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Introduction

This supporting information contains first a text section describing the operation

and calibration of a nitrate chemical ionization Atmospheric Pressure Interface Time-

of-Flight Mass Spectrometer (CI-APi-ToF)(Jokinen et al., 2012). A second text
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section describes how the extended Aerosol Inorganic Model (E-AIM; http://www.

aim.env.uea.ac.uk/aim/aim.php, last access: 22 April 2021) (S. L. Clegg & Seinfeld, 2006)

was used to model the gas-particle partitioning of methanesulfonic acid (MSA) using an

aerosol mixture representative of the Southern Ocean aerosol.

Figures S1 to S13 provide additional information to the results shown in the main

text and are referenced therein, whereas Figures S14 and S15 are related to Text S1 and

S2. Tables S1 and S2 are related to Text S2 and provide details regarding the E-AIM

simulation.

Text S1. Nitrate CIMS operation and calibration

Sulfuric acid, MSA and iodic acid were measured with a nitrate CIMS (Jokinen et al.,

2012). These molecules are detected either as clustered with the nitrate monomer or as

deprotonated species. The concentration of a species X is calculated as:

[X] = C
X– + XNO –

3∑2
n=0 (HNO3)nNO –

3

, (1)

with X- being the deprotonated species and C the calibration factor which can be experi-

mentally determined. The instrument is typically calibrated by injecting a known amount

of sulfuric acid which can be produced in different ways, for this work we used a series

of experiments at the PSI smog chamber (SC). The sensitivity of the instrument can be

assumed to be constant (i.e. the same calibration factor C can be applied), under the

assumption that each collision leads to a stable cluster. This is the case for sulfuric acid,

MSA and iodic acid because they have a lower proton affinity than nitric acid (Jokinen

et al., 2012; Eisele & Tanner, 1993; Sipilä et al., 2016).

The CI inlet is generally operated with an electric field driving the nitrate ions inside

the sample flow. However, for a part of ACE no voltage was applied to the inlet due to a
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technical issue. In this case, diffusion and turbulence in the inlet drive the mixing of the

nitrate with the sample flow. A different sensitivity could be expected compared to a CI

inlet operated in the standard way. However, as shown below, the difference was found

to be smaller than the calibration uncertainty. Therefore, the same calibration constant

was used for the entire ACE campaign.

The calibration of the nitrate CIMS was performed at the PSI SC, a 27m3 flexible Teflon

bag inside a wooden enclosure where temperature can be controlled. Four xenon arc lamps

and a set of 80 UV-A light tubes are used to initiate photochemistry inside the chamber,

further details on the chamber can be found in Paulsen et al. (2005). Experiments were

carried out injecting SO2 at a mixing ratio between 0 and 15 ppb, ozone between 0 and

250 ppb and trimethylbenzene (TMB) between 0 and 10 ppb. The temperature inside the

chamber was kept fixed at 20 ± 2 ◦C and the RH was varied between 20% and 40%. The

reaction of SO2 with OH was used to produce sulfuric acid, whose concentration inside

the chamber can be described by a simple kinetic model:

d[H2SO4]

dt
= kOH + SO2

[OH][SO2] − (W + CS)[H2SO4], (2)

with kOH + SO2
being the reaction rate constant (Wine et al., 1984), W the sulfuric acid

wall loss rate inside the chamber and CS the condensation sink. The wall loss rate was

estimated to be (3.5 ± 0.9) × 10−3 s−1. The CS represents the sulfuric acid loss term to

the particles and can be calculated from the particle number size distribution following

Dal Maso et al. (2002).

Equation 2 can be used to calculate the concentration of sulfuric acid inside the chamber

at the steady state as:

[H2SO4] =
kOH + SO2

[OH][SO2]

W + CS
. (3)

April 22, 2021, 11:45pm



X - 4 :

The OH concentration is estimated from the decay of TMB which reacts with it at a

known reaction rate constant (Kramp & Paulson, 1998).

The calibration result is reported in Figure S14, where the ordinate shows the sulfuric

acid concentration calculated from Equation 3 and the abscissa the average of the mea-

sured sulfuric acid signal normalized by the reagent ion concentration. The uncertainty

of the calculated sulfuric acid concentration was obtained by standard error propagation

from Equation 3, whereas the uncertainty on the CI-APi-ToF measurements was calcu-

lated as the standard error of the mean. A weighted least squares regression was applied

to estimate the calibration constant C as described in Equation 1. The CI inlet is usually

operated with an electric field to force the reagent ions into the sample flow. During the

calibration the instrument was run also without the electric field in order to simulate the

CI-APi-ToF operating conditions during ACE. The results presented in Figure S14 clearly

show that there is no systematic difference between the two operating modes of the inlet.

Therefore a single calibration value was used:

CACE = 6.9 × 109[−50% + 100%] molecule cm−3, (4)

where the calibration coefficient was already corrected for diffusional losses of sulfuric acid

in the inlet line. An uncertainty of [−50% + 100%] was associated with the calibration

factor, which is a standard estimate for sulfuric acid measurements in the field. This esti-

mate is larger than the linear regression confidence interval and accounts for the intrinsic

variability of field conditions, which are difficult to quantify.

Text S2. E-AIM calculation

E-AIM was used to estimate MSA partitioning over the Southern Ocean aerosol. MSA

is not included among the default species available in the E-AIM library and needs to
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be created by the user defining some of its fundamental thermodynamic properties. A

part from the most basic properties, such as the molar mass and the molar volume,

MSA thermodynamic properties are not readily available and model studies often use

very different values. Table S1 reports all the values that were used in this study and

the corresponding references, as a general criterion we decided to use values based on

experimental results rather than modelling or ab initio calculation. By reporting all the

information required to include MSA in E-AIM we hope to provide a useful reference for

the community and to foster discussion, which thermodynamic properties are the most

appropriate values for MSA.. All the values in Table S1 were taken directly from the cited

reference with minimal adaption (e.g. unit of measure), with the only exception of the

surface tension parameters. In this case we had to recreate the surface tension data from

Myhre, D’Anna, Nicolaisen, and Nielsen (2004) and fit them with the function defined

by Dutcher, Wexler, and Clegg (2010) to obtain the parameters in the form required by

E-AIM.

Concerning the specific details of the E-AIM simulations, we fixed the temperature to

273.15 K and varied relative humidity (RH) between 60% and 100%. These are repre-

sentative values for the environmental conditions encountered during the two transects

described in the main text. E-AIM model II was used for the simulations containing only

sulfate, ammonium and MSA whereas E-AIM model IV was used when also sodium and

chloride were included. Aerosol components were forced to stay in the liquid form as the

efflorescence RH is below typical values encountered in the marine boundary layer. How-

ever, E-AIM model IV is unable to account for supersaturated solutions, for this reason

only RH values above ∼ 75% could be considered when using this model.
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The aerosol composition used for the E-AIM simulation was based on ion chromatog-

raphy (IC) analysis of daily PM10 filters. These filters were collected using a high-volume

sampler on the upper deck of the ship. The sampler had an automatic system to stop the

sample flow when the wind was coming from the direction of the ship chimney. However,

this system proved to be not sufficient to prevent sampling of the exhaust plume as evi-

dent from the high elemental carbon (EC) concentrations measured on some of the filters

(larger than 1µg m−3). We used EC as a proxy for contamination from the ship exhaust

on the PM10 filters because ambient concentration of black carbon in the Southern Ocean

is generally very low (less than 40 ng m−3)(Schmale et al., 2019). Figure S15 shows the

ammonium and the non-sea-salt (nss) sulfate concentrations measured on the PM10 filters

as a function of EC, there is an evident positive correlation indicating that both am-

monium and nss-sulfate are probably affected by the ship exhaust. However, nss-sulfate

and ammonium seem to become independent from the ship exhaust for EC values below

about 0.6 − 0.7µg m−3. Under this condition, the concentration of these two compounds

is dominated by natural sources and not by the ship exhaust. Hence, we decided to con-

sider only the filters characterized by an EC concentration below 0.65µg m−3 to minimize

the influence of the ship exhaust. Additionally, we also excluded the filters with a total

sampled volume below 240 m3, which is one third of the maximum possible volume. Such

a low sampling volume indicates that the samplers were often turned off because of the

wind coming from the direction of the ship chimney. Figure S5 shows the concentration

of the ions relevant for the E-AIM calculation from this filter selection.

In order to understand the effect of aerosol composition on MSA partitioning we run

three different sets of simulations using E-AIM. For the first set of simulations we decided
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to fix the nss-sulfate concentration based on the median concentration measured during

ACE and varied the ammonium concentration to obtain different ratios (2 : 1, 1 : 1 and

1 : 2). The MSA concentration was fixed based on the median MSA to nss-sulfate ratio

(Fig.S5). Figure S6 shows the model predictions in terms of the MSA vapour pressure

and the gas fraction due to partitioning from the condensed phase. The second set of

simulations includes also sea spray, in the form of sodium, chloride and sea-salt (ss)

sulfate. For the concentrations of ss-sulfate and chloride we used the median values from

ACE, whereas the sodium concentration was increased to achieve neutrality of the SSA

and account for the presence of other cations which cannot be included in E-AIM (i.e.

magnesium and calcium). Finally, for the third set we considered only 10% of the sea spray

concentration, together with nss-sulfate, MSA and different concentrations of ammonium

spanning an ammonium to nss-sulfate ratio from 0.25 to 2. Results are shown in the main

text. Table S2 shows the concentrations of aerosol constituents used for each model run.

The predicted MSA gas phase concentrations shown in the main text (Fig. 8) was

calculated considering the estimated gas phase fraction from each E-AIM simulation mul-

tiplied by the average particulate MSA concentration measured during the two periods

under analysis (0.21µg m−3 and 0.09µg m−3 for the first and the second period, respec-

tively).
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Figures

Figure S1. Time series showing the effect of pollution on the major compounds measured

with the nitrate CI-APi-ToF, the polluted periods are highlighted with a gray shadow according

to the pollution mask described in Schmale et al. (2019). SO –
5 is generated inside the inlet of the

CI-APi-ToF and is a proxy for ambient SO2.
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Figure S2. Diurnal profiles of (a) sulfuric acid, (b) MSA, (c) iodic acid and (d) solar irra-

diance for the entire campaign and separated by latitude. Here, high and low latitude indicates

measurements above and below 60 ◦S, respectively.
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Figure S3. Diurnal cycle of SO –
5 . The thick line represents the median and the shaded area

the interquartile range. The red line shows the solar irradiance median with values on the right

axis.

April 22, 2021, 11:45pm



X - 14 :

Figure S4. Gaseous MSA box and whiskers plot as a function of relative humidity (RH). 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 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 1.5×[Q3-Q1].
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Figure S5. Box and whiskers plot of the ion chromatography data from PM10 daily aerosol

filter. Only a subset of filters with minimum contamination from the ship exhaust was selected.

(a) Concentration of the ions used for the thermodynamic modelling, (b) molar ratio of non-sea-

salt (nss) sulfate to ammonium and nss-sulfate to MSA.
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Figure S6. E-AIM results for MSA partitioning over an aerosol mixture composed of sulfate,

MSA and ammonium as a function of relative humidity. (a) MSA equilibrium vapour pressure

(C*), (b) fraction of MSA in the gas phase due to partitioning from the condensed phase. The

sulfate, MSA and ammonium concentrations used for this simulation are reported in table S2

(run 1.1, 1.2 and 1.3).
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Figure S7. Number of hours required to reproduce the observed particulate MSA concentration

assuming kinetic condensation of gaseous MSA with two different accommodation coefficients.

This condensation time was calculated based on the daily average values and the figure shows

the number of occurrences as a histogram and a box and whiskers plot on top. The box extends

from the first quartile (Q1) to the third quartile (Q3) with a line indicating the median. The

whiskers are set to 1.5×[Q3-Q1].
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Figure S8. Wind induced ions, (a) negative ion size distribution and, on the right axis, wind

speed and relative wind direction (the bow of the ship corresponds equivalently to 0◦ or 360◦).

(b) positive ion size distribution, on the right axis the distance to land is shown. Pollution

periods are highlighted with a different color map (magma).
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Figure S9. New particle formation event, (a) total particle size distribution and, on the

right axis, number concentration of particles larger than 7 nm and solar irradiance time series.

(b) negatively charged ion size distribution, on the right axis the concentration of negative

ions measured with the APi-ToF (round markers) is reported. Only the 4 ions with the largest

signal are reported here, the sulfuric acid and MSA monomers are not presented because of the

instrument mass transmission, which was set to higher masses. Pollution spikes are highlighted

with a different color map (magma).
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Figure S10. New particle formation event, (a) total particle size distribution and, on the right

axis, number concentration of particles larger than 7 nm and solar irradiance time series. (b)

negatively charged ion size distribution, on the right axis the concentration of neutral molecules

measured with the CIMS (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 MSA monomers are not presented because of the instrument mass transmission, which was

set to higher masses.
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Figure S11. Comparison of the sulfuric acid measured during ACE and at Aboa. The figure

shows a histogram reporting the frequency of the observation with a kernel density estimate

(thick line) and box and whiskers plot on top. The box extends from the first quartile (Q1) to

the third quartile (Q3) with a line indicating the median. The whiskers are set to 1.5×[Q3-Q1].
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Figure S12. Comparison of the condensation sink measured during ACE and at Aboa. The

figure shows a histogram reporting the frequency of the observation with a kernel density estimate

(thick line) and box and whiskers plot on top. In this case the condensation sink from ACE was

calculated using the same size range as at Aboa to improve the accuracy of the comparison (from

10 nm to 900 nm). The box extends from the first quartile (Q1) to the third quartile (Q3) with

a line indicating the median. The whiskers are set to 1.5×[Q3-Q1].
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Figure S13. Aitken mode particles during ACE: (a) total Aitken mode particle number

concentration from the fit of the SMPS size distribution and (b) ratio of the Aitken mode

particle number to the total number particle concentration. The thick line is a 3 hours mean and

the shadowed region indicates a 1 standard deviation interval.
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Figure S14. Sulfuric acid calibration with smog chamber experiments. Each data point

represents a different experiment with the CI-APi-ToF normalized sulfuric acid signal on the

x-axis and the corresponding concentration of sulfuric acid inside the chamber on the y-axis.

Error bars on the x-axis are equal to the standard error of the mean whereas errors on the y-

axis are equal to the propagated uncertainty via Equation 3. Orange and blue markers indicate

measurements where the CI inlet was operated with and without voltage, respectively.
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Figure S15. Concentration of nss-sulfate and ammonium as a function of elemental carbon.

The vertical dashed line was drawn at 0.65µg m−3 of carbon and indicates the concentration

below which the effect of ship pollution is not evident anymore on nss-sulfate and ammonium.

Elemental carbon measurements below detection limit were fixed to a value equal to 0.01µg m−3.
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Tables

Table S1. MSA thermodynamic properties

Property Unit of measure Value Reference
Molar mass g mol−1 96.1 Barnes et al. (2006)
Molar Volume cm3 mol−1 64.93 Barnes et al. (2006)
First dissociation constant mol kg−1 73 Clarke and Woodward (1966)
Enthalpy of dissociation kJ mol −1 0 Not determined
Henry’s law constant mol kg−1 atm−1 8.9 × 1011 S. Clegg and Brimblecombe (1985)
Henry’s law enthalpy change kJ mol−1 14.644 De Bruyn et al. (1994)
Surface tension: c1 mN m−1 138.23 Myhre et al. (2004)
Surface tension: c2 mN m−1 K−1 −0.284 Myhre et al. (2004)
Surface tension: aws mN m−1 147.86 Myhre et al. (2004)
Surface tension: bws mN m−1 K−1 −0.275 Myhre et al. (2004)
Surface tension: asw mN m−1 −167.117 Myhre et al. (2004)
Surface tension: asw mN m−1 K−1 0.400 Myhre et al. (2004)

Table S2. Concentration of aerosol constituents used for the E-AIM simulations
Run number nss-sulfate Ammonium MSA ss sulfate Chloride Sodium

nmol m−3 nmol m−3 nmol m−3 nmol m−3 nmol m−3 nmol m−3

1.1 2.3 4.6 1 0 0 0
1.2 2.3 2.3 1 0 0 0
1.3 2.3 1.15 1 0 0 0
2.1 2.3 3.9 1 7.2 134 148
3.1 2.3 4.6 1 0.7 13.4 14.8
3.2 2.3 2.3 1 0.7 13.4 14.8
3.3 2.3 1.15 1 0.7 13.4 14.8
3.4 2.3 0.58 1 0.7 13.4 14.8
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