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Abstract. The uptake of methanesulfonic acid (MSA) on ex-
isting particles is a major route of the particulate MSA for-
mation, however, MSA uptake on different particles is still
lacking in knowledge. Characteristics of MSA uptake on dif-
ferent aerosol particles were investigated in polynya (an area
of open sea water surrounded by ice) regions of the Ross Sea,
Antarctica. Particulate MSA mass concentrations, as well as
aerosol population and size distribution, were observed si-
multaneously for the first time to access the uptake of MSA
on different particles. The results show that MSA mass con-
centration does not always reflect MSA particle population
in the marine atmosphere. MSA uptake on aerosol parti-
cle increases the particle size and changes aerosol chemical
composition, but it does not increase the particle population.
The uptake rate of MSA on particles is significantly influ-
enced by aerosol chemical properties. Sea salt particles are
beneficial for MSA uptake, as MSA-Na and MSA-Mg parti-
cles are abundant in the Na and Mg particles, accounting for
0.43±0.21 and 0.41±0.20 of the total Na and Mg particles,
respectively. However, acidic and hydrophobic particles sup-
press the uptake of MSA, as MSA-EC (elemental carbon)
and MSA-SO2−

4 particles account for only 0.24± 0.68 and
0.26± 0.47 of the total EC and SO2−

4 particles, respectively.
The results extend the knowledge of the formation and envi-
ronmental behavior of MSA in the marine atmosphere.

1 Introduction

Methanesulfonic acid (MSA) and non-sea-salt sulfate (nss-
SO2−

4 ), derived from the oxidation of dimethyl sulfide
(DMS), are important sources of cloud condensation nuclei
(CCN) in the marine boundary layer (Chang et al., 2011;
Ghahremaninezhad et al., 2016). Different from nss-SO2−

4 ,
MSA is exclusively from the oxidation of DMS in the atmo-
sphere (Sorooshian et al., 2007). Thus, MSA is expected as a
useful marker for the deconvolution of sulfate from marine
biogenic and non-biogenic sources (Legrand et al., 1998).
The ratio of MSA to nss-SO2−

4 is often used to assess the
DMS oxidation routes and the contributions of biogenic sul-
fur to other sulfur sources (Sorooshian et al., 2007; Wang
et al., 2014). DMS oxidation routes, as well as the products
of MSA and nss-SO2−

4 , have been investigated previously in
the marine atmosphere (Preunkert et al., 2008; Kloster et al.,
2006).

Generally, particulate MSA is generated from the reactive
uptake of DMS and condensation of gaseous MSA on aerosol
particles (Davis et al., 1998; Barnes et al., 2006). A recent
study has shown that MSA can increase the sulfate cluster
formation rate by up to 1 order of magnitude, increasing the
stability of the clusters (Bork et al., 2014). However, previous
studies have shown that SO2−

4 is more effective at new par-
ticle formation (NPF) than MSA, while MSA is more likely
to condense onto existing particles (Hayashida et al., 2017).
Although the reactive uptake of MSA on fine particles has
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been demonstrated in the previous studies (Sorooshian et al.,
2007; Bates et al., 1992), the influence of aerosol character-
istics on MSA uptake is not present.

The chemical components and sources of aerosol particles
in the marine atmosphere are very complicated (Weller et
al., 2018). Filtered sample methods are often used in pre-
vious studies (Jung et al., 2014; Preunkert et al., 2007; Read
et al., 2008), with a long sampling interval to accommodate
the detection limit of the instrument (Preunkert et al., 2007;
Zhang et al., 2015). It is, therefore, difficult to clarify how
MSA mixes with other aerosol species, using bulk aerosol
sampling methods, as only mean aerosol chemical compo-
nents are obtained during the sampling period (Bates et al.,
1992; Chen et al., 2012). Online aerosol mass spectrometry
has been used to characterize the aerosol chemical species
and sizes with high-time-resolution observations (Yan et al.,
2018; Healy et al., 2010), allowing the determination of par-
ticle mixing states and sources. Although a few studies have
shown that MSA is often associated with Mg in aerosol par-
ticles, probably due to marine biogenic activity (Casillas-
Ituarte et al., 2010), studies of the interactions between MSA
and other aerosol species are still rare. Theoretical and labo-
ratory studies have attempted to explain these observations
and determine in which way MSA enters aerosol particle
(Bork et al., 2014). However, the relative likelihood of MSA
uptake on different particles remains uncertain.

In this study, we examined the uptake characteristics
of MSA on different particles over polynya (an area of
open sea water surrounded by ice) regions in the Ross
Sea (RS), Antarctica, based on high-time-resolution obser-
vations. MSA mass concentrations and particle populations,
as well as aerosol compositions and size distributions, were
measured simultaneously for the first time in the RS using
an in situ gas and aerosol compositions (IGAC) and a sin-
gle particle aerosol mass spectrometer (SPAMS) monitoring
instrument. Observations were carried out in two different
seasons: early December with intense sea ice coverage and
in mid-January to February with sea ice free conditions in
the RS.

2 Experiment methods and observation regions

The observations were carried out aboard of R/V Xuelong,
covering a large region of the RS, Antarctica (50 to 78◦ S,
160 to 185◦ E) (Supplement Fig. S1) with different sea ice
concentrations. The leg I was carried out from 2 to 20 De-
cember 2017. The sea surfaces were covered with intense
sea ice in the RS during this period (Fig. S2a). However,
when we arrived back in the RS (leg II, from 13 January to
14 February 2018), the sea ice had almost melted in the RS
(Fig. S2b).

2.1 Observation instruments and sampling inlet

An in situ gas and aerosol compositions monitoring sys-
tem (IGAC, model S-611, Machine Shop, Fortelice Interna-
tional Co., Ltd., Taiwan; http://www.machine-shop.com.tw/,
last access: 13 March 2020), and a single particle aerosol
mass spectrometer (SPAMS, Guangzhou Hexin Analytical
Instrument Co., Ltd.) were used to determine aerosol water-
soluble ion species, particle size distributions and chemical
compositions, respectively (Fig. S3). The sampling inlet con-
necting to the monitoring instruments was fixed to a mast
20 m above the sea surface to minimize the impact of self-
contaminations of the vessel. Wind speeds and directions
were also monitored during the cruise. The observation peri-
ods in which self-contaminations impacted the measurement
have been excluded based on the high-time- resolution ob-
servation data. A total suspended particulate (TSP) sampling
inlet was positioned at the top of the mast. Conductive silicon
tubing with an inner diameter of 1.0 cm was used to make the
connection to all instruments.

2.2 Aerosol water-soluble ion species

Gases and aerosol water-soluble ion species were determined
using a semi-continuous IGAC monitor. A PM10 cyclone was
conducted for the IGAC sampling. Hence, the measurement
particle size is ∼ 10 µm of the IGAC in this study. Gases
and aerosols are separated and streamed into a liquid efflu-
ent for online chemical analysis at an hourly temporal res-
olution (Young et al., 2016; Liu et al., 2017). The analyti-
cal design and methodology for the determination of gases
and aerosol water-soluble ions have been described in detail
by Tao (2018) and Tian (2017). Fine particles are firstly en-
larged by vapor condensation and subsequently accelerated
through a conical-shaped impaction nozzle and collected on
the impaction plate. The samples are then analyzed for an-
ions and cations by an online ion chromatography (IC) sys-
tem (Dionex ICS-3000). The injection loop size is 500 µL
for both anions and cations. Six to eight concentrations of
standard solutions are selected for calibration, depending on
the target concentration, in which the R2 was above 0.997
(Fig. S4). The detection limits for MSA−, SO2−

4 , Na+, and
Cl− are 0.09, 0.12, 0.03, and 0.03 µg L−1 (aqueous solution),
respectively.

2.3 Aerosol size distribution and chemical
compositions

The detection method for fine particles (0.1–2.0 µm) using a
SPAMS has been described in detail by Li et al. (2011, 2014).
Particles are introduced into the vacuum system through a
critical orifice and then focused and accelerated to form a
particle beam with specific velocity. The particle beam passes
through two continuous diode Nd:YAG lasers (532 nm),
where the scattered light is detected by two photomultiplier
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tubes (PMTs). The velocity of a single particle is then de-
termined and converted into its aerodynamic diameter. The
individual particle is ionized with a 266 nm Nd:YAG laser
to produce positive and negative ions. The fragment ions
are analyzed using a bipolar time-of-flight mass spectrom-
eter. The power density of the ionization laser is kept at
1.56× 108 W cm−2.

The particle size data and mass spectra are analyzed us-
ing the YAADA software toolkit (http://www.yaada.org/, last
access: 22 March 2019) (Allen, 2005). A neural network al-
gorithm based on an adaptive resonance theory (ART-2a) is
applied to cluster individual particles into separate groups
based on the presence and intensity of ion peaks in the single
particle mass spectrum (Song et al., 1999), with a vigilance
factor of 0.65, a learning rate of 0.05, and a maximum of 20
iterations.

2.4 Metrological data

Meteorological parameters such as temperature, humidity,
wind speed, and wind direction were measured continuously
using an automated meteorological station deployed on the
R/V Xuelong, which was located on the top deck of the ves-
sel.

2.5 Satellite data of sea ice and chlorophyll a

In this study, we used remote-sensing data to show the spatial
and temporal distribution of chlorophyll and sea ice concen-
trations in the RS. To reduce the impact of cloud and swath
limits, we chose the 8 d datasets for the remote sensing of
chlorophyll a from MODIS Aqua (https://modis.gsfc.nasa.
gov, last access: 13 March 2020) with a spatial resolution
of 4 km. We used the sea ice concentration data from the
daily 3.125 km AMSR2 dataset (Spreen et al., 2008) (avail-
able at https://seaice.uni-bremen.de, last access: 16 Septem-
ber 2019). Each grid of the gridded datasets with a sea ice
concentration less than or equal to 15 % was regarded as
comprising all water (Cavalieri and Parkinson, 2003). The
time series of the total regional mean value in the study re-
gion was then plotted.

3 Results and discussion

3.1 Spatial distributions of MSA mass concentrations
and particle populations

MSA mass concentrations were measured continuously in
the RS. The spatial distributions of MSA mass concentra-
tions and particle populations in Fig. 1 are created with
Ocean Data View (Schlitzer, 2002, 2015). MSA concen-
trations ranged from 14.6 to 210.8 ng m−3, with an aver-
age of 43.8± 22.1 ng m−3 during leg I (Fig. 1a), consis-
tent with summertime MSA levels recorded at Halley sta-
tion (75◦39′ S, with an average of 35.3 ng m−3) and Dumont

Figure 1. Spatial distributions of MSA mass concentrations and
particle populations created with ODV (Schlitzer, 2002, 2015);
(a) MSA mass concentrations during leg I (ng m−3); (b) MSA par-
ticle populations during leg I; (c) MSA mass concentrations during
leg II (ng m−3), and (d) MSA particle populations during leg II.

d’Urville station (66◦40′ S, with an average of 49 ng m−3)
(Minikin et al., 1998) but lower than those reported at Palmer
station (64◦77′ S, with an average of 122 ng m−3) (Savoie et
al., 1993). The highest MSA levels occurred in the region be-
tween 64 and 67◦ S with a maximum value of 210.8 ng m−3

(Fig. 1a), consistent with the previous observation results ob-
tained from the Southern Ocean (60–70◦ S, with a maximum
MSA level of 260 ng m−3) (Chen et al., 2012). In this study,
elevated MSA levels were associated with the dynamic sea
ice edge at ∼ 64◦ S, as sea ice starts to melt in early De-
cember (Fig. S2a and S2c). The release of iron (De Baar et
al., 1995; Wang et al., 2014) and algae (Lizotte et al., 2001;
Loose et al., 2011) from sea ice increase phytoplankton num-
bers (Taylor et al., 2013), resulting in the increase of DMS
generation and emission (Hayashida et al., 2017). This, in
turn, increases MSA levels due to the oxidation of DMS in
the atmosphere.

MSA particle populations (0.1–2.5 µm) were determined
simultaneously by SPAMS during the cruise (Fig. 1b). The
highest average hourly MSA particle population (507±189)
occurred at MP1 (high MSA population; 68–72◦ S, 172◦ E)
near the Antarctic continent, followed by MP2 (high MSA
population; 65–68◦ S, 160–170◦ E), with an average parti-
cle population of 344± 334. High MSA particle populations
were associated with high wind speeds in these regions (MP1
8.06± 1.86 m s−1, MP2 15.76± 3.93 m s−1; Fig. 2).

The MSA mass concentrations ranged from 11.4 to
165.4 ng m−3 (with an average of 38.8± 27.5 ng m−3) dur-
ing leg II, and the MSA particle populations ranged from 3
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to 1666 (with an average of 168±172, Fig. 1c and d). Similar
variations of MSA particle population and total particle pop-
ulation were present (Fig. 2). The relationship between MSA
particle population and total particle population will be fur-
ther discussed in Sect. 3.2. Extremely high MSA mass con-
centrations, with an average of 100.3±18.6 ng m−3, were ob-
served in the MA region (high MSA mass; 170.2–177.4◦ E,
68.2–77.8◦ S), but high MSA particle populations were not
present in this region (with an average of 171± 159). High
MSA particle populations with low MSA concentrations oc-
curred at MP1 and MP2 (Fig. 1a and b). It indicates that MSA
mass concentrations did not always reflect the MSA particle
populations in the marine atmosphere. Generally, the uptake
of MSA on aerosol surface (Read et al., 2008) only changes
the aerosol size and chemical composition, without vary-
ing their populations. Hence, the MSA particle population
is mainly associated with the aerosol number concentration
in the atmosphere, as more particles are provided for the up-
take of MSA in high particle number concentration. Though
high levels of MSA may also increase the MSA population,
high MSA mass concentrations with low MSA populations
are observed in this study. This phenomenon occurs when
low existing particle populations and high MSA mass con-
centrations are present in the marine atmosphere.

3.2 Linkage between MSA concentration and particle
population

To verify the relationship between MSA mass concentration
and particle population, the temporal distributions of MSA
mass concentration and particle number are illustrated in
Fig. 2. Variations of MSA mass concentrations were not al-
ways associated with the MSA particle populations during
the observation periods (Fig. 2a and b). We did not find an
obvious correlation between MSA particle population and
MSA mass concentration (Fig. S5a), indicating that the major
factors regulating MSA mass concentration and MSA par-
ticle population were different. High MSA particle popula-
tions often occurred in conjunction with high wind speeds
(Fig. 2b and d), while high MSA mass concentrations were
not always observed at high wind speed regions, such as
extremely high MSA mass concentrations with low wind
speeds were present at MA (Fig. 2a, b and d).

MSA mass concentrations are determined by the oxidation
of DMS, derived from marine phytoplankton activity (Davis
et al., 1998; Barnes et al., 2006; Read et al., 2008), but MSA
particle populations are mainly associated with the uptake of
MSA on existing particles. High existing particle populations
lead to high MSA particle populations, as the formation of
particulate MSA often occurs on the surface of existing par-
ticles (Read et al., 2008). In this study, the variation of MSA
particle population was consistent with the variation of total
particle population during the observation period (Fig. 2b). A
positive correlation between MSA particle population and to-
tal particle population was present (slope= 0.19, r2

= 0.65,

n= 1195; Fig. S5b). The ratio of MSA particle population
to total particle population (RMSA/total) concentrated on the
range of 0.2–0.5, with an average of 0.29± 0.15 (Fig. 2b).

3.3 Signatures of MSA particle types

During leg I, 332 438 single particles with positive and neg-
ative mass spectra were obtained, while 603 098 single par-
ticles with positive and negative mass spectra were obtained
during leg II. Fine particles were classified into eight types,
i.e., Na, Mg, SO2−

4 , K, EC (elemental carbon), OC (organic
carbon), NO−x , and MSA, using the ART-2a algorithm (Song
et al., 1999) during the cruise (Fig. S6). MSA particles ac-
counted for 27.69 % and 22.08 % of the total particles dur-
ing leg I and leg II, respectively. To investigate the interac-
tion between MSA and other species, MSA particles were
further classified into seven subtypes, including MSA-Na,
MSA-Mg, MSA-SO2−

4 , MSA-K, MSA-EC, MSA-OC, and
MSA-NO−x .

3.3.1 MSA-Na particles

Sodium, which is often associated with sea salt particles in
the marine atmosphere (Teinila et al., 2014), is an important
component of atmospheric aerosols in ocean regions (Yan et
al., 2018). Figure 3a illustrates the average mass spectra of
MSA-Na particles during leg I and leg II. Strong Na+ peaks
with weak K+, Ca+, and Na2Cl+ peaks were observed in
the positive spectrum, while strong NaCl−2 and MSA− peaks
with low Cl−, HSO−4 , NO−3 , and O− peaks were present
in the negative spectrum. Similar average mass spectra for
MSA-Na particles were observed during leg I and leg II, even
though the two measurements were carried out under differ-
ent circumstances. MSA-Na particles were the most domi-
nant type of MSA particles, accounting for more than 30 %
of total MSA particles (Fig. 4d).

3.3.2 MSA-Mg particles

Mg is another common component in ocean-derived parti-
cles; hence, such particles are often classified as sea salt
particles in the marine atmosphere. However, some previous
studies have shown that the chemical properties of Mg par-
ticles observed in the marine environment are distinct from
those of sea salt particles (Gaston et al., 2011). In this study,
the mass spectral characteristics of MSA-Mg-type particles
included strong MSA− and Mg peaks (Fig. 3b). In sea salt
particles, the dominant peak was typically Na+ rather than
Mg+ (Fig. 3a) due to the higher concentration of Na+ in sea-
water (Guazzotti et al., 2001). Similar to MSA-Na-type parti-
cles, strong Na+ and NaCl−2 peaks with weak Cl−, NO−3 , K+,
and Ca+ peaks were observed in the mass spectra, indicating
that MSA-Mg-type particles were also derived from sea salt
particles. A strong, positive correlation (r2

= 0.95) between
MSA-Na and MSA-Mg was present in this study (Fig. S7),
indicating that these two types of particles were derived from
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Figure 2. Relationship between MSA mass concentration and MSA particle population in the context of various environmental factors.
(a) Time series of MSA mass concentrations; (b) time series of MSA particle population, total particle population, and the ratio of MSA
particle population and total particle population; (c) time series of temperature and relative humidity (RH); and (d) time series of wind speeds
and direction.

the same sources. However, the abundance of the Mg+ frag-
ment ion relative to the Na+ fragment ion in MSA-Mg-type
particles was different from MSA-Na particles, indicating
that MSA-Mg particles were also affected by other sources.
Studies have shown that Mg particles are correlated strongly
with atmospheric DMS (r2

= 0.76) (Gaston et al., 2011), in-
dicating that Mg particles are also impacted by marine bio-
logical materials, such as cell debris or fragments, viruses,
bacteria, or the organics released by lysed cells (Casillas-
Ituarte et al., 2010; Gaston et al., 2011). Hence, MSA-Mg-
type particles were associated with both sea salt particles and
biological emissions in this study.

3.3.3 MSA-SO2−
4 particles

SO2−
4 particles are derived from different sources, such as

sea salt aerosols, anthropogenic emissions, and marine bio-
genic and volcanic sources (Legrand et al., 1998). Strong
signals, peeking at m/z− 97 HSO−4 and m/z− 95 MSA−,
were present in the negative spectrum (seen in Fig. 3c), con-
sistent with previous studies with intense signals of HSO−4
and MSA− occurred at m/z− 97 and m/z− 95 (Gaston et
al., 2011; Silva et al., 2000). Peaks of K+, Na+, Al+, and
Fe+ were present in the positive mass spectrum, and NaCl−2 ,
NO−3 , C4H−, and C2H−2 peaks were present in the nega-
tive mass spectrum, suggesting that MSA-SO2−

4 particles
were associated with different sources. This can be further

demonstrated by the size distribution of MSA-SO2−
4 parti-

cles (Fig. 5c and d), as MSA-SO2−
4 particles were found in

both submicron particles (0.1–1.0 µm) and coarse particles
(1.0–2.0 µm).

3.3.4 MSA-K particles

The positive mass spectrum of the MSA-K particles was
dominated by a strong K+ peak with weak Na+, C2H+3 ,
and C3H+7 peaks (Fig. 3d). Strong HSO−4 and MSA− sig-
nals were present in the negative mass spectrum. Abundance
of organic fragment ions were observed in the mass spec-
tra of MSA-K particles. K is often expected as a marker of
a biomass-burning source in continental areas (Yan et al.,
2018). But K is also derived from other sources, such as coal
combustion and biological materials. The mass spectra of
MSA-K particles observed in this study were very different
from the mass spectra of K particles observed from biomass
burning, indicating that K particles were not associated with
biomass burning here.

3.3.5 MSA-OC particles

OC particles are often associated with anthropogenic
sources, such as vehicle and coal combustion (Silva et al.,
2000; Sitaras and Siskos, 2008); marine biogenic sources
(Quinn et al., 2014); and secondary sources (photochemi-
cal reaction from their precursor organic gases) (Horne et

www.atmos-chem-phys.net/20/3259/2020/ Atmos. Chem. Phys., 20, 3259–3271, 2020
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Figure 3. Average mass spectra of major MSA clusters during leg I and leg II. (a) MSA-Na, (b) MSA-Mg, (c) MSA-SO2−
4 , (d) MSA-K,

(e) MSA-OC, (f) MSA-EC, and (g) MSA-NO−x .
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al., 2018). The positive and negative mass spectra of MSA-
OC were dominated by CxHy ion peaks (i.e., C2H+3 , C3H+,
C3H+3 , C3H+4 , and C3H+7 ; Fig. 3e). Strong signals of HSO−4
and MSA− fragment ions were also present in the negative
spectrum, while weak signals of Na+ and Cl− were observed
in the positive mass spectrum (Fig. 3e).

3.3.6 MSA-EC particles

EC particles are often associated with primary emissions;
that is, the incomplete combustion of carbon-containing ma-
terials (Murphy et al., 2009). In this study, MSA-EC particles
were characterized by strong peaks of C−n (C−4 , C−3 , and C−2 )
in the negative spectrum, while the positive mass spectrum
was dominated by Ca+ ions (Fig. 3f). EC particles are of-
ten associated with ship emissions in the ocean atmosphere
(Yan et al., 2018). Compared with the average mass spectra
of MSA-OC particles, the abundances of MSA− and HSO−4
fragment ions were lower in MSA-EC particles, indicating
that the uptake of MSA on EC particles may be more diffi-
cult than the uptake of MSA on OC particles. Similar to the
mass spectra of MSA-OC particles, a few fragments of Na+

and Cl− were observed in the MSA-EC mass spectra, sug-
gesting that MSA-OC and MSA-EC particles rarely mixed
with sea salt particles.

3.3.7 MSA-NO−
x particles

The negative spectrum of MSA-NO−x particle was domi-
nated by strong peaks of MSA−, NO−2 , and NO−3 , with
weak CxH−y , O−, and Cl− peaks (Fig. 3g). Strong Na+,
(C3H+3 )/K+, and (C3H+4 )/Ca+ peaks with weak Na2Cl+ and
CaO+ peaks were observed in the positive spectrum. Sea
salt particles react easily with atmospheric HNO3 to form ni-
trate and hydrogen chloride (Adachi and Buseck, 2015). The
abundances of Na+, Cl−, and NaCl−2 ions in the mass spec-
tra of MSA-NO−x particles demonstrated that these particles
were formed by the interaction between sea salt particles and
NO−x in the marine atmosphere. Generally, NO−x components
(NO−2 and NO−3 ) are produced from their precursor gases
NO2, N2O, and NO, mainly deriving from natural sources in
the Southern Ocean (Wolff, 1995) and also impacted by the
human activities in the coastal Antarctic regions (Mazzera et
al., 2001). High concentrations of NO−x are often found in
urban atmospheric aerosols (Yan et al., 2015). However, the
concentrations of NO−x were extremely low during the whole
cruise (Fig. 4), indicating that NO−x was associated with the
marine sources in this study.

3.4 Uptake characteristics of MSA on existing particles

In this study, Na, Mg, and SO2−
4 were the most abundant

particles (Fig. 4a). Similar to Na, Mg, and SO2−
4 , MSA-Na,

MSA-Mg, and MSA-SO2−
4 particles were also the three most

abundant MSA particles (Fig. 4b), accounting for more than

70 % of the total MSA particles. It indicates that the uptake of
MSA was associated with the particle population. However,
SO2−

4 was the most abundant particle type of the total aerosol
particles, while MSA-SO2−

4 was not the most abundant MSA
particle type in the atmosphere. This indicates that particle
population was not the only impact factor for the uptake of
MSA.

The average fractions of the MSA subtype particles dif-
fered considerably from the average fractions of their cor-
responding particle types (Fig. 4c and d). SO2−

4 particles
accounted for 26.8 % of the total particles (Fig. 4c). How-
ever, MSA-SO2−

4 particles accounted for only about 17.8 %
of the total MSA particles (Fig. 4d). Similarly, the relative
abundances of MSA-EC and MSA-K with respect to total
MSA particles were lower than those of EC and K with re-
spect to the total particles. In contrast, MSA-Na particles
were the most abundant MSA particles, accounting for more
than 32.55 % of the total MSA particles (Fig. 4d), while Na
particles accounted for only 21.68 % of the total particles
(Fig. 4c). Similar patterns were observed for Mg and OC par-
ticles. MSA-Mg and MSA-OC particles were more abundant
in the MSA particles than Mg and OC particles in the to-
tal particles (Fig. 4d). These results indicate that the uptake
of MSA on Na and Mg particles were more effective than
the uptake of MSA on EC and SO2−

4 particles. Note that ob-
servations during leg I and leg II were conducted under dif-
ferent circumstances, as high concentrations of sea ice were
present during leg I (Fig. S2a) but sea-ice-free conditions oc-
cur during leg II (Fig. S2b). Despite different conditions be-
ing present during leg I and leg II, the relative fractions of
MSA subtype particles remain similar, confirming that the
uptake selectivity of MSA occurred on different particles.

As discussed above, relative factions of MSA subtype par-
ticles were different from their corresponding particles. The
contributions of MSA-Na and MSA-Mg to the total MSA
particles were improved significantly, while the contribution
of MSA-SO2−

4 declined. Figure S8 illustrates the mean frac-
tions of MSA subtype particles to the total particle popula-
tion. Similar mean fractions of MSA subtype particles dur-
ing leg I and leg II revealed that the uptake of MSA was
affected by the particle chemical properties. Note that parti-
cle size also affects the uptake of MSA on fine particles. To
clarify the uptake properties of MSA on different size parti-
cles, the size distributions of MSA particles (0.1–2.0 µm) and
size-resolved MSA subtype particles during leg I and leg II
were also analyzed in this study. Although particles smaller
than 0.1 µm were not detected by SPAMS in this study, most
of the MSA particles are in the range of 0.1 to 1.0 µm in the
marine atmosphere (Ayers et al., 1997), indicating that the
MSA particles measured in this study represent most of the
MSA particles in the marine atmosphere.

The size of the total particles shows an unimodal distribu-
tion, with a mean diameter of 0.51 µm, during leg I and leg
II (Fig. 5a). Most of the particles were 0.3–1.0 µm, consis-
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Figure 4. Relative fractions of different particle types during leg I and leg II. (a) Relative fractions of different particle types; (b) relative
fractions of MSA subtype particles; (c) average fractions of different particle types during leg I and leg II; and (d) average fractions of MSA
subtype particles during leg I and leg II.

tent with particle sizes observed in Antarctica using SMPS
(scanning mobility particle sizer) (Pant et al., 2011) and with
sea spray aerosol sizes measured in marine regions (Quinn
et al., 2017). Compared with the mean size of the total par-
ticles, MSA particles were larger in this study, with a mean
diameter of 0.65 µm (Fig. 5a). This suggests that particles
were enlarged when MSA uptake occurred on their surfaces.
Although particles were enlarged by MSA uptake, submi-
cron MSA particles contributed to more than 90 % of the
total MSA particles (Fig. 5b), indicating that most of the
MSA particles were still in the submicron range, consistent
with observation results in coastal Antarctica (Legrand et al.,
1998) and the Pacific Ocean (Jung et al., 2014).

The size-resolved MSA subtype particles by population
fraction during leg I and leg II are also given in this study.
MSA-EC, MSA-K, and MSA-NO−x particles were primarily
distributed in the small size (< 1 µm) (Fig. 5c). In contrast,
high relative fractions of MSA-Na and MSA-Mg particles
were present in large particles (> 1 µm), accounting for more
than 75 % of the total coarse particles (1.0–2.0 µm) (Fig. 5c).
The relative fractions of MSA-SO2−

4 particles did not change
significantly as the particle size increases, mainly due to the
variety of sources of this type of particle. SO2−

4 particles are
mainly derived from sea salt particles and the oxidation of
DMS in the marine atmosphere. Sea salt particles have a wide

size distribution, ranging from 0.01 to 8 µm (Clarke et al.,
2006), which are found in the submicron size (De Leeuw et
al., 2011, and Prather et al., 2013) and coarse size (Norris et
al., 2013) ranges. But SO2−

4 particles generated from the oxi-
dation of DMS are mainly distributed in the submicron range
(Legrand et al., 1998).

The MSA particle and total particle populations during
leg II were much higher than during leg I (Fig. 5a), and
seasonal conditions were different between leg I and leg II
(Fig. S2). The size-resolved MSA subtype particles identi-
fied during leg II were very similar with the size-resolved
MSA subtype particles identified during leg I (Fig. 5c and
d), confirming the stable MSA uptake properties on different
particles.

3.5 The uptake rate of MSA on different particles

The uptake of MSA on the existing particles has been investi-
gated; however, the pressing question is how different aerosol
properties impact the uptake rate of MSA. Figure 6 shows the
uptake rate of MSA (defined as the ratio of MSA-containing
particles to the corresponding particles, such as MSA-Na to
Na ratio) on different particles in the marine atmosphere. The
formation of particulate MSA includes two routes: the re-
active uptake of DMS on existing aerosols and the conver-
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Figure 5. Size distributions of MSA particles and size-resolved MSA subtype particles during the cruise; (a) size distributions of MSA
particles and total particles; (b) cumulative size distributions of MSA and total particles; (c) size-resolved MSA subtype particles during leg
I; and (d) size-resolved MSA subtype particles during leg II.

sion of gaseous MSA to particulate MSA by condensation
on existing particles (Read et al., 2008). High uptake rates
of MSA-Na and MSA-Mg particles were observed in Na and
Mg particles, accounting for 0.43± 0.21 and 0.41± 0.20 of
the total Na and Mg particles, respectively (Fig. 6). There
are two reasons for the effective uptake of MSA on Na and
Mg particles. Firstly, Na and Mg particles are mainly de-
rived from sea salt particles, which are often alkaline. Pre-
vious studies have shown that alkaline sea salt particles are
favored to absorb acidic atmospheric gases, promoting the
formation of acidic compounds on sea salt particles (Laskin
et al., 2003). As an acidic species, MSA is easily absorbed
by sea salt particles to form particulate MSA. Secondly, the
presence of halogen radicals on sea salt particle surfaces also
enhances the oxidative reactive uptake of DMS on those par-
ticles to form particulate MSA (Read et al., 2008).

A low uptake rate (0.24± 0.68) of MSA-EC particles was
observed in this study (Fig. 6). Generally, EC particles are
highly hydrophobic, which suppresses the uptake of MSA on
these particles, as DMS reactive uptake often occurs through
aqueous reactions (Bardouki et al., 2003). The relative frac-
tion of SO2−

4 particles was much higher than that of EC par-
ticles (Fig. 4c). However, the uptake rate of MSA-SO2−

4 par-
ticles (0.26± 0.47) was similar with that of MSA-EC parti-
cles (Fig. 6), indicating that particle population was not the

Figure 6. MSA uptake rates for different aerosol particles in the
marine atmosphere.

major factor affecting MSA uptake rate. The uptake rate of
MSA on existing particles is significantly dependent on par-
ticle characteristics. As SO2−

4 particles are often acidic, MSA
uptake by this type of particle is restricted. For this reason,
even though SO2−

4 particle population was much higher than
Na particle population, the uptake rate of MSA-SO2−

4 parti-
cles was much lower than that of MSA-Na particles (Fig. 6).
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The uptake rates of MSA-OC and MSA-NO−x particles
were 0.37± 0.38 and 0.35± 0.62, respectively (Fig. 6). This
is consistent with the relative abundances of MSA-OC and
MSA-NO−x particles and the corresponding OC and NO−x
particles (Fig. 4). It indicates that the uptake rates of MSA
on existing particles were determined by the aerosol prop-
erties and alkaline sea salt particles enhanced the uptake of
MSA, while acidic and hydrophobic species suppressed the
uptake of MSA on these particles.

4 Conclusions

The uptake characteristics of MSA on different aerosols
were examined during early December 2017 and January–
February 2018 in the polynya regions of the RS, Antarc-
tica. Particulate MSA mass concentration, as well as parti-
cle populations and size distributions, were determined si-
multaneously for the first time to characterize the formation
of MSA on different particles. To access the interactions be-
tween MSA and other species, MSA particles were classified
into seven subtypes using the ART-2a algorithm: MSA-Na,
MSA-Mg, MSA-SO2−

4 , MSA-K, MSA-EC, MSA-OC, and
MSA-NO−x .

MSA mass concentration did not always reflect MSA par-
ticle population in the marine atmosphere. The MSA uptake
that occurred on aerosol surfaces alters the aerosol size and
chemical compositions, but it did not change the aerosol pop-
ulation. The MSA particle population was mainly associated
with the total particle population, as more particles implies a
greater opportunity for MSA uptake. High MSA mass con-
centrations with low MSA populations occurred when a low
existing particle population with high MSA production from
the oxidation of DMS were present.

The uptake of MSA on existing particles was mainly de-
pendent on aerosol properties. Alkaline sea salt particles en-
hanced the uptake of MSA, as high uptake rates of MSA-Na
and MSA-Mg particles were observed in the Na and Mg par-
ticles, accounting for 0.43±0.21 and 0.41±0.20 of the total
Na and Mg particles, respectively. But acidic and hydropho-
bic species suppressed the uptake of MSA on these parti-
cles, as only 0.24± 0.68 and 0.26± 0.47 of MSA-EC and
MSA-SO2−

4 were present in the total EC and SO2−
4 particles.

The results extend the knowledge of the impact of aerosol
properties on the conversion of MSA in the marine atmo-
sphere; however, the details of the formation of MSA are
complicated and still controversial. Observations and espe-
cially simulation experiments in the laboratory are required
in the future to clarify the formation of MSA and their impact
factors in the marine atmosphere.
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