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Abstract 24 

 25 

Understanding chemical processes leading to the formation of atmospheric aerosol particles is crucial 26 

to improve our capabilities in predicting the future climate. However, those mechanisms are still inadequately 27 

characterized, especially in polar regions, which are typically representative of the pre-industrial era in climate 28 

models. In this study, we report observations of neutral and charged aerosol precursor molecules and chemical 29 

clusters composition (qualitatively and quantitatively), as well as air ions and aerosol particle number 30 

concentrations and size distributions from the Marambio research station (6415’S - 5638’W), located North 31 

of the Antarctic Peninsula. We conducted measurements during the austral summer, between 15 January and 32 

25 February 2018.  The scope of this study is to characterize New Particle Formation (NPF) event parameters 33 

and connect our observations of gas phase compounds with the formation of secondary aerosols to resolve the 34 

nucleation mechanisms at the molecular scale. NPF occurred on 40 % of measurement days (i.e., 13 NPF 35 

events were recorded during 35 days). All NPF events were observed during sunny days (i.e., sufficient 36 

radiation), mostly with above freezing temperatures and low relative humidity (RH < 80 %). The averaged 37 

formation rate for 3 nm particles (J3) was 0.686 cm-3 s-1 and the average particle growth rate (GR 3.8-12 nm) was 38 

4.2 nm h-1. Analysis of neutral aerosol precursor molecules showed measurable concentrations of iodic acid 39 

(IA), sulfuric acid (SA) and methane sulfonic acid (MSA) throughout the entire measurement period with 40 

average concentrations of 5.17 × 105, 1.18 × 106, 2.06 × 105 molecules cm-3, respectively. MSA and SA 41 

concentrations significantly increased during NPF events. We highlight SA as a key contributor to NPF 42 

processes, while IA and MSA would likely only contribute to particle growth. Mechanistically, anion clusters 43 

of dimethylamine (DMA)-bisulfate (2SA) as well as numerous ammonium-(bi)sulfate clusters were identified, 44 

with the latter at mass-to-charge ratios (m/z) larger than 1000 Th. All of which suggests elevated concentration 45 

of both ammonia and amines in the atmosphere. Those species are likely contributing to NPF events since SA 46 

alone is not sufficient to explain observed nucleation rates. Here, we provide evidence of the marine origin of 47 

the measured chemical precursors and discuss their potential contribution to the aerosol phase. Our 48 

observations highlight the importance of the Antarctic Ocean, water, and ice ecosystems interacting with the 49 

land-fauna - the plausible sources of the principal precursor molecules hereby investigated - for secondary 50 
aerosol formation.   51 
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 2 

1 Introduction  1 

 2 

Atmospheric aerosol particles impact the planetary energy budget and radiation balance by influencing 3 

cloud optical properties and cloud lifetime (Ipcc, 2013). Even though they are crucial for regulating the climate, 4 

aerosol particles remain insufficiently characterized, especially in remote regions. Understanding the 5 

atmospheric processes in places where anthropogenic influence is minimal, such as polar regions, is important 6 

for characterizing the pre-industrial-like atmosphere. At the same time, polar environments are significantly 7 

impacted by human-induced climate change and are warming twice as fast as the global average (Stuecker et 8 

al., 2018). Additionally, polar ecosystems and landscapes are more and more being disturbed by increasing 9 

average temperatures that further affect emissions of trace gases into the atmosphere. 10 

 11 

Aerosol particles have been observed and characterized in many places in the Arctic and Antarctica (Shaw, 12 

1979; Shaw, 1988; Asmi et al., 2010; Kerminen et al., 2018; Sipilä et al., 2016; Dall´Osto et al., 2017; Jokinen 13 

et al., 2018; Dall´Osto et al., 2018; Herenz et al., 2019; Baccarini et al., 2020; Dall'Osto et al., 2019; Beck et 14 
al., 2021; Brean et al., 2021). Antarctic primary particles, mainly originating from sea spray or blowing snow, 15 

only weakly contribute to total particle number concentration (Lachlan-Cope et al., 2020). Secondary 16 

formation of aerosol particles, on the other hand, is believed to be the principal contributor to cloud 17 
condensation nuclei (CCN) (Jokinen et al., 2018; Kerminen et al., 2018). These secondary aerosols originate 18 

from nucleation of gas phase molecules, typically condensing oxidation products of locally or regionally 19 

emitted vapors. Once formed, neutral or charged molecular clusters can grow by condensation of gases to sizes 20 

where they can act as CCN. The process of aerosol nucleation followed by subsequent growth is called new 21 

particle formation (NPF). Only a few studies have observed nucleation mode particles (sub-10 nm) from 22 

Antarctica - including oceanic, coastal, and continental areas -  (Asmi et al., 2010; Virkkula et al., 2009; 23 

Järvinen et al., 2013; Kyrö et al., 2013; Weller et al., 2015; Jokinen et al., 2018; Kerminen et al., 2018; Lachlan-24 

Cope et al., 2020; Brean et al., 2021) and only two of those report molecular clusters forming from precursor 25 

gases in coastal sites (Jokinen et al., 2018; Brean et al., 2021). 26 

 27 

Previously identified aerosol precursor vapors include sulfuric acid (Kulmala et al., 2013; Sipilä et al., 2010), 28 

iodic acid (Sipilä et al., 2016; Baccarini et al., 2020) and iodous acid (He et al., 2021), or highly oxygenated 29 

organic molecules (HOMs, Ehn et al., 2014; Bianchi et al., 2019; Kirkby et al., 2016). On the other hand, 30 

nucleating ion clusters such as bisulfate ions with sulfuric acid and ammonia (Kirkby et al., 2011; Yan et al., 31 

2018; Jokinen et al., 2018; Beck et al., 2021), bisulfate ions and neutral sulfuric acid with dimethyl amine 32 

(DMA, Kürten et al., 2014), were previously identified to participate in aerosol formation processes.  33 

 34 

At Marambio, ABOA, and Princess Elisabeth coastal Antarctic stations, air mass trajectories during NPF 35 

events indicated a dominant role of the Southern Ocean as a source of aerosol particles, which chemical aerosol 36 

composition analysis confirmed by the abundancy of e.g., marine-originated sulfates (Asmi et al., 2010; 37 

Herenz et al., 2019; Jokinen et al., 2018). These studies suggest that NPF is linked to sulfur-containing 38 

compounds originating from dimethyl sulfide ((CH3)2S, DMS). At the Antarctic coast, oceanic DMS 39 

concentrations are the highest during December to January with concentration that could exceed 15 nM within 40 

the upper 10 m layer of the ocean around the Peninsula compared to a yearly average of ~5 nM (Lana et al., 41 
2011). DMS has two well-known oxidation products formed from gas-phase reaction with OH radicals: 42 

sulfuric acid (H2SO4, SA, formed via sulfur dioxide, SO2) and methane sulfonic acid (CH3SO3H, MSA), which 43 

can then initiate particle formation and subsequent particle growth.  44 

 45 

Iodic acid (IA) was also found to significantly contribute to NPF in marine and polar environments (Sipilä et 46 

al., 2016; Baccarini et al., 2020; He et al., 2021). Although the chemical production of iodic acid is not fully 47 

resolved, IA results from the oxidation of reactive iodine (He et al., 2021) – in the form of I2, HIO, or 48 

intermediate I - itself sourcing from algae/phytoplankton emissions contained within the sea water/ice/snow 49 

and exchanged into the atmosphere (Saiz-Lopez and Von Glasow, 2012). At the Antarctic Peninsula, the 50 

Weddell Seaside – that undergoes consistent and recurrent phytoplankton bloom episodes every early spring - 51 

is a potential reservoir for iodic acid emissions, especially due to slower ice retreat during the summer and 52 

colder sea surface temperature than the Southern Ocean on the north and west-side of the peninsula.  53 

  54 
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 3 

This work aims at charactering the gas-phase aerosol precursors naturally emitted from the marine/ice 1 

ecosystem and from the Antarctic continent with comprehensive gas phase and aerosol measurements 2 

performed at the Marambio research station, Antarctica. We present a characterization of atmospheric NPF 3 

events observed in the Antarctic Peninsula. We provide an extensive analysis of number size distributions of 4 

atmospheric aerosols and naturally charged ions, from ~1 nm to 800 nm. We also report the formation rates 5 

(J) and growth rates (GR) of the observed particle formation events. Our core analysis describes gas-phase 6 

composition and NPF precursors by mass spectrometry measurements of the concentration of SA, MSA and 7 

IA and by identifying the composition of ambient ions present during NPF events. We combine our results for 8 

the chemical composition of both gas- and aerosol-phases to discuss sources of precursor vapors producing 9 

secondary aerosol in the Antarctic Peninsula.  10 

 11 

2 Methods 12 

 13 

2.1 Measurement site 14 
 15 

In-situ atmospheric gas- and particle-phase measurements were performed at the Argentinian 16 

Antarctic Station Marambio (6415’S - 5638’W) located on the Seymour Island in the northeastern-most part 17 

of the Antarctic Peninsula. Geographically, the island is on the north edge of the Weddell Sea. The station is 18 

operated year-round, with extensive scientific and logistic activities during the summer. The campaign 19 

instrumentation was located inside a laboratory container, specifically designed for continuous atmospheric 20 

composition measurements, sufficiently away (approx. 800 m) from the station main buildings and ideally 21 

placed fore-wind from the airstrip. Comprehensive measurements of atmospheric composition and 22 

meteorology have been carried out in this location since 2013. A description of the Marambio station 23 

surroundings, the measurement container, and some previous results can be found in earlier publications, e.g., 24 

Asmi et al. (2018).  25 

 26 

2.2 Austral summer campaign 2018 27 

 28 

The austral summer campaign in 2018 for measuring the precursors contributing to NPF at the 29 

Marambio station was planned for the warm season, when the probability of NPF occurrence is high (Fiebig 30 

et al., 2014; Kerminen et al., 2018). The aim was to characterize NPF events, formation, and growth 31 

parameters, and resolve the aerosol chemical precursors from their source to their chemical pathways leading 32 

to nucleation. We measured concentrations of size segregated aerosol particles (~ 1 – 800 nm diameter) from 33 

19 January to 23 February and chemical information of possible gas-phase precursors from 30 January to 20 34 

February, continuously (whenever possible).  35 

 36 

2.3 Instrumentation 37 

 38 

Measurements of aerosols and their gas-phase precursors  39 

 40 

We deployed a large suite of instruments, briefly described below. Instrument principles and 41 

operations are given in detail in the Supplementary Information. 42 
 43 

 (1) The chemical composition and concentration of neutral molecules was measured by a nitrate-based 44 

Chemical Ionization Atmospheric Pressure interface Time Of Flight (CI-APi-TOF, Tofwerk A.G.) mass 45 

spectrometer (Jokinen et al., 2012). Its high-resolution analysis identifies and quantifies potential ambient gas-46 

phase aerosol precursors, such as SA, MSA, IA, or HOMs. In some instances, we used the APi-TOF to directly 47 

measure atmospheric ions (i.e., naturally charged anions or cations), allowing only atmospheric ions to enter 48 

the instruments (i.e., with no added chemical ionization) (cf. Supplementary information).  49 

 50 

(2) A nano Condensation Nucleus Counter (nCNC) combining a Particle Size Magnifier (PSM, Airmodus 51 

Ltd.) with a Condensation Particle Counter (CPC, Airmodus Ltd.) was employed to measure nano-particle 52 
concentration in the diameter range from 1 nm to 3 nm. The instrumentation and data inversions are extensively 53 

described in Vanhanen et al. (2011), Kangasluoma et al. (2016), Chan et al. (2020) and Lehtipalo et al. (2022) 54 

(cf. Supplementary information).  55 
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 1 

(3) A Neutral cluster and Air Ion Spectrometer (NAIS, Airel Ltd., Mirme and Mirme, 2013) provided number 2 

size distributions of neutral particles and naturally charged atmospheric clusters in the size range from 2 to 42 3 

nm and from 0.8 to 42 nm, respectively. NAIS is well described in the literature and was operated according 4 

to the instructions of Manninen et al., 2016. (cf. Supplementary information).  5 

 6 

(4) Aerosol particle size distributions were measured with a Differential Mobility Particle Sizer (DMPS): a 7 

Vienna-type Differential Mobility Analyzer (DMA) for particle size separation (Wiedensohler et al., 2012), 8 

followed by a Condensation Particle Counter (CPC; TSI model 3772) for particle counting. The particle size 9 

distribution was measured in 25 separate size bins at a 6-minute time resolution. This measurement has been 10 

carried out continuously since the year 2013 but only data measured during the summer 2018 campaign are 11 

presented here. (cf. Supplementary information).  12 

 13 

The CI-APi-TOF, nCNC and NAIS were operated with individual (horizontal) inlet lines with a minimum 14 
length (1 m, 0.8 m, and 0.9 m, respectively) to minimize losses of nanoparticles. The DMPS was operated in 15 

the station’s common inlet (PM10, Asmi et al., 2018) and equipped with an additional PM1 cyclone to prevent 16 

super micron particles from entering the setup.   17 
 18 

Ancillary measurements  19 

 20 

Meteorological parameters were measured on the roof of the measurement container and recorded on 21 

a data logger (QML201L, Vaisala Ltd.) since 2013. Measured parameters include temperature and relative 22 

humidity (HMP155, Vaisala Ltd.), atmospheric pressure (PTB220, Vaisala Ltd.), wind speed and wind 23 

direction (ultrasonic anemometer: Thies 2D, Thies Clima), and radiation (pyranometer: CMP11, 24 

Kipp&Zonen).  25 

 26 

Chemical composition of the aerosol phase  27 

 28 

Aerosol samples for chemical analysis were collected using a virtual impactor (VI, Loo and Cork, 29 

1988)),  in which particles were divided to two size fractions (fine (DP < 2.5 μm) and coarse (2.5 μm < DP < 30 

10 μm). Flow rate of the VI was 16.7 L.min-1, of which 15 L.min-1 is used to collect the fine particles and the 31 

remaining 1.7 L.min-1 is used for collection of the coarse particles. Particles were collected on 47-mm Teflon 32 

filters. Sampling time was one week. Collected filters were stored on petri slides and kept in a freezer (−18 33 

°C) until analysis.  34 

 35 

The mass concentrations of sodium (Na+), ammonium (NH4+), potassium (K+), magnesium (Mg2+), calcium 36 

(Ca2+), chloride (Cl−), nitrate (NO3−), sulphate (SO42−), methane sulfonic acid (MSA) and oxalate were 37 

determined from the filter substrates. Cation and anion analyses were done simultaneously with two ion 38 

chromatography systems (Dionex ICS-2000). Filters were extracted in 10 mL of Milli-Q water with 10-min 39 

gentle rotation just before chemical analysis. The uncertainty of the IC analysis was estimated according to the 40 

analysis of standards as 5 % to 10 %, depending on the ion analyzed. In this study chemical composition of 41 

the fine particles is only presented. 42 

 43 

2.4 Characteristics of New Particle Formation events 44 

 45 

 NPF events were identified based on the appearance of particles in the nucleation mode (3 - 25 nm) 46 

showing signs of growth (e.g., particles reaching > 10 nm). A classification method was originally proposed 47 

by Dal Maso et al. (2005) based on DMPS data. In this study, we combined both DMPS and NAIS data to 48 

extend our observations to smaller sizes (Dada et al., 2018).  49 

 50 

Condensation sink (CS, s-1), which is a measure of how rapid precursor vapor concentrations are lost to pre-51 

existing particles, was calculated using the particle number size distribution measured by the DMPS following 52 

the method proposed by Kulmala et al. (2012). 53 

  54 
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 5 

Growth rates (GR) of particles between 3.8 nm to 12 nm were calculated using the 50 % appearance time 1 

method (Lehtipalo et al., 2014; Dada et al., 2020). Formation rates (J1.5, J3, J5, and J10) were calculated using 2 

the balance equation where the change in concentration of particles inside a size bin is equivalent to the sources 3 

(JDp) minus the available sinks (FCoag+ FGrowth), as in Kulmala et al. (2012). 4 

 5 

(1) 𝐽𝐷𝑝 =  
𝑑𝑁𝐷𝑝

𝑑𝑡
+  𝐶𝑜𝑎𝑔𝑆𝐷𝑝 ∙ 𝑁𝐷𝑝 +   

𝐺𝑅

∆𝐷𝑝
 ∙ 𝑁𝐷𝑝  6 

where Dp represents the lower diameter of the bin, NDp is the particle number concentration inside the size bin, 7 

and GR is the growth rate of particles out of the bin. ∆Dp is the difference between the upper and lower ends of 8 

the size bin of interest.  9 

 10 

The coagulation sink (CoagSDp) is a measure of how rapid freshly formed particles of diameter Dp are lost to 11 

pre-existing particles and is calculated as follows: 12 

 13 

(2) 𝐶𝑜𝑎𝑔𝑆𝐷𝑝 =  ∫ 𝐾(𝐷𝑝, 𝐷𝑝′) 𝑛 (𝐷𝑝′) 𝑑𝐷𝑝′ ≅ ∑ 𝐾(𝐷𝑝, 𝐷𝑝′) 𝑁𝐷𝑝′
𝐷𝑝′=𝑚𝑎𝑥𝐾
𝐷𝑝=𝐷𝑝   14 

 15 

where K (Dp, Dp′) is the coagulation coefficient of particle sizes Dp and Dp′, those inside the bin of JDp and 16 

those of pre-existing particles, respectively. NDp is the number concentration of the pre-existing particles.  17 

 18 

In this work, the formation rates of 1.5 nm particles (J1.5) were calculated using nCNC data in the size range of 19 

1.5 nm to 3 nm. Formation rates J3, J5 and J10 were calculated using NAIS data (total particle mode – using the 20 

DMA of negative voltage) at the size ranges of 3 - 7 nm, 5 - 9 nm, and 10 - 14 nm, respectively. During events 21 

when the GR could not be calculated (i.e., four events in total) – due to the absence of continuous growth 22 

within the size ranges -, a median growth rate calculated of all the events occurring in the same month was 23 

used to estimate the formation rate as described by Kulmala et al. (2022).  24 

 25 

In addition, the charged particle formation rates (J±
1.5

 and J±
2) were calculated using ion number 26 

concentration measured by NAIS in both polarities, whenever possible, to determine the contribution of ion 27 

induced nucleation to the overall formation rate, according to the following equation:  28 

 29 

(3) 𝐽𝐷𝑝
± =  

𝑑𝑁𝐷𝑝
±

𝑑𝑡
+ 𝐶𝑜𝑎𝑔𝑆𝐷𝑝  ∙  𝑁𝐷𝑝

±  +  
𝐺𝑅

 Δ𝐷𝑝
 ∙  𝑁𝐷𝑝

±  +   𝛼 ∙  𝑁𝐷𝑝
± ∙  𝑁<𝐷𝑝

±   −  𝜒 ∙  𝑁𝐷𝑝 ∙  𝑁<𝐷𝑝
±  30 

 31 

where 𝑁𝐷𝑝
±  is the concentration of ion in a given size range with a lower limit of 1.5 or 2 nm 32 

(depending on the J associated size range) and the upper limit 𝛥𝐷𝑝 being larger than that. The 33 

coefficient 𝛼 is the ion-ion recombination coefficient and 𝜒 is the ion-aerosol attachment coefficient. 𝛼 34 

and 𝜒 were 1.6 × 106 cm-3.cm-1 and 0.01 × 106 cm-3 s-1, respectively (Kulmala et al., 2012). 35 

 36 

3 Results 37 

 38 

 3.1 Ambient conditions: Meteorological parameters 39 
 40 

Ambient meteorological conditions during the campaign are presented in Figure 1. Many sunny days 41 

are observed, occurring with above-zero degrees Celsius ambient temperatures, high radiation, and relative 42 

humidity below 75 %. Even though the measurement site belongs to the Antarctic continent, its position - at 43 

relatively high latitude (6415’S) - gives daily solar cycles with zero radiation during the short summer 44 

nighttime periods (cf. Fig. 1b). During daytime, higher radiation enhances photo-active emissions from the 45 

sea/land ecosystems and promotes atmospheric photochemistry. This is expected to lead to day-time 46 

appearance of gas-phase molecules and/or molecular clusters of condensing vapors that can lead to new 47 

particle formation and/or aerosol growth. Furthermore, since temperatures above freezing also lead to ice 48 

melting (especially in the Weddell Sea aera), they are likely to enhance chemical fluxes between thinning ice, 49 

ocean, and air (Notz, 2009). These clear sky, warm, sunny days during summertime are known to be optimal 50 

weather conditions for NPF to occur in the mid-latitude regions (Dada et al., 2017) and in the Arctic (e.g., 51 

Beck et al. 2021) and Antarctic regions (Weller et al., 2015; Jokinen et al., 2018; Baccarini et al., 2020; Brean 52 
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 6 

et al., 2021). Analysis of winds (cf. Fig. 1e) revealed that periods of the highest temperature are seen when 1 

wind is blowing from north, bringing warmer air across from the Southern Ocean. Predominant winds were 2 

seen from North-Northwest and South-Southwest sectors. The strongest winds were recorded from the South 3 

(180), also driving primarily cold air from the continental plateau, agreeing with Asmi et al. (2018). 4 

 5 

 6 
Figure 1: Time series of meteorological parameters: (a) temperature (dark blue), dew point (light blue), (b) global radiation (orange), 7 
(c) relative humidity (light green), (d) atmospheric pressure (blue green), (e) wind direction (dark blue bars) and wind speed (medium 8 
blue line). The data are presented with a 10-min resolution and reference time set as local standard, UTC-3.  9 
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 7 

3.2 Observation & Characterization of NPF events  1 

 2 

A total of 13 NPF events (occurring on 12 days) were observed during the 35-day summer campaign. 3 

Figure 2a shows the continuous size distribution series over the total measurement period from NAIS 4 

measurement (size range: 1.8 – 42 nm) and Figure 2b combined the data from nCNC (size shown: 1.2 – 2.7 5 

nm), the NAIS (2.7 nm - 12 nm), and the DMPS (12 nm – 800 nm). Daily number size distribution plots are 6 

shown for the 12 event days separately in supplementary (Fig. S3) as well as continuous size distribution series 7 

for ion mode (Fig. S4).  8 

 9 

 10 

 11 

Figure 2: a) Number size distribution from NAIS measurement from 1.8 nm to 42 nm over the whole measurement campaign and b) 12 
combined size distribution of aerosol particle from 1.2 nm to 800 nm for 3-7 February 2018. The last surface plot combines data from 13 
nCNC (1.2 - 2.7 nm), NAIS (particle mode, 2.7 - 12 nm) and DMPS (12-800 nm), whenever the data were available and according to 14 
DMPS data flag (only unpolluted data are shown from the DMPS measurements).  15 

During each of the NPF events observed during the campaign, high population of sub-3 nm aerosol particles 16 

were seen with concentration larger than 104 cm-3. The particles were observed to grow to Aitken mode size 17 
range (25 - 100 nm) but rarely reached the accumulation mode sizes (i.e., > 100 nm) (cf. Fig. 2b).  18 

 19 

Strong NPF events were identified before midday - local time - (66 % of events), lasting longer than events 20 

occurring later in the afternoon. Afternoon events (33 % of the total events) never lasted longer than 2.5 hours. 21 

NPF events did vary from day to day: On certain days, growth of the particles was interrupted by abrupt 22 

changed in wind direction - resulting in an inability to retrieve a growth or a formation rate within reasonable 23 

uncertainty (e.g., 28 January) -; on other days multiple NPF events were observed (e.g., 16 February); or NPF 24 

events appear to have a bumped shape – appearing sporadically - resembling those observed in the Arctic by 25 

Beck et al. (2021) as the events observed on 28 January and 6 February.  26 

 27 

Formation rates were calculated for particle sizes of 1.5, 2, 3, 5 and 10 nm particles, as summarized in Table 28 

1.   29 
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 8 

Formation rates of 1.5 nm particles (i.e., J1.5) were surprisingly high, reaching the maximum rates of 9.2, 10.0, 1 

or even 19 cm-3 s-1, on Feb. 11th, 10th, and 3rd, respectively. These significantly high values are comparable to 2 

those calculated for highly vegetated rural location or even urban areas (e.g., Deng et al., 2020; Kontkanen et 3 

al., 2016; Yu et al., 2014), which is surprising due to the remote nature of the environment at our measurement 4 

site. For example, formation rates for 1.5 nm particle on the order of 0.030 - 0.013 cm-3 s-1 were estimated for 5 

the ABOA research station on the other side of the Weddell Sea in East Antarctica (Jokinen et al. 2018). A 6 

recent study observing nucleation phenomena at the peninsula close by our measurement location (Brean et 7 

al., 2021) found a remarkably high J1.7 value reaching up to 3.07 cm-3 s-1 but still lower than our observed 8 

values. Although the formation rates at 1.5 nm are higher than those reported previously, the rates for larger 9 

particles are comparable owing to the low survival probability of the particles. This could be attributed to 10 

sufficient precursor vapors favoring nucleation, while insufficient ones required for fast growth to larger sizes.  11 

 12 

The nucleation rates for 3 nm particles in our study ranged from 0.13 cm-3 s-1 to 3 cm-3 s-1 , which were, on 13 

average, also significantly higher than  0.03 cm-3 s-1 < J3 <  0.14 cm-3 s-1 reported from Jokinen et al. (2018) 14 
study or from Kecorius et al. (2019) who showed J3 values from 0.080 cm-3 s-1 to 0.319 cm-3 s-1 during a polar 15 

cruise in the Arctic. On the other hand, our observation agrees with the J10 reported by Kyrö et al. (2013) 16 

ranging from 0.003 to 0.3 cm-3 s-1, with 0.006 cm-3 s-1 < J10 < 0.37 cm-3 s-1 in our case.  17 
 18 

Additionally, to account for ion induced nucleation, we calculated the formation rates for charged ions of 1.5 19 

nm (J+/-
1.5) separately using the ion concentrations measured with the (N)AIS in ion mode. The formation rates 20 

for positive 1.5 ions, J+
1.5, ranged from 3.6 × 10-4 to 8.3 × 10-2 cm-3 s-1 and J-

1.5 was from 2.2 × 10-3 to 5.4 × 10-21 
2 cm-3 s-1. Our results are significantly lower than the maximum J-

1.5 of 0.33 cm-3 s-1 reported in Beck et al. 22 

(2021) or from Kyrö et al. (2013) who showed 0.02 cm-3 s-1 < J-
1.6 < 4.2 cm-3 s-1 -  in two coastal Antarctic sites, 23 

but in the range reported from the Arctic ocean by Kecorius et al. (2019, e.g., 0.026 cm-3 s-1 < J-
1.6 < 0.060 cm-24 

3.s-1). In comparison to 1.5 nm-neutral particle formation rates, the ion formation rates do not represent a major 25 

contribution (ratio Jneutral /Jion ~ 103), implying that the relatively high neutral nucleation rates are not primarily 26 

due to ion-mediated nucleation.  27 

 28 

Particle growth rates were calculated for 3.8 nm to 12 nm diameter size or alternatively up to 11 nm and 8 nm 29 

for event #1 and event #13, respectively, whenever the shape of the number size distribution was continuously 30 

increasing. Averages for each event are also presented in Table 1. Similarly to formation rates of the smallest 31 

particles, the growth rates were remarkably higher (1.2 nm h-1 < GR < 10.9 nm h-1) than previously reported 32 

for other Antarctic sites. In comparison, Weller et al. (2015) reported growth rates from 3 to 25 nm particle 33 

ranging from 0.06 to 0.9 nm h-1 at Neumayer III station, Jokinen et al. (2018) showed 0.26 nm h-1 < GR < 1.30 34 

nm h-1 at ABOA and Brean et al. (2021) published growth rates for 4.5 - 10 nm particles of 0.41 nm h-1 to 0.58 35 

nm h-1 measured at the Peninsula. Additionally, Kerminen et al. (2018) reviewed aerosol characterization from 36 

many different field studies and indicated an upper growth rate estimation of 5.5 nm h-1 (as 95th percentile) in 37 

Antarctic sites versus 4.1 nm h-1 in Arctic environments.  Recent Arctic studies by Kecorius et al. (2019) 38 

reported 0.62 nm h-1 < GR (3-7 nm) < 4.25 nm h-1 while Collins et al. (2017) reported averaged growth rates of 39 

4.3 ± 4.1 nm h-1.   40 

 41 
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3.3 Chemical composition of the gas-phase precursor molecules 1 

3.3.1 Gas-phase contribution to NPF  2 

 3 

Measurements utilizing nitrate based chemical ionization mass spectrometry (CI-APi-TOF) detected 4 

gas-phase molecules and molecular clusters that have affinity for proton transfer with nitrate reagent ion. These 5 

included SA, MSA, and IA, detected as HSO4
- and HNO3HSO4

- (m/z 96.9601 Th and 159.9557 Th), CH3SO3
- 6 

and HNO3CH3SO3
- (m/z 94.9808 Th and 157.9765 Th), IO3

- and HNO3IO3
- (m/z 174.8898 Th and 237.8854 7 

Th), respectively. Concentrations were calculated from high resolution peak fitting and reported below. The 8 

time series of those compounds during the whole campaign, according to the data availability of the CI 9 

operation, are shown in Figure 3.  10 

 11 

The measured gas-phase concentrations of the species of interest showed maxima of ~2.6 × 107 molecules cm-12 
3, ~2.3 × 107 molecules cm-3 and ~3.6 × 106 molecules cm-3 for the total SA, MSA, and IA concentrations, 13 

respectively. The three gas-phase compounds seemed to evolve with roughly similar behavior, likely due to 14 
favorable weather conditions promoting atmospheric chemical reactions and especially by enhancing 15 

photochemical oxidation reactions within a stable boundary layer. A significant and simultaneous increase in 16 

SA, MSA, IA concentrations was observed during peaking radiation time at noon and prior to many NPF 17 
events, though to a smaller extent for IA. This clearly demonstrates the diurnal nature of the emission of those 18 

species, and their transport – especially for SA and IA – as shown in Figure 4. Additionally, it is worth 19 

mentioning that even though the MSA concentrations were on average higher than those of SA, event days 20 

correlated strongly with peaking SA concentration (then becoming higher than MSA concentration) while IA 21 

– whose concentration remained unchanged independently of NPF occurrence - was significantly lower than 22 

SA or MSA concentrations.   23 

 24 

 25 
Figure 3: High resolution time series of H2SO4 (SA, red), CH4SO3 (MSA, orange), HIO3 (IA, green). Numbers specified on the top of 26 
the figure refer to the event number as introduced in the NPF analysis (Cf. Table 1).  The data are averaged to 10 min with local time 27 
(UTC -3). Note that the missing points are due to switch of the measurement mode and / or data availability. 28 
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 29 
 30 
Figure 4: Statistical diurnal time series of H2SO4 (SA, red), CH4SO3 (MSA, orange), HIO3 (IA, green) observed during non-event days 31 
(a) and event days (b). The solid lines represent the median hourly average concentrations, the dotted lines are the concentration means 32 
and the colored shaded areas show data points within the 25th and the 75th percentiles. Nighttime is represented by the gray-shaded area 33 
with median theoretical sunsets and sunrises occurring during the campaign. The actual sunset and sunrise values could vary approx. 34 
+/- 1.25 hours from the beginning to the end of the campaign.  35 

 36 

Figure 4 shows the diurnal variations of SA, MSA and IA for event (b) and non-event days (a), separately. In 37 

both figures, we could see a clear rise in concentrations of SA, MSA and IA throughout the day, with maxima 38 

observed at midday. While both MSA and SA concentration are on average increasing after sunrise, IA 39 

concentration started to increase already during nighttime, shortly after 01:00 SLT, suggesting that strong 40 

photochemistry conditions (i.e., direct solar radiation) might not be necessary to produce the observed IA 41 

agreeing with He et al. (2021). Earlier studies have shown that IA even anticorrelated with (still omnipresent) 42 

solar radiation in more continental Antarctica (Jokinen et al., 2018). It is likely that even very low levels of 43 

solar radiation would be sufficient to saturate the iodic acid production (Beck et al., 2021). Distinctively, a 44 

clear difference in the statistical series can be seen between event and non-event days, with more than doubled 45 

SA concentration at zenith-time (factor of 2.25). MSA concentrations are only slightly higher in the morning 46 

and afternoon – with an apparent drop occurring from 14.00 to 16.00 – although the starting concentration at 47 

sunrise and sunset are also smaller, depicting strong concentration variability as compared to non-event days. 48 

On the other hand, IA is on average lower during event-days – e.g., from ~ 4.5 × 105 molecules cm-3 vs ~ 3 × 49 

105 molecules cm-3, with a factor of 1.5 smaller at zenith-time. This last observation indicates that IA is likely 50 

not a key contributor to particle formation, while the duo SA-MSA could influence the aerosol phase as already 51 

suggested by Beck et al. (2021), Hodshire et al. (2019) and Willis et al. (2016).  52 

 53 

 54 

3.3.2 Molecular characterization of aerosol / ion precursors:  Study case of Feb 16th  55 

 56 

The aerosol event observed on 16 February was particularly interesting due to the occurrence of two 57 

consecutive NPF events within the same day. An overview of both aerosol concentration / parameters and 58 

reactive trace gases concentration for 16 February is shown in Figure 5 with (a) the particle number size 59 

distribution series from NAIS measurement, (b) time series of total particle concentration within several size 60 

modes (i.e., cluster, nucleation, Aitken and accumulation), (c) estimated J rates for 1.5, 3, 5 and 10 nm particle 61 

and (d) time series for SA, MSA and IA.  62 
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 63 
Figure 5: Overview of Aerosol formation event on February 16th, 2018: (a) Number size distribution from NAIS measurements 64 
(Particle mode). (b) Concentrations of particles modes (cluster: sub- 3 nm – medium light blue, nucleation: 3 – 25 nm – light blue, 65 
Aitken: 25 – 100 nm – medium dark blue, accumulation: 100 – 1000 nm – dark blue). Note that the missing points for Aitken and 66 
Accumulation mode are due to data filtering from suspected pollution from the DMPS data set. (c) Formation rate estimation for J1.5 67 
(neutral – light blue, (-) – blue green, (+) – green), J2 ((-) - orange, (+) – yellow), J3 (medium light blue), J5 (medium dark blue) and J10 68 
(dark blue).  Note that the formation rate calculation depends on the condensation/coagulation sinks calculated from the DMPS data. 69 
(d) High resolution time series of H2SO4 (red), CH4SO3 (orange), HIO3 (green).  Note that the data gap is due to ion mode of APi-70 
measurement. All data are averaged / estimated with a 10 min time resolution, with standard local time (UTC -3) as clock reference. 71 

 72 

A clear NPF episode occurred from about 11:15 in the morning until sunset with a net increase of cluster and 73 

nucleation mode particle concentrations. Close to noontime all trace gases of interest were significantly 74 

increasing (Fig. 5d). MSA increased by almost a factor of 10 by 13:00 ([MSA]t=13.00 = 1.3 × 106 molecules cm-75 
3) and by more than 2 orders of magnitude at 16:00 ([MSA]t=17.30 = 9.6 × 106 molecules cm-3) as compared by 76 

the minimum baseline of ~ 2 × 105 molecules cm-3 for both MSA and SA. SA maximum concentration was 77 

6.5 × 106 molecules cm-3, also observed at 13:00. IA concentrations were fluctuating throughout the day with 78 

maximum concentrations of ~ 2.05 × 105 molecules cm-3 and ~ 2.35 × 105 molecules cm-3, respectively around 79 

05:30 – 06:30 and shortly after 13:00. The net increase of all these gas-phase species occurred quasi-80 

simultaneously as the increase of formation rate of the smallest particles and ions (Fig. 5c), occurring around 81 
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noon. Interestingly, several sudden, short-lasting increases for all SA, MSA, and IA concentrations were seen 82 

even before 13:00, matching bumps in nucleation mode particles around 09:00 and 11:00 and one to two orders 83 

of magnitudes increase of cluster mode particles at 11:00. The high concentrations of SA, MSA (and possibly 84 

IA) likely trigger the observed aerosol processes (i.e., nucleation and/or growth of particles).  85 

 86 

We investigated the mass spectrum further and show a complementary mass spectrum in Figure S2. Any highly 87 

oxygenated organic molecules, HOMs (Bianchi et al., 2019; Ehn et al., 2014) could be reliably resolved from 88 

the mass spectra analysis. We estimate that the total oxidized organic contribution, possibly condensable 89 

HOM, did not exceed 5.5 × 106 molecules cm-3, between 16:30 and 17:30; assuming mass spectral peaks found 90 

above 200 Th with positive mass defect could be HOMs (cf. Supplementary). However, the actual HOM 91 

contribution is likely to be only a fraction of this estimation. Therefore, it is unlikely that HOM significantly 92 

contributed to nucleation or growth of newly formed particles.   93 

 94 

Specifically for this event, we complemented the CI-APi-TOF measurement with negative APi-TOF ambient 95 
measurement mode, from 14:52 to 15:53, as reported in Table S1.  A mass defect (i.e., divergence of ion exact 96 

mass-to-charge from the unit resolution to the mass-to-charge ratio of this same ion - determined by the sum 97 

of atomic masses of individual atoms contained in the charged molecular cluster) plot from the measurement 98 
is depicted in Figure 6.  99 

 100 
Figure 6: Mass defect plot for (a) (-) APi-TOF measurements, on 16 February from 14.52 to 15.52. The figure type represents the 101 
deviation of high resolution fitted peaks normalized to the unit mass detected for each peak y-axis - e.g.  Br-

exact mass = 78.9189, Br-
unit 102 

mass = 79, Br-
mass defect = - 0.0811 – while the x-axis represents the mass range (m/z). Data average is 1 hour for each spectrum to improve 103 

the noise to signal ratio and the peak shape statistics.  104 

The APi-TOF ion mode showed TIC maximum values around 50 ions s-1, detecting only ions that are naturally 105 

charged. The highest signals (i.e., intensity shown by marker sizes, cf. Fig. 6) are bisulfate and its multimers 106 

(H2SO4)0-4HSO4
-, respectively at m/z = 96.9601, m/z = 194.9275, m/z = 292.8949 and m/z = 390.8622. Along 107 

with SA multimers, successive addition of sulfuric acid and ammonia NH3 formed clusters represented with 108 

the light-blue dots, within the mass range 400 – 1250 Th.  These sulfuric acid (bisulfate) - ammonia clusters 109 

were found with up to 10 additions of H2SO4 and 9 NH3 on top of the HSO4
- core ion. In line with previous field 110 

observations (e.g., Schobesberger et al., 2015; Bianchi et al., 2016; Jokinen et al., 2018; Yan et al., 2018; Beck 111 

et al., 2021; Sipilä et al., 2021) and laboratory studies (e.g., Kirkby et al., 2011; Schobesberger et al., 2015) 112 

showed that ammonia is detected only in clusters with 3 or more H2SO4  molecules around the HSO4
- core. 113 

  114 
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The observed presence of ammonia with sulfuric acid in the measured gas-phase ions with relatively high 115 

intensity, suggests that the ion induced nucleation was driven by the ternary system SA-ammonia(-water) 116 

similar to observations made by Jokinen et al. (2018) in East Antarctica as well as measured in multiple other 117 

locations around the globe (e.g., Bianchi et al., 2016; Yan et al., 2018; Beck et al., 2021; Sipilä et al., 2021).  118 

 119 

Additional clusters containing SA and dimethyl amine ((CH3)2NH, DMA), principally as 120 

(H2SO4)2.(CH3)2NH.HSO4
- (m/z = 337.9527) and as (H2SO4)3.(CH3)2NH.HSO4

-  (m/z = 435.9210) but also one 121 

larger cluster, (H2SO4)7.(CH3)2NH.HSO4
- (m/z = 827.7893) was identified. Similarly to the finding of Brean et 122 

al. (2021) who detected various SA-amine clusters around the peninsula, SA-DMA-H2O driven nucleation 123 

could also occur leading to formation rate significantly higher than those observed in the SA-NH3-H2O system 124 

(Kürten et al., 2014; Almeida et al., 2013). In fact, as shown in laboratory studies, (negative) ion composition 125 

from APi-TOF analysis likely matches the cluster composition of the neutral clusters in NPF (Schobesberger 126 

et al., 2013). The appearance of DMA in the SA dimer and trimer suggests sufficient DMA to trigger 127 

nucleation; while the NH3 in larger clusters is consistent with much higher NH3 gas concentrations that then 128 
dominate nano-particle growth.  This highlights that DMA is 1000 times more effective than NH3 for 129 

nucleation; so that sub-ppt DMA and 100 – 1000 ppt levels (and above) of NH3 could explain the ion cluster 130 

distribution observed in Figure 6. 131 
 132 

Individual MSA-related ions can be identified (orange dots) at m/z = 94.9808 and m/z = 192.9482, 133 

respectively. Several studies have shown possible role of MSA in aerosol processes, including nucleation 134 

(Hodshire et al., 2019) - especially with involvement on SA-DMA clusters (Bork et al., 2014). However, in 135 

our case, MSA was only found as CH3SO3
- and as CH3SO3H.HSO4

-. MSA was not observed in larger clusters 136 

solely composed of SA, NH3 and DMA and therefore likely does not contribute to the nucleation observed on 137 

that day (at least not through to negative ion pathway). 138 

 139 

Finally, we identified the presence of halogen compounds, represented by yellow and green dots, such as Br- 140 

(m/z = 78.9189), I- (m/z = 126.9050), IO3
- (m/z = 174.8898), HIO3NO3

- (m/z = 237.8854), HIO3HSO4
- (m/z = 141 

272.8571). The presence of halogenated species as natural ions could also indicate that these compounds 142 

contribute to aerosol processes. However, because only small halogen clusters (e.g., with nitrate or sulfuric 143 

acid) were found at low mass range and in relatively small abundance added to the fact that no further clustering 144 

was seen as IA/water addition as observed in the Arctic and coastal environments by Sipilä et al. (2016), it is 145 

unlikely that IA significantly promoted nucleation either through neutral or ion-induced mechanism at this 146 

site. 147 

 148 

3.3.3 Chemical composition of the aerosol phase   149 

 150 

 151 
 152 

Figure 7: Chemical composition of water-soluble ions from weekly fine aerosol samples (PM2.5) 153 

 154 
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Asmi et al. (2018) reported aerosol chemical composition from weekly filter analysis containing 155 

marine–originated sea salt and the presence of ammonium, sulfate, nitrate and mesylate (CH3SO3
-). Here, we 156 

performed the identical analysis, which agrees with the previously reported results.  157 

 158 

Until February 16th, the fine aerosol composition remains rather constant with high amounts of non-sea salt 159 

sulphate (nss-sulphate, i.e., sulphate - 0.246 × sodium - in mass concentration, Brewer (1975)) which is partly 160 

neutralized by ammonia and a significant contribution from secondary marine MSA. The presence of Na, Cl 161 

and Ca ions also indicate contribution from primary marine sea salt and continental soil minerals. Aerosol 162 

composition and mass concentrations are very similar to those found in Asmi et al. (2018) for Marambio 163 

summer aerosol. The highest concentrations of ions are measured during the active nucleation period in the 164 

beginning of February. By the end of the month, the concentrations of MSA, ammonium and calcium ions 165 

decrease. No indications of anthropogenic contamination are found in the samples. 166 

 167 

The bulk aerosol chemical composition (Fig. 7) reflects rather well the observed cycle of the secondary particle 168 
formation and provides further evidence of the important role of sulphate/sulfuric acid, methane sulfonate, and 169 

ammonia in the production and especially in the growth of Antarctic secondary aerosol. The qualitative 170 

agreement of gas-phase and particle-phase compositions indicates that it is likely possible that these 171 
compounds originate from similar marine/coastal sources.  172 

 173 

3.3.4 Source of gas-phase precursors    174 

 175 

Backward trajectories from sampled air masses (Fig. 8) were analyzed and seen to originate mostly 176 

from the West sector passing through the Southern Ocean before surrounding the Peninsula from its Northwest 177 

side - coinciding with the observed wind directions. The observed trajectories could explain the low 178 

concentration of IA, whose variability was independent of NPF occurrence due to (1) the absence of travel 179 

over the Weddell littoral seaside proceeding the NPF or (2) because the algae bloom on the melting sea ice – 180 

possibly responsible for an increase reactive iodine of organic origin- has already occurred earlier in the season. 181 

On the other hand, the air is clearly enriched in MSA and SA when passing over the ocean that has the highest 182 

DMS concentration over the Dec-Feb months (Lana et al., 2011). In some instances, air mass trajectories were 183 

seen to turn over the north of the peninsula, which can indicate an enrichment of gas produced by the fauna on 184 

the land or at the shore (e.g., local source of ammonia and amines from pinguin colony established at approx. 185 

8 km South of the sampling site during summertime).  Figure 8c also shows altitudes of the air mass 186 

trajectories. While (Kerminen et al., 2018) reviewed that Antarctic NPF would easily take place within the free 187 

troposphere, both the number size distribution and the indicated altitude flight path point toward nucleation 188 

processes occurring at the surface layer considering the lifetime (λ) of key gas-phase precursors (e.g., λSA< 0.5 189 

h, Fiedler et al. (2005)). Similar back trajectories were calculated for non-event days, separately for days with 190 

high SA concentration (i.e., [SA] > 2 × 106 molecules cm-3) and for days with lower SA (Fig. S5a-c and Fig. 191 

5a’-c’, respectively). The result of the analysis as well as the model characteristics are shown in Supplementary 192 

Information.  193 
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 194 
Figure 8: Backward trajectories for recorder NPF events (a) (numbering according to classification Table 1). (b) shows a zoom-in over 195 
the Antarctic Peninsula and (c) shows the trajectory altitudes colored by formation rates J3 values. In panel (a) and (b) the black and 196 
grey lines delimit the sea ice extent as average for January and February 2018, respectively. Sea ice data are from: 197 
ftp://sidads.colorado.edu/DATASETS/NOAA/G02135/south/monthly/ (Fetterer et al., 2017).   198 

Local wind analysis (Fig. S6) was performed to determine possible local emission sources. In essence, no 199 

prevalent wind direction was found specifically for NPF days. However, in some instances, moderate to strong 200 

winds were seen to originate from the South/South-West sector where strong emission from the fauna is likely 201 

to occur by the shore at this season. Those days, 25 January (event # 3), 10 February (event # 9), and 11 Feb 202 

(event # 10), were among the highest growth (GR3.8-12  = 10 nm h-1) and the highest formation rates (J1.5 = 10 203 

cm-3 s-1 and J1.5 = 9.2 cm-3 s-1), respectively.  204 

 205 

4 Discussion  206 

 207 

We observed the presence of many chemical constituents with significant, measurable concentrations, 208 

especially during aerosol formation events:  209 

 210 

(1) IA daily maximum concentrations showed low variability, independent of NPF occurrence. Its 211 

concentration - only rarely over 106 molecules cm-3- was unlikely sufficient to initiate NPF alone 212 

as compared with previously reported concentration of 108 molecules cm-3 and (>) 8 × 106 213 

molecules cm-3 for Arctic and coastal studies (Sipilä et al., 2016; Baccarini et al., 2020; Beck et 214 

al., 2021). Iodine emissions have been connected to sea-ice conditions and photolabile iodine 215 

compounds that are rapidly oxidized (Saiz-Lopez et al., 2015; He et al., 2021). The colder Weddell 216 

Sea provides high potential for the emission of iodine and thus iodic acid in the atmosphere. 217 

However, the temporality is a key factor governing such emissions. In fact, many studies have 218 
shown that IA concentration in polar-marine environment are usually peaking in early spring - 219 

already before the sea ice melt onset - (Saiz-Lopez et al., 2007) and during the refreezing transition 220 
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period (Baccarini et al., 2020), strongly linking Iodic acid emission with the sea ice state. This 221 

alternatively implies that our measurement period was then not optimum to catch iodine-related 222 

vapors maxima since the neighboring sea ice – key surface emission medium - was already melted 223 

around the Seymour Island. We do not exclude the possibility that IA would contribute to NPF in 224 

other season, but our data set show that during the summer period, from mid-January until the end 225 

of February, IA is likely not substantial.  226 

 227 

The high concentrations of SA suggest that SA plays a key role in nucleation similarly to earlier 228 

observations from Antarctica (Jokinen et al., 2018) and from the Arctic (Beck et al., 2021).  The 229 

significantly higher nucleation rates, with similar concentrations of SA, contrast with those studies 230 

that concluded that sulfuric acid – ammonia ion induced nucleation was the primary pathway to 231 

new particle formation. The reported new particle formation rates were systematically below 1 232 

cm-3 s-1, typically ca. 2 orders of magnitude lower than observed in our study despite comparable 233 

air temperatures.  234 
 235 

Taking the study case of 16 February as an example, we found sulfuric acid – ammonia complexes 236 

with high abundancy from the analysis of natural ion chemical composition (Fig. 6). That would 237 
indicate that at least negative ion-induced nucleation pathway proceeds with sequential addition 238 

of SA and NH3. However, the total nucleation rate was 3.6 cm-3 s-1 on this day, much larger than 239 

negative ion induced nucleation rate of 0.06 cm-3 s-1. This would lead to the conclusion that a 240 

neutral nucleation mechanism should dominate the process in our case.  241 

 242 

Outside the case study, nucleation rates are still remarkably high, often exceeding the ion-induced 243 

nucleation rate limit set by ion-production rate of ca. 2 ion pairs cm-3 s-1 by galactic cosmic 244 

radiation. While the exact nature of neutral mechanism is not directly detected, the 245 

parameterization experiments performed in CLOUD-chamber CERN (Dunne et al., 2016; Kürten, 246 

2019) indicate very high concentration of ammonia would be needed to explain the observed 247 

nucleation rates – above ppb levels, under assumption that ternary sulfuric acid – ammonia – water 248 

mechanism was solely responsible for initial nucleation. 249 

 250 

(2) Another possibility is that dimethyl amine – as detected in negative ion spectra (cf. Fig. 6) - 251 

efficiently nucleates with sulfuric acid and could be primarily responsible for neutral new particle 252 

SA-H2O-DMA formation pathway, as discussed in several studies (Kürten et al., 2014; Brean et 253 

al., 2021). Unfortunately, the deployed instrumentation does not allow the determination of DMA 254 

concentrations to assess the exact contribution of DMA on nucleation. Yet, our observation shows 255 

significantly higher nucleation rates than the reported values of both studies and considering the 256 

range of measured SA concentrations this conjecture is not likely to happen alone but rather as a 257 

possible synergetic effect of both amines and ammonia in the nucleation with sulfuric acid and 258 

water at the encountered temperatures. 259 

 260 

(3) In addition to the high quantity of SA and MSA measured in CI mode, MSA was observed in ion 261 
cluster in form of CH3SO3

- and MSA clusters with bisulfate ion but not in any larger nucleating 262 

cluster. Its contribution to a possible ion-induced nucleation mechanism is therefore unlikely in 263 

our case. However, we still cannot exclude the possibility that MSA would be weakly bounded to 264 

ion clusters and then evaporated inside the mass spectrometer vacuum chambers and lost in semi-265 

energetic collisions within the electric fields used to focus ions inside the system. Additionally, 266 

mesylate (i.e., the MSA fragments - CH3SO3
- ) were observed in significant fraction in the 267 

chemical speciation of the aerosol phase, which indicates its involvement in particle growth.  268 

 269 

(4) The missing link is the (high) concentration of ammonia and amines required to follow the 270 

proposed SA-(NH3/DMA)-H2O nucleation scheme, likely on the order of ppb for ammonia and 271 

ppt levels for DMA. Without direct measurement of neither ammonia nor DMA, we can only 272 

speculate that our observations point toward a strong source, possibly land-based (e.g., from high 273 

penguin population during summertime). In fact, predominant wind possibly passing over a 274 

pinguin colony at shore was seen from the wind roses proposed in Figure S6 for event 3, 4, 7, 9, 275 
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and 10 and confirmed by the air mass trajectory analysis (Fig. 8).  Ammonia and amine 276 

concentrations are key parameters that need to be assessed to fully understand the nucleation 277 

mechanism that our analysis suggests.  278 

  279 

(5) MSA, together with DMA, NH3 and SA, could potentially nucleate via a neutral, yet unidentified 280 

mechanism. However, this potential mechanism does not manifest itself in chemical composition 281 

of negative ion clusters, and potentially would only occur as neutral. It is also important to consider 282 

that our measurement relies on clusters that are stable enough to be analyzed in the very low-283 

pressure chamber of the TOF, and thus might not be detectable with all species or molecular cluster 284 

possibly present in the real atmosphere. Further investigations of nucleation potential of MSA 285 

including the aforementioned compounds as mixture are required before MSA can be attributed 286 

to be responsible for our observed high nucleation rates that we observe at Marambio. 287 

 288 

(6) To this remains the question of organics; our data set do not show substantial presence of HOMs 289 
(as characterized in forest environments), and possible detected compounds entering in our 290 

estimation – yet unidentified chemically, and which can also represent instrumental chemical 291 

background – could be low-volatility organic compounds originating from marine environment 292 
that may contribute to the growth to some extent (Weller et al., 2015; Kecorius et al., 2019). 293 

 294 

(7) A possible explanation for our observations of higher-than-expected nucleation and growth rates 295 

is that particle formation and growth could occur primarily at colder temperatures at higher 296 

altitudes, which would enhance both SA-NH3 and SA-DMA nucleation. Nucleated particles would 297 

then be transported to lower altitudes resulting in apparently higher nucleation and growth rates. 298 

This in turns suggest more regional emission source rather than local emissions of SA, NH3 or 299 

DMA as our analysis points toward.  However, further investigations on vertical mixing would 300 

have been needed to confirm vertical distribution of nucleation and growth rates.  301 

 302 

5 Conclusion  303 

 304 

The Austral summer campaign 2018 at the Marambio Antarctic research station revealed very active 305 

aerosol processes and a frequency of new particle formation events of ~ 40 %. Out of 35 days of active 306 

measurement, a total of 13 NPF events were identified and characterized. In Marambio, NPF was promoted 307 

by key well known meteorological factors: high radiation (clear sky conditions), low humidity conditions (incl. 308 

the absence of precipitation), and high temperature – close to zero or above. We retrieved formation and growth 309 

rates for neutral and charged particles measured within 1.5 nm up to 800 nm size range - combining nCNC, 310 

NAIS and DMPS instrumentation. As a reference, the formation rate of 3-nm (neutral) particles (J3) during 311 

NPF was on average 0.6863 cm-3 s-1 and the growth rate (GR 4 -12 nm) was on average 4.2 nm.h-1. Those values 312 

are particularly high in comparison with the literature, the comparison remains even more surprising 313 

considering the most active NPF day where J1.5 reached 19 cm-3s-1 and GR4 -12 nm was 10.9 nm.h-1.  The chemical 314 

analysis of gas-phase aerosol precursors with CI-APi-TOF showed high concentrations of SA and MSA - on 315 

average 5.17 × 105 molecules cm-3 and 1.18 × 106 molecules cm-3, respectively – but quite low concentration 316 
of IA (on average 2.06 × 105 molecules cm-3). All chemical species reached their maxima during mid-day (e.g., 317 

with maximum concentration of 2.56 × 107, 2.32 × 107 molecules.cm-3, respectively for SA and MSA during 318 

aerosol formation events). The ubiquitously high SA concentration (peaking at almost 107 molecules cm-3 319 

during many events) and the high abundancy of SA-associated ion clusters makes no doubt on its involvement 320 

on NPF. The speciation of negative ion spectra revealed clusters of dimethylamine – sulfuric acid – bisulfate-321 

ions, as well as various clusters of sulfuric acid - ammonia- bisulfate-ion - consistent with previously reported 322 

studies. However, the systematically high formation / growth rates cannot be quantitatively explained by SA-323 

(DMA/ NH3)-H2O NPF pathways without direct measurement of DMA and NH3 gas phase concentrations.  324 

Additionally, consistently high concentrations of MSA during daytime suggests a possible role of MSA in the 325 

growth, along with SA and ammonia - as confirmed by the bulk aerosol chemical composition. Herein, the 326 

mechanism of forming secondary aerosol in the peninsula involves a combination of SA, DMA, NH3 and MSA 327 

(and only relatively low contribution of IA, at least at this time of the year). Better understanding the synergetic 328 

effect of DMA/NH3 at these temperatures and environments require more field measurements and simulated 329 

experiments, specifically including direct measurement of DMA and NH3 concentrations.  330 
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The data used in this work are available from the first author upon request. Please contact Lauriane L. J. 333 
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