atmos., 2024, 4, 531–546
collision limit at temperatures of +10 °C and below, i.e., every
collision of HIO3 with charged clusters leads to irreversible
growth,16,52 which is not the case for systems such as sulphuric
acid and oxidised organic vapours. Hence, in the case of the
iodic acid system, a threshold of 1.5 × 107 cm−3 is observed,
beyond which increased ion concentrations result in higher
rates of charged cluster nucleation. It is important to note that
different systems may exhibit varying thresholds.

Our results further indicate that ion-induced nucleation
probably does not play a signicant role in iodine oxoacid
particle formation in the upper troposphere–lower strato-
sphere, where the low temperatures favour the neutral iodine
oxoacid nucleation, and the formation rate of charged clusters
(J±) is low according to our simulations. It has to be noted that
our model only considers the charged clusters that survive until
the critical size, and does not consider the possible enhance-
ment of ion-induced nucleation by ion–ion recombination
processes. However, we expect that the combined change of J±
and Jrec (i.e., Jiin) is still insignicant compared to the
enhancement of neutral formation rate at lower temperatures.
This is supported by Fig. 2, as panel B1 clearly shows that the
s representing different altitudes. The pressure and temperature were
ionisation rate increases with increasing altitude (A). The pressure and
hPa and−17.5 °C at 5 km; 264 hPa and−50 °C at 10 km and at 15 km it

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increase in ionisation rate has minimal effect on the total
formation rate (Jtot) at −10 °C. This may well extend to lower
temperatures as neutral JN will likely be further enhanced at
lower temperatures while Jiin changes moderately.

On the other hand, it is also clear from our data that ion-
induced nucleation can signicantly enhance particle forma-
tion rates from HIO3 at temperatures above 0 °C and iodic acid
concentrations below about 5 × 107 cm−3,16 which makes the
ion-induced nucleation mechanism important in large parts of
coastal and marine lower atmospheres.
3.3 Comparison between model, laboratory data and eld
observations

We veried the model used in this study by comparing the
formation rate of charged clusters (J±) to the formation rates
determined from CLOUD experiments (JN and JGCR) in Fig. 5.
The lower limit of the shaded area shows the simulated J± at
+10 °C, in which we assume that the condensing monomer is
HIO3, and the upper limit shows the same for HIO3 + 2H2O
being the condensing monomer. The measured JGCR at +10 °C
are close to the modelled J± below an HIO3 concentration of
about 5 × 107 cm−3. This good agreement indicates that J±
dominates the Jtot (JGCR) under these conditions. Our earlier
study16 has conrmed a negligible JN under these conditions.
Thus, this good agreement indicates that J± dominates the Jtot
(JGCR). However, due to uncertainties of our experiments and
Fig. 5 Total formation rate, Jtot at 1.7 nm from GCR and Neutral runs at
cluster formation rates from the simplified PANDA model at +10 °C, as w
error bars are the standard deviation of the measurement data. Shaded
limit) and HIO3 + 2H2O clusters (upper limit) at 1.7 nm. The model data a
where the ion-induced nucleation dominates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
model, we cannot distinguish a Jrec contribution of up to 50% of
the Jtot. Therefore, we do not exclude the possibility of a minor
contribution from Jrec. At higher HIO3 concentrations JN
increases rapidly, while J± levels off because it is limited by the
ion production rate and therefore, JGCR starts to deviate from
the model line.

Finally, we compare iodine oxoacid formation rates from
CLOUD and model data to eld observations. The challenge is
that it is difficult to nd eld data with necessary instrumen-
tation and where we can safely assume that the nucleation and
early growth are dominated by iodine oxoacids, since very
oen other potential precursor vapours such as sulphuric
acid, methanesulphonic acid and/or various organic
compounds are present simultaneously.25 However, Baccarini
et al. (2020)24 reported observations of new particle formation
driven by iodic acid in the central Arctic Ocean. We used the
data from Baccarini et al. (2020)24 to calculate J2.5 for a subset
of reported particle formation events, where particles were
present in the smallest size channels of the NAIS so that we
could assume that they were formed at or very close to the
measurement location (Fig. 5, triangle symbols). It was not
possible to calculate J1.7 directly, since no instruments that
measured this size range were present. Given the uncertainties
in the instrumentation, slightly different size range (J2.5 is
commonly smaller than J1.7) and method to calculate the
formation rates (see Section 2.4), we consider that the
CLOUD (same data as in He et al. (2021)16) compared to the charged
ell as Jtot at 2.5 nm from field measurements in the Arctic Ocean.24 The
area is the formation rate of charged clusters for HIO3 clusters (lower
gree well with the CLOUD GCR points at +10 °C below 5 × 107 cm−3,
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Fig. 6 Formation rates at different relative humidities (below 0.008 to 80%) in the CLOUD chamber under GCR conditions at +10 °C against
different iodine compounds: (A) HIO3, (B) HIO2, (C) HIO3 × HIO2, (D) I2O4, (E) I2O5 and (F) HIO3 × HIO2 × (I2O4 + I2O5). The iodine species are
measured with the nitrate-CIMS. It can be seen that the formation rate is largely unaffected by the changing humidity, but at extremely low
humidity (not relevant for the troposphere and stratosphere), it increases by two orders of magnitude probably due to the contribution of high
I2O4 and I2O5.
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agreement is reasonable. The observed particle formation
rates in the Arctic Ocean at temperatures from −1 °C to −9 °C
fall mostly between the CLOUD data at +10 °C and−10 °C, and
a little bit above the simulated J±. This is in agreement with
the interpretation of Baccarini et al. (2020)24 that particle
formation during the reported events proceeds as negative ion-
induced iodic acid nucleation, with a potential contribution
from the neutral channel as well.
3.4 Humidity dependence of formation rates and
mechanism

Finally, we investigated the humidity dependence of iodine
particle formation rates and mechanisms under GCR condi-
tions by adjusting the amount of water vapour in the CLOUD
chamber. These experiments were conducted at +10 °C and
relative humidity from below 0.008% to 80%, which is equiva-
lent to an absolute water molecule concentration of 2.52 ×

1013–2.55 × 1017 cm−3. In Fig. 6, the total particle formation
rates are plotted against different iodine species that possibly
participate in the clustering process (i.e., HIO3, HIO2, I2O4, and
I2O5) and combinations of them (HIO3 × HIO2, HIO3 × HIO2 ×
540 | Environ. Sci.: Atmos., 2024, 4, 531–546
(I2O4 + I2O5)) to investigate the key nucleating species under
different relative humidity conditions.

For RH >2%, iodine oxoacid particle formation has no
obvious dependence on RH. This feature is distinct from the
nucleation processes from sulphuric acid and oxidised organic
vapours, where a strong RH dependence has been observed.39,66

Also, Jtot can be almost perfectly constrained by iodine oxoacid
concentrations (Fig. 6A–C), consistent with the results from our
previous studies.16,35 This holds both at low HIO3, where ion-
induced nucleation mechanisms dominate, and at high (>5 ×

107 cm−3) HIO3 where neutral processes dominate, as shown in
Section 3.3.

Interestingly, the formation rates in the dry experiments
behave very differently compared to the data points with RH
>2%. These represent the driest reachable conditions in the
CLOUD chamber with an RH of below 0.008% (or absolute water
molecule concentration of 2.52 × 1013 cm−3). Such extremely
dry conditions are achieved by using certied cryogenic air
which was used to purge the chamber for over a week before the
dry experiments.46 The particle formation rates observed in the
dry experiments are much higher than in the other experiments
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 6) and these extremely high rates cannot be explained by
the iodine oxoacid nucleation mechanism.16,35 In the dry
experiments, iodine oxide concentrations (e.g., I2O4 and I2O5)
are much higher, which suggests that dry conditions favour the
formation of higher iodine oxide concentrations which leads to
accelerated particle formation. However, it is important to
emphasise that the water concentrations in the dry experiments
are not representative of typical tropospheric conditions.
Consequently, they are presented here solely as a mechanistic
reference.

As soon as we introduced water vapour into the chamber (RH
= 2%), I2O4 and I2O5 concentrations dropped sharply, especially
the I2O5 concentration decreased by two orders of magnitude.
This is expected since I2O5 reacts with water to form iodine
oxoacids.32 It should be noted that when the RH is higher than
2%, the I2O5 concentration is too low to be relevant for aerosol
nucleation (<2 × 105) and the I2O4 concentration is lower than
the HIO2 concentration. The potential role of I2O4 in iodine
particle formation through, e.g., HIO3–I2O4 nucleation may be
worth considering as I2O4 has been thought to be driving iodine
particle formation.28 However, our data indicate a minor
contribution of I2O4 to iodine particle formation. First, the
correlation between Jtot and I2O4 is clearly impacted by the RH
since higher RH lowers the concentration of I2O4 while
enhancing Jtot at the same time. This should be the opposite if
I2O4 were to contribute to Jtot signicantly.

The negative dependence of the I2O4 concentration on RH
additionally suggests that its role in the marine boundary layer
might be small. For example, at RH = 80%, the average I2O4 :
HIO3 and I2O4 : HIO2 ratios are 0.005 and 0.146, respectively,
and one may expect that these ratios may be even lower in the
marine boundary layer with an RH frequently higher than 80%.

All in all, our results suggest that the iodine oxoacid nucle-
ation is the dominant iodine particle formation mechanism in
the marine and polar boundary layer for all relevant tempera-
tures and humidities and that larger iodine oxides such as I2O4

and I2O5 play minor roles.

4 Conclusions

In this study, we used a combination of laboratory experiments
and a kinetic model to investigate how new particle formation
from iodine species depends on external conditions, such as
temperature, humidity, and ionisation rate. This information is
crucial for future inclusion of this newly found mechanism in
global aerosol models.

A kinetic model (PANDA520) was used to simulate the
charged cluster formation rate of iodic acid and its dependency
on temperature, ionisation rate, and sinks. The results showed
that the formation rate of charged clusters is not signicantly
dependent on temperature, but it is strongly dependent on the
ionisation rate. J± increases with increasing ionisation rate, but
only if the iodic acid concentration is above ca. 1.5 × 107 cm−3.
This is because with increasing ionisation rate, the ion
concentration and therefore the recombination loss also
increases. When the HIO3 concentration exceeds 1.5 × 107

cm−3, along with a higher ionisation rate, ion growth due to
© 2024 The Author(s). Published by the Royal Society of Chemistry
collisions increases more rapidly than recombination loss. This
results in an elevated formation rate. The model results agreed
both qualitatively and quantitatively with the chamber experi-
ments at +10 °C. On the other hand, as the neutral nucleation of
iodic acid is strongly dependent on temperature,16 the neutral
pathway became dominant at −10 °C and the total formation
rate was insensitive to the ionisation rate.

This leads to the conclusion that despite higher ionisation
rates, charged cluster nucleation of iodic acid is probably
negligible at high altitudes with cold temperatures and low
iodic acid concentrations. However, in the marine boundary
layer, ion-induced iodic acid nucleation is important, as sug-
gested also by the few existing eld observations.24

The formation rates showed no dependence on relative
humidity, as long as RH was above 2%. Therefore, the forma-
tion rates could be constrained by the iodine oxoacid mecha-
nism (HIO3 × HIO2) over a wide range of RH and acid
concentrations. I2O4 and I2O5 play a signicant role in the
nucleation process, only if the atmosphere is extremely dry
(below 0.008% at +10 °C). These desiccated conditions do not
accurately represent tropospheric conditions. As a result, our
ndings suggest that the iodine oxoacid nucleation mechanism
is the predominant pathway for iodine nucleation within the
marine boundary layer atmosphere.
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V.-M. Kerminen, M. Kulmala, D. R. Worsnop, J. Wildt and
T. F. Mentel, A large source of low-volatility secondary
organic aerosol, Nature, 2014, 506, 476–479.
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M. Kulmala, Iodine oxoacids enhance nucleation of
sulfuric acid particles in the atmosphere, Science, 2023,
382, 1308–1314.

22 M. R. Grose, J. M. Cainey, A. McMinn and J. A. E. Gibson,
Coastal marine methyl iodide source and links to new
particle formation at Cape Grim during February 2006,
Environ. Chem., 2007, 4, 172–177.

23 J. D. Allan, P. I. Williams, J. Najera, J. D. Whitehead,
M. J. Flynn, J. W. Taylor, D. Liu, E. Darbyshire,
L. J. Carpenter, R. Chance, S. J. Andrews, S. C. Hackenberg
and G. McFiggans, Iodine observed in new particle
formation events in the Arctic atmosphere during
ACCACIA, Atmos. Chem. Phys., 2015, 15, 5599–5609.

24 A. Baccarini, L. Karlsson, J. Dommen, P. Duplessis, J. Vüllers,
I. M. Brooks, A. Saiz-Lopez, M. Salter, M. Tjernström,
U. Baltensperger, P. Zieger and J. Schmale, Frequent new
particle formation over the high Arctic pack ice by
enhanced iodine emissions, Nat. Commun., 2020, 11, 4924.

25 L. J. Beck, N. Sarnela, H. Junninen, C. J. M. Hoppe,
O. Garmash, F. Bianchi, M. Riva, C. Rose, O. Peräkylä,
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28 J. C. Gómez Mart́ın, T. R. Lewis, A. D. James, A. Saiz-Lopez
and J. M. C. Plane, Insights into the Chemistry of Iodine
New Particle Formation: The Role of Iodine Oxides and the
Source of Iodic Acid, J. Am. Chem. Soc., 2022, 144, 9240–9253.

29 J. L. Jimenez, R. Bahreini, D. R. Cocker III, H. Zhuang,
V. Varutbangkul, R. C. Flagan, J. H. Seinfeld, C. D. O’Dowd
and T. Hoffmann, New particle formation from
photooxidation of diiodomethane (CH2I2), J. Geophys. Res.:
Atmos., 2003, 108(D10), DOI: 10.1029/2002JD002452.

30 R. W. Saunders and J. M. C. Plane, Formation Pathways and
Composition of Iodine Oxide Ultra-Fine Particles, Environ.
Chem., 2005, 2, 299–303.

31 J. B. Burkholder, J. Curtius, A. R. Ravishankara and
E. R. Lovejoy, Laboratory studies of the homogeneous
nucleation of iodine oxides, Atmos. Chem. Phys., 2004, 4,
19–34.

32 H. Finkenzeller, S. Iyer, X.-C. He, M. Simon, T. K. Koenig,
C. F. Lee, R. Valiev, V. Hoauer, A. Amorim, R. Baalbaki,
A. Baccarini, L. Beck, D. M. Bell, L. Caudillo, D. Chen,
R. Chiu, B. Chu, L. Dada, J. Duplissy, M. Heinritzi,
D. Kemppainen, C. Kim, J. Krechmer, A. Kürten,
A. Kvashnin, H. Lamkaddam, C. P. Lee, K. Lehtipalo, Z. Li,
V. Makhmutov, H. E. Manninen, G. Marie, R. Marten,
R. L. Mauldin, B. Mentler, T. Müller, T. Petäjä,
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