
1.  Introduction
Aerosols have a major impact on our climate (Stocker et al., 2014). They scatter and absorb solar radiation 
and are part of cloud formation processes as cloud condensation nuclei (CCN) or ice nucleating particles 
(INP). The combination of aerosol-radiation and aerosol-cloud interactions contributes the largest fraction 
of uncertainty to the overall radiative forcing budget (Stocker et  al.,  2014). The present day (PD) aero-
sol forcing is calculated against a preindustrial (PI) baseline, which is poorly constrained because direct 
measurements of PI aerosols are impossible. Additionally, the radiative forcing due to aerosol-cloud in-
teractions (RFaci) is non-linearly dependent on the total aerosol number concentration and is much more 
sensitive to changes in low concentration regimes, which are more representative of the the PI time (Cars-
law et al., 2013, 2017). Therefore, the highly uncertain concentration and distribution of PI aerosols has a 
disproportionately large effect on the PD RFaci uncertainty. One way to constrain this uncertainty is to better 
characterize natural sources of aerosols, which were predominant during the PI time. However, there are 
very few places on Earth that may still resemble PI-like conditions with minimum anthropogenic influence. 
Among these locations, the Southern Ocean is probably the region with the highest number of PI-like days 
during summer (Hamilton et al., 2014). Recently, Regayre et al.  (2020) demonstrated that a small set of 
measurements over the Southern Ocean can be as effective as a two orders of magnitude larger and more 
heterogeneous set of data from the Northern Hemisphere in reducing the RFaci in a global climate model. 
This highlights the value of measurements in pristine and remote locations.
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The contribution of anthropogenic activities to the aerosol population over the Southern Ocean is small 
and generally limited to the more northerly sector (Schmale, Baccarini, et al., 2019; Uetake et al., 2020). 
This implies that natural emissions constitute the overwhelming share of the aerosol population with sea 
spray and new particle formation from marine emissions presumably being the two main aerosol sources. 
Other minor sources are volcanic emissions (Schmidt et al., 2012), emissions associated to sea birds and 
other animals (Legrand et al., 1998; Schmale et al., 2013) and blowing snow from ice covered regions (Frey 
et al., 2020). The concentration of sea spray aerosol (SSA) is mainly driven by wind speed and sea state and 
can vary largely across the Southern Ocean (Quinn et al., 2017; Schmale, Baccarini, et al., 2019). Previous 
measurements in the Southern Ocean reported a contribution between 𝐴𝐴 10% and 𝐴𝐴 100% to the total CCN num-
ber concentration, depending also on supersaturation (Fossum et al., 2018; Quinn et al., 2017; Schmale, Bac-
carini, et al., 2019). Ocean biology is also known to affect the SSA aerosol number concentration and hygro-
scopicity (Collins et al., 2016; Long et al., 2014; Sellegri et al., 2021). However, no direct influence of ocean 
biology on the SSA total number concentration emerged from the measurements during the Antarctic Cir-
cumnavigation Expedition (Landwehr et al., 2021). NPF occurs via the nucleation of low-volatility vapors 
to form small particles, which eventually grow by condensation of the same or other gaseous compounds. 
Over the Southern Ocean, NPF is thought to happen mainly via sulfuric acid (Clarke et al., 1998; Gordon 
et al., 2017; Yoon & Brimblecombe, 2002), which is formed from the oxidation of dimethyl sulfide (DMS), a 
biogenic compound produced in the water by phytoplankton. During the austral summer the concentration 
of DMS in the water of the Southern Ocean is the highest of the planet (Lana et al., 2011), with high fluxes 
into the atmosphere and potentially producing high concentrations of sulfuric acid. However, under typical 
boundary layer conditions the concentration of sulfuric acid is too low to form particles alone, and another 
molecule, such as ammonia, is required to stabilize the nucleating clusters (Kirkby et al., 2011). Jokinen 
et al. (2018) reported the first molecular characterization of NPF from Aboa station (𝐴𝐴 73.0364 ◦ S, 𝐴𝐴 13.4109 ◦ W) 
in Antarctica, showing that new particles are formed via nucleation of sulfuric acid and ammonia. Sources 
of ammonia over the Southern Ocean are related to animals, mainly bird or seal colonies, which are known 
to be strong local sources of ammonia (Riddick et al., 2012, 2016; Schmale et al., 2013). The concentration 
of ammonia over the open ocean is poorly constrained and is expected to be lower than over coastal Antarc-
tica. However, Altieri et al. (2021) reported mixing ratios of tens of ppt across the Atlantic Southern Ocean, 
comparable to the estimates from Jokinen et al. (2018) in Aboa. More recently, Brean et al. (2021) showed 
that NPF around the Antarctic peninsula is driven by sulfuric acid and alkylamines, with the ice-covered 
Weddell Sea being the main source region for alkylamines. These results are consistent with previous stud-
ies reporting that the sea ice region around Antarctica is enriched in alkylamines and other organic nitrogen 
molecules, which were also found both in primary and secondary aerosol (Dall'Osto et al., 2017, 2019; Dece-
sari et al., 2020; Rinaldi et al., 2020). Another potentially important compound for NPF in this region is io-
dine, which is known to form new particles via iodic acid nucleation (Baccarini et al., 2020; He et al., 2021; 
Sipilä et al., 2016). Iodine concentrations can be very high in Antarctica and iodine monoxide mixing ratios 
exceeding 20 ppt have been reported in coastal Antarctica (Saiz-Lopez et al., 2007; Schönhardt et al., 2008).

Previous studies in Antarctica (Jang et al., 2019; Järvinen et al., 2013; Jokinen et al., 2018; Kim et al., 2019; 
Lachlan-Cope et al., 2020; Weller et al., 2015) and over the Southern Ocean (Brean et al., 2021; Dall'Osto 
et al., 2017; Heintzenberg et al., 2004; Humphries et al., 2015) have shown that airmasses during NPF events 
frequently originated from sea ice regions or from above the boundary layer. Some field studies have ob-
served a higher concentration of nucleation mode sized particles in the free troposphere (Clarke & Kapus-
tin, 2002; Clarke et al., 1998; McCoy et al., 2021; Sanchez et al., 2021; Weber et al., 1998) and proposed that 
NPF may occur predominantly in the free troposphere in the outflow of clouds. Here, formation rates can be 
higher because of the lower temperatures and smaller condensation sink. Newly formed particles can then 
be entrained in the boundary layer following for example the passage of cold fronts (Gras et al., 2009; Jimi 
et al., 2008). These results are also supported by modeling studies suggesting that typical marine boundary 
layer conditions are unfavorable for NPF (Katoshevski et al., 1999; Pirjola et al., 2000; Korhonen et al., 2008; 
Revell et al., 2019; Yoon & Brimblecombe, 2002). However, global climate models also tend to underesti-
mate both the Aitken mode aerosol concentration (Hodshire et al., 2019) and the CCN number (Chambers 
et al., 2018; McCoy et al., 2020; Schmale, Baccarini, et al., 2019) over the Southern Ocean, pointing toward 
a missing aerosol source or an inaccurate process representation (e.g., too strong deposition velocity) in the 
models. The underestimation of Aitken mode particles is particularly relevant because NPF is believed to be 
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the largest source of particles in this size range (MÅrtensson et al., 2010; Seinfeld & Pandis, 2016; Spracklen 
et al., 2007). The reason for this discrepancy is still not known and additional process based measurements 
over the Southern Ocean are required to better understand the sources and distribution of aerosols.

An important process that is often overlooked is DMS oxidation, which is generally implemented in mod-
els without considering heterogeneous chemistry. This is particularly relevant for methanesulfonic acid 
(MSA), an oxidation product of DMS, which can be more efficiently produced in the aqueous phase than in 
the gas phase (Q. Chen et al., 2018; Hoffmann et al., 2016) and increases the mass of aerosols activated in 
cloud droplets (cloud processing). MSA constitutes a large fraction of the secondary aerosol mass over the 
Southern Ocean, up to 𝐴𝐴 50% compared to the non-sea-salt sulphate aerosol mass (Preunkert et al., 2007; Yan 
et al., 2019), but its contribution to the CCN budget has not been quantified so far.

In this work, measurements of low-volatility vapors and the observations of NPF events during the Antarc-
tic Circumnavigation Expedition (ACE) will be presented. In particular, we measured the concentration of 
sulfuric acid, MSA and iodic acid together with naturally charged ions and newly formed aerosol particles. 
In the Methods (Section 2) we provide details on the expedition, the instruments used and the methodology 
adopted to treat the data. The results and discussion (Section 3) is divided into three parts. The first part 
provides a broad overview of the results with a focus on sulfuric acid, iodic acid and MSA distribution over 
the Southern Ocean. In the second part we provide a detailed analysis on sources and processes controlling 
the MSA concentration, both in the gas and in the condensed phase. The third part is centered around NPF 
with a presentation of the events detected during ACE, a characterization of the nucleating vapors and a 
description of the most relevant drivers for the formation of new particles. The conclusions (Section 4) 
summarizes our results and put them into perspective.

2.  Methods
The Antarctic Circumnavigation Expedition took place between December 2016 and March 2017, sailing 
around Antarctica across the Southern Ocean on board of the Russian icebreaker Akademik Tryoshnikov. 
The expedition was divided into 3 legs:

1.	 �Leg 1: from Cape Town (South Africa) to Hobart (Tasmania) [December 20, 2016– January 19, 2017]
2.	 �Leg 2: from Hobart (Tasmania) to Punta Arenas (Chile) [January 22, 2017–February 22, 2017]
3.	 �Leg 3: from Punta Arenas (Chile) to Cape Town (South Africa) [February 26, 2017–March 19, 2017],

with several stops around islands and other points of interest during the voyage. A detailed description of 
the voyage is reported in Schmale, Baccarini, et al. (2019) and in the cruise report (Walton & Thomas, 2018).

We measured sulfuric acid, MSA and iodic acid using a nitrate Chemical Ionization Atmospheric Pressure 
interface Time-of-Flight Mass Spectrometer (CI-APi-ToF) (Baccarini et al., 2019a, 2019b, 2021a; Jokinen 
et al., 2012). During some periods the chemical ionization inlet was removed and the instrument was op-
erated as an APi-ToF to exclusively characterize the chemical composition of naturally charged ions (Jun-
ninen et al., 2010). The concentration and size distribution of newly formed and Aitken mode particles 
were obtained using a Neutral cluster and Air Ion Spectrometer (NAIS) (Baccarini et al., 2021b; Mirme 
& Mirme, 2013). The NAIS measures ions from about 0.8 to 40 nm and neutral particles from about 2 to 
40 nm. The particle size distribution (PSD) was measured using a Scanning Mobility Particle Sizer (SMPS) 
and an Aerodynamic Particle Sizer (APS), together covering a size range from 11 nm to 19 μ m (Schmale 
et  al.,  2019a,  2019b). The PSDs obtained from these two different instruments were combined using a 
mode-fitting technique similar to Modini et al. (2015). The results of the mode-fitting procedure were used 
to estimate the aerosol number concentration in the different modes and to calculate the condensation sink 
following Dal Maso et al. (2002). Standard meteorological variables, such as air temperature, wind speed 
and wind direction were measured with different sensors both on the portside and on the starboard side of 
the ship as described by Landwehr et al. (2019).

Aerosols and gases were sampled from three different inlets mounted on a container, which was located 
on the second deck of the ship at a height of about 15 m above the ocean surface. Two of the inlets (the 
ones used for standard aerosol and trace gas measurements) consisted of heated 2 m long vertical stainless 
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steel tubes of 2.54 cm outer diameter (OD) and a specifically designed top-cover for isokinetic sampling of 
particles up to 40 μ m in diameter, following the Global Atmosphere Watch recommendations for aerosol 
sampling (Weingartner et al., 1999). Conductive tubing was used to connect the aerosol instrumentation 
to the main inlets inside the container. A third inlet was specifically designed for short residence time of 
the sampled air to improve detection of low-volatility vapors and newly formed particles. This inlet was a 
simple 1.5 m long stainless steel tube of 5 cm inner diameter and a U-shaped bend at the end to prevent rain 
from entering. It was not heated. The (CI)-APi-ToF and the NAIS were sampling behind this third inlet and 
were operated only during Leg 2 and Leg 3. The (CI)-APi-ToF was connected directly to the main inlet with 
a straight vertical 40 cm long stainless steel tube (1.9 cm OD, 10 lpm flow rate). The NAIS was connected 
to the main inlet with a 190 cm long stainless steel tube (3.5 cm OD, 60 lpm flow rate), containing three 𝐴𝐴 90◦ 
bends. Losses through the (CI)-APi-ToF and NAIS sampling lines were calculated theoretically following 
Kulkarni et al. (2011) whereas for the other aerosol instruments the losses were experimentally character-
ized using size selected polystyrene latex particles. A more detailed description of the measurement set-up 
is provided in the cruise report (Walton & Thomas, 2018) and in Schmale, Baccarini, et al. (2019).

The CI-APi-ToF was calibrated for sulfuric acid at the end of the campaign with a series of experiments at 
the Paul Scherrer Institute (PSI) smog chamber (Paulsen et al., 2005), yielding a calibration constant of:

𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴 = 6.9 × 109[−50% + 100%]molecule cm−3,�

with the calibration uncertainty being indicated in the square brackets. The same calibration constant was 
used to quantify MSA and iodic acid based on the assumption that the ionization proceeds at the kinetic 
limit for species that have a lower proton affinity than nitric acid as in these cases. The large uncertainty on 
the calibration coefficient accounts for the variability of measurement conditions and the fact that the cali-
bration was performed after the campaign. A description of the CI-APi-ToF and its calibration is reported in 
the Text S1 in Supporting Information S1.

The nitrate CI-APi-ToF is designed to work with a constant addition of nitric acid to the sheath flow in 
order to produce the reagent ions which are used to ionize the sample air. During ACE, the instrument was 
operated without an active addition of nitric acid due to a technical problem which was identified only at 
the end of the expedition. Still the background concentration of nitric acid, desorbing from the walls of the 
inlet lines, was enough to produce a sufficiently high reagent ion concentration like in a regularly operated 
nitrate CI-APi-ToF. This was confirmed by the sulfuric acid calibration, which is comparable with previ-
ously reported values (Jokinen et al., 2012; Kürten et al., 2012). However, the nitric acid concentration was 
probably not high enough to take up all the charges produced by the photoionizer. Therefore, reactions with 
other ions like O2

– and CO3
– also occurred inside the nitrate CI-APi-ToF inlet. These other reactions led to 

the production of SO5
– and HSO4

– from ambient SO2, which interfered with the detection of ambient sulfu-
ric acid. A detailed characterization of this issue was performed with experiments at the PSI smog chamber 
and at the CLOUD chamber at CERN. Unfortunately, because the background production of HSO4

– was not 
constant and depended strongly on the instrument settings, such as the inlet flow and voltages, it was not 
possible to correct for it within a reasonable uncertainty. Therefore, all sulfuric acid values reported in this 
work are uncorrected and should be considered as upper limit estimates.

Gases and aerosol particles generated by the ship exhaust and other campaign related activities (e.g., hel-
icopter flights) were identified and separated from the background measurement data. As described in 
Schmale, Baccarini, et al. (2019), data were filtered using a method based on particle number, black carbon 
and CO2 concentrations leading to a removal of about 𝐴𝐴 50% of the data for the entire expedition. However, 
there are also species that are not produced by the ship exhaust, like MSA and iodic acid. Figure 1 shows 
sulfuric acid, MSA and iodic acid data in clean and polluted conditions by means of violin plots, together 
with box and whiskers for a concise statistic summary. A violin plot represents the distribution of the data 
using a kernel density estimate (Hintze & Nelson, 1998). As expected, sulfuric acid was clearly affected by 
the ship exhaust with much higher concentrations during polluted conditions, whereas iodic acid was not.

A special situation is found for MSA which showed a cluster of high values (larger than 𝐴𝐴 108 molecules 
𝐴𝐴 cm−3 ) during a polluted period. However, this was a single event where pollution and high MSA occurred 

coincidentally, but without the pollution causing the high concentration. The event was investigated but it 
remains unknown why MSA concentrations were so high, because no clear relationship with any external 
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variable was identified. Data from this event were not considered for further analysis because their validity 
is uncertain.

Even if MSA and iodic acid are not directly emitted by the ship exhaust they could still be affected by the 
higher aerosol concentration within the exhaust plume which acts as a condensation sink and can reduce 
the concentration of low-volatility vapors. This effect is not evident from the data distribution shown in 
Figure 1, however, there are periods where emissions from the ship reduce the concentration of gaseous 
MSA and iodic acid. Figure S1 in Supporting Information S1 shows an example of this: during pollution 
(gray shadowing) there are clear spikes in the sulfuric acid and 𝐴𝐴 SO−

5  signal (which is produced from 𝐴𝐴 SO2 ) 
and in some cases dips in the MSA and iodic acid traces. However, these dips are not always present and 
generally less pronounced than the pollution spikes, explaining why the overall data distribution seems to 
be unaffected by pollution. Therefore, given that the effect of pollution on reducing the concentration of 
MSA and iodic acid is minor, both polluted and clean data were included in the following analysis (except 
for the single high-concentration event of MSA mentioned above).

We identified NPF events based on the analysis of the particle and ion size distribution below 10 nm from 
the NAIS, after excluding the influence from ship exhaust. In particular, only periods with an increase of the 
sub-10 nm particle concentration larger than a factor of 3 compared to the baseline were considered as NPF 
events. The sub-10 nm particle concentration baseline was calculated using a 2 hr average before and after 
each potential event. We also excluded cases where the increase in the sub-10 nm concentration could be at-
tributed to a tail of the Aitken mode based on a visual inspection of the PSD. Regarding the identification of 
the ship exhaust influence, we used a less conservative approach compared to the standard pollution mask 
applied to the gas-phase data (originally developed by Schmale, Baccarini, et al. (2019)) because some of the 
NPF event would have been classified as polluted despite their natural origin. Individual NPF events were 
inspected to assess their natural origin by looking at the wind direction, the particle number concentration 
and the overall particle size distribution. In particular, the wind direction had to be outside of the polluted 
sector (defined as a 𝐴𝐴 120◦ angle centered around a line connecting the sampling inlet with the chimney of the 
ship, which translates to a relative wind direction between 𝐴𝐴 150◦ and 𝐴𝐴 270◦ ), while the particle concentration 
in different size ranges was analyzed to assess if the increase of particles smaller than 𝐴𝐴 ∼ 10 nm originating 
from NPF was associated to an increase of larger particles potentially coming from the ship exhaust (ship 
emissions are typically characterized by a bimodal size distribution with both a nucleation and an Aitken 

Figure 1.  Violin, and box and whiskers plots of sulfuric acid, methanesulfonic acid and iodic acid divided into clean 
and polluted conditions. Here, polluted means that the measurements were affected by the exhaust of the research 
vessel. Polluted periods were identified according to the pollution mask developed by Schmale, Baccarini, et al. (2019). 
The box extends from the first quartile (Q1) to the third quartile (Q3) with a line indicating the median. The whiskers 
are set to 𝐴𝐴 1.5× [Q3-Q1].
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mode (Ovaska et al., 2019)). The size distribution of both particles and ions was also qualitatively inspected 
to identify the presence of features which could hint at an influence from the ship exhaust, such as the lack 
of the ion cluster band (small ions are typically scavenged inside the ship plume because of the higher coag-
ulation sink), large differences between the positive and the negative ion size distributions (the aerosol pop-
ulation emitted by the ship often does not reach a charge equilibrium because of the short distance between 
the chimney and the inlet) and other rapid changes in the PSD. Pollution spikes of short duration during 
NPF events where identified based on the concentration of particles larger than 30 nm (we set a threshold 
of 500 particles 𝐴𝐴 cm−3 ) and removed from the PSD figures for graphical reasons.

3.  Results and Discussion
3.1.  Overview of ACE Results

Here, we first introduce Figures 2–6 briefly to provide an overview of the main results and then, below, dis-
cuss in detail the implications following from them. Figure 2 shows an overview map with the expedition 
track, 6-h averages of sulfuric acid, MSA and iodic acid concentration measurements and the location of 
NPF events, which will be described in Section 3.3. The same set of data is also reported in Figures 3a and 3b 
together with the air temperature as hourly averages. Gaps in the data indicate either instrumental prob-
lems or periods when the instrument was operated as an APi-ToF. The time is given in the UTC time-zone 
here and in the rest of this manuscript, unless specified differently. Additionally, in Figure 4 the distribution 

Figure 2.  Map showing the track of the expedition and concentrations of sulfuric acid, methanesulfonic acid (MSA) 
and iodic acid. The concentration of the gas species is reported with color coded lines on a logarithmic scale, showing 
1-h median values. The location of the new particle formation events is also reported together with the sea ice 
concentration (fraction of covered surface) retrieved for January 2017 (Maslanik & Stroeve, 1999). The MSA and iodic 
acid data were shifted on the map for better visualization. There are no data available for Leg 1 because the CI-APi-ToF 
and the NAIS were not operated.



Journal of Geophysical Research: Atmospheres

BACCARINI ET AL.

10.1029/2021JD035126

7 of 25

of the data divided into two latitudinal ranges (above and below 𝐴𝐴 60 ◦ S) is reported. These two latitudinal 
bands can be classified as Antarctic and Subantarctic regions (Nowlin & Klinck, 1986).

Figure  5 illustrates the day and night time data distributions of the trace gases under consideration by 
means of violin, and box and whiskers plots. The separation between day and night is based on the solar 
irradiance (SIR) data (night is when SIR is null and day when SIR is larger than 𝐴𝐴 10 Wm−2 ). Additionally, 
Figure 6 depicts the diurnal cycles of the data, which were binned according to the local time. We identified 
the local noon based on the maximum height of the sun above the horizon and the data were shifted ac-
cordingly before the diurnal averaging. This procedure was necessary to avoid artifacts due to the eastward 
movement of the ship, which caused a continuous shift of the local time with respect to UTC. Moreover, 
the different latitudes at which the measurements were performed had an effect on the day duration, which 
can affect the width of the diurnal profiles. To investigate this effect, we also calculated the diurnal profiles 
separately for measurements above and below 𝐴𝐴 60 ◦ S as reported in Figure S2 in Supporting Information S1. 
It is evident that the latitudinal variation does not strongly determine the diurnal evolution of the investi-
gated species but it has an effect on their absolute values (MSA and to a smaller extent also sulfuric acid are 
higher in more southerly latitudes). The fact that latitude does not have a noticeable effect on the diurnal 
distribution of the data can probably be explained by solar irradiance being lower at higher latitudes and 
compensating for the longer duration of the days (Figure S2d in Supporting Information S1).

The main results, which can be inferred from these overview figures regarding the spatial and temporal 
distribution of gaseous sulfuric acid, MSA and iodic acid over the Southern Ocean, are:

Figure 3.  Time series of sulfuric acid, methanesulfonic acid and iodic acid (left axis). Solid lines represent hourly mean values and the shaded envelopes 
around these lines represent 𝐴𝐴 ± 1 standard deviation. Temperature is shown on the right axis. (a) Leg 2 data and (b) Leg 3 data.
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Sulfuric acid shows a clear diurnal cycle with higher concentration during midday. This result is consistent 
with sulfuric acid being predominantly produced via photo-oxidation of 𝐴𝐴 SO2 and is in line with previous 
measurements in several marine environments (Berresheim et al., 2002; Lucas, 2002; Mauldin et al., 1999) 
and in Antarctica (Jefferson, Tanner, Eisele, & Berresheim, 1998; Mauldin et al., 2003). On the other hand, 
its night time values are surprisingly high; this could be an indication of a night time production mecha-
nism as previously suggested (Lucas, 2002; Mauldin et al., 2003) or more likely an indication of the instru-
mental background sulfuric acid production problem described above. Nevertheless, it is safe to assume that 
the sulfuric acid increase during day time hours is not driven by the instrument background production 

Figure 4.  Violin, and box and whiskers plots of sulfuric acid, methanesulfonic acid and iodic acid separated by 
latitude. Measurements south and north of 𝐴𝐴 60 ◦ S are representative of Antarctic and Subantarctic conditions, 
respectively. The box extends from the first quartile (Q1) to the third quartile (Q3) with a line indicating the median. 
The whiskers are set to 𝐴𝐴 1.5× [Q3-Q1].

Figure 5.  Violin, and box and whiskers plots of sulfuric acid, methanesulfonic acid and iodic acid separated by day and 
night. The separation was done based on the solar irradiance (SIR) value, with night being SIR 𝐴𝐴 = 0 Wm−2 and day SIR 

𝐴𝐴 𝐴 10 Wm−2 . The box extends from the first quartile (Q1) to the third quartile (Q3) with a line indicating the median. 
The whiskers are set to 𝐴𝐴 1.5× [Q3-Q1].
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because 𝐴𝐴 SO2 does not have a diurnal cycle as confirmed by the 𝐴𝐴 SO−
5  measurements (Figure S3 in Support-

ing Information S1). Finally, the sulfuric acid concentration was higher in the region around Antarctica, 
which is a more biologically productive region characterized by higher DMS concentration in the water 
(Lana et al., 2011). However, the 𝐴𝐴 SO−

5  signal was also higher in this region, which may indicate a larger sul-
furic acid instrumental background. Therefore, these variations must be interpreted with caution.

MSA does not show any diurnal cycle and the distribution of the data is very similar between day and night, 
the only difference being the presence of a lower concentration mode during night time (Figure 5). This 
lower concentration mode is likely related to periods of high RH, where the partitioning of MSA is shifted 
toward the condensed phase. This topic will be analyzed in more detail in the next section. While previous 
observations already reported that gaseous MSA has a weak to non-existent diurnal cycle (Lucas, 2002; 
Mauldin et al., 1999), this study is the first to show it on a large regional scale. The absence of a clear MSA 
diurnal cycle suggests that photochemical production from DMS oxidation is only of minor importance, in 
line with recent modeling work, which proposed that the largest fraction of MSA is produced in the aqueous 
phase (Q. Chen et al., 2018; Hoffmann et al., 2016). Condensed phase MSA could then be followed by parti-
tioning to the gas phase. The MSA concentration is also higher close to Antarctica, like sulfuric acid, with a 
distribution peaking at around 𝐴𝐴 107 molecules 𝐴𝐴 cm−3 and the median being about 3.7 times higher compared 
to the Subantarctic region (Figure 4). As described, the region around Antarctica is characterized by higher 
DMS concentrations which could probably explain the higher MSA concentration. Additionally, higher 
latitudes correspond to lower temperatures, which increase the MSA production yield from DMS oxidation 
compared to 𝐴𝐴 SO2 production (Barnes et al., 2006). We will provide a more detailed analysis of MSA variabil-
ity and its sources over the Southern Ocean in Section 3.2.

Iodic acid is characterized by a peculiar diurnal cycle peaking at dawn and dusk with a minimum around 
noon and very low concentration during night time (the median is below 𝐴𝐴 105 molecules 𝐴𝐴 cm−3 ). This indi-
cates the presence of a photochemical source and no production during night. Although the formation 
mechanism of iodic acid is still not well understood, it is known that iodic acid is formed from the iodine 
radical, which is photochemically produced from precursor molecules like 𝐴𝐴 I2 , 𝐴𝐴 HOI or 𝐴𝐴 CH2I2 (Gómez Martín 

Figure 6.  Diurnal profiles of (a) sulfuric acid, (b) methanesulfonic acid and (c) iodic acid. The thick line represents the 
median and the shaded area the interquartile range. Data were binned using local time determined by the sun height 
above the horizon. The red line is the solar irradiance median with values on the right axis.
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et al., 2020; He et al., 2021; Saiz-Lopez et al., 2012) and this is consistent with the observations reported here. 
Figure 7 shows the iodic acid concentration binned by SIR to illustrate the effect of solar radiation. This 
plot shows that the highest iodic acid concentration is measured when SIR is between 20 and 𝐴𝐴 80 Wm−2 and 
decreases for higher values up to 𝐴𝐴 1000 Wm−2 . The diminished concentration around noon (high SIR) does 
not have any obvious explanation and it has not been reported before. Two possible hypotheses are (a) that a 
precursor of iodic acid is reacted away by the 𝐴𝐴 OH and/or the 𝐴𝐴 HO2 radicals, which have higher concentrations 
during noon, or (b) that iodic acid or one of its precursors are photolabile and are photolyzed during the day. 
Without a proper understanding of iodic acid formation it is not possible to discriminate between the afore-
mentioned processes. However, Gómez Martín et al. (2020) proposed that iodic acid may be formed from 

𝐴𝐴 IO or 𝐴𝐴 I2O3 , where both molecules are photolabile in the near-UV (Lewis et al., 2020; Saiz-Lopez et al., 2012) 
and a reduced concentration of 𝐴𝐴 IO during midday has also been predicted (Saiz-Lopez et al., 2014, 2015). 
Therefore, photolysis is probably the reason for the reduced iodic acid concentration at higher SIR values. 
This phenomenon may have consequences on the latitudinal and seasonal distribution of iodic acid and 
its contribution to NPF. He et al. (2021) demonstrated that iodic acid does not require the presence of 𝐴𝐴 OH 
to form; ozone and the iodine radical are sufficient. The amount of solar radiation reaching the surface is 
generally enough to photolyze 𝐴𝐴 I2 even when the atmospheric optical depth is high (e.g., the sun is low over 
the horizon), meaning that the most favorable conditions for iodic acid formation may be at high latitudes 
or during early morning/late afternoon. This observation is consistent with recent studies in the Arctic 
reporting iodic acid NPF in spring and autumn (Baccarini et al., 2020; Beck et al., 2021). Regarding the 
latitudinal distribution in the Southern Ocean, iodic acid does not show any evident geographical pattern 
and the data distribution is similar in the Antarctic and Subantarctic regions. It is interesting to note that 
iodic acid was not enhanced around the coast of Antarctica, despite previous studies showing exceptionally 
high concentrations of other iodine oxides near coastal Antarctica (Saiz-Lopez et  al.,  2007; Schönhardt 
et al., 2008). This difference is not necessarily a discrepancy considering that different iodine oxides, meas-
ured in different years and locations, are compared. However, this is a topic that deserves further attention 

Figure 7.  Iodic acid box and whiskers plots as a function of solar irradiance (SIR). Data were binned into different SIR classes as indicated by the axis label. 
The original data are shown with the small semi-transparent circles. The box extends from the first quartile (Q1) to the third quartile (Q3) with a line indicating 
the median. The whiskers are set to 𝐴𝐴 1.5× [Q3-Q1].
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considering the importance of iodic acid for NPF in other locations (Baccarini et al., 2020; Beck et al., 2021; 
Sipilä et al., 2016).

3.2.  Sources and Processes Controlling MSA Concentration

In the previous section we tentatively explained the absence of a diurnal cycle in the concentration of gas-
eous MSA by the fact that DMS photoxidation is likely not the dominant source of MSA over the Southern 
Ocean. However, the lifetime of gaseous MSA should also be considered because the atmospheric con-
centration is controlled by both sources and sinks. MSA is a stable molecule which does not react further 
under typical tropospheric conditions (Barnes et al., 2006). Therefore, its major sinks are condensation to 
pre-existing aerosol surfaces and dry deposition to the ocean. Previous studies have treated MSA conden-
sation similar to sulfuric acid, assuming kinetic condensation with different accommodation coefficients 
(Ammann et al., 2013; Berresheim et al., 2002; De Bruyn et al., 1994; Hanson, 2005) varying from about 
0.2 to 1 and obtaining a typical lifetime of 40 min or lower (Berresheim et al., 2002, 2014). Using the same 
approach for the ACE data leads to a median and interquartile (IQR) range of the MSA lifetime equal to 

𝐴𝐴 55 (39 ; 79) minutes for an accommodation coefficient of 0.2, and 𝐴𝐴 23 (16 ; 30) minutes for an accommoda-
tion coefficient of 1. In both cases, the lifetime is relatively short and a decrease in the concentration of MSA 
during night time would be expected if photooxidation were the dominant source, which was generally not 
observed. We estimated the lifetime of gaseous MSA against dry deposition to the ocean to be around 22 hr 
during ACE, which is much longer than the estimated condensation timescales. We calculated dry depo-
sition lifetime by assuming an average boundary layer height of 800 m as reported by Schmale, Baccarini, 
et al. (2019) and a deposition velocity of 1 cm 𝐴𝐴 s−1 , which is the typical value for nitric acid over the ocean 
(Seinfeld & Pandis, 2016). Nitric acid and MSA should have a similar deposition velocity as they are equally 
soluble in water (Seinfeld & Pandis, 2016).

A possible source of gasous MSA which could explain the absence of a diurnal cycle is evaporation of MSA 
from the condensed phase. Previous studies already hypothesized that MSA may evaporate from particles, 
especially at low relative humidity (RH) (Berresheim et  al.,  2002; Mauldin et  al.,  1999). More recently, 
Hodshire et al. (2019) provided a parametrization of MSA equilibrium vapor pressure using the Extended 
Aerosol Inorganics Model (Wexler & Clegg, 2002) and showed that MSA could behave both as a non-volatile 
or semi-volatile species depending on the environmental conditions (temperature and relative humidity) 
and aerosol acidity. This is an important result, which can be used to represent more accurately the parti-
tioning of MSA between the gas and the particle phase. However, in the work of Hodshire et al. (2019) only 
the MSA to ammonia ratio was used to evaluate the role of particle acidity without considering the role of 
other compounds.

The gaseous MSA concentration during ACE follows a trend similar to previous studies (Berresheim 
et al., 2002; Davis et al., 1998; Jefferson, Tanner, Eisele, Davis, et al., 1998; Mauldin et al., 1999) with higher 
values at lower RH and temperature. Figure 8 shows the gaseous MSA concentration as a function of rel-
ative humidity with data separated between day and night for two different parts of the ACE transect. We 
isolated these two different periods to reduce confounding factors due to the intrinsic variability of the data 
set; they correspond to transects in a defined latitudinal range and with small temperature variations. The 
first period extends from February 4 to February 17, 2017 and includes measurements very close to the Ant-
arctic continent with a temperature median and IQR of −0.8 (−1.3; −0.3) ◦ C The second period lasts from 
March 4 to March 14, 2017. It is more representative of Subantarctic conditions and was characterized by 
a temperature median and IQR of 1.1 (0.8; 1.4) ◦ C. The number of MSA measurement points contained in 
these two periods is similar (80 and 89 hr of measurements, respectively) and corresponds in total to about 

𝐴𝐴 2∕3 of the entire MSA data set. The same plot of gaseous MSA as a function of RH for the full ACE data 
set is reported in Figure S4 in Supporting Information S1. Both Figure 8 and Figure S4 in Supporting In-
formation S1 show a clear increase of gaseous MSA with decreasing RH, most notably during night time. 
Focusing on Figure 8, in the first period the decrease is evident only for RH greater than 𝐴𝐴 90% and 𝐴𝐴 95% for day 
and night time, respectively. The second period, instead, is characterized by a more continuous decrease of 
MSA with increasing RH during night, whereas the trend in the day time data is less clear. In Figure S5 of 
Supporting Information S1, we show the same as in Figure 8, but exclusively using data when ship exhaust 
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influence was absent. Results show that the increasing trend of MSA with lower RH persists, confirming 
that results in Figure 8 including all data are not affected by pollution.

We used the Extended Aerosol Inorganics Model (E-AIM, http://www. aim.env.uea.ac.uk/aim/aim.php, 
last access: April 22, 2021) (Clegg et al., 1998; Friese & Ebel, 2010; Wexler & Clegg, 2002) to investigate if 
MSA partitioning could explain the increased MSA gaseous concentration at lower RH. E-AIM is a ther-
modynamic model which allows to calculate the equilibrium of gas, liquid and solid phases for an aqueous 
aerosol system. The system can be composed of several inorganic ions and organic components (the organic 
properties must be defined by the user) and probe different environmental conditions (temperature and 
RH). We used ion chromatography data of daily 𝐴𝐴 PM10 filter samples (Tatzelt et al., 2020) as input for the 
chemical composition in E-AIM. Non-sea-salt (nss) sulphate and ammonium in the 𝐴𝐴 PM10 filters were clearly 
affected by the ship exhaust, and therefore only a subset of the filters (23 over a total of 91 filters) with min-
imum contamination was considered as explained in the Text S2 of Supporting Information S1. Figure S6 
in Supporting Information S1 reports the concentrations of the major ions in the selected subset of filters. 
The mass concentration is dominated by sodium and chloride as expected given the large abundance of sea 
spray aerosols during ACE (Schmale, Baccarini, et al., 2019). The nss-sulphate to ammonium ratio points 
toward a large degree of neutralization (the molar ratio median and IQR are 0.57 and 𝐴𝐴 0.40 − 0.63 , respec-
tively). Previous studies in the Southern Ocean and coastal Antarctica have reported generally more acidic 
aerosols but there is a large range of variability with the nss-sulphate to ammonium ratio varying between 
0.5 and 2 and in few cases even larger values (Barbaro et al., 2017; Legrand et al., 1998; Quinn et al., 1998; 

Figure 8.  Gaseous methanesulfonic acid (MSA) box and whiskers plot as a function of relative humidity (RH) during two different transects in (a) Leg 2 and 
(b) Leg 3. Data were separated between day and night and binned into different RH classes as indicated by the axis label. The original data are shown with the 
small semitransparent circles. The red line in the inset map illustrates the region over which data were collected. The box extends from the first quartile (Q1) 
to the third quartile (Q3) with a line indicating the median. The whiskers are set to 𝐴𝐴 1.5× [Q3-Q1]. The solid lines in the plots are the predicted MSA gas phase 
concentrations by partitioning models for different simplified bulk aerosol compositions and as a function of RH (axis on the top). The red line refers to a fully 
neutralized aerosol system including only sulphate, ammonium and MSA. The purple line relates to a system containing also sea spray aerosol (SSA), in this 
case the chloride, sodium and sea spray sulphate median concentrations from Antarctic Circumnavigation Expedition (ACE) were used. The green line and 
shadowed region refer to a system with only 𝐴𝐴 10% of the SSA concentration measured during ACE and varying ammonium concentrations to mimic different 
degrees of neutralization. The model used for the simulation cannot account for supersaturated solutions when including also sodium and chloride, therefore 
the two simulations with SSA stop at higher RH because of aerosol efflorescence.

http://www
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Savoie et al., 1993; Schmale et al., 2013; Teinilä et al., 2000; Xu et al., 2013; Zorn et al., 2008). It is also im-
portant to mention that we do not have any information about the aerosol mixing state but there is likely 
an external mixture with SSA being predominantly in the coarse mode and compounds of secondary origin 
(i.e., nss-sulphate, ammonium and MSA) in the accumulation mode (Berg et al., 1998; Jourdain & Leg-
rand, 2002; Quinn et al., 1998; Xu et al., 2013). However, a certain degree of mixing between the secondary 
material and the SSA component is also expected as confirmed by measurements of internally mixed MSA-
SSA particles in the Southern Ocean (Yan et al., 2020). E-AIM treats all aerosol components as homogene-
ously mixed and cannot account for different mass size distributions. Therefore, in order to test the effect 
of the aerosol composition and mixing state on MSA partitioning we simulated three different systems: (I) 
a system composed only of nss-sulphate, MSA and different concentrations of ammonium, (II) a system 
dominated by SSA with the sodium and chloride concentration based on the daily 𝐴𝐴 PM10 filter values, (III) 
a mixed system composed of sulphate, MSA, ammonium and only 𝐴𝐴 10% of the SSA concentration measured 
during ACE. The first system is representative of the accumulation mode with only secondary material, the 
second system of the entire 𝐴𝐴 PM10 composition while the third system accounts for a partial mixing between 
secondary and primary material. This last system represents roughly the submicron aerosol fraction and is 
probably the most representative of the real atmospheric composition. Details on the E-AIM simulations 
are reported in the Text S2 of Supporting Information S1.

Based on the E-AIM results we estimated the MSA concentration that would partition to the gas phase as a 
function of RH. Figure 8 shows the results for the two transects presented before, where the reference value 
for the condensed phase concentration in each period was taken to be equal to the median concentration 
from the respective 𝐴𝐴 PM10 filter data. Additionally, we shifted the simulated gas phase concentration data 
by an amount equal to the measured gas phase MSA median concentration above 𝐴𝐴 95% RH, based on the 
assumption that at this high RH there would be no repartitioning of MSA from the condensed phase as 
shown by all simulations. The first system composed of nss-sulphate, ammonium and MSA can reproduce 
the observed values only for a fully neutralized aerosol; a more acidic aerosol composition would lead to a 
much higher gas phase MSA concentration (as shown in Figure S7 in Supporting Information S1), which is 
not compatible with our observations. On the other hand, for the system with the full SSA aerosol concen-
tration all MSA would stay in the condensed phase with negligible evaporation (in the case of a deliquesced 
aerosol). The third system produces results that are most in agreement with the observed trend. In this 
case the nss-sulphate to ammonium ratio has a much smaller influence on MSA partitioning compared 
to the first system. This result can be explained by the combination of three factors: (a) the overall aerosol 
acidity is reduced by the SSA components, (b) SSA is more hygroscopic and takes up more water and (c) 
the higher total aerosol mass retains more MSA in the condensed phase. The small effect of the nss-sul-
phate to ammonium ratio on MSA partitioning is consistent with our results considering that we observed 
a comparable increase of MSA at low RH in two very different regions of the Southern Ocean (panel a and 
b in Figure 8). The first region being closer to the Antarctic coast and characterized by potentially higher 
ammonia emission compared to the second which was characterized by more open ocean conditions where 
aerosol particles are typically more acidic (Legrand et al., 1998; Zorn et al., 2008). The same effect can be 
observed also in the gas to particle MSA ratio as shown in Figure 9. In fact, the gas to particle MSA ratio 
during the two transects is essentially equivalent despite the different MSA absolute values. The median 
and IQR gas to particle ratio in the first period are 0.0047 and 𝐴𝐴 (0.0031 ; 0.0085) , while in the second period 
they are 0.0054 and 𝐴𝐴 (0.0028 ; 0.0084) . An aspect that remains unclear is the concentration of gaseous MSA 
at high RH: for values larger than about 𝐴𝐴 90% the partitioning model would predict a gaseous MSA con-
centration more than one order of magnitude lower compared to the measurements. During the day this 
difference can be explained by gas phase production, which may be the dominant source of gaseous MSA at 
high RH, but there is no clear explanation for the night time values. A possible source of error is the choice 
of MSA thermodynamic properties in E-AIM, which suffers from a large degree of uncertainty, as explained 
in Supporting Information S1. For example, a reduction in the Henry's law constant would directly affect 
MSA partitioning, producing higher concentrations in the gas phase. However, this change would affect the 
gas phase concentration across the entire RH range, leading to unrealistically high values at low RH. The 
simple approach adopted in this work to describe the aerosol chemical composition and mixing state also 
has an effect on the simulation results and probably contributes to this discrepancy. The role of organics, 
for example, was neglected but it is known that SSA is enriched in organics (Quinn et al., 2014) and that 
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secondary organics can represent an important fraction of the submicron mass. Previous measurements 
in the Southern Ocean reported a variable contribution of non-MSA organics to the submicron fraction 
with values up to about 𝐴𝐴 20% of the total submicron mass (Rinaldi et al., 2020; Virkkula et al., 2006; Zorn 
et al., 2008). The effect of organic-inorganic interactions on the acidity of aerosol particles is still poorly un-
derstood (Pye et al., 2020) but there are certain species, like amines or organic acids, that can directly impact 
the aerosol pH. Both amines and organic acids (i.e., carboxylic acids) have been detected in the Southern 
Ocean (Dall'Osto et al., 2017; Decesari et al., 2020), but their contribution to the aerosol pH is probably neg-
ligible: the reported concentration of amines is about one order of magnitude lower than ammonia while 
organic acids are generally weak acids and would not contribute to the pH of acidic aerosol particles (Pye 
et al., 2020). Therefore, the partitioning of MSA and the acidity of aerosol particles over the Southern Ocean 
are most likely driven by inorganic species, but the role of organics should be investigated further to better 
understand their contribution.

Our model is clearly a simplification with no pretension to be exhaustive. However, it is based on funda-
mental thermodynamic calculations and provides support to the hypothesis of MSA evaporating from the 
condensed phase at low RH. To our knowledge, the only indications about MSA partitioning from the con-
densed phase are based on field observations and on thermodynamic modeling similar to those presented in 
this work, but dedicated experiments are missing. An accurate characterization of MSA equilibrium vapor 
pressure as a function of aerosol acidity would be highly valuable to improve our understanding of MSA 
partitioning in a realistic aerosol and its contribution to the total aerosol mass.

As described before and shown in Figure 9, we measured a low gas to particle MSA ratio during the en-
tire campaign, around 𝐴𝐴 0.5% on average. These low ratios are in line with previous measurements around 
coastal Antarctica (Jefferson, Tanner, Eisele, Davis, et  al.,  1998) and tropical regions (Davis et al.,  1999; 
Mauldin et al., 1999) and seem to support modeling studies predicting that MSA is predominantly formed 
via aqueous phase oxidation of DMS (Hoffmann et al., 2016; Q. Chen et al., 2018). In order to investigate 
this hypothesis we calculated the time required to grow the particulate MSA concentration from gas phase 

Figure 9.  Methanesulfonic acid (MSA) concentrations in the gas and particulate phase, gaseous MSA was multiplied by a factor 100 so that the same scale as 
for particulate MSA could be used. The ratio between gaseous and particulate MSA is reported on the right axis.
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condensation. This is only a qualitative calculation considering that daily averages were used and that MSA 
was treated as irreversibly condensing to the particles, which is not true as already described. However, our 
estimate is still valuable because it provides a lower time limit, as condensation cannot be faster than this. 
Figure S8 in Supporting Information S1 shows the result in terms of the number of hours that would be 
required to grow the observed particulate MSA concentration. Two different accommodation coefficients 
of 0.2 and 1 were used to reproduce the range of values reported in the literature (De Bruyn et al., 1994; 
Hanson, 2005). Even in the fastest case, when an accommodation coefficient of one is assumed, the typical 
time required to reproduce the observed particulate MSA is about 3 days, which is equal or even longer than 
the typical lifetime of an aerosol in the marine BL (e.g., a previous study estimated a lifetime of 2 days for a 
0.1 μ m diameter particle over the Indian Ocean (Williams et al., 2002)).

In conclusion, measurements of gaseous MSA concentrations conducted during ACE show a lack of a di-
urnal cycle and an increase at low RH which can be explained by evaporation of MSA from the condensed 
phase and a low contribution from gas phase oxidation of DMS. Additionally, the low gas to particle MSA 
ratio consistently supports the hypothesis that MSA is predominantly produced in the aqueous phase as 
predicted by different modeling studies (Q. Chen et al., 2018; Hoffmann et al., 2016).

3.3.  New Particle Formation Over the Southern Ocean

The frequency of NPF events observed during ACE was low with the events lasting only a few hours and 
newly formed particles not growing above 10 nm. The only exception are two events, which occurred on two 
consecutive days in the proximity of the Mertz glacier (𝐴𝐴 67.1 ◦ S, 𝐴𝐴 145.0 ◦ E). In this case newly formed particles 
grew above 10 nm, reaching 20 nm and forming a clear nucleation mode. All the other events were local 
bursts of newly formed particles, which disappeared shortly after the nucleation onset. Figure 10 illustrates 
the particle and negative ion size distributions corresponding to the 2 intense NPF events, solar irradiance 
and the number concentration of particles larger than 7 nm. A Roman numeral indicates the event number, 
in this and all the other figures. Unfortunately, for these events no information concerning the chemical 
composition of the nucleating vapor is available due to a malfunctioning of the mass spectrometer. Both 
events have a clear diurnal pattern, with particles being produced during the day, suggesting the involve-
ment of sulfuric acid. However, the first and most intense NPF event starts very early in the morning which 
could also be compatible with the iodic acid diurnal profiles measured during the campaign (Figure 6). 
Hence it is not possible to uniquely determine the NPF mechanism. The ion size distribution shows some 
peculiar bands between 2 and 4 nm, these are probably wind generated ions as similar features have been 
observed at other snow-covered sites at high wind speeds (X. Chen et al., 2017; Manninen et al., 2010), but 
it is not clear if they were involved in the NPF process. The effect of wind is shown in Figure S9 in Support-
ing Information S1, which reports both the negative and positive ion size distribution together with wind 
speed, relative wind direction and distance to land. It is evident that these ion bands are present only for 
wind speeds larger than about 𝐴𝐴 10 m s−1 in close proximity to land, suggesting that blowing snow may be 
involved as reported by X. Chen et al. (2017).

These two NPF events were interrupted by several short pollution periods. However, the natural origin of 
nucleation is ensured by the continuous growth of new particles under persistently strong wind conditions 
with a prevalent wind direction from the clean sector (i.e., the bow of the ship as shown in Figure S9 in 
Supporting Information S1).

Figure 11 shows two other NPF events, which are representative of the local NPF type detected during the 
expedition. Here, mass spectrometric measurements are available. These two events have again a diurnal 
evolution and the measurement of the neutral molecules and charged clusters suggest an involvement of 
sulfuric acid. It is known that, in this temperature range, sulfuric acid alone cannot lead to NPF at these 
low concentrations and a stabilizing compound is needed (e.g., ammonia or amines) (Almeida et al., 2013; 
Kirkby et al., 2011). However, the largest cluster that was detected during all NPF events was the sulfuric 
acid trimer only, without any additional molecule. The trimer alone is not indicative of the full nucleation 
mechanism and the stabilizing compound was not identified. Larger clusters were probably not measured 
because of the low concentrations of the nucleating vapors, which did not produce enough clusters (the 
sulfuric acid trimer was already close to the detection limit of the mass spectrometer). It is not surprising 
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that no bases clustered with the sulfuric acid trimer were detected as these are typically found only in larger 
clusters with at least 4 sulfuric acid molecules (Schobesberger et al., 2015).

Figures S10 and S11 in Supporting Information S1 show the remaining 3 NPF events, which are similar to 
those described above. The event in Figure S11 in Supporting Information S1 is slightly different because it 
occurred during sunset. However, the real onset of nucleation was not detected in this case (particles were 
already larger than 4 nm), indicating that the event started during day time and the newly formed particles 
were then advected to the ship location (or alternatively, the ship transited through the NPF location).

Figure 12 reports the locations of all detected NPF events and the corresponding boundary layer 5-day air-
mass back trajectories calculated with the Lagrangian analysis tool LAGRANTO (Sprenger & Wernli, 2015), 
for additional details the reader is referred to Thurnherr et al. (2020). Events are numbered according to 
Figures 10 and 11, Figures S10 and S11 in Supporting Information S1. All events are characterized by a ma-
rine influence with air masses usually coming from the more productive sea ice region around Antarctica. 
The only exception is event VI, which happened closer to South America and was not influenced by any sea 
ice region. These results are in line with previous studies (Brean et al., 2021; Dall'Osto et al., 2017; Jokinen 
et al., 2018; Lachlan-Cope et al., 2020) showing that sea ice regions around Antarctica can be an important 
source of nucleating vapors (i.e., DMS, ammonia, alkylamines) and must be differentiated from open waters 
where NPF appears to occur less frequently in the boundary layer.

The two regional NPF events I and II were exceptional because of the environmental conditions encoun-
tered. In particular, the temperature and the condensation sink were low during these events with the 

Figure 10.  New particle formation events I and II, (a) total particle size distribution (2.5–42 nm) and number concentration of particles larger than 7 nm (right 
axis). (b) negatively charged ion size distribution (0.8–42 nm) and solar irradiance time series (right axis). Pollution periods were removed from the figure.

(a)

(b)

I II
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median temperature being within the first 5 percentiles and the median condensation sink within the first 
20 percentiles for both events. At the same time, solar irradiance was above the 𝐴𝐴 75th percentile. Importantly, 
the combination of these 3 parameters was unique during the entire ACE expedition, which means that 
there were no other occurrences with similarly low temperature, condensation sink and high solar radiation 
at the same time. These three parameters are particularly important for NPF because they control the sul-
furic acid concentration: more intense solar radiation enhances the 𝐴𝐴 OH production increasing the sulfuric 
acid concentration, while the condensation sink is the main sulfuric acid loss term. They also control the 
nucleation rates: temperature has a direct effect on the nucleating cluster stability (Kirkby et al., 2011). The 
exceptional combination of these three parameters probably explains why these two events were different 
from the rest of the campaign and also helps understanding the difference between ACE and the NPF 
results reported from Aboa, an Antarctic research station located about 130 km inland from the Southern 
Ocean coast (Jokinen et al., 2018). There, Jokinen et al. (2018) reported the frequent occurrence of NPF 
when the air mass was coming from the surrounding oceanic or sea ice region. This region should be similar 
in terms of emissions to the area sampled during the most southerly part of the ACE track. However, the 
frequency and intensity of NPF events recorded in Aboa was much higher. NPF in Aboa is driven by sul-
furic acid, which was frequently higher than 𝐴𝐴 107 molecules 𝐴𝐴 cm−3 , different from ACE where this threshold 
was almost never exceeded (Figure S12 in Supporting Information S1). However, this difference is unlikely 
driven by DMS emissions only, which are equal or higher along the ACE track than in the region of air mass 

Figure 11.  New particle formation events III and IV, (a) total particle size distribution (2.5–42 nm) and, on the right axis, number concentration of particles 
larger than 7 nm and solar irradiance time series. (b) negatively charged ion size distribution (0.8–42 nm), on the right axis the concentration of neutral 
molecules measured with the CI-APi-ToF (solid line) and the negative ions measured with the APi-ToF (round markers) are reported. Only the 4 ions with the 
largest signal are reported here, the sulfuric acid and methanesulfonic acid monomers are not present because of the instrument mass transmission, which was 
set to higher masses. Pollution periods were removed from the figure.

(a)

(b)

III IV
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origin for the Aboa NPF events (Lana et al., 2011; Mahajan et al., 2015). Rather, the higher sulfuric acid 
reported at Aboa can probably be explained by the lower condensation sink, a factor two lower on average 
than during ACE (Figure S13 in Supporting Information S1), and the higher SIR. Additionally, the temper-
ature measured in Aboa was 2–5 °C lower than the minimum temperature recorded during ACE (with the 
exception of a single day), and this also enhances NPF. The different temperature and SIR values in Aboa 
are simply due to the meteorological conditions (the Antarctic continent is colder and less cloudy than the 
surrounding ocean (King & Turner, 1997)), whereas the lower condensation sink can be explained by the 
short lifetime of the coarse mode aerosol, which is responsible for a large fraction of the condensation sink 
over the ocean and would be removed by the time they have reached Aboa. Another important difference is 
the detection of ammonia, which was frequently measured by Jokinen et al. (2018) in negative clusters with 
acids but never observed during ACE. A quantitative comparison of the ammonia concentration is not pos-
sible because this molecule was not measured directly during either campaign (ammonia was only detected 

Figure 12.  Map showing the Antarctic Circumnavigation Expedition track, the location of new particle formation (NPF) events and the 5-day boundary layer 
air mass back trajectories for each of the events. The back trajectories are shown using semi-transparent lines, different colors are associated to different NPF 
events. The figure also shows the sea ice concentration (fraction of covered surface) retrieved for January 2017 (Maslanik & Stroeve, 1999).
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as a cluster with sulfuric acid). It is possible that during the study of Jokinen et al. (2018) the ammonia 
concentration was on average higher compared to ACE. However, during ACE a large variety of different 
locations were explored, including places in close proximity to penguin colonies which are known to be 
strong sources of ammonia (Croft et al., 2016; Schmale et al., 2013). Therefore, it is unlikely that ammonia 
was the only limiting factor for NPF during ACE but it may have contributed together with the other factors 
described above (temperature, SIR and condensation sink).

Despite the rare occurrence of boundary layer NPF, an Aitken mode was frequently detected during ACE 
contributing to a large fraction of the total particle number concentration as reported in Figure S14 in Sup-
porting Information S1. The origin of these Aitken mode particles remains unknown but it is compatible 
with the hypothesis from previous studies suggesting that NPF may be prevalently occurring in the free 
troposphere (Korhonen et al., 2008; McCoy et al., 2021; Sanchez et al., 2021; Weber et al., 1998). However, it 
is difficult to explain the growth of the freshly formed particles to the typical 30–50 nm Aitken mode diame-
ter (Schmale, Baccarini, et al., 2019) considering the low concentration of condensable vapors. Investigating 
this topic in detail is beyond the scope of this work and should be the focus of future studies.

4.  Conclusions
The Southern Ocean is one of the most pristine locations on Earth (Hamilton et al., 2014) and measure-
ments in this region can be valuable to better understand the state of the atmosphere in preindustrial times 
and constrain the radiative forcing uncertainty in global climate models (Regayre et al., 2020). This work 
presents an overview of the spatial distribution of sulfuric acid, MSA and iodic acid across the Southern 
Ocean together with ultrafine particle and ion concentration as well as size distribution. These are all quan-
tities that are relevant for new particle formation and growth. Obtaining a better understanding of the 
processes and the environmental conditions regulating their distribution can, therefore, be valuable to prop-
erly represent aerosol sources and properties in global climate models. There are studies which previously 
investigated trace gases (sulfuric acid and MSA) (Jefferson, Tanner, Eisele, & Berresheim, 1998; Jefferson, 
Tanner, Eisele, Davis, et al., 1998), new particle formation (Dall'Osto et al., 2017; Weber et al., 1998; Weller 
et al., 2015) or both (Brean et al., 2021; Jokinen et al., 2018) over the Southern Ocean and coastal Antarctica. 
However they covered only specific geographical areas. The work presented here is the first comprehensive 
investigation of trace gases and new particle formation across the Southern Ocean providing a wide geo-
graphical coverage and a broader understanding of the processes involved.

Sulfuric acid vapor was characterized by a clear diurnal cycle with maxima at daytime consistent with 
photochemical production from 𝐴𝐴 SO2 . The concentration was lower compared to recent measurements from 
coastal Antarctica (Jokinen et al., 2018), especially considering that only an upper limit was reported here 
due to instrumental issues. This had a direct effect on the occurrence of NPF events which were weak in 
terms of particle production and very sporadic. The lower sulfuric acid vapor concentration was attributed 
mainly to environmental reasons, such as the high condensation sink and rather low solar irradiance.

Iodic acid also exhibited a diurnal cycle with very low concentrations during night time, as expected from a 
molecule that is formed from the photochemically produced iodine radical. However, the iodine concentra-
tion peaked at dawn and dusk with consistently lower concentration during the central part of the day when 
solar radiation was stronger. This observation, which has not been reported before, could be related with the 
photolysis of an iodic acid precursor molecule (e.g., 𝐴𝐴 IO or 𝐴𝐴 I2O3 ) (Saiz-Lopez et al., 2012; Lewis et al., 2020). 
This result is important because it indicates that iodic acid could eventually reach higher concentrations 
when solar radiation is lower, like in spring or in autumn, if the iodine flux were comparable. As a conse-
quence, there may be periods of the year when iodic acid may be relevant for NPF also over the Southern 
Ocean. Additional measurements to investigate this possibility are needed.

Finally, the gaseous MSA concentration is too low to explain the required particulate MSA values via a con-
densation mechanism. This suggests that MSA may be predominantly produced in the aqueous phase, as 
indicated already by previous modeling studies (Q. Chen et al., 2018; Hoffmann et al., 2016). Additionally, 
gaseous MSA does not show any diurnal cycle and tends to increase under dryer conditions, indicating that 
the gas phase MSA may be driven by evaporation from the particle phase. This is consistent with predictions 
from a thermodynamic model considering a mixture of sea spray, MSA ammonium and sulphate. Both the 
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increase of MSA at lower RH and the absence of a diurnal cycle are in line with previous measurements of 
MSA in marine environments (Berresheim et al., 2002; Mauldin et al., 1999; Yan et al., 2019). This suggests 
that a more accurate treatment of MSA production and partitioning in atmospheric chemistry models is 
needed to improve the representation of marine sulfur compounds in the atmosphere.

Schmale, Baccarini, et al. (2019) reported a large discrepancy in the CCN number concentration around the 
coast of Antarctica when comparing measurements with values modeled using the Global Model of Aero-
sol Processes (GLOMAP) (Mann et al., 2010). This area corresponds to the strongest MSA signal detected 
during the entire expedition (both in the gas and in the particle phase as shown in Figure 9). The area is 
also known to exhibit one of the largest DMS concentrations (both in the water and in the atmosphere) in 
the world during summer (Lana et al., 2011; Mahajan et al., 2015). GLOMAP (as many other global climate 
models) only includes homogeneous production of MSA in the gas phase, whereas it does not consider con-
densation of this MSA nor heterogeneous production. While heterogeneous production of MSA would only 
contribute to the aerosol mass and not to the number concentration, the resulting shift in particle size distri-
bution to larger diameters would increase the number of particles that can act as CCN at a certain supersat-
uration (which is strongly driven by particles size). Future studies should focus on the MSA partitioning and 
aqueous phase production to understand its contribution to the concentration of CCN and their properties.

The results obtained during ACE clearly show that discernible NPF in the boundary layer is rare across 
the Southern Ocean in summer and only in exceptional cases it contributes to the aerosol Aitken mode 
population. All detected NPF events except for one occurred over sea ice regions or were characterized by 
airmasses passing over these. Sulfuric acid was the main nucleating compound for the observed NPF events. 
A base, such as ammonia or amines, would also be required to stabilize the nucleating clusters given the 
low sulfuric acid concentration (Almeida et al., 2013; Kirkby et al., 2011) but no stabilizing compound was 
identified, probably because of the low concentration. We also found that environmental conditions, mainly 
temperature and the condensation sink, are critical in determining the occurrence of NPF and are likely 
responsible for the more frequent occurrence of this process over coastal Antarctica compared to the open 
Southern Ocean as reported by multiple studies (Brean et al., 2021; Clarke et al., 1998; Gras et al., 2009; 
Heintzenberg et al., 2004; Jimi et al., 2008; Jokinen et al., 2018; Weller et al., 2015). The low relevance of 
boundary layer NPF together with the frequent detection of Aitken mode aerosols is compatible with new 
particles being formed in the free troposphere and then transported downward as shown also by other stud-
ies (Clarke & Kapustin, 2002; Clarke et al., 1998; Sanchez et al., 2021; Weber et al., 1998). This hypothesis 
cannot be confirmed with our data set because we lack information concerning the vertical distribution 
of aerosol particles. Future expeditions in the region should specifically address this topic, investigating 
aerosol sources both in the boundary layer and in the free troposphere while trying to understand their 
exchange processes.

Data Availability Statement
All datasets used in this study are referenced in the text (Baccarini et  al.,  2019a,  2019b,  2021a,  2021b; 
Landwehr et al., 2019; Tatzelt et al., 2020; Thurnherr et al., 2020; Schmale et al., 2019a, 2019b) and publi-
cally available on Zenodo (https://zenodo.org/). Concentration of gaseous sulfuric acid measured over the 
Southern Ocean in the austral summer of 2016/2017, during the Antarctic Circumnavigation Expedition 
(ACE) (https://doi.org/10.5281/zenodo.3265832). Concentration of gaseous methanesulfonic acid meas-
ured over the Southern Ocean in the austral summer of 2016/2017, during the Antarctic Circumnavigation 
Expedition (ACE) (https://doi.org/10.5281/zenodo.2636771). Concentration of gaseous iodic acid measured 
over the Southern Ocean in the austral summer of 2016/2017, during the Antarctic Circumnavigation Ex-
pedition (ACE) (https://doi.org/10.5281/zenodo.5176217). Size distribution of neutral and charged particles 
smaller than 42 nm measured over the Southern Ocean in the austral summer of 2016/2017, during the 
Antarctic Circumnavigation Expedition (ACE) (https://doi.org/10.5281/zenodo.5180560). Sub-micron aer-
osol particle size distribution collected in the Southern Ocean in the austral summer of 2016/2017, during 
the Antarctic Circumnavigation Expedition (https://doi.org/10.5281/zenodo.2636700). Coarse mode aero-
sol particle size distribution collected in the Southern Ocean in the austral summer of 2016/2017, during the 
Antarctic Circumnavigation Expedition (https://doi.org/10.5281/zenodo.2636709). Ionic composition of 
particulate matter (PM10) from high-volume sampling over the Southern Ocean during the austral summer 
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of 2016/2017 on board the Antarctic Circumnavigation Expedition (ACE) (https://doi.org/10.5281/zeno-
do.3922147). Quality-checked meteorological data from the Southern Ocean collected during the Antarctic 
Circumnavigation Expedition from December 2016 to April 2017 (https://doi.org/10.5281/zenodo.3379590). 
10-day backward trajectories from ECMWF analysis data along the ship track of the Antarctic Circumnavi-
gation Expedition in austral summer 2016/2017 (https://doi.org/10.5281/zenodo.4031704).
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