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Abstract. The connection between marine biogenic dimethyl sulfide (DMS) and the formation of aerosol particles in the Arctic 

atmosphere was evaluated by analyzing atmospheric DMS mixing ratios, aerosol particle size distributions and aerosol 

chemical composition data that were concurrently collected at Ny-Å lesund, Svalbard (78.5° N, 11.8° E) during April and May 15 

2015. Measurements of aerosol sulfur (S) compounds showed distinct patterns during periods of Arctic haze (April) and 

phytoplankton blooms (May). Specifically, during the phytoplankton bloom period the contribution of DMS-derived SO4
2– to 

the total aerosol SO4
2– increased by 7-fold compared with that during the proceeding Arctic haze period, and accounted for up 

to 70% of fine SO4
2– particles (< 2.5 µm in diameter). The results also showed that a sharp increase in the atmospheric DMS 

mixing ratio during Arctic phytoplankton bloom events was directly associated with the formation of sub-micrometer SO4
2– 20 

aerosols, and their subsequent growth to climate-relevant particles. The results also showed that the formation of submicron 

SO4
2– aerosols was significantly associated with an increase in the atmospheric DMS mixing ratio. More importantly, two 

independent estimates of the formation of DMS-derived SO4
2– aerosols, calculated using the stable S isotope ratio and the non 

sea salt SO4
2–/methanesulfonic acid ratio, respectively, were in close agreement, providing compelling evidence that the 

contribution of biogenic DMS to the formation of aerosol particles was substantial during the Arctic phytoplankton bloom 25 

period. 
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1 Introduction 

Aerosols are known to have influenced the Earth’s radiation budget, by scattering and absorbing incoming solar radiation or 

forming cloud condensation nuclei (CCN) (Charlson et al., 1992; Haywood and Boucher, 2000). However, large uncertainty 

remains in assessing the effects of aerosols on radiative forcing (IPCC 2013). Both field and laboratory studies have indicated 

that sulfate (SO4
2–) is an aerosol component that principally contributes to the formation of CCN (Kulmala, 2003; Boy et al., 5 

2005; Sipilä et al., 2010). Most SO4
2– particles originate from three sources: anthropogenic SOX, sea salt SO4

2–, and marine 

biogenic emissions (biogenic SO4
2–). The latter is exclusively produced from the oxidation of dimethyl sulfide (DMS) (Simó, 

2011 2001). 

Over the past 3 decades, DMS emissions from the upper ocean have been considerably studied because there may be a direct 

association close linkage between marine biota and climate change (Charlson et al., 1987). DMS is of marine origin, is 10 

produced in the upper ocean via interactions of multiple biological processes (e.g., Stefels et al., 2007; Kettle and Andreae, 

2000; Lee et al., 2012; Park et al., 2014), and some of the DMS is eventually emitted into the atmosphere through air-sea gas 

exchange processes due to its low solubility in seawater. Atmospheric DMS is rapidly oxidized to methanesulfonic acid (MSA) 

and H2SO4, both of which influence the sulfurous aerosol budget (Davis et al., 1999; Barnes et al., 2006). The MSA and H2SO4 

formed from DMS tend to transform into new particles or condense onto existing aerosol particles because of their high values 15 

of Henry’s law constant, and eventually become CCN (Charlson et al., 1987). The MSA and H2SO4 formed from DMS tend 

to transform into new particles via multiple nucleation processes (i.e., binary, ternary, and ion-induced) or condense onto 

existing particles because of their low volatility nature, and eventually form CCN (e.g., Korhonen et al., 1999; Vehkamäki et 

al., 2002; Lee et al., 2003).  Several studies have investigated the association of DMS with non sea salt sulfate (nss-SO4
2–), 

CCN, and aerosol optic depth (AOD) (e.g. Ayers and Gras, 1991; Gabric et al., 2005a; Carslaw et al., 2010), but direct proofs 20 

for such associations is limited (Ayers and Cainey, 2007). Despite 30 years of research effort, the contribution of oceanic DMS 

emission to the formation of aerosol particles and CCN remains poorly quantified. In the absence of this knowledge, in 

particular a lack of observational evidence for a direct  an association between DMS production and the formation and growth 

of aerosol particles in the marine boundary layer, doubts remain as to the validity of the hypothesized feedback mechanism 

connecting DMS-derived aerosols to climate (Quinn and Bates, 2011).  25 

Condensation of The occurrence of a large source of low-volatility vapors (generally involving H2SO4) in the absence of 

coagulation with larger particles results in the constant formation of new particles in the atmosphere , because of the high level 

of production of condensable vapors and the relative lack of a condensation sink of pre-existing particles;  these new particles 

subsequently grow into Aitken particles (> 50–100 nm in diameter), which probably influence cloud formation, and thereby 

radiation (Boy et al., 2005; Pierce et al., 2014; Leaitch et al., 2016). However, it is difficult to establish the quantitative 30 

relationship between oceanic DMS emission and the formation and growth of aerosol particles in the marine boundary layer. 

A small number of recent studies have reported that atmospheric DMS mixing ratios are related to the ocean phytoplankton 

biomass (Preunkert et al., 2008; Park et al., 2013), and that an increase in nss-SO4
2– corresponds to a proportional increase in 
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the MSA concentration in regions of high phytoplankton productivity (Becagli et al., 2012, 2013 and 2016; Zhang et al., 2015), 

where DMS emissions are also high. However, a mechanistic understanding of the major physical and chemical processes that 

are involved in the formation of DMS-derived SO4
2– particles and their growth into larger particles remains elusive. Explicitly, 

DMS emissions may exert greater impacts on aerosol formation in regions where the concentration of background aerosol 

particles is low, but DMS-producing phytoplankton are abundant. The Arctic atmosphere is an excellent example of an 5 

environment that meets these two criteria (e.g., Chang et al., 2011; Browse et al., 2012; Leaitch et al., 2013; Tunved et al., 

2013; Willis et al., 2016). 

The aims of the present study were to investigate the direct association of DMS emissions with the formation of aerosol 

particles the possible association between DMS emissions and the formation of aerosol particles, and to assess the contribution 

of DMS to total SO4
2– aerosol budget. To this end we analyzed datasets of atmospheric DMS mixing ratio, aerosol particle size 10 

distributions, and aerosol chemical composition measured at Ny-Å lesund (Svalbard; 78.5° N, 11.8° E) in April and May 2015. 

To address the second aim we analyzed the MSA concentration (formed exclusively from the photo-oxidation of DMS) and 

the stable S isotope composition of aerosol particles. 

2 Experimental Methods 

The atmospheric DMS mixing ratio was measured at 12 h intervals on the Zeppelin observatory, which is located at an 15 

elevation of 474 m above sea level (m.a.s.l) and 2 km south and southwest of Ny-Å lesund. The measurement period (April – 

May) approximately covered the pre- to post-phytoplankton bloom periods. The analytical system includes a component for 

DMS trapping and elution and a gas chromatography (GC) equipped with a pulsed flame photometric detector (PFPD) enabling 

DMS quantification. The detection limit of the analytical DMS system was reported to be 1.5 pptv in an air volume of 

approximately 6 L. Details for the DMS analytical system and the DMS measurement protocol are described in Jang et al 20 

(2016). 

The distribution of aerosol particle sizes was measured at the Gruvebadet observatory, which is approximately 1 km southwest 

of Ny-Å lesund and approximately 60 m.a.s.l. Both a differential mobility analyzer and a condensation particle counter 

continuously measured the occurrence and distribution of two discrete small particle size ranges (360 nm and 10500 nm in 

differential mobility equivalent diameter), Two discrete systems of scanning mobility particle sizer (SMPS) systems, each of 25 

which included a differential mobility analyzer (DMA) and a condensation particle counter (CPC), continuously measured the 

distribution of small particles in in differential mobility equivalent diameter ranges 360 nm (combination of TSI 3085 and 

TSI 3776) and 10500 nm (TSI 3034), and an aerodynamic particle sizer (APS) analyzed larger particles in the range 0.5–20 

µm in diameter (Park et al., 2014; Lupi et al., 2016). 

A high volume air sampler equipped with a PM2.5 impactor (collecting particles < 2.5 µm in aerodynamic equivalent diameter) 30 

was used for collection of aerosol samples. The sampler was mounted on the roof of the Gruvebadet observatory, and sampled 
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particles every 3 days between 9 April and 20 May 2015, and later measured concentrations of major ions and the stable S 

isotope composition on a quartz filter. 

For measurement of major ions (Na+, K+, Mg2+, SO4
2–, Cl–, and MSA), a 47-mm (diameter) disk filter was punched out from 

a PM2.5 aerosol quartz filter. All major ions collected on the disk filter were extracted in 50 mL Milli-Q water and analyzed by 

a Dionex ion chromatography system (Thermo Fisher Scientific Inc., USA). The concentrations of major anions were 5 

determined using a Dionex model ICS-2000 with an IonPac AS 15 column and the concentrations of major cations were 

determined using a Dionex model ICS-2100 with an IonPac CS 12A column. Three times the standard deviations of blank 

measurements were used as detection limits (0.01 to 0.26 ng mL–1) (Kang et al., 2015). 

For measurement of the stable S isotope ratio (34S/32S), all S compounds on half of a PM2.5 quartz filter were extracted in 50 

mL Milli-Q water. The filtrate was treated with 50100 μL of 1M HCl to adjust the solution to pH = 3–4. Then, 100 µL of 1M 10 

BaCl2 was added to cause all S as SO4
2– to precipitate as BaSO4. After a 24-h precipitation period at room temperature, the 

BaSO4 precipitate was recovered by filtration on a membrane filter and finally dried for 24 h. Each membrane filter containing 

BaSO4 was packed into a tin cup and analyzed by isotope ratio mass spectrometer (IsoPrime100, IsoPrime Ltd, UK) coupled 

to an elemental analyzer (Vario EL, Elementar Co, German). The resulting S isotope ratio of a sample (δ34S) was expressed as 

parts per thousand (‰) relative to the 34S/32S ratio in a standard (Vienna Cañon Diablo Troilite) (Krouse and Grinenko, 1991). 15 

 

δ34S (‰) = {(34S/32S) sample / (
34S/32S) standard – 1} 1000                                                                                                         (1) 

 

Information about the S isotope ratio of aerosol particles and the concentrations of major ions enabled the estimation of the 

relative contributions of biogenic DMS (fbio), anthropogenic SOX (fanth), and sea-salt SO4
2– (fss) to the total aerosol SO4

2– 20 

concentration. The concentration of ss-SO4
2– was first calculated by multiplying the Na+ concentration (as a sea spray marker) 

by 0.252 (the seawater ratio of SO4
2–/Na+) (Keene et al., 1986). The nss-SO4

2– fraction of the total SO4
2– was then calculated 

by subtracting the fraction of ss-SO4
2– from the total SO4

2–. Finally, the fraction of biogenic SO4
2– was estimated by solving 

the following equations: 

 25 

δ34Smeasured = δ34Sbio fbio + δ34Santh fanth + δ34Sss fss                                                                                                                                                                                        (2) 

fbio + fanth + fss = 1                                                                                                                                                                       (3) 

fss = 0.252 Na+/total SO4
2–                                                                                                                                                                                                                                             (4) 

 

In solving Eq. (2)–(4), the published S isotope end-member values of DMS-derived SO4
2– (δ34Sbio = 18 ± 2‰), 30 

anthropogenic SO4
2– (δ34Santh = 5 ± 1‰), and sea-salt SO4

2– (δ34Sss = 21.0 ± 0.1‰) were used (McArdle and Liss, 1995; 

Norman et al., 1999; Böttcher et al., 2007; Lin et al., 2012). 
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3 Results and Discussion 

3.1 Atmospheric DMS and aerosol particles 

The atmospheric DMS mixing ratio measured at Zeppelin observatory changed abruptly (by several orders of magnitude) 

within a few days of measurement and occasionally reached a level of 400 pptv, particularly during phytoplankton bloom 

events (Fig. 1a). The monthly mean DMS mixing ratio for May (47 ± 91 pptv) was 3-fold higher more than double than the 5 

April mean (18 ± 18 pptv). The 3-day integrated concentrations of MSA were broadly consistent with the concentrations of 

DMS; the lowest concentration (< 50 ng m–3) occurred in April and the highest value (approximately 200 ng m–3) occurred in 

May (Fig. 1a). The strong positive correlation between the MSA concentrations and the corresponding DMS mixing ratios (r 

= 0.84, n = 14, P < 0.05; Fig. 1b 1c) supports the assumption that the photochemical oxidation of biogenic DMS was the only 

major source of MSA in our study area. Variations in DMS explained approximately 70% of the observed variance in the MSA 10 

concentration; the remaining variance was probably associated with variations in MSA that formed elsewhere, and was 

subsequently advected to the measurement site, and also with variations in the efficiency of photochemical oxidation of DMS. 

The concentration of aerosol particles in the 3–10 nm diameter range (a nucleation mode), which is an indicator of recent 

nucleation, occasionally exceeded 3000 cm–3. These small particles formed more frequently in May than in April (blue line in 

Fig. 1a). As a result, The observed increase in nucleation mode particles coincided with high atmospheric DMS mixing ratio 15 

and MSA concentration. Therefore, the 3-day mean DMS mixing ratios and the MSA concentrations were both significantly 

correlated with the 3-day mean concentration of nucleation mode particles (r = 0.66, n = 14, P < 0.05, Fig. 1c 1d; and r = 0.71, 

n = 14, P < 0.05, Fig. 1d 1e, respectively); the observed nucleation events also concurrently occurred with high atmospheric 

DMS mixing ratios (Fig. 1a). Approximately 45% of the variability in the 3-day mean concentrations of nucleation mode 

particles can be explained by overall variations in the concentrations of DMS and MSA; some of the remaining variability will 20 

be associated with variations in the intensity of solar radiation, which influences the efficiency of photochemical oxidation of 

DMS. In fact, high atmospheric DMS mixing ratios found in mid-April (77.1 ± 51.5 pptv; 14–17 April) was not followed by 

the formation of nucleation mode particles (42.6 ± 49.5 cm–3) and MSA (21.4 ng m–3), probably possibly due to the low 

intensity of solar irradiation (80.4 ± 81.9 W m-2) (Fig. 1a and c , c and d). We cannot completely rule out the possibility that 

sources other than DMS (e.g., iodine) contributed to the formation of nucleation mode particles (Fig. 1a, c and d d and e). The 25 

emission of iodine is an alternative explanation for the particle nucleation event in the Arctic atmosphere during our study 

period (O’Dowd et al., 2002; Allan et al., 2015). Recent field observations in an iodine-rich coastal environment have shown 

that species containing iodine contribute to the formation of new aerosol particles via direct molecular-scale observations of 

nucleation in an iodine-rich coastal environment (Sipilä et al., 2016). As all chemical species (including H2SO4, iodine species, 

and organic vapors) that are directly involved in the nucleation process were not measured during the observational periods of 30 

the present study, we are unable to pinpoint the major contributor; however, these strong correlations indicate that the small 

aerosol particles that were formed newly were probably derived from recently released biogenic DMS. 
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3.2 Aerosol particles formed during periods of Arctic haze (April) and phytoplankton blooms (May) 

Arctic haze, formed originally from emissions of pollution in North Europe, Siberia and North America, and its transport to 

the Arctic environment, has been reported to influence the aerosol characteristics of the Arctic atmosphere during early spring 

(April and earlier periods). The Arctic haze is a mixture of SO4
2– and particulate organic matter, plus minor contributions of 

ammonium, nitrate, dust, black carbon, and heavy metals (Quinn et al., 2007). The concentrations of nss-SO4
2– during this 5 

period reached 2000 ng m–3, and the mean level in April was 2-fold greater than that in May (Fig. 2a). However, information 

about the concentrations of nss-SO4
2– only did not enable differentiation of the strengths of two major sources (anthropogenic 

SOX vs. biogenic DMS). Additional measurements of particle concentrations enabled quantification of the contributions of 

anthropogenic SOX and biogenic DMS to the total nss-SO4
2–. 

Anthropogenic SOX from the continents that reaches Ny-Å lesund will have undergone alterations during long-range transport. 10 

For example, hydrophilic H2SO4 particles derived from anthropogenic SOX tend to grow into particles larger than 100 nm 

(accumulation mode), especially following partial or total neutralization by NH3, which in turn yields hygroscopic compounds 

such as NH4HSO4 and (NH4)2SO4. In contrast, the photochemical oxidation of DMS (yielding biogenic SO4
2–) occurs locally 

and the resulting biogenic particles more tend to develop into small particles (nucleation mode, 3–10 nm; and Aitken mode, 

10–100 nm). These established explanations are generally consistent with our observations. The transition of aerosol 15 

microphysical properties from a distribution dominated by an accumulation mode (Arctic haze period) to a distribution 

dominated by nucleation and Aitken mode atmospheric particles (phytoplankton bloom period) was probably driven by the 

combination of three factors, including changes in air mass transport, incoming solar radiation and condensation sink processes 

(Tunved et al., 2004 and 2013). Specifically, the large accumulation mode particles outnumbered the small nucleation and 

Aitken mode particles during early spring (April) but the concentration of those large particles decreased rapidly from April 20 

to May, with particles smaller 100 nm becoming dominant in May (Fig. 3 and S1). The high concentration of small particles 

(< 100 nm) during phytoplankton bloom period (May) constitutes compelling evidence for new particle formation derived 

from local DMS emission (Sharma et al., 2012; Tunved et al., 2013). A similar sharp transition (large-to-small particles) in the 

dominant particle type was also identified in previous observations at the same site (Engvall et al., 2008). 

Our data on the particle size distributions showed that particles > 100 nm were more abundant in April, whereas small particles 25 

(< 100 nm) were more abundant in May (Fig. 3 and S1). As a result, the total surface area of aerosol particles in April was 2-

fold greater than that observed in May, whereas the concentration of particles in April was 3-fold less than that in May (Fig. 

3). As the condensation sink is proportional to the surface area of aerosol particles, it will decrease with decreasing intensity 

of Arctic haze. The concentrations of nss-SO4
2– measured in April did not correlate with the levels of biogenic MSA (P > 0.05; 

blue circles in Fig. 2b). On the contrary, a strong correlation (r = 0.75, n = 7, P < 0.05; red circles in Fig. 2b) between these 30 

two parameters was found in May. The greater DMS contribution to the formation of nss-SO4
2– in May than in April is broadly 

consistent with the 2-fold greater chlorophyll concentration observed in May compared to April (Fig. S2). These observations 

support our hypothesis that the formation of new particles resulting from the photo-oxidation of biogenic DMS, followed by a 
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gas-to-particle conversion (promoted by the values of Henry’s law constants for H2SO4 and MSA), is an important source of 

Aitken mode (10–100 nm) particles in the Arctic atmosphere. Recent field observation also provided the evidence that the 

growth of nucleation mode particles in the summertime Arctic atmosphere can be mediated by the presence of secondary 

marine organic aerosol including MSA (Willis et al., 2016).   

3.3 Aerosol particles formed from biogenic DMS  SO4
2– aerosol particles formed from biogenic DMS 5 

The use of an asymptotic value in a plot of nss-SO4
2–/MSA ratio versus MSA concentration is a convenient method for 

estimating the fraction of biogenic SO4
2– aerosols. As the MSA concentration in an aerosol sample increases, the contribution 

of biogenic SO4
2– to the total nss-SO4

2– will also increase while the contributions of other sources will decrease. In this case, 

the nss-SO4
2–/MSA ratio tends to approach an asymptotic value as the MSA concentration increases. Therefore, this asymptotic 

value adequately represents the nss-SO4
2–/MSA ratio derived exclusively from DMS (Udisti et al., 2012, 2016). The biogenic 10 

SO4
2–/MSA ratio has been reported to vary considerably in space and time (Gondwe et al., 2004), because the ratio is sensitive 

to temperature, and to a lesser extent photochemical species or reactions with halogen radicals (Bates et al., 1992). When this 

method was applied to data for aerosol samples (PM10) collected in 2014 at the Gruvebadet observatory, in a vicinity of our 

DMS measurement site, the biogenic SO4
2–/MSA ratio was estimated to be 3.0 (Udisti et al., 2016) (Fig. S3 Fig. 4). In other 

polar locations, a ratio of 2.6 was reported, including for Alert station (82.5o N, 62.3o W; 210 m.a.s.l.) (Norman et al., 1999) 15 

and Concordia station (75.1o S, 123.3o E; 3233 m.a.s.l) (Udisti et al., 2012). We estimated the amount of biogenic SO4
2– by 

multiplying the biogenic SO4
2–/MSA ratio (3.0) by the MSA concentration in each aerosol sample. The fraction of 

anthropogenic SO4
2– was estimated by subtracting the combined ss-SO4

2– plus biogenic SO4
2– concentration from the total 

SO4
2– concentration. 

Another method for estimating biogenic SO4
2– is to use S isotope ratios (δ34S) of SO4

2– aerosols, because the δ34S values of 20 

biogenic DMS (18 ± 2‰) are greater than those of anthropogenic SO4
2– (0–8‰) (5 ± 1‰) but less than that of sea salt (21 ± 

0.1‰) (e.g., Wadleigh, 2004; Lin et al., 2011, Oduro et al., 2012). A wide range in δ34S (0–8‰) has been reported for 

anthropogenic SO2 compared with values reported for other sources (Krouse and Grinenko, 1991). Surprisingly, Patris et al 

(2000) reported consistent regional-scale δ34S values for anthropogenic SO2. For example, in remote Arctic regions (including 

Ny-Å lesund and Alert) the S isotope ratios measured for SO4
2– aerosols during the Arctic haze period in a single year mostly 25 

fell within the narrow range of 5–6‰ (McArdle and Liss, 1995; Norman et al., 1999), probably because regional-scale mixing 

processes averaged the signals (Partis et al., 2000). During the study period the δ34S values measured at Ny-Å lesund ranged 

from 4.6 to 10.3. The δ34S values were higher in May (8.8–10.3‰) than in April (4.6–8.2‰), reflecting changes in S sources. 

The contributions of anthropogenic and biogenic SO4
2– to the total SO4

2– aerosols, estimated using two independent methods, 

are shown in Fig. 4 Fig 5 (and Fig. S4 S3). In April and May the contribution of ss-SO4
2– to total SO4

2– was small (< 3% of 30 

total aerosol particles < 2.5 µm in diameter). It was estimated that approximately 90% of the total SO4
2– was of anthropogenic 

origin in April, when the Arctic haze was most intense. This estimation is consistent with measurements of anthropogenic 

SO4
2– in PM10 aerosols collected in April 2014 at the same site (Udisti et al., 2016). In May, following the period of Arctic 
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haze, the contribution of DMS-derived SO4
2– sharply increased up to 70% of fine SO4

2– particles (< 2.5 µm in diameter), and 

this corresponded to the Arctic phytoplankton bloom (Fig. 4a and S4 5a and S3). The concentrations of DMS-derived SO4
2– 

estimated using the MSA-based approach were approximately 50% higher than the values based on the S-isotope method. The 

differences may be the result of uncertainties associated with uncertainties in assigned S isotope end-member values, and the 

ratio of biogenic SO4
2– to MSA. Nonetheless, a robust correlation between these two estimates was found during April and 5 

May (r = 0.74, n = 13, P < 0.05; Fig. 4b 5b). 

3.4 Relationship between concentrations of DMS-derived SO4
2– and the concentrations of aerosol particles 

In both April and May, the concentrations of biogenic SO4
2– particles estimated using the MSA-based and S-isotope-based 

methods were significantly correlated with the concentration of small aerosol particles in nucleation (from 3–10 nm, r = 0.71, 

n = 14, P < 0.05; Fig. 5a 6a) and Aitken modes (from 10–100 nm, r = 0.89, n = 14, P < 0.05; Fig. 5b 6b). However, when the 10 

Arctic haze prevailed in April, the concentration of large particles in accumulation mode (from 100 nm – 1 µm, P > 0.05; Fig. 

5c 6c) was not significantly correlated with the concentration of biogenic SO4
2–, but was strongly correlated with the 

concentration of anthropogenic SO4
2– (r = 0.92, n = 7, P < 0.05; the inset in Fig. 5c 6c). In contrast, when Arctic haze moderated 

in May and the abundance of phytoplankton began to increase, the concentration of biogenic SO4
2– was strongly correlated 

with the concentration of accumulation mode particles (r = 0.91, n = 7, P < 0.05; Fig. 5c 6c). A strong correlation between 15 

biogenic SO4
2– particles and the surface areas of particles provided additional evidence that biogenic SO4

2– significantly 

contributed to small particle formation (Fig. S5 S4). Moreover, the formation and growth of sub-micrometer particles with 

diameters between 3 and 100 nm coincided with high concentrations of biogenic SO4
2– (Fig. 6 7 and S6 S5). It is noteworthy 

that the contribution of anthropogenic SO4
2– to fine SO4

2– particles (< 2.5 µm in diameter) was still considerable (30–60%) 

during the bloom period (May) (Fig. 5a and S3). Therefore, in May anthropogenic SO4
2– may also have partly contributed to 20 

the formation and growth of small aerosol particles (< 100 nm). However, we could not accurately estimate the exact 

contributions of biogenic versus anthropogenic SO4
2– to the formation and growth of aerosol particles in the absence of 

information on the chemical composition of size-segregated aerosol particles. The chemical composition of size-segregated 

aerosol particles was recently measured in the Arctic atmosphere during summer months. More than 60% of the aerosol 

particles havoing a diameter < 0.49 μm was found to be derived from biogenic SO4
2– (Ghahremaninezhad et al., 2016). 25 

According to a study based on an aerosol microphysics box model (Chang et al., 2011), the atmospheric DMS mixing ratios 

observed during phytoplankton bloom periods in our study were sufficiently high for the formation of ultrafine aerosol 

particles, when background particle concentrations are low (i.e. DMS mixing ratio > 100 pptv; condensation sink < 7.0 m–2) 

(Fig. 1a and b).   

These direct observations provide compelling evidence that biogenic DMS released from the Arctic Ocean contributed 30 

significantly to the formation of new aerosol particles, and their subsequent growth to larger climate-relevant particles (> 50–

100 nm in diameter). In particular, new particles appeared to be formed more rapidly in May, and grew more efficiently to 

large climate-relevant particles, possibly because of the presence of a large source of condensable vapor (generally involving 
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H2SO4) formed from the oxidation product of DMS and the low concentration of background aerosol particles (> 100 nm). 

During phytoplankton bloom events, the Arctic environment surrounding the DMS observation site was found to have three 

key characteristics (small surface area of particles, high concentrations of low volatility condensable vapors, and high solar 

radiance) that can greatly facilitate the formation of new particles from biogenic DMS.  

4 Conclusion 5 

The Arctic Ocean is warming faster than any other ocean region (IPCC 2013). Consequently, a corresponding decrease in the 

sea ice extent may impact on primary production and the sea-to-air flux of climate-relevant gases including CO2 and DMS 

(Gabric et al., 2005b). The loss of Arctic sea ice may also result in a new source of aerosol particles and CCN from DMS, 

possibly counterbalancing the decrease in surface albedo by an increase in cloud albedo (Levasseur 2013; Woodhouse et al., 

2013). 10 

This study provided the observational evidence confirming indicating direct relationships between an increase in atmospheric 

DMS and the formation and growth of aerosol particles, and also an increase in the total mass concentration of nss-SO4
2– 

during Arctic phytoplankton blooms. Concurrent measurements of a suite of parameters (DMS, satellite-derived phytoplankton 

biomass, concentration and chemical composition of particles) supported the assertion that oceanic emission of DMS 

significantly affects the properties of sub-micrometer particles in the Arctic atmosphere. This study demonstrated the close 15 

association between an increase in DMS and increases in the total mass concentration of nss-SO4
2– and MSA during the period 

of Arctic phytoplankton blooms. It also confirmed that the increase in DMS-derived SO4
2–occurred concurrently with the 

formation and growth of aerosol particles. Measurements of the atmospheric DMS mixing ratio, MSA, S isotope ratio, aerosol 

particle size distributions, and satellite-based biomass indicated that there was a connection between oceanic DMS emissions 

and the formation of aerosol particles in the Arctic atmosphere during the phytoplankton bloom period. Further measurements 20 

of the chemical composition of marine aerosols less than 100 nm in size are needed to provide more direct evidence for the 

contribution of key nucleating compounds (i.e., DMS, iodine-containing species, and organic vapors) to the formation of 

aerosol particles, and to investigate how aerosol particles in the Arctic are responding to climate change. 

 

Author contribution 25 

K.-T.P., K.L, Y.J.Y and B.-Y.L designed the study. K.-T.P and S.J carried out the field campaign for DMS and aerosol 

measurements. M.-S.K, K.-H.S analyzed S-isotope. K.P, H.-J.C and R.U analyzed aerosol particle size distribution. J.-H.K 

analyzed major ions including MSA. K.-T.P., K.L and Y.J.Y wrote the manuscript. 

메모 포함[박42]: (response to referee #2) 

Q17. Our results were overly stated in Conclusion: We have 

clearly stated in the revised Conclusion that our measurements 
(atmospheric DMS and MSA concentrations, S isotope composition 

of aerosols, aerosol particle concentrations, and satellite-based 

biomass) were not direct evidence supporting a connection between 
DMS emissions and SO4

2– aerosol formation in the Arctic atmosphere 

connection. 



10 

 

Acknowledgement 

This research was supported funded by the National Research Foundation (NRF) of Ministry of Science, ICT and Future 

Planning (Global Research Project; Mid-career Researcher Program, No. 2015R1A2A1A05001847; NRF-

2016M1A5A1901769) and KOPRI-PN17081 (CAPEC project; NRF- 2016M1A5A1901769). Partial support was provided by 

Management of Marine Organisms causing Ecological Disturbance and Harmful Effects" funded by the Ministry of Oceans 5 

and Fisheries and KOPRI-PN17140. 

References 

Allan, J. D., Williams, P. I., Najera, J., Whitehead, J. D., Flynn, M. J., Taylor, J. W., Liu, D., Darbyshire, E., Carpenter, L. J., 

Chance, R., Andrews, S. J., Hackenberg, S. C., and McFiggans, G.: Iodine observed in new particle formation events 

in the Arctic atmosphere during ACCACIA, Atmos. Chem. Phys., 15, 5599–5609, doi:10.5194/acp-15-5599-2015, 10 

2015. 

Ayers, G. P. and Gras, J. L.: Seasonal relationship between cloud condensation nuclei and aerosol methanesulfonate in marine 

air, Nature, 353, 834–835, 1991. 

Ayers, G. P. and Cainey, J. M.: The CLAW hypothesis: a review of the major developments, Environ. Chem., 4, 366–374, 

2007. 15 

Barnes, I., Hjorth, J., and Mihalopoulos, N.: Dimethyl sulfide and dimethyl sulfoxide and their oxidation in the atmosphere, 

Chem. Rev., 106(3), 940–975, 2006. 

Bates, T. S., Calhoun, J. A., and Quinn, P. K.: Variations in the methanesulfonate to sulfate molar ratio in submicrometer 

marine aerosol particles over the south Pacific Ocean, J. Geophys. Res., 97(D9), 9859–9865, doi:10.1029/92JD00411, 

1992. 20 

Becagli, S., Scarchilli, C., Traversi, R., Dayan, U., Severi, M., Frosini, D., Vitale, V., Mazzola, M., Lupi, A., Nava, S., and 

Udisti. R.: Study of present-day sources and transport processes affecting oxidised sulphur compounds in atmospheric 

aerosols at Dome C (Antarctica) from year-round sampling campaigns, Atmos. Environ., 52, 98–108, 

doi:10.1016/j.atmosenv.2011.07.053, 2012. 

Becagli, S., Lazzara, L., Fani, F., Marchese, C., Traversi, R., Severi, M., di Sarra, A., Sferlazzo, D., Piacentino, S., Bommarito, 25 

C., Dayan, U., and Udisti, R.: Relationship between methanesulfonate (MS-) in atmospheric particulate and remotely 

sensed phytoplankton activity in oligo-mesotrophic central Mediterranean Sea, Atmos. Environ., 79, 681–688, 

doi:10.1016/j.atmosenv.2013.07.032, 2013. 

Becagli S., Lazzara, L., Marchese, C., Dayan, U., Ascanius, S. E., Cacciani, M., Caiazzo, L., Di Biagio, C., Di Iorio, T., Di 

Sarra, A., Eriksen, P., Fani, F., Giardi, F., Meloni, D., Muscari, G., Pace, G., Severi, M., Traversi, R., and Udisti, R.: 30 

Relationships linking primary production, sea ice melting, and biogenic aerosol in the Arctic, Atmos. Environ., 136, 1–

15, 2016. 

메모 포함[박43]: (response to referee #1) 
We have added this reference. 

메모 포함[박44]: (response to referee #2) 
We have added this reference. 



11 

 

Boy, M., Kulmala, M., Ruuskanen, T. M., Pihlatie, M., Reissell, A., Aalto, P. P., Keronen, P., Dal Maso, M., Hellen, H., 

Hakola, H., Jansson, R., Hanke, M., and Arnold, F.: Sulphuric acid closure and contribution to nucleation mode particle 

growth, Atmos. Chem. Phys., 5, 863–878, doi:10.5194/acp-5-863-2005, 2005. 

Böttcher, M. E., Brumsack, H.-J., Dürselen, C.-D.: The isotopic composition of modern seawater sulfate: I. Coastal waters 

with special regard to the North Sea, J. Mar. Syst. 67, 73–82, doi:10.1016/j.jmarsys.2006.09.006, 2007. 5 

Browse, J., Carslaw, K. S., Arnold, S. R., Pringle, K., and Boucher, O.: The scavenging processes controlling the seasonal 

cycle in Arctic sulphate and black carbon aerosol, Atmos. Chem. Phys., 12, 6775–6798, doi:10.5194/acp-12-6775-

2012, 2012. 

Carslaw, K. S., Boucher, O., Spracklen, D. V., Mann, G. W., Rae, J. G. L., Woodward, S., and Kulmala, M.: A review of 

natural aerosol interactions and feedbacks within the Earth system, Atmos. Chem. Phys., 10, 1701-1737, 10 

doi:10.5194/acp-10-1701-2010, 2010. 

Chang, R. Y.-W., Sjostedt, S. J., Pierce, J. R., Papakyriakou, T. N., Scarratt, M. G., Michaud, S., Levasseur, M., Leaitch, W. 

R., and Abbatt, J. P. D.: Relating atmospheric and oceanic DMS levels to particle nucleation events in the Canadian 

Arctic, J. Geophys. Res.-Atmos., 116, D00S03, doi:10.1029/2011JD015926, 2011. 

Charlson, R. J., Lovelock, J. E., Andreae, M. O., and Warren, S. G.: Oceanic phytoplankton, atmospheric sulphur, cloud albedo, 15 

and climate, Nature, 326, 655–661, doi:10.1038/326655a0, 1987. 

Charlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley, J. A., Hansen, J. E., and Hofman, D. J.: Climate forcing 

by anthropogenic aerosols, Science, 255, 423–430, 1992. 

Davis, D., Chen, G., Bandy, A., Thornton, D., Eisele, F., Mauldin, L., Tanner, D., Lenschow, D., Fuelberg, H., Huebert, B., 

Heath, J., Clarke, A., and Blake, D.: Dimethyl sulfide oxidation in the equatorial Pacific: Comparison of model 20 

simulations with field observations for DMS, SO2, H2SO4(g), MSA(g), MS and NSS, J. Geophys. Res., 104, 5765–

5784, 1999. 

Engvall, A.-C., Krejci, R., Ström, J., Treffeisen, R., Scheele, R., Hermansen, O., and Paatero, J.: Changes in aerosol properties 

during spring-summer period in the Arctic troposphere, Atmos. Chem. Phys., 8, 445–462, doi:10.5194/acp-8-445-2008, 

2008. 25 

Gabric, A. J., Shephard, J. M., Knight, J. M., Jones, G., and Trevena, A. J.: Correlations between the satellite-derived seasonal 

cycles of phytoplankton biomass and aerosol optical depth in the Southern Ocean: Evidence for the influence of sea 

ice, Global Biogeochem. Cycles, 19, GB4018, doi:10.1029/2005GB002546, 2005a. 

Gabric, A. J., Qu, B., Matrai, P., and Hirst, A. C.: The simulated response of dimethylsulfide production in the Arctic Ocean 

to global warming, Tellus, 57B, 391–403, doi:10.1111/j.1600-0889.2005.00163.x, 2005b. 30 

Ghahremaninezhad, R., Norman, A.-L., Abbatt, J. P. D., Levasseur, M., and Thomas, J. L.: Biogenic, anthropogenic and sea 

salt sulfate size-segregated aerosols in the Arctic summer, Atmos. Chem. Phys., 16, 5191–5202, doi:10.5194/acp-16-

5191-2016, 2016. 

메모 포함[박45]: (response to referee #1) 

We have added this reference. 

메모 포함[박46]: (response to referee #1) 

We have added this reference. 

메모 포함[박47]: (response to referee #2) 

We have added this reference. 

메모 포함[박48]: (response to referee #1 and #2) 
We have added this reference. 

메모 포함[박49]: (response to referee #2) 

We have added this reference. 

메모 포함[박50]: (response to referee #1) 
We have added this reference. 



12 

 

Gondwe, M., Krol, M., Klaassen, W., Gieskes, W., and de Baar, H.: Comparison of modeled versus measured MSA:nss SO4
= 

ratios: A global analysis, Global Biogeochem. Cycles, 18, GB2006, doi:10.1029/2003GB002144, 2004. 

Haywood, J. and Boucher, O.: Estimates of the direct and indirect radiative forcing due to tropospheric aerosols: A review, 

Rev. Geophys., 38(4), 513–543, doi:10.1029/1999RG000078, 2000. 

IPCC: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report 5 

of the Intergovernmental Panel on Climate Change, edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, 

S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M., Cambridge University Press, Cambridge, United 

Kingdom and New York, NY, USA, 1217–1308, 2013. 

Jang, S., Park, K.-T., Lee, K., and Suh, Y.-S.: An analytical system enabling consistent and long-term measurement of 

atmospheric dimethyl sulphide, Atmos. Environ., 134, 217–223, doi:10.1016/j.atmosenv.2016.03.041, 2016. 10 

Kang, J.-H., Hwang, H., Hong, S. B., Hur, S. D., Choi, S.-D., Lee, J., and Hong, S.: Mineral dust and major ion concentrations 

in snowpit samples from the NEEM site, Greenland, Atmos. Environ., 120, 137–143, 2015. 

Keene, W. C., Pszenny, A. P., Galloway, J. N., and Hawley, M. E.: Sea Salt Corrections and Interpretations of Constituent 

Ratios in Marine Precipitation, J. Geophys. Res. 91, 6647–6658, 1986. 

Kerminen, V.‐M., Anttila, T., Lehtinen, K., and Kulmala, M.: Parameterization for atmospheric new‐particle formation: 15 

Application to a system involving sulfuric acid and condensable water‐soluble organic vapors, Aerosol Sci. Technol., 

38(10), 1001–1008, doi:10.1080/027868290519085, 2004. 

Kettle, A. J. and Andreae, M. O.: Flux of dimethylsulfide from the oceans: A comparison of updated data sets and flux models, 

J. Geophys. Res., 105, 26793–26808, 2000. 

Korhonen, P., Kulmala, M., Laaksonen, A., Viisanen, Y., McGraw, R., and Seinfeld, J. H.: Ternary nucleation of H2SO4, NH3, 20 

and H2O in the atmosphere, J. Geophys. Res., 104, 26349–26353, 1999. 

Krouse, H. R. and Grinenko, V. A.: Stable isotopes : natural and anthropogenic sulphur in the environment, vol. 43, Wiley, 

Chichester, UK, 1991. 

Kulmala, M.: How Particles Nucleate and Grow, Science, 302, 1000–1001, 2003. 

Leaitch, W. R., Sharma, S., Huang, L., Toom-Sauntry, D., Chivulescu, A., Macdonald, A. M., von Salzen, K., Pierce, J. R., 25 

Bertram, A. K., Schroder, J. C., Shantz, N. C., Chang, R. Y.- W., and Norman, A.-L.: Dimethyl sulfide control of the 

clean summertime Arctic aerosol and cloud, Elementa, 1, 000017, doi:10.12952/journal.elementa.000017, 2013. 

Leaitch, W. R., Korolev, A., Aliabadi, A. A., Burkart, J., Willis, M. D., Abbatt, J. P. D., Bozem, H., Hoor, P., Köllner, F., 

Schneider, J., Herber, A., Konrad, C., and Brauner, R.: Effects of 20–100 nm particles on liquid clouds in the clean 

summertime Arctic, Atmos. Chem. Phys., 16, 11107–11124, doi:10.5194/acp-16-11107-2016, 2016. 30 

Lee, H., Park, K.-T., Lee, K., Jeong, H. J., and Yoo, Y. D.: Preydependent retention of dimethylsulfoniopropionate (DMSP) 

by mixotrophic dinoflagellates, Environ. Microb., 14 (3), 605−616, 2012. 

Lee, S.-H., Reeves, J. M., Wilson, J. C., Hunton, D. E., Viggiano, A. A., Miller, T. M., Ballenthin, J. O., and Lait, L. R.: 

Particle formation by ion nucleation in the upper troposphere and lower stratosphere, Science, 301, 1886–1889, 2003. 

메모 포함[박51]: (response to referee #2) 

We have added this reference. 

메모 포함[박52]: (response to referee #2) 

We have added this reference. 

메모 포함[박53]: (response to referee #1) 

We have added this reference. 

메모 포함[박54]: (response to referee #1) 
We have added this reference. 

메모 포함[박55]: (response to referee #1) 

We have added this reference. 

메모 포함[박56]: (response to referee #1) 

We have added this reference. 

메모 포함[박57]: (response to referee #1) 

We have added this reference. 



13 

 

Levasseur, M.: Impact of Arctic meltdown on the microbial cycling of sulphur, Nat. Geosci., 6, 691–700, 2013. 

Lin, C. T., Baker, A. R., Jickells, T. D., Kelly, S., and Lesworth, T.: An assessment of the significance of sulphate sources 

over the Atlantic Ocean based on sulphur isotope data, Atmos. Environ., 62, 615–621, 2012. 

Lupi, A., Busetto, M., Becagli, S., Giardi, F., Lanconelli, C., Mazzola, M., Udisti, R., Hansson. H.-C., Henning, T., Petkov, 

B., Ström, J., Krejci, R., Tunved, P., Viola, A. P., Vitale, V.: Multi-seasonal ultrafine aerosol particle number 5 

concentration measurements at the Gruvebadet Laboratory, Ny-Å lesund, Svalbard Islands, Rend. Fis. Acc. Lincei, 

27(1). 59–71, doi:10.1007/s12210-016-0532-8. 2016. 

McArdle, N. C. and Liss, P.S.: Isotopes and atmospheric sulphur, Atmos. Environ., 29, 2553–2556, 1995. 

Norman, A. L., Barrie, L. A., Toom-Sauntry, D., Sirois, A., Krouse, H. R., Li, S. M., and Sharma, S.: Sources of aerosol 

sulphate at Alert: Apportionment using stable isotopes, J. Geophys. Res., 104(D9), 11619–11631, 10 

doi:10.1029/1999JD900078, 1999. 

Oduro, H., Van Alstyne, K. L., and Farquhar, J.: Sulfur isotope variability of oceanic DMSP generation and its contributions 

to marine biogenic sulfur emissions, Proc. Natl. Acad. Sci. U.S.A., 109(23), 9012–9016, 2012. 

O’Dowd, C. D., Jimenez, J. L., Bahreini, R., Flagan, R. C., Seinfeld, J. H., Hämeri, K., Pirjola, L., Kulmala, K., Jennings, S. 

G., and Hoffmann, T.: Marine aerosol formation from biogenic iodine emissions, Nature, 417, 632–636, 2002. 15 

Park, K., Kim, G., Kim, J.-S., Yoon, Y.-J., Cho, H.-J., and Ström, J.: Mixing State of Size-Selected Submicrometer Particles 

in the Arctic in May and September 2012, Environ. Sci. Technol., 48, 909–919, 2014. 

Park, K.-T., Lee, K., Yoon, Y.-J., Lee, H.-W., Kim, H.-C., Lee, B.-Y., Hermansen, O., Kim, T.-W., and Holmén, K.: Linking 

atmospheric dimethyl sulfide and the Arctic Ocean spring bloom, Geophys. Res. Lett., 40, 155–160, 

doi:10.1029/2012GL054560, 2013. 20 

Park, K.-T., Lee, K., Shin, K., Yang, E. J., Hyun, B., Kim, J.-M., Noh, J. H., Kim, M., Kong, B., Choi, D. H., Choi, S.-J., Jang, 

P.-G., and Jeong, H. J.: Direct linkage between dimethyl sulfide production and microzooplankton grazing, resulting 

from prey composition change under high partial pressure of carbon dioxide conditions, Environ. Sci. Technol., 48, 

4750–4756, 2014. 

Patris, N., Mihalopoulos, N., Baboukas, E. D., and Jouzel, J.: Isotopic composition of sulfur in size-resolved marine aerosols 25 

above the Atlantic Ocean, J. Geophys. Res., 105(D11), 14449–14457, doi:10.1029/1999JD901101, 2000. 

Pierce, J. R., Westervelt, D. M., Atwood, S. A., Barnes, E. A., and Leaitch, W. R.: New-particle formation, growth and climate-

relevant particle production in Egbert, Canada: analysis from 1 year of size-distribution observations, Atmos. Chem. 

Phys., 14, 8647–8663, doi:10.5194/acp-14-8647-2014, 2014. 

Preunkert, S., Jourdain, B., Legrand, M., Udisti, R., Becagli, S., and Cerri, O.: Seasonality of sulfur species (dimethyl sulfide, 30 

sulfate, and methanesulfonate) in Antarctica: Inland versus coastal regions, J. Geophys. Res., 113, D15302, 

doi:10.1029/ 2008JD009937, 2008. 

Quinn, P. K., Shaw, G., Andrews, E., Dutton, E. G., Ruoho-Airola, T., and Gong, S. L.: Arctic haze: current trends and 

knowledge gaps, Tellus, 59B, 99–114, 2007. 

메모 포함[박58]: (response to referee #1) 

We have added this reference. 

메모 포함[박59]: (response to referee #1) 

We have added this reference. 

메모 포함[박60]: (response to referee #1) 

We have added this reference. 



14 

 

Quinn, P. K. and Bates, T. S.: The case against climate regulation via oceanic phytoplankton sulphur emissions, Nature, 

480(7375), 51–56, 2011. 

Sharma, S., Chan, E., Ishizawa, M., Toom-Sauntry, D., Gong, S. L., Li, S. M., Tarasick, D. W., Leaitch, W. R., Norman, A., 

Quinn, P. K., Bates, T. S., Levasseur, M., Barrie, L. A., and Maenhaut, W.: Influence of transport and ocean ice extent 

on biogenic aerosol sulfur in the Arctic atmosphere, J. Geophys. Res., 117, D12209, doi:10.1029/2011jd017074, 2012. 5 

Simó, R.: Production of atmospheric sulfur by oceanic plankton biogeochemical, ecological and evolutionary links, Trends 

Ecol. Evol., 16, 287–294, 2001. 

Sipilä, M., Berndt, T., Petäjä, T., Brus, D., Vanhanen, J., Stratmann, F., Patokoski, J., Mauldin III, R. L., Hyvärinen, A.-P., 

Lihavainen, H., and Kulmala, M.: The role of sulphuric acid in atmospheric nucleation, Science, 327, 1243–1246, 2010. 

Sipilä, M., Sarnela, N., Jokinen, T., Henschel, H., Junninen, H., Kontkanen, J., Richters, S., Kangasluoma, J., Franchin, A.,  10 

Rissanen, M. P., Ehn, M., Vehkamäki, H., Kurten, T., Berndt, T., Petäjä, T., Worsnop, D., Ceburnis, D., Kerminen, V. 

‐M., Kulmala, M., and O’Dowd, C. D.: Molecular-scale evidence of aerosol particle formation via sequential addition 

of HIO3, Nature, 537(7621), 532–534, doi:10.1038/nature19314, 2016. 

Stefels, J., Steinke, M., Turner, S., Malin, G., and Belviso, S.: Environmental constraints on the production and removal of the 

climatically active gas dimethylsulphide (DMS) and implications for ecosystem modeling, Biogeochemistry, 83(1), 15 

245–275, doi:10.1007/s10533-007-9091-5, 2007. 

Tunved, P., Ström, J., and Hansson, H.-C.: An investigation of processes controlling the evolution of the boundary layer aerosol 

size distribution properties at the Swedish background station Aspvreten, Atmos. Chem. Phys., 4, 2581–2592, 

doi:10.5194/acp-4-2581-2004, 2004. 

Tunved, P., Ström, J., and Krejci, R.: Arctic aerosol life cycle: linking aersol size distributions observed between 2000 and 20 

2010 with air mass transport and precipitation at Zeppelin station, Ny- Å lesund, Svalbard, Atmos. Chem. Phys., 13, 

3643–3660, doi:10.5194/acp-13-3643-2013, 2013. 

Udisti, R., Dayan, U., Becagli, S., Busetto, M., Frosini, D., Legrand, M., Lucarelli, F., Preunkert, S., Severi, M., Traversi, R., 

and Vitale, V.: Sea spray aerosol in central Antarctica. Present atmospheric behaviour and implications for 

paleoclimatic reconstructions, Atmos. Environ., 52, 109–120, 2012. 25 

Udisti, R., Bazzano, A., Becagli, S., Bolzacchini, E., Caiazzo, L., Cappelletti, D., Ferrero, L., Frosini, D., Giardi, F., Grotti, 

M., Lupi, A., Malandrino, M., Mazzola, M., Moroni, B., Severi, M., Traversi, R., Viola, A., and Vitale, V.: Sulfate 

source apportionment in the Ny-Å lesund (Svalbard Islands) Arctic aerosol, Rend. Fis. Acc. Lincei, 27(1), 85–94, 

doi:10.1007/s12210-016-0517-7, 2016. 

Vehkamäki, H., Kulmala, M., Napari, I., Lehtinen, K. E. J., Timmreck, C., Noppel, M., and Laaksonen, A.: An improved 30 

parameterization for sulphuric acid-water nucleation rates for tropospheric and stratospheric conditions, J. Geophys. 

Res., 107, D22, 4622, 2002. 

Wadleigh, M.A.: Sulfur isotopic composition of aerosols over the western North Atlantic Ocean, Can. J. Fish. Aquat. Sci., 61, 

817–825, 2004. 

메모 포함[박61]: (response to referee #1) 

We have removed this reference. 

메모 포함[박62]: (response to referee #2) 
We have added this reference. 

메모 포함[박63]: (response to referee #1) 

We have added this reference. 

메모 포함[박64]: (response to referee #1) 
We have added this reference. 



15 

 

Willis, M. D., Burkart, J., Thomas, J. L., Köllner, F., Schneider, J., Bozem, H., Hoor, P. M., Aliabadi, A. A., Schulz, H., 

Herber, A. B., Leaitch, W. R., and Abbatt, J. P. D.: Growth of nucleation mode particles in the summertime Arctic: a 

case study, Atmos. Chem. Phys., 16, 7663–7679, doi:10.5194/acp-16-7663-2016, 2016. 

Woodhouse, M. T., Mann, G. W., Carslaw, K. S., and Boucher, O.: Sensitivity of cloud condensation nuclei to regional changes 

in dimethyl-sulphide emissions, Atmos. Chem. Phys., 13, 2723–2733, doi:10.5194/acp-13-2723-2013, 2013. 5 

Zhang, M., Chen, L., Xu, G., Lin, Q., and Liang, M.: Linking Phytoplankton Activity in Polynyas and Sulfur Aerosols over 

Zhongshan Station, East Antarctica, J. Atmos. Sci., 72, 4629–4642, 2015. 

  

메모 포함[박65]: (response to referee #1) 

We have added this reference. 



16 

 

 

 

Figure 1: (a) The mixing ratios of atmospheric DMS measured at the Zeppelin observatory (gray circles), the concentration 

of nucleation mode particles (3–10 nm in diameter) measured at the Gruvebadet observatory (1 km distant from Zeppelin 

station) (blue line) and the concentration of MSA collected at the observatory (red line) during April and May 2015. (b) The 5 

solar irradiance (SR) measured in Ny-Å lesund (yellow line), and the condensation sink (CS) calculated by Kerminen et al. 

(2004) (blue circles). (b) (c) The relationship between the atmospheric DMS mixing ratio, averaged for 3 days, and the 

corresponding MSA concentration. (c) (d) The relationship between the atmospheric DMS mixing ratio, averaged for 3 days, 

and the corresponding concentration of nucleation mode particles. (d) (e) The relationship between the MSA concentration 

and the corresponding concentration of nucleation mode particles. The colors of the circles in Fig. 1b–d 1c–1e indicate the 10 

intensity of solar irradiation (SR; integrated over a wavelength range of 200–3600 nm) measured in Ny-Å lesund.  
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Figure 2: (a) The concentrations of nss-SO4
2– (blue line), and MSA (red line) at the Gruvebadet observatory in April and May 

2015. (b) The relationship between nss-SO4
2– and MSA measured in April (blue circles; Arctic haze period) and in May (red 

circles; phytoplankton bloom period). The red solid line shown in Fig. 2b indicates the best fit. 5 
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Figure 3: (a) Concentration, and (b) surface area of aerosol particles, including nucleation mode (3–10 nm), Aitken mode (10–

100 nm), accumulation mode (100 nm–1 µm) and coarse mode (1–19 µm) particles in April and May 2015.  
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Figure 4: Relation between the nss-SO4
2–/MSA ratio and the MSA concentration (PM2.5; April and May 2015; grey circles). 

The dashed line indicates the bio-SO4
2–/MSA ratio measured at Ny-Å lesund in 2014 (Udisti et al., 2016). 5 
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Figure 4 5: Biogenic (bio) SO4
2– estimated using MSA and S isotope. (a) Biogenic SO4

2– as a percentage of the total aerosol 

SO4
2– burden. Black bars: biogenic SO4

2– estimated using MSA; grey bars: biogenic SO4
2– estimated using stable S isotope. 

(b) The relationship between the concentrations of biogenic SO4
2–estimated using MSA, and the concentrations of biogenic 5 

SO4
2– estimated using stable S isotope. The black solid line represents the best fit.  
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Figure 5 6: Relationships between the concentration of biogenic (bio) SO4
2– and the concentrations of particles of various 

sizes in April and May. (a) Particles 3–10 nm, (b) particles 10–100 nm, and (c) particles 100 nm–1 µm. The black solid lines 

in Fig. 5a and 5b 6a and 6b indicate the best fit between biogenic SO4
2– and the particle concentration during April and May 5 

2015. Blue and red circles in Fig. 5c 6c indicate data obtained in April (Arctic haze period) and May (phytoplankton bloom 

period), respectively. The red solid line in Fig. 5c 6c indicates the best fit between biogenic SO4
2– and particle concentration 

in May 2015, and the blue solid line in the inset of Fig. 5c 6c indicates the best fit between anthropogenic (anth) SO4
2– and 

particle concentration in April 2015. 
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Figure 6 7: Spectral plot of number size distribution (dN/dlogDp) as a function of particle diameter (Dp, 10–500 nm) and year 

day during April and May 2015. The black line represents the concentration of biogenic SO4
2–. 


