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Abstract Oceanic dimethyl sulfide (DMS) emissions have been recognized as a biological regulator of
climate by contributing to cloud formation. Despite decades of research, the climatic role of DMS remains
ambiguous largely because of limited observational evidence for DMS-induced cloud condensation nuclei
(CCN) enhancement. Here, we report concurrent measurement of DMS, physiochemical properties of
aerosol particles, and CCN in the Arctic atmosphere during the phytoplankton bloom period of 2010. We
encountered multiple episodes of new particle formation (NPF) and particle growth when DMS mixing
ratios were both low and high. The growth of particles to sizes at which they can act as CCN accelerated in
response to an increase in atmospheric DMS. Explicitly, the sequential increase in all relevant parameters
(including the source rate of condensable vapor, the growth rate of particles, Aitken mode particles,
hygroscopicity, and CCN) was pronounced at the DMS-derived NPF and particle growth events. This field
study unequivocally demonstrates the previously unconfirmed roles of DMS in the growth of particles
into climate-relevant size and eventual CCN activation.

Plain Language Summary Marine phytoplankton can produce gaseous dimethyl sulfide
(DMS), which is the most abundant form of sulfur released into the atmosphere through sea-air gas
exchange. The polar oceans are known to be the most productive ocean in terms of DMS due to the high
abundance of DMS-producing phytoplankton. The oceanic emission of DMS into the marine atmosphere
has received substantial attention during the last 30 years because of its contribution to cloud formation
and its subsequent impact on climate. However, the climate feedback role of DMS remains uncertain
due to insufficient evidence supporting DMS-derived formation of aerosol particles and their subsequent
activation into cloud condensation nuclei (CCN), in turn affecting the Earth's radiation budget. In this
study, we analyzed atmospheric DMS mixing ratios, and concentrations of aerosol particles and CCN in
the Arctic atmosphere during the phytoplankton bloom period. Our results show that atmospheric DMS
affects the formation and growth of aerosol particles and significantly contributes to CCN populations.

1. Introduction

Aerosols are an integral part of the global climate system, scattering and absorbing incoming radiation and
forming cloud condensation nuclei (CCN; Carslaw et al., 2013). Marine aerosols contribute significantly to
the global aerosol load and consequently impact the Earth's radiative budget (O'Dowd & De Leeuw, 2007).
The atmospheric oxidation of dimethyl sulfide (DMS) derived from marine phytoplankton is the most abun-
dant source of naturally occurring sulfate aerosol particles (Simd, 2001). Owing to their high hygroscopicity,
sulfur-containing compounds are important for the formation of aerosol particles and contribute to the pop-
ulation of CCN (Boy et al., 2005; Kulmala, 2003). More than 30 years ago, Charlson et al. (1987) proposed a
biological regulation of the climate system that could be initiated by a warming-induced increase in oceanic
DMS emissions (the so-called CLAW hypothesis). This hypothesis postulated that DMS-derived sulfate aer-
osols made up the majority of the CCN in the marine atmosphere; therefore, an increase in DMS emissions
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would result in an increase in CCN and a decrease in the amount of solar radiation reaching Earth's surface.
Thus, reducing the source of DMS again.

New particle formation (NPF), which is characterized by a burst of high concentration of nanometer-size
particles, is the dominant source of the total aerosol particle number concentration and evolves to CCN in
the global troposphere (Kerminen et al., 2018; Kim et al., 2019; S.-H. Lee et al., 2019). Recent studies per-
formed in remote polar regions revealed that biogenic DMS emissions significantly contribute to the forma-
tion of new particles during the biologically productive periods (Chang et al., 2011; Jang et al., 2019; K.-T.
Park et al., 2017). However, the relationship between DMS-derived NPF and subsequent growth to CCN has
not been clearly constrained (Ayers & Cainey, 2007; Brooks & Thornton, 2018; Quinn & Bates, 2011; Yoon
& Brimblecombe, 2002), mainly due to the absence of simultaneous measurements of these compounds in
remote marine environments. Moreover, these processes are affected by a variety of meteorological param-
eters and properties of pre-existing particles (Kerminen et al., 2018; Kulmala & Kerminen, 2008; S.-H. Lee
et al., 2019); thus, it is difficult to single out the effect of biogenic precursors, including DMS, on Earth's
climate under ongoing marine environmental changes (Carslaw et al., 2013; Quinn & Bates, 2011; Wang
et al., 2018; Woodhouse et al., 2010, 2013).

Marine DMS emissions show distinct seasonal and latitudinal variability as the production of DMS and
its precursor compound (dimethylsulfoniopropionate; DMSP) in the ocean is highly species-specific (Lana
et al., 2011; K.-T. Park et al., 2014). The Arctic and Antarctic oceans are known to be the hotspots of DMS
emissions because DMS-producing phytoplankton are abundant in these regions (Kettle et al., 1999; Levas-
seur, 2013). The Arctic Ocean is currently warming and acidifying faster than other marine environments
(K. Lee et al., 2011; Stroeve et al., 2007), and the resulting environmental changes (e.g., decreases in sea-
ice extent, mixed-layer shallowing, increases in sea surface temperature, eutrophication, and decreases in
pH) may affect the emission of biogenic DMS by changing the biomass and taxonomic composition of
marine phytoplankton in these fragile regions (Hopkins et al., 2020; Levasseur, 2013). Long-term field meas-
urements of methanesulfonic acid (MSA, oxidative product of DMS) in three Arctic sites (Alert, 82.5°N,
62.3°W; Barrow, 71.2°N, 156.4°W; Zeppelin, 78.5°N, 11.8°E) showed that MSA concentration in aerosol par-
ticles increased at a rate of 40%-80% decade ™" between 1998 and 2009 due to the northward migration of the
biologically active marginal ice zone (Sharma et al., 2012). A recent satellite-based study also reported that
DMS emissions in the Arctic Ocean have increased at a rate of 10 Gg S decade™ (>30% decade™), mainly as
aresult of increases in the extent of open water (Gali et al., 2019). The increasing marine emission of DMS
and resulting changes in microphysical properties of marine aerosols and clouds could possibly moderate
Arctic warming. To address this issue, observational evidence to support the DMS-induced enhancement of
CCN formation is crucial.

In this study, we report atmospheric DMS mixing ratios, MSA concentrations, number concentrations and
size distributions of aerosol particles, and CCN concentrations at Ny-Alesund, Svalbard (78.5°N, 11.8°E)
during the phytoplankton bloom period (April-June) in 2010. The relationship between these components
were investigated by comparing NPF and particle growth events that occurred during episodes of observed
high and low DMS mixing ratios. The results are used to address the link between DMS, aerosols, and
CCN-production during the Arctic spring period.

2. Materials and Methods
2.1. DMS and MSA Measurements

The atmospheric DMS mixing ratios were measured at hourly intervals from April 11 to June 10, 2010 at
the Zeppelin observatory, which is located 2 km southwest of the small settlement of Ny-Alesund at an
elevation of 474 m above sea level (m.a.s.l.; Figure 1a). The analytical system used includes a component
for DMS trapping and elution and a gas chromatograph (GC) equipped with a pulsed flame photometric
detector enabling the quantification of trace level DMS. Details of the DMS analytical system and the DMS
measurement protocol are described in S. Jang et al. (2016).

For the measurement of MSA, an air sampler equipped with a PM,, impactor (collecting particles <10 pm
in aerodynamic equivalent diameter) was used to collect aerosol particles. The inlet of the sampler was
mounted on the roof of the Gruvebadet observatory (1 km southwest of the Ny-Alesund settlement and
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Figure 1. (a) Mean chlorophyll concentration during the study period (April-June 2010). Star symbol indicates the
location of the Svalbard observation site (78.5°N, 11.8°E). (b) Atmospheric dimethyl sulfide (DMS) mixing ratios (blue
circles) and methanesulfonic acid concentrations (green line). (c) Hourly median values of the number concentrations
of nanoparticles (CN3_;o; 3-10 nm in diameter; red circles) and solar irradiance (gray line). (d) Hourly median values of
the number concentrations of cloud condensation nuclei (CCN at 0.4% supersaturation). The color bars above Figure 1b
indicate where cases have been assigned to time periods (blue for case A, high new particle formation (NPF) and low
DMS; red for case B, high NPF and high DMS; yellow for case C, moderate NPF and high DMS; green for case D, low
NPF and high DMS).

60 m.a.s.l.) and samples were taken every 24 h during the study period. Aerosol particles were collected on
Teflon filters (PALL Gelman) at a flow rate of 2.3 m* h™'. The MSA collected on the filter was extracted into
10 mL of Milli-Q water, and their concentrations determined using ion chromatography (Dionex, Thermo
Fisher Scientific Inc.) as described by Becagli et al. (2016).

2.2. Aerosol Measurements

The physical properties of the aerosol particles (number concentration, size distribution, and CCN concen-
tration) were also concurrently measured at the Zeppelin observatory. The number concentration of aerosol
particles (CN) was measured using two condensation particle counters (CPCs) at 1 min intervals with differ-
ent cut-off diameters: particles larger than 3 nm (CNj; TSI model 3025), particles larger than 10 nm (CNj;
TSI model 3010). The number concentration of nanoparticles (between 3 and 10 nm in diameter; CN3_y),
which indicate the existence of newly formed particles via gas-to-particle conversion, was estimated using
the difference in the number concentrations of aerosol particles between the two CPCs. The size distribu-
tion of aerosol particles ranging from 10 to 560 nm in mobility equivalent diameter were analyzed using a
differential mobility particle analyzer (DMPS), consisting of a medium size Hauke differential mobility ana-
lyzer in combination with a CPC (TSI model 3010), with a time resolution of 10 min. The Droplet Measure-
ment Technologies CCN counter was used to measure the CCN concentration at various supersaturations
(0.2%, 0.4%, 0.6%, 0.8%, and 1.0%). Each supersaturation level (except for 0.2%) was measured for 5 min.
CCN concentration at supersaturation of 0.2% was measured for 10 min. Hourly median values for number
concentration of particles measured by CPCs, DMPS, and CCN counter were used for the further analysis.
A more detailed description regarding the measurement of aerosol particles is given in Jung et al. (2018).
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2.3. Estimation of Parameters for Particle Formation and Growth Characteristics

The growth rate of particles (GR), condensation sink (CS), condensable vapor concentration (C,), and
source rate of condensable vapor (Q) were calculated by using the size distribution of aerosol particles.
Based on hourly median size distribution, in ranges of 10-25 nm, the geometric mean diameter (GMD) of
particles was calculated through lognormal fitting analysis. The GR of particles was then calculated using
the rate of change in the GMD (Kulmala et al., 2004). The CS, which indicates the loss rate of gaseous mole-
cules onto pre-existing particles, was calculated using Equation 1 (Kulmala et al., 2004), taking into account
the temporal evolution of the size distributions during the event. Using the estimated GR and CS values,
condensable vapor concentration (C,) and its source rate (Q) were calculated using Equations 2 and 3, as-
suming that the particle growth was caused by condensation of a low volatile vapor on the particle surface
(Dal Maso et al., 2002; Kulmala et al., 2001):

CS =27D, %},ﬂ,ﬂdedp W
C, = AxGR .
0=CSxC, @

where D, is the diffusion coefficient of the condensable vapor (0.1 cm’s™), 8, is the transitional regime
correction factor from Fuchs and Sutugin (1971), and d, and N, are the particle size and number concen-
tration, respectively. A is a constant (1.37 X 10" h cm™ nm™") for a vapor with the molecular properties of
sulfuric acid. The condensable vapor was assumed to be gaseous sulfuric acid, which reportedly plays a key
role in the nucleation process (Dal Maso et al., 2005).

The hygroscopicity parameter (x; Equation 4), and critical diameter (D.; Equation 5) for CCN activation at
a supersaturation of 0.4% were calculated using the total particle number concentrations larger than 3 nm
(CN3), particle size distributions, and CCN concentrations as described by Furutani et al. (2008) and Petters
and Kridenweis (2007):

o 4l ,_4o,M,
27D In?SS’ RTp, )
[P n(D)aD
Dy ( ) - CCN (5)
Ntot CN3

where, o,, M,,, and p,, are the surface tension, molecular weight, and density of water, respectively, R is
the universal gas constant, T is the temperature, SS is the supersaturation applied in the CCN counting,
N,y is the total number concentration of aerosol particles measured by DMPS, D is the mobility equivalent
diameter, and D, is assumed to be 10 nm, at the beginning of the DMPS scan. The x value of ~1.4 was found
to be the upper limit for the most highly CCN-active particles, such as NaCl (Petters & Kridenweis, 2007).
Therefore, calculated x values greater than 1.4 (4.4% of the data from the entire study period) were excluded.
These values were possibly biased due to extremely low number concentration of aerosol particles in the
pristine Arctic atmosphere.

2.4. Air Mass Transport History Analysis

The air mass back trajectories were obtained using the Hybrid Single Particle Lagrangian Integrated Trajec-
tory model (Draxier & Hess, 1998). The model also outputs solar irradiance along the air mass back trajecto-
ry. The meteorological fields for trajectory analysis were obtained from the Global Data Assimilation System
at 1° resolution. The 2-, 3-, 4-, and 5-day air mass back trajectories and hourly positions were combined with
satellite-derived geographical information to evaluate the travel history of the air mass arriving at the obser-
vation site (Choi et al., 2019; E. Jang et al., 2019). Daily geographical information on sea-ice, land, and ocean
area, with a 25-km resolution, was obtained from the Sea Ice Index, provided by the National Snow and Ice
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Data Center. Sea surface chlorophyll concentration, a useful indicator for phytoplankton biomass, was ob-
tained from the Level-3 product of Aqua Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua)
at a 4-km resolution. The air mass exposure to chlorophyll was calculated by combining 2-day air mass back
trajectories and sea surface chlorophyll concentrations (Choi et al., 2019; K.-T. Park et al., 2018; Equation 6):

>4 Chl
Egy = % (6)

where, Chl, is the mean sea surface chlorophyll concentration within a radius of 25 km at a given trajectory
time point along the air mass back trajectory, and n is the total number of time points for which valid chlo-
rophyll concentration is available. Here, a larger value of exposure to chlorophyll could indicate a higher
possibility of the air mass carrying biologically derived compounds to the observation site.

3. Results and Discussion
3.1. Temporal Variations in Atmospheric DMS, Nanoparticles, and CCN

Atmospheric DMS mixing ratios in the Arctic atmosphere varied from 0 to >300 pptv during the phyto-
plankton bloom period of 2010 (Figure 1b). Temporal variations in these mixing ratios are largely controlled
by meteorological parameters (e.g., air mass interaction with ocean surface and wind speed) and biological
characteristics (e.g., biomass and taxonomic composition of the phytoplankton) at the observation site (K.-T.
Park et al., 2013, 2018). The measured hourly number concentrations of nanoparticles range over three
orders of magnitude (~10 to >10° cm™), and frequent NPF events were observed during the study period
(Figure 1c). Both the atmospheric DMS mixing ratios and number concentrations of nanoparticles show
considerable short-term (hourly to daily) variability with mean (median) values of 30.8 (4.4) £ 52.1 pptv and
234 (122) + 313 cm™>, respectively, for the study period.

The major oxidation products of DMS are sulfuric acid, hydroperoxymethyl thioformate (HPMTF), and
MSA. These oxidation products can either form new particles or condense onto existing particles because
of their low volatility (Chen et al., 2015; Kulmala & Kerminen, 2008; Veres et al., 2020). Since the oxidation
of DMS is the only known source of MSA in the marine atmosphere, MSA concentration can be used as
an indicator of DMS-derived secondary aerosol formation (Udisti et al., 2016). The MSA concentrations,
measured daily, show a similar trend to the atmospheric DMS mixing ratios, with an increase starting in
early May and the maximum of 200 ng m > reached when the atmospheric DMS level reached its maximum
(Figure 1b).

The CCN concentrations are comparable with those reported in previous studies at other Arctic sites (J. Park
et al., 2020; Schmale et al., 2018). The hourly CCN number concentration at 0.4% supersaturation varied
between <10 and 400 cm ™ with a mean (median) of 146 (135) + 69 cm ™ for the study period (Figure 1d).

3.2. Case Studies: NPF Events

To examine the correlation between biogenic DMS and aerosol properties, the NPF events were categorized
into four groups: (a) high nanoparticle concentrations with low DMS mixing ratios (i.e., CN3_jo > 400 cm ™
and DMS mixing ratios <10 pptv; case A), (b) high nanoparticle concentrations with high DMS mixing
ratios (i.e., CN3 ;o > 400 cm ™ and DMS mixing ratios >50 pptv; case B), (c) moderate nanoparticle concen-
trations with high DMS mixing ratios (i.e., 150 < CN;_;o < 400 cm™ and DMS mixing ratios >50 pptv; case
C), and (d) low nanoparticle concentrations with high DMS mixing ratios (i.e., CN3_, < 100 cm ™ and DMS
mixing ratios >50 pptv; case D). Approximately 20% of the hourly DMS and nanoparticle measurements
show values of >50 pptv and >400 cm >, respectively. While the time period when the hourly DMS and na-
noparticles was <10 pptv and <100 cm > accounts for ~60% and 39%, respectively. Note that each case was
assigned to the time periods in which the respective NPF episode lasted for >5 h (Figure 1).

The mean number concentrations of nanoparticles for cases A and B (938 + 405 cm ™ and 999 + 689 cm >,

respectively) are approximately three times that of case C (309 + 93 cm™) and more than 15 times that of
case D (56 = 31 cm™>; Figure 2a). The mean DMS mixing ratios of the high DMS mixing ratio groups (i.e.,
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Figure 2. Box plots for (a) the number concentrations of nanoparticles (CN3_j), (b) atmospheric dimethyl sulfide
(DMS) mixing ratios, (c) solar irradiance (SR), (d) methanesulfonic acid concentrations, (e) number concentrations

of Aitken mode particles (CNsy_190), (f) critical diameter for cloud condensation nuclei (CCN) activation (D), (g)
hygroscopicity parameter (x), and (h) number concentrations of CCN. The blue, red, yellow and green box plots indicate
the results for the different NPF episodes of cases A (high new particle formation [NPF] and low DMS), B (high NPF
and high DMS), C (moderate NPF and high DMS), and D (low NPF and high DMS), respectively. The gray dotted lines
represent the mean values of the entire study period. The upper and lower limits of the boxes, and the solid, and the
dashed lines across each box indicate the 75th and 25th percentiles, the median, and the mean, respectively.

cases B, C, and D; 90.3 + 40.6, 129.5 + 63.2, and 129.1 + 58.6 pptv, respectively) are more than 30 times that
of case A (2.4 £ 4.2 pptv; Figure 2b). Importantly, shipboard field measurements of DMS and particle size
distribution over the Canadian Arctic Archipelago showed that DMS alone could explain the formation of
newly formed particles with an initial DMS mixing ratio of >100 pptv in clean Arctic atmosphere (Chang
et al., 2011). Among the four defined cases, case A was observed most frequently during the study period
(87 h, 8 times), followed by case D (80 h, 7 times), case C (48 h, 6 times), and case B (36 h, 5 times). Cases C
and D (i.e., high DMS mixing ratios but moderate and low nanoparticle concentrations) were characterized
by lower solar irradiance (134 + 110 and 129 + 87 W m™> for cases C and D, respectively) than the cases in
which high concentrations of nanoparticles were observed (236 + 136 and 242 + 112 W m ™ for cases A and
B, respectively; Figure 2c). This indicates that insufficient solar energy hinders the conversion of the precur-
sor compounds (including DMS and other trace gases) into nanoparticles. Solar radiation is considered to
be one of the most important factors in the occurrence of NPF events, as it is needed for the photochemical
reaction that leads to the formation of sulfuric acid (Kulmala & Kerminen, 2008).

The daily MSA measurements coinciding with each one of the four cases were assigned to the cases A-D,
respectively. The average MSA concentration corresponding to case B (75 + 73 ng m™°) was approximately
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Figure 3. The size number distributions of aerosol particles ranging between 10 to 560 nm in diameter for (a) the entire study period, (b) cases A and B, and (c)
cases C and D. The error bars are equivalent to 1 standard deviation (1o).

four times that of case A (18 + 18 ng m™), and ~20% and 30% greater than those of case C (63 + 28 ng m™)
and D (56 + 25 ng m™>), respectively (Figure 2d). Significant correlation between the MSA concentrations
and both the corresponding DMS mixing ratios and the number concentrations of nanoparticles was also
observed in previous study conducted in April and May 2015 at the same site (Park et al., 2017).

3.3. Case Studies: Particle Growth Events

The size distribution and chemical composition of aerosol particles are the key properties that determine
the number of CCN formed at a certain water vapor supersaturation (Anttila et al., 2012; McFiggans
et al., 2006). Figure 3 shows the size distribution of aerosol particles in the range of 10-560 nm, over the en-
tire study period and for the four defined NPF cases. The number concentration of Aitken mode aerosol par-
ticles (between 50 and 100 nm in diameter; CNsq_;o0), Which are known to be climate-relevant due to their
effective growth into CCN, was four times higher for case B (221 # 134 cm ™) than for case A (49 + 49 cm™;
Figure 2e). To examine particle growth in more detail, the growth rate (GR) of particles and source rate of
condensable vapor (Q) were calculated using the aerosol size distribution, regardless of the categorized
NPF events. A total of 22 statistically significant particle growth events were observed during the study
period (Figures S1-S4). The duration of particle growth events ranged from 7.7 to 57.0 h, with a mean of
23.0 + 12.3 h. The growth rate of particles varied from 0.01 to 1.49 nm h™" (0.62 + 0.48 nm h™") and was
comparable to the values reported in previous studies conducted in pristine polar regions (Kim et al., 2019;
Weller et al., 2015). The mean atmospheric DMS mixing ratios and CNj;_;, for the 22 particle growth events
were 35.9 + 51.9 pptv and 414 + 318 cm ™, respectively.

Assignificant positive correlation between the average DMS mixing ratios for each particle growth event and
the corresponding MSA concentrations was observed (r = 0.89, slope = 0.96, n = 16, p < 0.01 for the events
with solar irradiance >180 W m™>; r = 0.85, slope = 0.09, n = 6, p < 0.01 for the events with solar irradiance
<180 W m™% Figure 4a). In particular, MSA-to-DMS ratio (i.e., the slope of the linear regressions), which
possibly indicates the relative efficiency of DMS-to-sulfurous particle conversion, was >10 times when the
solar irradiance was greater than the mean value of the entire study period (180 W m™2). The source rate
of condensable vapor was positively correlated with the corresponding atmospheric DMS mixing ratios
(r = 0.65, n = 16, p < 0.01) when the solar irradiance was greater than 180 W m™2 (Figure 4b). A strong
positive correlation was also found between the source rate of condensable vapor and the corresponding
MSA concentrations for the 22 particle growth events (r = 0.72, n = 22, p < 0.01; Figure 4c). These support
the finding that photochemical products formed from DMS were the dominant component of condensable
vapor in our study area. Moreover, the increases in the growth rate of particles corresponded to a propor-
tional increase in the DMS mixing ratios (r = 0.64, n = 22, p < 0.01) and the MSA concentrations (r = 0.60,
n =22, p < 0.01; Figure 4d).
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Figure 4. (a) Methanesulfonic acid (MSA) concentrations as a function of the corresponding atmospheric dimethyl
sulfide (DMS) mixing ratios. (b) The source rate of condensable vapor as a function of the corresponding atmospheric
DMS mixing ratios when solar irradiance is low (gray circles; <180 W m™>) and high (orange circles; >180 W m™?).

(c) The source rate of condensable vapor as a function of MSA concentrations. (d) The growth rate of particles as a
function of the corresponding atmospheric DMS mixing ratios (red triangles) and MSA concentrations (blue circles) for
22 particle growth events. The solid lines represent the best fit.

Particle growth events were further categorized into two groups: (a) particle growth with low DMS (mean
DMS mixing ratio of <10 pptv during growth events, seven events, 180 h; GR-case A; Figure S1), and (b)
particle growth with high DMS (mean DMS mixing ratio of >50 pptv during the growth events, five events,
135 h; GR-case B; Figure S2). The mean DMS mixing ratios for GR-case B (81.4 + 42.6 pptv) was >100
times that of GR-case A (0.5 + 1.4 pptv). Particle growth events that occurred under low solar radiation
conditions (SR < 180 W m™?, six events, 102 h; Figure S3) were excluded from the categorization to min-
imize the influence of meteorological factors. The average MSA concentration corresponding to GR-case
B (79 = 62 ng m™>) was similar to that of case B (75 + 73 ng m™>) and was >10 times that of GR-case A
(7 + 5 ng m™>; Figure 5a). The average growth rate and source rate of condensable vapor for GR-case A were
estimated to be 0.35 # 0.38 nm h™" and (0.8 + 1.0) X 10° cm™ s, respectively, and were <3 time that of
GR-case B(1.18 + 0.27 nm h™" and (4.0 + 1.8) X 10* cm ™ s/, respectively; Figures 5b and 5c). These results
indicate that the growth of aerosol particles was more favorable for particles derived from DMS than for
those derived from other potential precursors.

The potential source areas for GR-case A and GR-case B exhibited clear differences (Figures 5d-5f and
Figure S5). GR-case B likely results from air mass transport over the biologically productive ocean area
in the Barents and Greenland Seas. Based on a 2-day air mass transport history, the residence time of air
masses over the ocean for GR-case B (27.4 £+ 9.3 h) was two times that of GR-case A (12.5 + 8.4 h; Fig-
ure 5d). Moreover, the extent of exposure of the air mass to the marine phytoplankton biomass (i.e., air
mass exposure to oceanic chlorophyll; E ) for GR-case B (1.2 + 1.0 mg m™>) was six times that of GR-case
A (0.2 + 0.2 mg m™>; Figure 5f). The difference in potential source origin between GR-case A and GR-case
B was also notable when 3-, 4-, and 5-day air mass back trajectories were applied (Figure S5). These results
strongly suggest that marine phytoplankton in the Arctic Ocean are an importance source for atmospheric
DMS and DMS-derived aerosol particles (Chang et al., 2011; Heintzenberg et al., 2017; H. Lee et al., 2020;
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Figure 5. Box plots for (a) methanesulfonic acid concentration, (b) the source rate of condensable vapor, (c) the growth rate of particles (d), (e) residence time
of 2-day air mass back trajectories arriving at the observation site over the ocean and sea-ice domain, and (f) the calculated air mass exposure to chlorophyll
(Ecn)- The blue and red box plots indicate the results for GR-case A (particle growth events with low dimethyl sulfide [DMS]) and GR-case B (particle growth
events with high DMS), respectively. The gray dotted lines represent the mean values for the 22 particle growth events. The upper and lower limits of the boxes,
and the solid, and the dashed lines across each box indicate the 75th and 25th percentiles, and the median, and the mean, respectively.

K.-T. Park et al., 2017). During GR-case A, air masses spent more time over the sea-ice covered region
(19.8 £ 9.7 h) than during GR-case B (8.9 + 6.9 h; Figure 5e). Recent studies reported that abiotic and
biotic release of iodine-containing particles from sea-ice could also be contributing to the formation of
newly formed particles in the Arctic and Antarctic atmosphere (Allan et al., 2015; Raso et al., 2017; Sipild
et al., 2016). Although iodine compounds were not measured during the study period, key precursor com-
pounds that are associated with particle formation and growth during GR-case A were probably derived
from iodine compounds recently released from ice-covered areas.

3.4. Linking DMS-Derived Particle to CCN

A previous study performed at the same observation site reported a range in annual median CCN concen-
trations of 45-81 cm™ at a supersaturation of 0.4% throughout 7 years long (from 2007 to 2013) in situ
CCN observation campaign (Jung et al., 2018). The highest CCN concentration was recorded in March
(~150 cm™?), mostly due to high loading of anthropogenic accumulation mode particles (>100 nm in diam-
eter) transported from mid-latitude regions, known as Arctic haze (Quinn et al., 2007). A sharp transition
in the dominant particle type (large to small particles) was identified in springtime, owing to a weakening
of Arctic haze events and increasing biogenic production in the Arctic Ocean (Engvall et al., 2008). As the
condensation sink is proportional to the surface area of existing particles, the resulting reduction in the con-
densation sink could promote NPF in clean Arctic atmosphere (Leaitch et al., 2013). Following the Arctic
haze period, the anthropogenic influence on aerosol properties rapidly decreased and remained low until
late winter. However, CCN concentrations during May and June remained high, possibly due to the supply
of newly formed particles originating from biogenic sources (Jung et al., 2018; Leaitch et al., 2013).

To examine the hygroscopic properties of aerosol particles, we calculated the hygroscopicity parameter (x)
and critical diameter (D) for CCN activation at a supersaturation of 0.4%. In general, x values are zero
for non-hygroscopic compounds, and between 0.01 and 0.5 for slightly-to very-hygroscopic organic species
(Petters & Kreidenweis, 2007). The mean «x value of the entire study period is 0.23 + 0.19, which is com-
parable to the results of previous studies from Arctic areas. For example, x values between 0.11 and 0.41
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Figure 6. Box plot for (a) the number concentration of Aitken mode particles (CNsq_100), (b) critical diameter for cloud condensation nuclei (CCN) activation
(D,), (c) hygroscopicity parameter (x), (d) number concentrations of CCN, (e) solar irradiance (SR) measured at the observation site, and (f) SR averaged along
2-day air mass back trajectories. The blue and red box plots indicate the results for the different particle growth episodes, including GR-case A (particle growth
events with low dimethyl sulfide [DMS]) and GR-case B (particle growth events with high DMS), respectively. The gray dotted lines represent the mean values
for 22 particle growth events. The upper and lower limits of the boxes, and the solid and dashed lines across each box indicate the 75th and 25th percentiles,
and the median and mean, respectively.

were estimated during an Arctic expedition near the Svalbard archipelago in the spring-summer period of
2017 (Kecorius et al., 2019). Variations in the D, may reflect alterations in the chemical composition of the
aerosol particles. Thus, as the hygroscopicity of the aerosol increases, the D, for CCN activation decreases
(Sihto et al., 2011). The D, for aerosols allocated to the three NPF cases with high DMS is similar (98 + 35,
97 + 29, and 93 + 35 nm for cases B, C, and D, respectively) and approximately 70% lower than that of case
A (163 £ 70 nm; Figure 2f). Furthermore, the mean x value for case B (0.34 £ 0.26) is four times greater than
that of case A (0.08 + 0.11; Figure 2g). These results indicate that the aerosol particles observed during the
periods of DMS-derived formation and growth of aerosol particles contain a larger number of hygroscopic
compounds. Consequently, the mean number concentration of CCN at 0.4% supersaturation for case B
(219 + 81 cm™?) is 50% greater than the mean CCN concentration of the entire study period (146 + 69 cm ™)
and twice that of case A (110 + 48 cm™>; Figure 2h), although the number concentration of nanoparticles
is similar (938 + 405 cm™ and 999 + 689 cm ™ for cases A and B, respectively; Figure 2a). Such remarkable
differences in the number concentration of Aitken mode particles, D,, x values, and CCN concentrations
were also found between episodes of GR-case A and GR-case B, although the intensify of solar irradiance
(both measured at the observation site and averaged along 2-day air mass back trajectories) was similar
(Figures 6a-6f). Explicitly, D, for GR-case B (98 = 4 nm) was approximately 40% lower than that of GR-case
A (135 = 34 nm). The number concentration of Aitken mode particles, x value, and CCN concentration for
GR-case B (128 + 71 cm™, 0.30 + 0.04, and 198 + 77 cm ™, respectively) were approximately twice those of
GR-case A (52 + 37 cm™, 0.13 # 0.12, and 108 + 46 cm ™, respectively). These results suggest that the for-
mation of new DMS-derived particles could effectively contribute to the growth of particles to a climate-rel-
evant size and the activation of CCN in the Arctic atmosphere.

Additionally, the diurnal cycles of solar irradiance, DMS mixing ratios, CNs_j9, CNyg-29, CNsg_100, and CCN
were examined for the selected particle growth events of GR-case A and GR-case B (Figure 7). The diurnal
patterns of solar irradiance for GR-cases A and B were comparable and peaked around noon local time (Fig-
ure 7a). In both cases, the increasing pattern of CN;_; and CNjo_ lagged a few hours behind the increase in
solar irradiance (Figures 7c and 7d). This phenomenon could indicate that the observed NPF events started
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Figure 7. Diurnal cycles of (a) solar irradiance, (b) atmospheric DMS mixing ratios, the number concentrations of
(c) nanoparticles (CN;_yo), (d) particles with diameters between 10 and 20 nm (CN10-20), (e) Aitken mode particles
(CNsp_100), and cloud condensation nuclei. The error bars are equivalent to 1 standard deviation (1o). The blue and red
circles indicate the results for the episodes of GR-case A (particle growth with low dimethyl sulfide [DMS]) and GR-
case B (particle growth with high DMS), respectively.

to occur dozens to hundreds of kilometers from the observation site (i.e., not freshly nucleated particles;
Zheng et al., 2021). Importantly, the increase rate of the number concentration of particles smaller than
20 nm appeared to be more notable for GR-case B than for GR-case A.

4. Conclusions and Implication

Several long-term observation studies and shipboard campaign have shown a strong seasonal coupling be-
tween biogenic sulfur compounds (including DMS, MSA, and non-sea-salt sulfate), and CCN (Andreae
et al., 1995; Ayers & Gras, 1991; Ayers et al., 1997; Gras & Keywood, 2017; Leaitch et al., 2013; Sanchez
et al., 2018). However, such a coherence in seasonality could not provide applicable evidence to clearly
support the DMS-derived formation of climate-relevant particles and CCN in marine atmospheres (Quinn
& Bates, 2011). This is due to several biogenic volatile compounds and organics being able to influence the
enhancement of marine aerosols and CCN during the productive periods (Bigg, 2007; Rinaldi et al., 2010).
Moreover, DMS in the atmosphere is a short-lived species with a half-life of less than two days (Barnes
et al., 2006), and the growth of newly formed particles with sizes of up to a few tens of nanometers can
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be completed within a few hours (Kerminen et al., 2018). Recently, HPMTF was identified as one of the
major oxidative products of biogenic DMS (Veres et al., 2020). Thus, additional studies determining the
atmospheric fate of HPMTF (e.g., oxidation process, spatial and temporal variations, and association with
NPF and particle growth) are needed to assess the role of DMS in marine sulfur chemistry. To this end,
simultaneous high-frequency measurements of diverse physiochemical parameters are required to obtain
observational evidence for the DMS-induced enhancement of marine CCN.

There has been increasing attention on understanding Arctic aerosols because warming-induced changes
in Arctic ecosystem could seriously affect primary and secondary organic aerosol formation processes that
related to climate forcing (Abbatt et al., 2019). Biogenic DMS emission is of interest due to its potential con-
tribution to the formation of climate relevant particles in Arctic atmosphere. We evaluated and presented
convincing linkage within the phytoplankton-DMS-aerosol-CCN system by analyzing the detailed particle
formation and growth-related parameters, as well as the potential source origin in the pristine Arctic at-
mosphere. Although our field observations did not consider the time delay between gaseous precursors,
particle nucleation, and initial growth steps, this case study shows that the DMS-derived formation and
growth of aerosol particles was accompanied by a significant increase in climate-relevant particles, which
were are also more suitable to act as CCN due to their higher hygroscopicity. According to ground-based and
shipboard measurements of atmospheric DMS and MSA over the Arctic and Antarctic oceans, high levels
of DMS (>100 pptv) and MSA (>70 ng m™>) were frequently observed during the biologically productive
periods (Berresheim et al., 1998; Marandino et al., 2008; Mungall et al., 2016; Preunkert et al., 2007; Read
et al., 2008; Staubes & Georgii, 1993; Zhang et al., 2020). These observations possibly indicate that DMS-in-
duced enhancement of aerosols and CCN formation is a widespread phenomenon in Arctic and Antarctic
regions where phytoplankton producing DMS are abundant (i.e., a sufficient source of condensable vapor),
but background particle concentrations are low (i.e., low condensation sinks). Considering that the increas-
ing production of DMS associated with sea ice decreases as a result of global warming (Gali et al., 2019;
Sharma et al., 2012), the contribution of DMS to CCN formation will increase in the foreseeable future.

Although relationships with other key precursors such as halogenated gases, and N-containing organics,
which may have contributed to these processes, have not yet been explored, our results provide robust ob-
servational evidence supporting a close interaction between DMS, aerosols, and CCN in the Arctic atmos-
phere. To confirm the roles of biogenic DMS in climate feedback, long-term and simultaneous observations
of key gaseous precursors and physiochemical properties of aerosol particles are critical, along with the
improvement of model prediction of the association of planktonic DMS, aerosols, and climate.

Data Availability Statement

Data for aerosol properties measured using CCNC, CPC, and DMPS at Zeppelin observatory can be ac-
cessed from the EBAS database (http://ebas.nilu.no/default.aspx). Solar irradiance data were provided by
the Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research (https://doi.org/10.1594/
PANGAEA.873812).
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