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The Arctic is warming approximately four times as fast as the rest of the planet, and the
current and future changes may have drastic effects on the entire globe. However, the
detailed processes of the Arctic climate have been studied to a small extent due to the
remote and hard-to-reach location, and the representation of the Arctic in climate models
has been inadequate.

There are many uncertainties in climate models, and significant uncertainties concern
aerosol-related information. Atmospheric aerosols have a large, yet not entirely under-
stood and quantified effect on the climate. Aerosols affect the Earth’s radiative balance
by scattering and absorbing incoming radiation, and they play a significant role in the
cloud formation process. In order to improve the representation of the Arctic in climate
models and tackle the unsolved questions about the Arctic atmosphere, sea ice, ocean,
biogeochemistry and ecosystem, a one-year-long expedition called Multidisciplinary drift-
ing Observatory for the Study of Arctic Climate (MOSAiC) was conducted in the central
Arctic between September 2019 and October 2020.

As secondary aerosol formation (new particle formation) produces more than 50% of the
atmospheric cloud condensation nuclei, and iodic acid has been identified to be a significant
compound for new particle formation in the Arctic pristine environments, the iodic acid
concentrations during the full-year MOSAiC expedition was investigated.

The main research objective was to quantify the seasonal cycle of iodic acid in the Arctic.
The correlation with temperature, solar radiation and ozone were also studied. Together
with ice dynamics, sea ice thickness and air mass back trajectory simulations, the possible
sources of measured iodic acid were investigated. The participation in forming new particles
was also studied. The measured iodic acid concentrations varied between 1×104 and 4×107

molecules/cm3 with a detection limit of 1.22×105 molecules/cm3, and the concentrations
were in the same range with measured earlier in the Arctic. The highest concentrations
were measured in April.

An increased correlation of iodic acid concentration with temperature and radiation was
observed during spring, and an anticorrelating trend was observed between iodic acid con-
centration and ozone during the period of high iodic acid, implying that iodic acid is par-
tially responsible for ozone depletion in the arctic. Comparison with particle data showed,
that iodic acid concentrations measured during MOSAiC were sufficient to take part in
the new particle formation. However, nucleation was not observed during the highest iodic
acid concentration period in April.
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1. Introduction

The Arctic is warming four times as fast as the rest of the globe (Rantanen et al., 2022).
The increased anthropogenic emissions from Europe, Asia and North America influence
largely the Arctic atmosphere, and the increasing temperatures accelerate sea ice thinning
in the Arctic. The Arctic ecosystem is very complex and vulnerable to changes, and the
changes in the Arctic atmospheric conditions can lead to drastic changes that influence
the entire planet. That is why it is crucial to observe, understand and model the changes
in the Arctic.

In order to understand and predict the future of the changing arctic climate, climate
models have to be accurate. Yet, there are major uncertainties in the climate models,
especially concerning aerosol properties and processes. Atmospheric aerosols, which are
liquid or solid particles suspended in the air and range in size from a few nanometers up to
hundreds of micrometers, affect Earth’s radiative balance by scattering and absorbing the
incoming solar radiation and altering cloud properties, such as cloud albedo, composition
and lifetime (Boucher et al., 2013). 50–100 nanometer-sized particles, depending on the
thermodynamic conditions, can act as cloud condensation nuclei (CCN) (Seinfeld and
Pandis, 1998) and take part in the cloud formation process.

Understanding and quantifying the aerosol-cloud interactions is still largely on thin
ice. The knowledge of the Arctic aerosol processes and formation mechanisms is rather
limited, as well as the observations of the composition of the Arctic atmosphere along the
polar year. The Multidisciplinary drifting Observatory for the Study of Arctic Climate
(MOSAiC) expedition, which took place from September 2019 to October 2020 in the
central Arctic, aimed to research the Arctic climate processes coupling atmosphere, ocean,
sea ice, biochemistry and ecosystem. With the full year of in situ measurements, the
MOSAiC project continues to study Arctic properties, processes and interactions and
aims to implement them into climate models, in order to understand the Arctic climate
and predict the different scenarios concerning its future.

Secondary aerosol formation produces more than 50% of the atmospheric cloud con-
densation nuclei (Merikanto et al., 2009), and iodic acid has been identified to be a sig-
nificant compound for new particle formation in pristine marine environments (He et al.,
2021), and is shown to produce new aerosol particles in the Arctic and coastal regions
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(Sipilä et al., 2016; Baccarini et al., 2020; Beck et al., 2021). According to recent studies,
iodic acid may dominate the new particle formation process in clean Arctic regions (Beck
et al., 2021). Iodic acid aerosol particles can grow to CCN sizes by condensational growth
and by that affect the cloud properties in the Arctic.

The atmospheric iodine levels have tripled from 1950 to 2010 in the northern hemi-
sphere and most probably will continue to rise in the future (Cuevas et al., 2018). The
iodic acid concentrations and nucleation mechanisms need to be studied to improve the
representation of arctic aerosols in climate models and to obtain more accurate climate
predictions concerning the Arctic and the entire globe.

In this thesis, the seasonal cycle of atmospheric iodic acid in the Arctic was quantified
by analysing iodic acid data measured with Chemical Ionization Atmospheric Pressure
interface Time-of-Flight mass spectrometer (CI-APi-TOF). The first full-year time series
of atmospheric iodic acid measured in the central Arctic is presented. The correlation with
temperature, solar radiation and ozone were also studied. Together with ice dynamics, sea
ice thickness and air mass back trajectory simulations, the possible sources of measured
iodic acid were investigated. The participation of iodic acid in forming new particles was
also studied.



2. Theoretical background

2.1 Aerosol climate effects

Aerosols affect the climate by altering the radiative balance of the climate system. The
radiative forcing of aerosols is mainly negative, meaning that they have a cooling effect
on climate. This happens mostly via aerosol-cloud interactions. In general, the aerosol
climate effects can be divided into direct, indirect and semi-direct effects as shown in
Figure 2.1.

Figure 2.1: Aerosol direct and indirect effects. Adapted from Forster et al. (2007), and Haywood and
Boucher (2000). CDNC stands for cloud droplet number concentration and LWC for liquid water content.

The airborne particles can absorb, reflect and scatter the incoming solar radiation
in the atmosphere. These mechanisms are called the aerosol direct effects.

Aerosol effects on cloud properties are called indirect effects. If there is an increase
in cloud condensation nuclei (CCN) concentration in the atmosphere, the formed cloud
droplets tend to be smaller and the cloud droplet number concentration is increased when
the liquid water content stays constant. This leads to a larger total surface area than
in the case of larger and fewer cloud droplets and makes the formed clouds brighter, i.e.
they reflect the radiation more effectively than a so called unperturbed cloud (Twomey,
1974). This effect on cloud albedo is called the 1st indirect effect or Twomey effect.
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2.1. AEROSOL CLIMATE EFFECTS 4

The 2nd indirect, or Albrecht effect, relates to the cloud lifetime. When the aerosol
concentration increases and cloud droplet size decreases, the cloud lifetime increases. This
is because the cloud droplets do not grow into raindrops – droplets that are removed from
atmosphere by gravity, i.e. rain down – as effectively as the droplets in an unperturbed
cloud (Albrecht, 1989). The increased cloud droplet number concentration leads also to
drizzle suppression, which, in turn, leads to increased liquid water concentration in the
cloud. In addition, the cloud thickness is increased when aerosol concentration increases
(Pincus and Baker, 1994). The increased lifetime, thickness and water concentration of
the clouds leads to an overall increase in cloud albedo. Both the 1st and the 2nd indirect
effects have significant cooling effects on climate, although in certain conditions, such
as at nighttime and polar wintertime, they have a warming effect(Zamora et al., 2017).
However, the aerosol-cloud climate effects have the biggest uncertainties in the global
models for predicting future climate change (Boucher et al., 2013). The anthropogenic
aerosol load is enhancing the indirect cloud effects.

Aerosol particles may also absorb radiation inside the cloud or in the vicinity of the
cloud, which leads to cloud-burning, i.e. evaporation of some of the cloud droplets. This
is called the semi-direct effect (Ackerman et al., 2000). Whether the radiative forcing
from the semi-direct cloud effect is positive or negative, depends on the chemical compo-
sition of the aerosol and the location relative to the cloud and the overall location in the
atmosphere. For example, radiation absorbing aerosols can cause a decrease in low-cloud
cover and liquid water content in the clouds within the marine boundary layer leading to
positive radiative forcing (Johnson et al., 2004). However, Johnson et al. (2004) found
that the semi-direct effect of absorbing aerosols located immediately above the clouds
leads to negative semi-direct forcing.

Whether the radiative forcing of an aerosol particle is negative or positive depends
mainly on the size and chemical composition of the aerosol. For example, black carbon
aerosols (i.e. soot) deposited on ice or on the snow pack have a positive radiative forcing on
climate, since they alter the albedo of the surface. The absorbing aerosol also absorb the
radiation before deposition and thus have a warming effect in the atmosphere via direct,
indirect and semi-direct aerosol effects. In addition, temporal and locational properties of
the cloud formation determine whether the radiative forcing is positive or negative when
considering the aerosol climate effects via cloud formation. For example, a cloud above
ice cover has practically always a warming effect, as well as noctilucent clouds and clouds
during the polar night, whereas a cloud above a sea or an ocean has a cooling effect during
daytime.
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2.2 Aerosols and new particle formation

Atmospheric aerosols can be divided into primary and secondary aerosols based on their
formation mechanisms. Primary aerosols are emitted directly into the atmosphere as
aerosol particles, whereas secondary aerosols are formed in the atmosphere from trace
gases via gas-to-particle conversion. The first stage of forming new particles is nucleation.
The nucleation can be either homogeneous or heterogeneous. In heterogeneous nucle-
ation supersaturated gas molecules condense onto pre-existing surface or particles in the
atmosphere. Homogeneous nucleation, in turn, happens via clustering of supersaturated
gas molecules, such as low-volatility vapour molecules produced from oxidation of volatile
compounds in the absence of pre-existing particles or ions. Because there is no strong
chemical bond, but an electrostatic force (Kulmala et al., 2014), between the molecules,
the formed cluster is very prone to break down before reaching the critical cluster size. A
critical cluster size for a freshly nucleated particle-to-be is between 1-3 nm, and clusters
smaller than the critical size are more likely to break down than grow. Clusters larger
than the critical cluster size are, in turn, more likely to continue growing to larger sizes
(Vehkamäki and Ford, 2000).

A critical cluster can then continue growing and form an aerosol particle. This
aerosol particle grows by condensation of low-volatility vapours, such as highly oxygenated
organic compounds (Ehn et al., 2014). On the other hand, the aerosol particle may
decrease in size by evaporation. The formed aerosol particles can also collide with each
other and be bound together by Van der Waals force and form a larger particle. This is
called coagulation.

The physical processes concerning atmospheric new particle formation (NPF) are
still not entirely solved due to the multitude of chemical compounds that can be involved in
the nucleation and growth processes, and drawing the line between a molecular cluster and
an aerosol particle is not unambiguous. However, molecular clusters with diameter larger
than 3 nm are commonly considered as aerosol particles. After reaching a certain size, from
approximately 50 nm to circa 100 nm, depending on the atmospheric/thermodynamic
conditions, the aerosol particle can act as a cloud condensation nucleus (CCN) (Kerminen
et al., 2012). When water starts to condense on these nuclei, they form cloud droplets
and further on clouds.
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Figure 2.2: New particle formation, NPF.

Approximately more than half of the atmospheric CCN are from NPF (Merikanto
et al., 2009; Gordon et al., 2017). In other words, the majority of CCN form from homo-
geneous or ion-induced nucleation followed by cluster formation and growth. According
to current knowledge sulfuric acid, ammonia, dimethylamine, methanesulfonic acid and
organic vapours are key compounds for new particle formation over the continents (Kul-
mala et al., 2014; Sipilä et al., 2010; Ehn et al., 2014; Sipilä et al., 2021). In the marine
environments, in turn, the iodic oxoacids seem to play an important role for the NPF, par-
ticularly in the coastal areas where the formation and growth of new particles is observed
to be strong (O’Dowd et al., 2002; Sipilä et al., 2016). Sulfuric acid and ammonia have
been observed in marine and coastal sites in Antarctica and are identified to be important
for NPF ((Jokinen et al., 2018; Beck et al., 2021; Quéléver et al., 2022). In the Arctic,
especially in sea-ice covered areas, iodic compounds, such as iodic acid, are important
compounds for new particle formation (Sipilä et al., 2016; Baccarini et al., 2020; Beck
et al., 2021; Price et al., 2022).

2.3 Sources of iodine

Iodine compounds have been found widely in the atmosphere in the marine boundary
layer (Prados-Roman et al., 2014; Sipilä et al., 2016; He et al., 2021) and in the Arctic
and Antarctic boundary layer (Allan et al., 2015; Sipilä et al., 2016; Jokinen et al., 2018;
Baccarini et al., 2020, 2021; He et al., 2021), as well as in lower and upper free troposphere
and in the stratosphere (Volkamer et al., 2015; Koenig et al., 2020). The oceans produce
approximately 75% of the total iodic compounds found in the atmosphere (Cuevas et al.,
2018). The ozone deposited in the surface layer of the ocean reacts with the iodide
(I– ) found in the seawater and forms hypoiodous acid (HOI) and molecular iodine (I2)
(Carpenter et al., 2013). Thus, the oceans play a key role in atmospheric iodic compound
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production. However due to the large surface area of the oceans and relatively low emission
rates, the mixing ratios of iodine compounds stay relatively low, approximately 0.5-1 pptv
(Mahajan et al., 2010).

The remaining 25% of the iodine compounds are from organic iodine sources includ-
ing macro- and microalgal activities (Prados-Roman et al., 2014). High iodine levels have
been observed especially in coastal regions (Hoffmann et al., 2001; O’Dowd et al., 2002;
Sipilä et al., 2016), leading to iodic acid formation and subsequent clustering (Sipilä et al.,
2016).

Studies have shown that phytoplankton colonies underneath the sea-ice cover can
produce iodine species that are later transported to the atmosphere via brine channels or
cracks in the ice (Hill and Manley, 2009; Nicolaus et al., 2012; Saiz-Lopez et al., 2012,
2015). Thus, the thinning of the sea-ice cover may lead to an increase in atmospheric
iodine levels in the Arctic marine boundary layer (Cuevas et al., 2018). The solar ra-
diation passes through the thinner ice more easily enhancing the biogenic production of
iodine, and as the ice becomes thinner, the iodine transportation through the ice into the
atmosphere becomes easier as well. The sea ice thinning and decay may also enhance the
abiotic iodine release from the open ocean.

The snowpack and frozen saline surfaces might also be a source of iodic compounds
(Saiz-Lopez et al., 2015; Gálvez et al., 2016; Kim et al., 2016; Raso et al., 2017). The
abiotic release from these sources happens via condensed-phase reactions (Saiz-Lopez
et al., 2015). Photochemical reactions, e.g. atmospheric oxidation, are nevertheless most
probably responsible for inorganic iodine compounds to end up in the atmosphere (Kim
et al., 2016; Gálvez et al., 2016; Raso et al., 2017; Watanabe et al., 2019). The increased
ozone levels, caused by anthropogenic activities, may enhance the abiotic iodine emissions
from seawater and frozen saline surfaces (Carpenter et al., 2013).

Even though iodine chemistry plays a significant role in the atmosphere, the sources
of iodine, especially inorganic ones, are not entirely identified. Antarctic iodine emissions
have been observed to be significantly higher compared to Arctic regions (Saiz-Lopez
et al., 2007; Mahajan et al., 2010; Atkinson et al., 2012; Schönhardt et al., 2012). This is
likely due to thinner sea-ice cover around the Antarctic region consisting mainly of young
sea ice, i.e. nilas.

The iodine concentrations have tripled in the Northern Atlantic during the last
decades and continue to rise (Cuevas, 2018). According to Cuevas et al. (2018), this is
linked to anthropogenic ozone pollution on local and hemispheric scales and enhanced sub-
ice phytoplankton production associated with the thinning of Arctic sea ice. Clustering
of iodic acid molecules has been observed already in Ny-Ålesund, Svalbard, and Villum,
Greenland (Beck et al., 2021), as well as over the high Arctic pack ice in the central Arctic
Ocean (Baccarini et al., 2020). He et al. (2021) suggest that iodine oxoacid, including
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HIO3 and HIO2, particle formation may be the dominant source of particles in pristine
and cooler regions, exceeding the sulphuric acid-ammonia nucleation rates (Dunne et al.,
2016; Kirkby et al., 2011). Thus, iodic acid may dominate the Arctic secondary aerosol
formation in the future.

2.4 Formation of iodic acid and iodic acid clusters

2.4.1 Formation of iodic acid

Iodic acid has recently been identified as a key compound for new particle formation in
marine environments (Sipilä et al., 2016; He et al., 2021). According to current knowl-
edge, the iodic acid is formed from reactive iodine species, such as molecular iodine (I2),
iodocloride (ICl), iodobromide (IBr), and iodocarbons, first by breaking into iodine atoms
by photolysis (Saiz-Lopez et al., 2012).

I2 + hν → 2 I (2.1)

The newly formed iodine atoms react with ozone in the atmosphere forming different
oxoacids (IO, OIO,IOIO I2O2–4, I2O5), hypoiodous acid (HOI).

I + O3 → IO + O2

IO + HO2 → HOI + O2
(2.2)

According to most recent findings by Finkenzeller et al. (2022), the iodic acid formation
mechanism would be a two-step chemical reaction, where iodooxy hypoiodite (IOIO)
would first react with ozone forming IOIO4, and the formed IOIO4 reacts with water
forming iodic acid (HIO3), hypoiodous acid HOI and molecular oxygen.

IOIO + O3 → IOIO4

IOIO4 + H2O→ HIO3 + HOI + O2
(2.3)
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Figure 2.3: Simplified gas-phase iodine chemistry in the remote atmosphere, from Finkenzeller et al.
(2022). R1 referring to reaction IOIO + O3→ IOIO4 and R2 to reaction IOIO4+H2O→ HIO3+HOI+O2.

2.4.2 Formation of iodic acid clusters

Sipilä et al. (2016) suggested that iodic acid-based nucleation could happen via sequential
addition of HIO3 molecules followed by dehydration, leading to new particle formation in
the atmosphere. Their suggested clustering mechanism of iodic acid molecules occurs as
shown in equation 2.4.

HIO3 + HIO3 → I2O5 + H2O
I2O5 + HIO3 → (I2O5)HIO3

(I2O5)HIO3 + HIO3 → (I2O5)2 + H2O

(2.4)
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However, He et al. (2021) showed that the initial steps likely involve HIO2 and that
neutral nucleation would occur via step-wise condensation of iodous acid (HIO2) followed
by iodic acid (HIO3), rather than unimolecular reaction of HIO3 suggested by Sipilä et al.
(2016), as illustrated in B panel in Figure 2.4. According to He et al. (2021), the further
growth would, nevertheless, proceed mainly by HIO3 addition as suggested by Sipilä
et al. (2016). HIO2-free nucleation, in turn, was suggested to proceed via ion-induced
pathway, where nucleation involves condensation of iodic acid (HIO3) onto an IO3

– ion,
as illustrated in panel A in Figure 2.4. Iodine oxide formation inside the clusters involves
evaporation of a water molecule H2O. In charged (ion-induced) clusters, pairs of HIO3

molecules always dehydrate and form I2O5 molecules (panel A and upper reaction in panel
C in Figure 2.4), whereas in neutral clusters, the HIO3 molecules do not form I2O5 but
some may combine with HIO2 and dehydrate forming I2O4 molecules (panel B and lower
reaction in panel C in Figure 2.4).

Figure 2.4: Nucleation mechanisms for iodine oxoacid clusters, from He et al. (2021). (A) represent-
ing the ion-induced, ie. charched, iodine oxoacid nucleation mechanism, and (B) that of neutral, ie.
uncharged, clusters. (C) representing the iodine oxide formation in charged and neutral clusters.

Since iodine species are very photolabile, and ozone and water vapour are ubiquitous
in the atmosphere, molecular iodine can produce oxoacids, such as iodic acid, with minimal
presence of radiation (He et al., 2021).
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2.5 Condensation sink

In order to understand the fate of the formed iodic acid, the loss of the iodic acid molecules
must be taken into account. The formed iodic acid is partially lost by condensation in the
atmosphere, and the condensation loss of the gas-phase precursor molecules also limits
the new particle formation (Pirjola et al., 1999). The gas-phase molecules are removed
from the atmosphere by condensing on pre-existing airborne particles. The loss rate of
gas-phase iodic acid to aerosol particles affects the mass balance of iodic acid in the
in the atmosphere (Kulmala et al., 2012). The condensation sink (CS) describes the
condensation rate of vapour to particles, and it is defined as

CS = 2πDcoeff
∑
i

diβiNi (2.5)

where Dcoeff is the diffusion coefficient of the vapour, βi is the Fuchs–Sutugin correction
coefficient, di is the diameter of the particles i, andNi their number concentration Kulmala
et al. (2001). The diffusion coefficient is calculated as

Dcoeff =
10−3T 1.75

√
1

Mair
+ 1

Mvapour

p
(
D

1/3
air +D

1/3
vapour

)2 (2.6)

where T is the temperature, p is the atmospheric pressure, Mair and Mvapour are mo-
lar masses of air molecules and vapour molecules, and (Dair (Dvapour are the diffusivity
volumes of air and vapour molecules correspondingly. The Fuchs–Sutugin correction co-
efficient, in turn, is calculated as

βi = 1 +Kn

1 +
(

4
3α + 0.337

)
Kn+ 4

3αKn
2

(2.7)

where Kn is the Knudsen number 2λ/di, where λ is he mean free path of vapour molecules,
and α is the mass accommodation coefficient describing the probability that a vapour
molecule sticks to a particle (Fuchs and Sutugin, 1971).

The connection between the steady-state concentration of iodic acid and its conden-
sation sink, suggested by Baccarini et al. (2020) from observation in the Arctic, is

[HIO3] = E

vdep + h · CS
(2.8)

where E is the emission rate of iodine atoms in 1/cm2s, vdep is the dry deposition velocity
of iodic acid in cm/s, h is the surface mixed layer height in cm and CS is the condensation
in 1/s.



3. Methods

3.1 MOSAiC expedition

The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) was
a one-year-long research expedition, that took place from September 2019 to October 2020
in the central Arctic. Following the footsteps of Norwegian explorer Fridtjof Nansen (1861-
1930), the research vessel, icebreaker Polarstern, aimed to sail to the central Arctic Ocean,
lock into the sea ice and drift in the same ice floe until complete disintegration. Focusing
on direct in-situ observations of climate processes, that couple atmosphere, ocean, sea ice,
biochemistry and ecosystem, MOSAiC expedition aimed to improve the representation of
Arctic climate processes in regional and global climate models.

MOSAiC expedition was the largest Arctic expedition to date, consisting of more
than 80 research institutes around the world and producing one-year-long time series of
measured datasets for various scientific factors in the central Arctic. The scientific focus
areas of the MOSAiC expedition were atmosphere, sea ice, ocean, biogeochemistry and
ecosystem, and each of those consisted of various research topics and measurements.

The guiding scientific aim for MOSAiC project was to find answers to questions
about the causes and the consequences of an evolving and diminished Arctic sea ice
cover. The different disciplines involving in MOSAiC try to tackle these questions from
their scientific perspective. The more detailed questions concerning aerosols, listed by
Shupe et al. (2022) are: How are sea ice formation, drift, deformation and melting cou-
pled to atmospheric, oceanic and ecosystem processes? What are the processes that
regulate the formation, properties, precipitation and lifetime of arctic clouds and their
interactions with aerosols, boundary layer structure and atmospheric fluxes? How do in-
terfacial exchange rates of biogeochemical process related trace gases trigger the Arctic
climate system? The mass spectrometry data measured during MOSAiC expedition en-
able to seek answers to the research objectives of this thesis – to quantify the seasonal
cycle of iodic acid in the central Arctic. With meteorological data and trace gas datasets,
the factors affecting the iodic acid seasonal cycle can be studied. Together with the ice
dynamical data and air mass back trajectory simulations, the possible sources of measured
iodic acid can also be investigated.

12
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The expedition consisted of five legs that are visualised in the Figure 3.1 by Shupe
et al. (2022) showing the path of Polarstern during the MOSAiC expedition. The first leg
of the expedition started in September 2019 from Tromsø. The research vessel then sailed
to the Arctic Ocean and locked into the sea ice after finding a suitable and thick enough
ice floe at at 85°N, 137°E. The CI-APi-TOF measurements started in the beginning of
the expedition, as well as other measurements with the instruments installed onboard the
research vessel. The first installations were made in early October on sea ice in northern
Laptev Sea, and the installations remained intact while drifting across the central Arctic
until mid-May 2020, covering the legs from 1 to 3. The measurements took place in
several locations around the research vessel, including on-board Polarstern, as can be
seen from the Figure 3.2 by Shupe et al. (2022). In addition, coordinate satellite and
aircraft observations were conducted. The CI-APi-TOF, that produced the data about
atmospheric chemical composition and that was analysed in this thesis, was located in
the Swiss container (shown in Figure 3.3) in the front deck of the vessel.

In mid-May Polarstern left the ice floe and sailed to Svalbard for technical reasons.
However, some of the equipment were left to MOSAiC ice floe to maintain basic obser-
vations. In mid-June Polarstern locked back to the MOSAiC ice floe but in a different
location, and stayed there until the end of July. After the disintegration of the MOSAiC
ice floe that had drifted near the ice edge in Fram Strait Polarstern transited to a com-
pletely new ice floe near the North Pole and stayed locked in the floe until the end of the
expedition in late September.

The MOSAiC expedition produced a large amount of Arctic observational data
that was not available before. The continuous measurements enabled characterisation of
aerosol properties over an annual cycle. Especially for the atmospheric measurements the
observations during winter months has been lacking. Thus, MOSAiC succeeded to fill
critical gaps in observations of chemical composition, chemical reactivity and aerosols in
the central Arctic. MOSAiC also succeeded to assess the possible local sources of atmo-
spheric aerosols. Above all, data sets produced by MOSAiC expedition have already set a
new baseline for evaluating processes, assessing biases and developing parameterisations
for regional and global climate models.
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Figure 3.1: The path of Polarstern during MOSAiC expedition. Figure from Shupe et al. (2022).
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Figure 3.2: The main installations of the MOSAiC research site (Central Observatory) in mid-November
2019. BGC stands for biogeochemistry and ROV for remotely operated vehicle. Figure from Shupe et al.
(2022).

Figure 3.3: The deck of the research vessel Polarstern. Figure from Shupe et al. (2022).
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3.2 Instrumentation: NO3
– -CI-APi-TOF

Mass spectrometry is an analytical measurement technique used for obtaining information
about exact chemical composition of sample molecules and associated concentrations. It
separates molecules depending on their mass to charge ratio m/z and detects the signal
intensity for different peaks attributed to specific m/z values. Due to its high selectivity
it suits well for determining the exact concentrations of chemical compounds of various
type in situ and quasi-simultaneously (Ketola et al., 2010; de Hoffman and Stroobant,
2007).

Mass spectrometers can be used in the analysis of gas-phase samples. Also liquid
or particle phase samples can be analysed when evaporated. The instrument used in this
work, is a Nitrate-based Chemical Ionization Atmospheric Pressure interface Time-Of-
Flight Mass Spectrometer (NO3

– -CI-APi-TOF or NO3
– -CI-APi-TOF MS). It is a high

resolution instrument that consists of four key parts: a chemical ionization inlet (CI
inlet), an atmospheric pressure interface (APi), a time-of-flight mass analyser (TOF) and
a detector (Junninen et al., 2010; Jokinen et al., 2012). The schematic of the instrument
is shown in Figure 3.4.

Figure 3.4: Schematic of the nitrate Chemical Ionization Atmospheric Pressure interface Time-Of-Flight
mass spectrometer (NO3

– -CI-APi-TOF). Adapted from Junninen (2013).
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3.2.1 Chemical Ionization (CI)

There are a variety of ionization methods that can be used in mass spectrometry. Chemical
ionization, as used in this work, is a relatively soft ionization method where the sample
molecules are ionized by collision with ions of a reagent gas with only little excess energy.
This technique yields to ionization with minimal fragmentation making the identification
of molecular species possible and relatively straightforward since the observed spectrum
consists usually of sample molecules that are clustered with reagent ions or deprotonated
species, but likely without or only little molecular fragments (de Hoffman and Stroobant,
2007; Ketola et al., 2010). The sample air is chemically ionized by the reagent ions at
ambient pressure. In this work the reagent ions are nitrate ions (NO3

– ) produced from
the evaporated nitric acid (HNO3) exposed to X-rays (Jokinen et al., 2012).

The chemical ionization occurs via proton transfer between nitrate ions and sample
molecules. A proton from the sample molecule is transferred to the nitrate ion according
to equation 3.1.

NO3
− + XH→ HNO3 + X− (3.1)

For iodic acid (HIO3), the proton transfer ionization would occur as shown in equation
3.2.

NO3
− + HIO3 → HNO3 + IO3

− (3.2)

The ionization can also happen via clustering with the oligomers of nitrate ions, i.e.
nitrate ion–nitric acid dimers, and nitrate ion–nitric acid trimers, according to equation
3.3 (Hyttinen et al., 2015). The operator · stands for molecular clustering.

(HNO3)n NO3
− + X 
 (HNO3)n NO3

− · X 
 n(HNO3) + NO3
− · X, n = 0, 1, 2 (3.3)

For iodic acid, the ionization via clustering with nitrate oligomers would occur as shown
in equation 3.4.

(HNO3)n NO3
− +HIO3 
 (HNO3)n NO3

− ·HIO3 
 n(HNO3)+NO3
− ·HIO3, n = 0, 1, 2

(3.4)

Thus, iodic acid (HIO3), is ionized in the chemical ionization by reacting with reagent
ions as shown in equation 3.5, producing IO3

– and HIO3NO3
– ions.
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HIO3 + (HNO3)n NO3
− → IO3

− + (HNO3)n+1

→ HIO3NO3
− + n(HNO3), n = 0, 1, 2

(3.5)

3.2.2 Atmospheric Pressure interface (APi)

After the chemical ionization, the molecules are guided through the atmospheric pressure
interface (APi). The APi allows the ions in the gas sample to be sampled at atmospheric
pressure (Junninen, 2013). The ion beam is focused and guided through the differentially
pumped chambers by two quadrupole chambers and one ion lens assembly. The m/z of
the ions are analysed in vacuum mass analyzer. Thus the pressure is lowered in the APi
to 10−6 mbar, as shown in Figure 3.4, to allow efficient separation of the different ion
populations inside the mass analyzer.

3.2.3 Time-Of-Flight mass analyser (TOF)

The working principle of time-of-flight (TOF) analyser is based on the differences in
velocities of the sample ions. The sample ions are accelerated by an electric potential Vs.
The m/z ratio is then determined by the time ions take to reach the detector moving
through a field-free region between the source and the detector. The kinetic energy Ek of
an ion with mass m and total charge q=ze, accelerated by the electric potential Vs, is

Ek = 1
2mv

2 = qVs = zeVs (3.6)

Thus, the velocity v of the ion after initial acceleration is

v =
√

2zeVs
m

(3.7)

The ion travels a distance d in a field-free region with a constant velocity v.
The time t needed to cover this distance before reaching the detector is

t = d

v
(3.8)

Substituing (3.7) into (3.8) gives the time of flight t

t = d√
2zeVs

×
√
m

z
(3.9)
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Thus,

t ∝
√
m

z
(3.10)

Therefore, the mass-to-charge ratio m/z is proportional to the square of the flight time

(m/z) ∝ t2 (3.11)

However, this applies only to linear TOF. In a V-mode TOF, illustrated in Figure 3.4 and
used in this work, the sample molecules travel a V-shaped path created by an reflector
that slows and accelerates the ions again in the opposing direction with an electric field.
Thus, the velocities of the sample molecules are not constant, contrary to linear TOF.
Nevertheless, the mass-to-charge ratio is proportional to the square of the flight time
(equation 3.11), as in linear TOF, but must be corrected with an instrument-specific
factor.

Eventually, the ions passing through the analyser are detected as nV/ion and trans-
formed into usable signal by a detector – here, a multi channel plate (MCP). Typically
some sort of electron multiplier is used to amplify the signal to be detectable. A product
from a mass spectrometer is a mass spectrum, where the exact mass-to-charge ratio and
the signal intensity of different compounds can both be later analysed from (de Hoffman
and Stroobant, 2007).

3.3 Data processing

3.3.1 Preprocessing

Mass spectrometers produce a large amount of data. In order to get reasonable data
products for later analysis, the raw data need to be preprocessed. Here, the preprocessing
is made with Matlab-based software tofTools (Junninen et al., 2010). The NO3-CI-APi-
TOF, produces raw data files with selected time resolution. Here, the time resolution was
set to 4 seconds. Because the raw data in this short time resolution is rather noisy and
inconvenient to analyse, the data need to be averaged to bigger time resolution. Taking
into account that the aim is to analyse data from a year-long measurement period, the
data are averaged to 30 minutes.

After averaging the data, a mass calibration is done in order to relate the mea-
sured flight time of the ions to their mass-to-charge ratios (m/z). This is done by using
compounds that are present and stable in the sample and allocating their position in
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the spectra to their known exact masses. By doing that, all the other exact chemical
compositions can be attributed to peaks unambiguously.

The reagent ions (ie. ions used in the chemical ionization), here nitrate ions, are
suitable for mass calibration since they are present in the data at all times if the instrument
is working properly and the nitric acid supply is sufficient. However, the nitrate monomer
NO3

– and dimer HNO3NO3
– peaks represent a rather saturated signal, i.e. a wide peak

spreading over a wide mass range. That is why it is often better to use their isotopes
presenting a sharper signal and thus not being mixed with possible additional signals
from different chemical compounds. The mass calibration compounds used in this work
were nitrite ion NO2

– , the monomer and dimer isotopes NO2
18O– and HNO3NO2

18O–

and the trimer (HNO3)2NO3
– of nitrate. It is important to perform the mass calibration

to ensure that the signals are in the right place and that the spectra do not shift in
time due to variation in measurement and instrumental conditions along with time or e.g.
temperature, relative humidity and pressure conditions.

After averaging and mass calibration, the signals in the same nominal mass can be
summed up to get the mass spectrum with unit mass signals. Unit mass resolution (UMR)
stick integration sums up the entire signal in one unit mass window. In other words, it
counts the area over the entire unit mass region. To differentiate signal and noise, the
unit mass area can be divided to signal integration region (SIR) and noise integration
region (NIR).

The UMR analysis gives a good overview of the spectra, but sometimes there can
be more than one peak, for example, a double peak as shown in figure 3.5, at the same
nominal mass. In that case, high resolution (HR) peak fitting should be used. This means
that the signal of a certain compound is defined by fitting the peaks of the exact masses
utilizing the parameters defined in the preprocessing, such as mass calibration, peak shape
and resolution function, as well as the elemental composition of identified compounds and
isotopic patterns of different elements (Junninen, 2013).

The peak shape is not perfectly Gaussian but is defined separately in the tofTools
by searching for a single peak in a one-unit mass window, normalising it by the width of
the peak, and normalising the intensity to unity. After performing that for all the found
peaks, removing the outliers, the median peak shape is calculated. This peak shape can
then be applied to the data for obtaining a more accurate shape of the detected peak.

The resolution function expresses the resolving power of the mass spectrometer over
a mass range. The resolving power is defined as

Rm = m

∆m (3.12)

where Rm is the resolving power for mass m, and ∆m is the peak width at half maximum
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of the peak. Because of the variation in resolving power for lower masses, the mass
dependency can be corrected by equation 3.13

Rm = m

am+ b
(3.13)

where a and be are parameters that are defined by finding a linear dependency between
the peak width and position (Junninen, 2013).

Figure 3.5: Peaks at the same nominal mass of 175 Th. 1 Th = 1 Da/e = 1 u/e = 1.0364 × 10−8

kg/C, where Da is dalton and u unified atomic mass unit. 1 Da is defined as 1/12 of mass of 12C isotope
mass and is 1.660 × 10−27 kg. The smaller one, indicated with red line, is IO3

– , and the larger one an
unidentified peak. SIR marked in blue, NIR in red. HR fitted peaks in green. Screen shot from tofTools.

3.3.2 Post-processing

After preprocessing, the concentration of different compounds can be retrieved from signal
intensity detected by CI-APi-TOF according to equation 3.14 (Jokinen, 2015).

[X] = X− + X · reagent ion∑ reagent ions · C, (3.14)

where C is a calibration factor.
Thus, the iodic acid concentration would be:

[HIO3] = IO3
− + HIO3 · NO3

−∑2
n=0(HNO3)n · NO3

− · C (3.15)
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⇒ [HIO3] = IO3
− + HIO3 · NO3

−

NO3
− + HNO3 ·NO3

− + (HNO3)2 ·NO3
− · C (3.16)

Ideally, the instrument calibration would be done regularly during the measurement
campaign with the compound of interest, here iodic acid. However, calibration setups
are are often logistically challenging and can rarely be deployed in remote environments.
In addition to that there is yet no standardised practice to produce iodic acid in known
concentrations. A widely used calibration method for CI-APi-TOF is to apply a known
concentration of sulfuric acid to the instrument and compare the known sulfuric acid
concentration to the measured signals Kürten et al. (2012). Sulfuric acid has been found
to be ionized at the collision frequency with the reagent ion, and since the proton affinity
of IO– is lower than the reagent ion NO3

– and thus the iodic acid ionization can be
considered to be collision limited as well, the ionization efficiencies of sulfuric acid and
iodic acid can be assumed to be similar. The calibration coefficient obtained from the
sulfuric acid calibration is used to determine the concentrations of iodic acid.

The calibration factor was determined to be 6 ×109 molec./cm3. The true concen-
tration is obtained when the diffusion losses from the sample inlet tube are taken into
account. However, in this work the inlet losses are taken into account in the calibration
factor C.

The limit of detection (LOD) was calculated from the background concentrations
measurements (zero measurements), which were performed by inserting a HEPA filter in
front of the sample inlet. The detection limit was calculated as

SLOD = Sanalyte + 3σanalyte (3.17)

where SLOD is the limit of detection, Sanalyte the mean value of the analyte signal from
zero measurements and σanalyte the standard deviation of the analyte zero signal. The
obtained LOD is 1.22×105 molecules/cm3.

The zero measurements ought to be done regularly in order to monitor the back-
ground signal for any contamination or leaks in the instrument. However the zero mea-
surements were performed only during the first leg of the expedition. For this reason
the detection limit might not be accurate for the entire measurement period, especially
towards the end of the campaign, because of possible changes in the background signal.

The reagent ion diagnostics was done in order to examine the ionization efficiency
during the measurement period. The nitrate monomer (NO3

– ), dimer (HNO3NO3
– ) and

trimer ((HNO3)2NO3
– ) signals are shown in Figure 3.6. In chemical ionization mode,

the reagent ions constitute the most of the total ion count. This is because the inlet is
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saturated with nitric acid subsequently ionized to nitrate and its oligomers. To ensure
a reliable ionization and later signal comparability within the measured data, the signal
of nitrate ions and its associated oligomers ought to remain relatively constant over the
measurement period. As shown in Figure 3.6, the variation of reagent ion signals is
relatively small. Also the distribution of the reagent ions stays rather constant.

The most abundant reagent ions are the nitrate dimers. This means that the nitrate
dimers are relatively stable and form when the excess nitric acid in the system collides
with nitrate molecules without fragmenting extensively in the mass spectrometer. The
second abundant reagent ions are the trimers, and the least abundant the monomers.
Overall, the stability of the signals of the reagent ions and their distribution implicate
somewhat constant and fairly good ionization efficiency.

Figure 3.6: Reagent ion signals

Sometimes the unit mass resolution analysis is a sufficient method to obtain a gen-
eral view of retrieved concentration estimates reliably, but if the sample contains more
than one peak per certain nominal mass, the high resolution analysis ought to be done.
Especially in field measurements the HR analysis should be used by virtue of various,
complex and unknown compounds being present in the samples and possibly resulting
from contamination of compounds associated to the flow setup itself. That applies also
to iodic acid analysed from the MOSAiC dataset.

As can be seen from the Figure 3.5, there is a double peak in the mass 175, which
would be the nominal mass for IO3

– . There is also an unknown peak at the nominal mass
of 238, which counts for HIO3NO3

– . The unknown peaks are sometimes, especially during
winter time when iodic acid signal is low, significantly larger than the iodic acid peaks.
This means that it is vitally important to determine the concentration of measured iodic
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acid in high resolution.
The difference between UMR and HR analysis for IO3

– is shown in the figure 3.7. At
the chosen time period in December 2019 the signal intensity of the unknown peak is 1–2
magnitudes higher than the actual IO3

– signal intensity. The reason UMR concentration
is a little lower than the sum of high resolution concentration of IO3

– and mass 174.98 is
that the tofTools HR fitting takes into account also the isotopic patterns of the elements
that the compound consists of, whereas the UMR sticks sums up over a unit mass region
defined by signal integration region (SIR). However, when fitting an unknown compound
at a selected mass, no isotopes will be counted in.

Figure 3.7: UMR versus HR fitting of the peak in mass 175 Th.

After the pre- and post-processing, data filtering was performed. First, all the
negative signal values were removed, since the signal cannot be negative. Next, the
reagent ion ratio was examined to ensure sufficient nitrate ion production and by that
the ionization efficiency. This was done by examining the ratio of mass 124 amu and 125
amu, where 124 is carbonic acid with nitrate H2CO3NO3

– and 125 is the nitrate dimer
(HNO3NO3

– ). When 124/125 > 1, it means there is not enough nitric acid in the system,
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and some of the nitrate ions react with carbonic acid. Thus, the data when 124/125 >
1 were removed because that indicates there is a problem with the nitric acid sufficiency
and it affects the ionization.

In order to evaluate how successful the mass calibration is for the data set, mass
accuracy was investigated. Mass accuracy is used to determine the difference between the
measured m/z and the real, exact m/z of an ion. Usually, if the mass calibration is off,
the re-calibration is done for a specific data file. However, there were visible disturbances
in the mass spectrum related to operational problems in the data collection that were
observed as poor mass accuracy. The mass accuracy was typically larger than 5 ppm
(parts per million) when the spectrum was observed to be corrupted. That is why data,
where mass accuracy was larger than 5 ppm, were removed.



4. Results and discussion

4.1 Iodic acid time series

The CI-APi-TOF data were collected between 20.10.2019 – 30.9.2020, and after data
analysis and filtering, the one-year time series of iodic acid (IA) concentration is presented
in Figure 4.1. This is the first year-long time series of iodic acid measured in the central
Arctic. The iodic acid signal was detected at all times, and there are no significant gaps in
the data. The iodic acid concentration ranges from 104 to 107 molecules/cm3 during the
measurement period. The detection limit was calculated to be 1.22×105 molecules/cm3,
and it is shown as black dashed line in Figure 4.1.

The concentration stays rather low during the winter months, from November to
beginning of March, ranging from 5×104 to 5×105 molecules/cm3. As can be seen from
Figure 4.1, the wintertime iodic acid concentration is mostly below the detection limit.
The low wintertime concentrations are most likely due to insufficient biological activity
to produce iodocarbons and due to the lack of solar radiation needed for the formation
of iodic acid. Even if there would be some abiotic iodine release from the sea or the
snowpack, there is no sufficient radiation to form precursors for forming iodic acid. In
March, the iodic acid levels start to rise, and the concentration peaks in the beginning
of May, reaching the maximum at 5×107 molecules/cm3. The increase of iodic acid
concentration in spring was expected, since the iodic acid increases when the radiation
starts to occur. The radiation activates the biological processes underneath the sea ice
releasing iodine species to the atmosphere. The released iodine species can later form
iodic acid via photolysis and reacting with ozone in the atmosphere. Also the abiotic
sources of iodine need radiation in order to produce atmospheric iodic acid. During May
and June, the concentration decreases, and in July, the levels are similar to the start
of the measurement period. However, the concentration starts to rise again in August,
decreasing again in the end of the month. In September, the concentration rises again,
reaching almost the same levels as in springtime. This is most likely due to the refreezing
of the sea ice. By the end of the expedition, the concentration decreases again. The
monthly distribution of iodic acid concentrations is shown in Figure 4.2.

26
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Figure 4.1: Iodic acid concentration along the MOSAiC expedition. The black dashed line showing the
calculated limit of detection (LOD), that is 1.22×105 molecules/cm3.

2020 2019

Figure 4.2: Monthly iodic acid concentrations. Central marks indicating the monthly median concen-
tration, and the box edges showing the 25th and 75th percentiles. The whiskers showing the most extreme
values and the outliers shown as + symbols. The notches showing the variation of sample medians. The
data collected between October 2019 and September 2020.
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4.2 Influence of temperature and radiation

The measured air temperatures are shown in Figure 4.3, as well as the iodic acid con-
centration. The temperatures range from -40 to 5 °C during the campaign. During the
winter months, the temperature stays mostly under -15 °C with the exception of a few
events in mid-November and in February, when the temperature rises temporarily up to
-10 to -5 °C. The lowest air temperature is measured in the beginning of March, and after
that, the temperature starts to rise during spring and summer months. From June to
mid-August there are temperatures above 0 °C. In September, the temperature starts to
drop, but there are still occasionally temperatures of 0 °C.

The rising temperature and the increase in iodic acid concentration go hand in hand
starting from the beginning of March. However, the increase in iodic acid concentration
starts slightly earlier than the temperature rise. Surprisingly, the concentration starts to
increase right after the lowest measured temperature.

There are a couple of sudden temperature rises during the beginning and the end of
February, when the temperature change is more than 20 °C. Sudden temperature changes
can lead to changes in the ice structure. The ice deformation and cracking may, in turn,
enhance abiotic iodine release from the open ocean. This, together with increasing solar
radiation, may probably explain the rise in the iodic acid concentration right after the
sudden temperature rise in the beginning of March. The temperature rise may later in the
spring and summer affect biological activity and lead to increasing release of iodocarbons,
which possibly take part later in the iodic acid formation.

Figure 4.3: Iodic acid and temperature time series.
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The correlation between iodic acid and temperature is shown in Figure 4.4. The
grey data points show the entire measurement period, i.e. whole year, and the orange
stars illustrate the correlation in spring from the time period of 15.3.–1.5. The correlation
coefficient for the whole year is 0.04 and for the spring 0.21. This means the variables
are slightly correlating, but there is no actual linear connection between temperature and
iodic acid concentration. However, the correlation in spring is still significantly higher
compared to the full year correlation.

Figure 4.4: Correlation between iodic acid and temperature. The correlation coefficient r2 for the whole
year is 0.04 and for the spring (15.3.–1.5.) 0.21.

The radiation ranges from 0 to 650 W/m2 during the measurement period, as can
be seen from Figure 4.5. There is no solar radiation during the polar night. The radiation
starts to occur in mid-March and increases during the polar day. Diurnal cycle is present
in spring when the sun sets, but along the spring summer, the radiation is present at
all times, i.e. midnight sun. The drop in daily minima of radiation in June is because
Polarstern had to sail further from the pole and to Svalbard for technical reasons. In
mid-August the vessel was close to the North Pole, which can be seen in Figure as an
increase in daily radiation minima.
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Figure 4.5: Iodic acid and radiation time series.

The correlation between radiation and iodic acid is shown in Figure 4.6. The start
of the radiation and increase in iodic acid concentrations were expected to correlate due
to the photochemical processes needed for the formation of iodic acid. However, the
increase in iodic acid levels starts earlier than the radiation occurs. This might be due
to the deformation of sea ice caused by warm air mass intrusion, followed by abiotic
iodine release from the ocean. In reality, the increase of solar radiation should start in the
beginning of March. Therefore the instrumentation for measuring solar irradiation might
not be sensitive enough to measure the light refracted in the atmosphere during the early
polar spring.

In addition, iodine compounds, especially I2, are very photolabile, which means that
the photodissociation can occur in the presence of very little light. It is even possible that
the ship lights from the research vessel might participate in the photochemical processes
in the iodic acid formation. However, that is still very speculative. There are studies
implying that artificial lights may have an effect on atmospheric chemistry in urban regions
(Stark et al., 2011), and the possibility of the artificial ship lights affecting the chemistry
of the measured compounds should be considered. Nevertheless, the iodic acid chemical
production likely saturates with low radiation, and that is why any larger correlation
between radiation and iodic acid concentration is not expected from the chemical point
of view.

However, solar radiation activates biological activity in general. From the iodic
acid formation point of view, the solar radiation activates phytoplankton underneath the
sea ice and enhances the biotic release of iodine that is produced by the phytoplankton
metabolism and emitted to the atmosphere through brine channels in the ice (Saiz-Lopez
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et al., 2012). Radiation also activates photochemistry and other halogen chemistry, which
leads to various processes in the atmosphere, including production of different iodine
species but also ozone depletion. The correlation between iodic acid and radiation is
shown in Figure 4.6. The grey data points show the entire measurement period, and the
magenta stars illustrate the correlation in spring from the time period of 15.3.–1.5. The
correlation coefficient for the whole year is 0.42 and for the spring 0.70.

Figure 4.6: Correlation between iodic acid and radiation. The correlation coefficient for the whole year
is 0.41 and for the spring (15.3.–1.5.) 0.70.

4.3 Ozone

The ozone concentration ranges from 0 to 40 ppb (parts per billion) during the mea-
surement period, as shown in Figure 4.7. During the polar night, the concentration is
approximately between 30 and 40 ppb. In March the concentration drops drastically,
almost to 0 ppb, and rises again in late May. The concentrations from June to October
are around 20 – 30 ppb.
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Figure 4.7: Iodic acid and ozone time series.

As can be seen from Figures 4.7 and 4.8, the ozone concentration has a negative
correlation with the increasing iodic acid concentration during spring. This is due to
the fact that iodic acid formation takes up ozone. Thus the formation process depletes
ozone. The increase in iodic acid concentration occurs during the Arctic spring when the
temperature rises and the solar radiation increases. The temperature rise and radiation
activates also other ozone depleting halogen chemistry and photochemistry. Therefore, it
enhances the ozone depletion during spring and summertime. Bromine (Br) and chlorine
(Cl) species are particularly aggressive ozone depleting compounds due to catalytic cycles,
and even though iodine species have not been considered to have a major effect on ozone
depletion, they might still play a role as an ozone sink when the iodine concentrations
are high, since the suggested formation mechanism of iodic acid takes up ozone (Solomon
et al., 1994; Koenig et al., 2021; Finkenzeller et al., 2022). In addition, Benavent et al.
(2022) found that chemical reactions between iodine and ozone were the second highest
contributor to ozone loss – after ozone photolysis-initiated loss – in the Arctic between
March and October 2020, during the MOSAiC expedition.

The increase in ozone concentrations in the end of May also goes hand in hand with
the decreasing iodic acid concentration. Thus, there seems to be an anticorrelating trend
between the iodic acid and the ozone. Nevertheless, the increase in iodic acid during the
Arctic autumn does not seem to cause significant decrease in ozone levels. This may be
due to absence of other halogens during this period.
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Figure 4.8: Correlation between iodic acid and ozone. The correlation coefficient for the whole year is
-0.36 and for the spring (15.3.–1.5.) is 0.039.

4.4 FLEXPART trajectories

In order to investigate the possible sources of the measured iodic acid, a FLEXPART
trajectory analysis was done. The FLEXPART (FLEXible PARTicle dispersion model) is
a Lagrangian transport and dispersion model suitable for the simulation of a large range
of atmospheric transport processes, and the FLEXPART simulations for MOSAiC were
performed by the FLEXPART group at the University of Vienna (https://img.univie.
ac.at/webdata/mosaic). By using the FLEXPART back trajectories, it is possible to
determine the origin of air masses that arrive at the measurement site at any times of
interest.

Certain times of distinctly high and low iodic acid concentration, shown in Figure
4.9, were chosen for trajectory analysis. Comparing the trajectories of high iodic acid
times with trajectories of low iodic acid times and examining the residence time of the
air mass over open ocean or sea ice could provide information about the possible sources
of the iodic acid and its precursors in the large spatial scale.

https://img.univie.ac.at/webdata/mosaic
https://img.univie.ac.at/webdata/mosaic
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26.4.2020
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15.6.2020
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21.9.2020

17.11.2019 22.2.2020
3.4.2020 27.5.2020

31.7.2020 25.9.2020

Figure 4.9: Days of high (red) and low (blue) iodic acid concentration. The black dashed line showing
the limit of detection.

The trajectory analysis was made for the chosen high and low iodic acid concentra-
tion times using a 1-day back trajectory. The path of the air mass that arrived to the
measurement site on each chosen time was examined, and the residence time over open
ocean and sea ice was evaluated visually. The length of the trajectory was set to one day
due to the relatively short lifetimes of the iodic acid and its precursors. The vertical level
was set to be 100 metres, and it refers to the thickness or height of the atmospheric layer,
within which the simulated air masses are considered to interact with emissions. Thus,
the trajectories are considered to encounter a source only when travelling below 100 m
from the ground level.

Two examples of the trajectories from high and low iodic acid times, one of each, are
shown in Figure 4.10. The air mass in the figure on the left arrived to the measurement
site when the iodic acid concentration was measured to be high, on 2.11.2019 at 9:00. The
trajectory on the right represents the path of the air mass that arrived to the measurement
site when the iodic acid concentration was low, on 17.11.2019 at 18:00. The colour of the
trajectory refers to the residence time (in seconds) of the air mass over the geographical
grid the air mass encounters. The bottom part of the figure, in turn, shows the time
series of integrated emission sensitivity over specific regions (in s/m). The dark blue area
represents the fraction of air that interacts with the surface below 100 m, including land,
open ocean and sea ice, and the light grey area represents the fraction of the sea ice cover
over a geographical grid encountered by the air masses.

As can be seen from Figure 4.10, the air mass is circulating over a relatively small
region before arriving to the measurement site on the high iodic acid time, whereas the
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air mass is transported from further away and over a larger region when the iodic acid
concentration was low. This was the case for the most of the compared trajectories of
high and low iodic acid concentration days. Also the contribution of the sea ice influence
appears to be higher in the times of high iodic acid than in those of low iodic acid concen-
tration. Thus, the residence time over sea ice might impact the iodic acid concentration
measured later at the measurement site.

Figure 4.10: Examples of 1-day FLEXPART back trajectories from 100 metre vertical level arriving
to the measurement site when the iodic acid concentration was measured to be high (left side, 2.11.2019
at 9:00) and low (right side, 17.11.2019 at 18:00). The colour bar indicating the residence time of the
air mass over the area along its path (in seconds). Bottom part of the figure showing the time series of
integrated emission sensitivity over specific regions (in s/m) The dark blue area representing the fraction
of air that is interacting with the surface below 100 m, including land, open ocean and sea ice. The light
grey area representing the fraction that encounters with the sea ice.

However, even though there might be some noticeable differences when comparing
the trajectories from high and low iodic acid days, the accuracy of a visual examining is
not high enough to draw conclusions of the possible sources of iodic acid from the back
trajectories. The spatial scale of the trajectory analysis might also be too large for iodic
acid source identification. The sources are most likely from the closer area surrounding
the measurement site, since the iodic acid lifetime is rather short, in the range of one
hour, and the sources are assumed to be, for example, sea ice, snowpack and frozen saline
reserves (Saiz-Lopez et al., 2015; Gálvez et al., 2016; Kim et al., 2016; Raso et al., 2017).
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Nevertheless, a more detailed and quantitative analysis on the trajectories might give
more informative and accurate results and is thereby suggested to be performed in the
future studies.

4.5 Sea ice thickness and ice dynamics

To examine the influence of the sea ice on iodic acid concentration, the sea ice thickness
and the ice dynamics during MOSAiC were studied. As shown in Figure 4.11 from
von Albedyll et al. (2022), the mean sea ice thickness increases during MOSAiC from 1
metre to 2.5 metres. In July the sea ice thickness starts to decrease, and the decreasing
continues until the end of the expedition. The mean sea ice thickness data were obtained
from 11 large-scale (approx 50 km) surveys, including ten helicopter-borne surveys and
one aeroplane campaign, using airborne electromagnetic sounding, from October 2019 to
September 2020 by von Albedyll et al. (2022).

Figure 4.11: Time series of sea ice thickness from von Albedyll et al. (2022). Diamonds, dots, and
crosses mark the different surveys. The grey dots in represent the CryoSat-2 time series of total ice
thickness, taken from Krumpen et al. (2021).

The decreasing of the mean sea ice thickness seems to go together with increasing
iodic acid in the July, and the decreasing mean sea ice thickness, that continues until
the end of the expedition might be a possibly contributing to the increasing iodic acid
concentrations in August and September, though the increase in September might also
be linked to refreezing, as suggested by Baccarini et al. (2020).
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However, the mean sea ice thickness data is not suitable for identifying any sudden
changes in the ice that might lead to changes in the iodic acid concentration. More to
that, the mean sea ice thickness does not give detailed information on the ice conditions
on a small scale near the iodic acid measurements. In order to obtain information about
ice conditions on a smaller scale, other data sets are required.

Since the oceans produce approximately 75% of the total iodic compounds found
in the atmosphere (Cuevas et al., 2018) – although it might not apply directly to the
Arctic – and the iodine produced by phytoplankton is released from the seawater, the ice
dynamical data, including deformation and divergence, i.e. lead opening, were examined.
The data were obtained from a radar that was mounted to the research vessel providing
radar imagery with a two-second temporal interval. The areal data coverage was 7 × 7
kilometres with a 8.33-metre resolution. The analysed data are presented in Uusinoka
(2022).

The time series of sea ice divergence, which represents the lead opening, is shown in
Figure 4.12 together with iodic acid concentration. The time series of sea ice deformation,
in turn, is presented together with iodic acid concentration in Figure 4.13. As can be seen
from Figures 4.12 and 4.13, there might be a slight correlation between the increasing sea
ice divergence and deformation and the iodic acid concentrations in March and mid-July.

Figure 4.12: Time series of iodic acid concentration and sea ice divergence. The divergence data
obtained from Uusinoka (2022). The grey dots representing the sea ice divergence, the cyan dots showing
the 24-hour moving average and the blue dots showing the 3-day moving average of the sea ice divergence.
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Figure 4.13: Time series of iodic acid concentration and sea ice deformation. The deformation data
obtained from Uusinoka (2022). The grey dots representing the sea ice deformation, the cyan dots
showing the 24-hour moving average and the blue dots showing the 3-day moving average of the sea ice
deformation.

The correlation between the ice dynamics variables and the iodic acid concentra-
tion is shown in Figure 4.14. The grey dots represent the whole year, light blue stars
indicate the spring period of 1.3.-15.5.2020 and the dark blue dots indicate the autumn
period of 15.8.-15.9, when large dynamical changes in the ice occurred and the iodic acid
concentrations were high.

Figure 4.14: The correlation between iodic acid concentration and ice divergence (left side) and the
correlation between iodic acid concentration and ice deformation (right side). The grey dots representing
the whole year, light blue stars indicating the spring period of 1.3.-15.5.2020 and the dark blue dots
indicating the autumn period of 15.8.-15.9.
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There is no noticeable correlation between the iodic acid concentration and ice di-
vergence or ice deformation. The correlation coefficient for the whole year for iodic acid
and ice divergence is -0.01. The correlation coefficient for spring is higher, 0.13, and again
smaller for autumn, -0.03. The correlation coefficients for the whole year, spring and au-
tumn between iodic acid concentration and total sea ice deformation are -0.01, 0.17, -0.09,
respectively. Thus, there is no significant correlation between the ice dynamics and iodic
acid concentration. However, the radar data have been reported to have technical faults
(Uusinoka, 2022). A new analysis on the connection between iodic acid concentration and
ice dynamics is thus suggested to be performed, when the ice dynamical data have been
reanalysed and improved.

4.6 Condensation sink

The condensation sink (CS) of iodic acid was calculated using the number concentration of
the particles obtained from Scanning Mobility Particle Sizer (SMPS) data. The diffusion
coefficient, Dcoeff, for iodic acid was calculated to be 8.2 ×10−6m2/s, calculated using
the average temperature of the MOSAiC campaign, -14.1 °C. The times series of iodic
acid condensation sink is shown in Figure 4.15. The iodic acid condensation sink varies
between 0 and 5×10−3 s−1, staying mostly under 2 s−1.

Figure 4.15: Iodic acid concentration and condensation sink.
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The higher CS in January and February is most likely due to extensive arctic haze,
which was distinctly strong due to the largest positive Arctic Oscillation in recorded his-
tory (Boyer et al., 2022), meaning that the transport from the mid-latitudes into the
Arctic was extremely strong transporting the continental emissions into the Arctic atmo-
sphere. Thus, the removal by condensation is enhanced by the presence of larger number
of particles in the air. The spikes in the time series might indicate pollution or other
sudden appearance of particles that enhance the loss of iodic acid molecules by condensa-
tion. As can be seen from the figure, the measured iodic acid concentration drops suddenly
whenever the condensation sink increases suddenly, and the high iodic acid concentrations
appear when the condensation sink is low, as it should, since the iodic acid concentration
is dependant of the iodic acid formation, as well as the condensation loss.

4.7 Participation in new particle formation

To study if the high iodic acid concentrations lead to forming new particles (new particle
formation, NPF), data from Neutral cluster and Air Ion Spectrometer (NAIS), which is
a two-channelled ion spectrometer measuring the electrical mobility of naturally charged
ions and particles, were analysed. The comparison between the number size distributions
of negative and positive ions from NAIS and iodic acid concentration was done for certain
days of high iodic acid concentration (shown in Figure 4.9).

Figure 4.16 shows the number size distribution of positively and negatively charged
ions and the iodic acid concentration for three example days, 28.12.2019, 7.8.2020 and
12.9.2020. As can be seen from the figures, the increase in the iodic acid concentration
and the growth of nucleating ions are occurring simultaneously. This implies that the
nucleating ions might be iodic acid clusters. The increase in iodic acid on 28.12.2019 from
9:00 to 12:00 can be seen as occurring of the 1–2 nm sized negative ions, whereas it cannot
be seen in the positive ion side. The growth of the nucleating ions is more visible in the
number size distributions of the autumn days, on 7.8.2020 and 12.9.2020. The increase
in iodic acid on 7.8.2020 from midnight to noon and again at 13:00 can be seen in both
positive and negative ions. The growth of ion clusters from 2 to 10 nm can be seen in
both positive and negative ions. The growth of the ions, related to an increase in iodic
acid concentration, can be seen in the negative ion side on 12.9.2020 in the morning, from
2:00 to 10:00, but not on the positive side. The observed growth of the negative ions
indicates that the iodic acid nucleation would occur via the ion-induced path, suggested
by He et al. (2021) and shown in Figure 2.4.
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Figure 4.16: Number size distributions of positive and negative ions and iodic acid concentration on
chosen high iodic acid days, 28.12.2019, 7.8.2020 and 12.9.2020.

However, nucleation is not observed during the highest measured iodic acid concen-
tration. The number size distribution of ions and iodic acid concentration do not correlate
on 26.4.2020 at midnight, when the iodic acid high, as shown in Figure 4.17 (left side),
whereas the nucleation can be seen in the negative ions slightly before and after the iodic
acid peak. The absence of freshly nucleated particles in the negative ion side during the
iodic acid peak imply that the nucleation is not occurring via ion-induced path. The
nucleation could occur via neutral nucleation, as He et al. (2021) suggested (shown in
Figure 2.4), if there is sufficient amount of hypoiodous acid (HIO2).

In order to investigate if the nucleating particles are neutral, the particle mode data
from NAIS were examined. The instrument uses a charger to charge the neutral particles,
and the number size distribution of neutral particles, charged and measured by NAIS, are
shown in Figure 4.17 on the right side. The 1–2 nm particles in the are charger ions, and
there are no significant signs of nucleation or growth during the iodic acid peak. Growing
particles, as well as possibly emission-related particles (dark red vertical lines), are present
outside the highest iodic acid peak, but during the peak, there is no visible nucleation
nor growth observed, implying that there might be a different nucleation mechanism for
iodic acid during that period than suggested in earlier studies.
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Figure 4.17: Number size distributions of naturally positive and negative ions and iodic acid concentra-
tion (left side), and number size distributions of neutral particles (charged in the NAIS) and iodic acid
concentration on 26.-27.4.2020.

As shown, the iodic acid concentrations measured in the central Arctic during the
MOSAiC expedition are sufficient to take part in forming new particles, although the
nucleation is not observed during the highest measured iodic acid concentration, in late
April. Further investigations on the absence of nucleation seen in NAIS are required,
to determine if the nucleation mechanism is different during high summertime iodic acid
concentrations compared to high concentrations in autumn.

4.8 Comparison with other studies in the Arctic

The observed trend of iodic acid concentrations measured in MOSAiC expedition is more
or less what was expected; low concentrations during winter, increasing concentrations
after occurrence of solar radiation in spring, highest concentrations during late spring and
early summer, and increasing concentrations again in autumn. The wintertime concentra-
tions stay rather constant and low, in the range of 2–9×104 molecules/cm3, as can be seen
from Figure 4.18, showing the calculated daily medians of iodic acid concentration. The
increase in concentration in spring is most probably due to sea ice thinning, solar radiation
and activation of sub-ice biological activity. The thinning ice is more prone to deforma-
tion, and thus the release of iodine species from seawater is enhanced. The increasing
solar radiation, in turn, enhances the atmospheric chemistry, and leads to increased for-
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mation of iodic acid from the precursors. High ozone concentration can also enhance the
iodine emissions from seawater and frozen saline surfaces. The maximum concentration
is measured during May, when the concentration reaches above 1×106 molecules/cm3.
The increase in August could be due to refreezing, as Baccarini et al. (2020) suggested,
whereas the source of the high iodic acid measured in late September are less likely from
the seawater, since the research vessel travelled approximately 1000 km towards the North
Pole in 12.–21.8.2020, as can be seen from the track of Polarstern (Figure 3.1).

2020 2019

Figure 4.18: Daily medians of iodic acid concentrations by month.

In order to evaluate the iodic acid results obtained from the MOSAiC expedition,
the comparison with other Arctic studies is shown in Figure 4.19. Iodic acid has been
measured earlier in Villum Research Station in Northern Greenland (81°36’N, 16°39’W),
from mid-February to the end of August 2015, and in Ny-Ålesund, Svalbard (78°55’N,
11°56’E), from the end of March to end of August 2017. Both reported by Beck et al.
(2021). The iodic acid observations from the Arctic Ocean expedition, that took place
from August to September 2018, were reported by Baccarini et al. (2020).
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Figure 4.19: Daily medians of iodic acid concentrations by month. Data obtained for Villum, Greenland
(February–August 2015) and Ny-Ålesund, Svalbard (March–August 2017) from Beck et al. (2021), and
for the Arctic Ocean (August–September 2018) from Baccarini et al. (2020).

The annual cycle of iodic acid follows the trends observed in earlier studies in Villum,
Ny-Ålesund and the Arctic Ocean, and the concentrations measured during MOSAiC
expedition are in the same range with the earlier observations made in other parts of the
Arctic. However, no earlier measurements from the Arctic covering the winter months and
the full Arctic year existed before the MOSAiC expedition. The new data from MOSAiC
cover the winter months that have earlier been missing. The wintertime concentrations
are higher than the concentrations observed in February in Greenland. The summertime
concentrations are in the same range with the ones measured in Greenland, but that
might also be due to the fact, that Polarstern was drifting and later in transit in the same
latitudes as the Villum station in Greenland. The summertime concentrations observed in
Ny-Ålesund are, in turn, rather high compared to other measurement sites, even though
the research vessel Polarstern was in the same latitudes during July and early August.
However, there might be annual variation in addition to the location-dependent differences
between the observed concentrations reported from the arctic measurement sites.

Beck et al. (2021) showed that the iodic acid concentration exceeding 1–2×106

molec./cm3 effectively leads to nucleation, forming secondary aerosol particles, while con-
centrations below 106 molec./cm3 are sufficient for observable new particle formation.
Baccarini et al. (2021) confirmed, that the critical concentration for NPF is in the same
range as suggested by Beck et al. (2021). The concentrations measured in MOSAiC were
generally between 5× 104 and 5× 107 molec./cm3, and during the summer season, from
April to July, and in autumn, in August and September, often exceeded 5×106 molec./cm3,
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suggesting that iodine-related NPF is relevant in our study area during the summer sea-
son and refreezing, at least during August and September. As Beck et al. (2021) showed,
iodic acid is almost solely responsible for NPF in sea ice-surrounded Northern Greenland,
while in open ocean-surrounded Ny-Ålesund, sulphuric acid (SA) and methanesulfonic
acid (MSA) mostly dominate the NPF. If sea ice cover and volume continue diminishing,
it could be possible that the role of iodic acid for NPF decreases while other mecha-
nisms, such as those including marine-originated sulphuric compounds (SA and MSA),
may dominate in the future.

4.9 Future work

As suggested earlier in this chapter, a more detailed and quantitative analysis of surface
influence from the trajectories might give more information on the sources of iodic acid on
a large scale. Regarding the influence of ice dynamics, a more accurate and corrected data
set is needed for the analysis connecting, for example, lead opening in the ice and sudden
increase in iodic acid concentrations, to determine if the open ocean is a source of iodic
acid observed in MOSAiC. In addition, the influence of the sea ice thickness and snow
depth in the vicinity of the research vessel should be examined, since the snowpack and
thinning ice have been identified as a major iodic acid source in the Arctic (Saiz-Lopez
et al., 2015; Gálvez et al., 2016; Kim et al., 2016; Raso et al., 2017; Baccarini et al., 2020).

Since He et al. (2021) suggested that the initial steps of iodic acid nucleation likely
involve hypoiodous acid (HIO2) and that neutral nucleation would occur via step-wise
condensation of HIO2 followed by iodic acid HIO3, analysis on HIO2 measured in MOSAiC
is necessary.

As the comparison with NAIS data shows that iodic acid takes part in new particle
formation, further investigation of the particle growth should be done. In order to study
the importance of iodic acid-driven new particle formation for the arctic climate, the
ability of the freshly nucleated particles to grow to CCN sizes ought to be investigated.
In addition, further investigations are required in order to explain the observed absence
of freshly nucleated particles during the highest iodic acid concentration measured in
MOSAiC.

Regarding the instrumentation, nitrate-CI-APi-TOF is suitable for measuring at-
mospheric precursor gases, but calibrating the measurement setup with iodine species
instead of nitric acid would improve measurement reliability when measuring iodine com-
pounds. However, there is yet no standardised practice to produce iodic acid in known
concentrations.



4.9. FUTURE WORK 46

It would also be important to evaluate the impact of the MOSAiC measurement
setup on the measurements conducted in during the expedition. Taking into account
that the measurement equipment and setups influence the area around them, the results
obtained from the measurements might contain artefacts. For example, the Polarstern’s
bright ship lights were continuously on, in order to ensure security and accessibility to the
measurement sites, especially in winter months during the polar night. However, artificial
lights might affect the atmospheric chemistry around the light source (Stark et al., 2011).
The iodine species are known to be very photolabile and dissociate easily in presence of
even the slightest amount of light. Therefore it is possible, that the ship lights have an
effect on the measurements conducted onboard Polarstern. Regarding photochemistry, a
laboratory experiment on iodic acid and its precursors could be performed.



5. Conclusions

In this thesis, the data collected during MOSAiC in the central Arctic with NO3-CI-
APi-TOF were analysed, and the first full-year time series of iodic acid measured in the
Arctic was presented, in order to quantify the seasonal cycle of iodic acid in the Arctic.
The annual iodic acid concentrations measured in the central Arctic during MOSAiC
expedition, ranging from 1 ×104 molecules/cm3 to 4 ×107 molecules/cm3 with a detection
limit of 1.22 ×105 molecules/cm3, are in the same range as observed in earlier studies
in other parts of the Arctic, including northern Greenland, Svalbard and Actic Ocean.
During winter months, the concentrations stayed mostly under the detection limit, but as
soon as the radiation started to occur and the temperatures started to rise, the iodic acid
concentrations increased rapidly in early March, rising again after the summer season, in
August and September.

The correlation between iodic acid and temperature, radiation and ozone were stud-
ied, and regarding temperature and radiation, the correlation with iodic acid during spring
was observed to be larger than for the whole year. An anticorrelating trend between iodic
acid concentration and ozone was observed during the period of high iodic acid concen-
trations, from mid-March to late May, showing that iodic acid is partially responsible for
ozone depletion in the Arctic.

The trajectory analysis and comparison with ice dynamics did not give adequate
results regarding the origin of measured iodic acid, and more detailed analyses on both
trajectories and ice dynamics are suggested to be done in future research. Nevertheless,
the measured iodic acid molecules are assumed to be local due to the short lifetime of the
species, and sources of iodine are presumed to be the open sea water, the thinning sea ice
and the snowpack, as suggested by earlier studies in the Arctic.

The particles were observed to form at times when iodic acid concentration was
measured to be high, suggesting that iodic acid takes part in the new particle formation.
However, the fact, that particles were not observed to form or grow significantly during
the highest iodic acid concentration measured in MOSAiC, requires further investigation
and evaluation of different iodic acid nucleation mechanisms.

The iodine levels have been rising significantly in the northern hemisphere over the
past decades (Cuevas et al., 2018). The risen iodine levels may either inhibit or accelerate
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the effects of Arctic warming, such as the sea ice melting. Thinning of the sea ice, in
turn, will most likely lead to enhanced iodine emissions due to more efficient transmission
of radiation and iodine-containing gases through the sea ice layer. If the sea ice melts
completely, the atmospheric iodine-forming mechanisms might be disturbed, and thus the
aerosol formation processes might be altered, that can lead to changes in the Arctic cloud
cover properties.

In the long term, the iodic formation mechanisms in the Arctic need to be studied in
more detail. Investigating the importance of iodic acid for the secondary aerosol formation
and studying the properties of newly formed iodic acid aerosols along the MOSAiC year
is crucial in order to improve the representation of Arctic aerosols in regional and global
climate models for understanding and predicting the future arctic climate.
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