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Abstract. We examined the relationships linking atmospheric in-situ data of gas phase methane sulfonic acid (CH3;SOsH,
MSA), sulfuric acid (H,SO., SA), iodic acid (HIOs), highly oxidized organic molecules (HOM) and aerosol particle
concentrations in the size ranges of 10-50 nm and 100-450 nm with satellite-derived chlorophyll a (Chl-a) and oceanic primary
production (PP) during two time spans — the phytoplankton early bloom period, April-May 2017 (30 March-1 June,
springtime) and phytoplankton late bloom; June-July 2017 (2 June-4 August, summertime) — in two ocean domains;
Greenland Sea and Barents Sea. Atmospheric data were collected at Ny-Alesund site in Svalbard, Norway. In general, Chl-a
and PP in the Barents Sea were higher than in the Greenland Sea during the April-May period, whereas the Greenland Sea
had higher Chl-a and PP during June—July. Phytoplankton bloom started by the loss of sea ice coverage in the Barents Sea at
the marginal ice zone (MIZ) during April-May, and in the Greenland Sea close to Svalbard Island during June—July.

From the April-May period to the June—July period, the correlation between the ocean color data (Chl-a and PP) and MSA
decreased in the Barents Sea and increased in the Greenland Sea, which establishes a direct relationship between the sea ice
melting, phytoplankton bloom and atmospheric vapour composition. Both MSA and SA concentrations increased strongly
during the bloom period, suggesting marine phytoplankton metabolism and resulting dimethyl sulphide (DMS) as the primary
source of both MSA and SA in the Arctic atmosphere during spring—summer time. The highest correlation among all the
atmospheric components and ocean color properties was observed between HIOz and Chl-a in both ocean domains during the
springtime, but this feature may be connected to processes associated with the melting of sea ice. HOMs showed a low
correlation with Chl-a and PP in comparison to other atmospheric vapours. The plausible explanation for such low correlation
is that the primary source of volatile organic compounds (VOC) — precursors of HOM — is the soil or terrestrial vegetation of

Svalbard archipelago rather than the ocean.
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In springtime, small-particles (10-50 nm) correlated strongly with Chl-a in the Barents Sea and with PP in both oceanic
domains, suggesting that biogenic productivity has a strong impact on new particle formation (NPF) in the springtime. In the
summertime, small-particle concentrations showed almost no correlation with biogenic parameters, indicating that compounds
not connected with phytoplankton metabolism, such as HOMs, have a critical role in summertime NPF. Larger particles (100—
450 nm) showed an anti-correlation with Chl-a and PP in springtime, probably due to dilution of anthropogenic air pollution
(arctic haze) during spring. In the end of the Arctic haze period in April, particle-phase SA (non-sea-salt sulphate, nss — SO?~)
and particle phase MSA (MS’) showed almost no correlation, whereas a connection between the gas phase MSA and SA
concentrations was found. The likely reason for this is the same origin for gas phase MSA and SA (DMS oxidation), whereas

SA in particle phase mostly originated from a long-distance continental source.

1 Introduction

Atmospheric new particle formation (NPF) influences the climate system by contributing to cloud condensation nuclei (CCN)
concentrations, thereby impacting many cloud properties and Earth’s radiation budget (e.g. Boucher et al. 2013; Gordon et al.,
2017). The total particle number concentration in marine background conditions is very likely to be dominated by sea salt
particles and those originating from NPF, especially in pristine regions such as the Arctic atmosphere (Dall’Osto et al., 2017,
2018, 2019; Croft et al., 2016).

The detailed NPF mechanisms and chemical compounds contributing to NPF in the high Arctic were resolved only recently.
Sipild et al. (2016) conducted studies at the Atlantic coasts of Ireland and Northern Greenland, next to sea ice. There, NPF was
shown to proceed via homogeneous nucleation and subsequent condensation of iodic acid (HIOs). Their results on the
mechanism and dominant role of HIO3 in NPF were confirmed by Baccarini et al. (2020) over the Arctic sea ice, as well as in
a CERN-CLOUD laboratory study by He et al. (2021) where, besides iodic acid, also iodous acid (HIO2) was shown to play a
role in especially neutral NPF. While iodine-based compounds seem to be responsible for NPF over the sea ice, NPF taking
place over and in the vicinity of open arctic ocean was shown to proceed by ion-induced nucleation of sulfuric acid (H2SO4)
and ammonia (NHs), followed by condensation of H,SO4 (SA) and methane sulfonic acid (CH3;SOsH, MSA) in springtime and
also of highly oxidized organic molecules (HOM) in summertime (Beck et al., 2021). lon-induced H,SO4 — NH3 — nucleation,
experimentally studied also in CERN CLOUD chamber (Kirkby et al., 2011), was found to be responsible for initial NPF at
coastal Antarctica as well (Jokinen et al., 2018).

Clearly, there are many precursor compounds for NPF and particle growth in the atmosphere — at least H,SO4, MSA, HOMs,
NHz and HIO3. Dimethyl sulfide (DMS), released upon bacterial catabolism of dimethylsulfoniopropionate (DMSP) produced
by pelagic phytoplankton, is the most abundant form of sulfur compound released into the atmosphere from the ocean (Stefels
et al., 2007), and it may influence the radiative balance of the Earth (Bates et al., 1987; Simo, 2001). The potential role of

marine DMS in regulating the climate system was introduced by Charlson et al. (1987), and reassessed and questioned by
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many other follow-up studies (e.g. Quinn and Bates 2011; Green and Hatton., 2014). They highlighted that atmospheric DMS
is rapidly oxidized by hydroxyl radicals and is then transformed into SA and MSA, both of which may contribute to the
formation of new particles and CCN (Jang et al., 2016).

HOMSs have been shown to have a major role in new particle growth over (vegetated) continents (Ehn et al., 2012, 2014;
Bianchi et al., 2019), whereas both Antarctic and northern Greenland atmosphere are virtually HOM-free locations (Jokinen
et al., 2018; Sipila et al., 2016; Beck et al., 2021). In contrast to Antarctica and northern Greenland, high concentrations of
HOM s - up to ~10® molecules/cm?, values comparable to those observed in a boreal forest (Ehn et al., 2014), were recently
reported in the summertime Ny-Alesund atmosphere at the coast of Svalbard archipelago (Beck et al., 2021). Laboratory
studies have revealed that HOMs can play a critical role even in initial steps of NPF due to their low vapor pressures (Kirkby
et al., 2016; Trostl et al., 2016). The main source of HOMs is the oxidation of terpenes — biogenically emitted volatile organic
compounds. Terpene oxidation is initiated by their reaction with ozone or hydroxyl radicals, followed by an auto-oxidation
process that rapidly leads to high levels of oxygenation and low vapour pressures of the reaction products (Ehn et al., 2014).
It is known that oxidized iodine species, especially HIOs, can initiate NPF (Sipila et al., 2016; Baccarini et al., 2020), but the
sources of these compounds into the Arctic atmosphere remain unclear (Mahajan et al., 2010; Allan et al., 2015). Coastal areas
are known as the most productive areas of iodine species, with iodine released from seaweeds exposed to ambient air during
low tides (O’Dowd et al., 2002). However, also open ocean environments, as well as the Arctic and Antarctic sea ice, are
sources of iodine-containing compounds (Atkinson et al., 2012). In a sea-ice region, marine phytoplankton and sea-ice algae,
especially diatoms trapped within brine channels of sea ice, seem to be responsible for the production of iodine compounds
released to the atmosphere, depending on porosity of sea ice (Moore et al., 1996; Atkinson et al., 2012; Saiz-Lopez et al.,
2015). Emitted iodine compounds, such as I, are photolabile and under solar radiation rapidly dissociate, forming highly
reactive | radicals. These | radicals react promptly with ozone, resulting in the production of iodine oxides as well as iodous
and iodic acids. Though HIO3 nucleation, potentially assisted by HIO, (He et al., 2021) forms new particles close to sea ice
(Sipila et al., 2016; Baccarini et al., 2020; Beck et al., 2021), it remains unclear whether NPF initiated by HIO3 or other iodine
species is important in remote open and ice-free ocean regions, and whether this phenomenon has a relevant contribution to
the atmospheric aerosol and CCN populations.

In previous studies, the variability of gas phase DMS mixing ratio and particle phase MSA measured in-situ at Svalbard have
been evaluated together with ocean color properties in surface waters in the vicinity of Svalbard during phytoplankton bloom
periods, and a high correlation was found between atmospheric DMS and chlorophyll a (Chl-a) (Park et al., 2013; 2017; 2018).
Also, several studies have been performed to understand the relation between the particle phase MSA concentration and the
parameters related to biogenic production (Chl-a and sea ice extent) from present-day observations in both hemispheres (e.g.
Sharma et al., 2012; Becagli et al., 2013, 2016, 2019). However, connections of ocean color properties with both gas phase
MSA, SA, HOMs and HIOs concentrations and atmospheric aerosol particle concentrations have not been investigated
previously. These connections will be thoroughly examined in the present study. Another novelty of this work is the application

of merged satellite data. While previous studies used only Moderate Resolution Imaging Spectroradiometer (MODIS) data,
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here we apply the OC-CCI data base containing merged products (SeaWiFS, MODIS, VIIRS) with a better data quality and
larger coverage. There are no studies that evaluate primary production (PP) in connection with atmospheric components (MSA,
SA, HIOs;, HOM and aerosol particle concentrations). The only study addressing the role of PP in production of above
discussed compounds is focusing on particle phase MSA (Becagli et al., 2016).

In this study, we combine in-situ field measurements of gas phase SA, MSA, HOMs and HIO; concentrations and aerosol
particle concentrations in the size ranges of 10-50 nm and 100-450 nm performed in Ny-Alesund, Svalbard, with satellite
measurements of Chl-a, PP (calculated by a bio-optical, physiologically based, semi-analytical model) and sea ice extent during
April-May, 2017 (30 March-1 June) and June-July, 2017 (2 June—4 August) in two ocean domains, Greenland Sea and Barents
Sea. We aim to understand and investigate the roles of Chl-a, PP and sea ice extent in controlling and producing the in-situ
measured MSA, SA, HIO3;, HOM and aerosol concentrations over the Greenland and Barents Seas. We also investigated the

behaviour of gas phase and particle phase MSA and SA.

2. Methodology
2.1 Sampling sites

Field measurements were performed at Gruvebadet laboratory in Ny-Alesund (78.9° N, 11.9° E), ca. 1.5 km south from the
main village (Fig. 1). A trajectory analysis was performed to identify the primary source areas of atmospheric vapours and
aerosol particles sampled at the site. Based on the trajectory analysis, we divided source areas into three sectors (Fig. 1): the
Barents Sea (70° N-78.92° N; 11.89° E-60° E), the Greenland Sea (70° N-78.92° N; 40° W-11.89° E), and sea ice area
(78.92° N-90° N; 40° W-60° E). These sectors had 28%, 25% and 46% (13% from east of Ny-Alesund sea ice and 33% from
west of Ny-Alesund sea ice) contributions to the air mass origins, respectively. The sea ice sector was largely dominant, but
because it is not possible to measure beneath the sea ice, our approach could be used to study this area (sea ice algae).
Simultaneous particle-phase MSA and SA measurements, performed at the same site, were adopted from a previously
published study by Becagli et al. (2019). Satellite data from Greenland and Barents Seas were retrieved for quantification of

PP and Chl-a concentration which connections to in-situ recorded variables will be evaluated in this study.
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Figure 1. A map of the Arctic region around the sampling site. The three main source regions for airmasses reaching Ny-Alesund are defined
with black dashed lines and mean trajectories of each trajectory cluster reaching Ny-Alesund from 30th March to 4th August 2017 are

displayed.

2.2 Sampling methods and chemical analysis

Gas phase MSA, SA, HIO; and HOMSs concentrations were measured with a nitrate ion Chemical lonization — Atmospheric
Pressure interface - Time-of-Flight - mass spectrometer (CI-APi-TOF) described in Jokinen et al. (2012). The CI-APi-TOF
has been used in numerous previous field and laboratory studies, including those used to reveal detailed mechanisms of the
Acrctic and Antarctic NPF (Sipilé et al., 2016; Jokinen et al., 2018; Baccarini et al., 2020; Beck et al., 2021). Shortly, the
operation is based on proton transfer between the reagent ion (NOs’) and sample constituents (for SA, MSA, HIOs3), or on
adduct formation of sample molecule and the reagent ion (in case of HOM). lonized sample is drawn via atmospheric pressure
interface, comprised of quadrupoles and ion lenses, to a time-of-flight chamber where ions are mass/charge separated and
eventually detected by a micro-channel plate detector. The mass spectra were analyzed with the Matlab-based software package
tofTools developed by Junninen et al. (2010). In this work, HOM refers to sum concentration of all detected, highly oxidized
species with molecular masses between 300 and 600 Da. Exact identification of all (more than 100) individual HOM
compounds remains a topic for a further study. The particle number size distribution was measured with a SMPS in the size
range of 10 to 450 nm (Xue et al., 2015).

The particle-phase methane sulphonate (CH3;03S", MS") concentration, representing condensed MSA, and non-sea salt sulphate

(nss-S0O4%) concentration, representing condensed SA, as well as sulphate formed in the liquid phase, were measured by ion
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chromatography on the aqueous extract of aerosol collected on Teflon filter. The aerosol sampling and analytical procedures
have been reported in detail by Becagli et al. (2016).

2.3 Satellite ocean color data (Chl-a and PP)

Eight-day (8D) average of Chl-a were downloaded from the OC-CCI website (http://www.esa-oceancolour-cci.org) with a
spatial resolution of 4 km. The OC-CCI is a long-term, consistent and error-characterized dataset generated from merged
normalized remote-sensing reflectance derived from four satellite sensors: SeaWiFS, MODIS, MERIS, and VIIRS (Plummer
et al.,, 2017). In this work we used OC-CCl v3.0. Primary Production data (8D) which were downloaded from
http://www.science.oregonstate.edu/ocean.productivity/index.php. The time series were computed in the two selected domains
by spatially averaging the 4-km, 8-day data sets. Missing values in the Arctic regions are mainly due to either cloudiness or
algorithm failure. However, overall, there are enough cloud-free data to describe the evolution of Chl-a and PP for our sampling
site. We did not go through sea ice analysis deeply in this research, but daily sea ice extent (SIE) was added to find melting
time for phytoplankton bloom. SIE data were obtained from the EUMETSAT OSI SAF. This data product was daily and titled
‘SSMIS Sea Ice Concentration Maps on 10 km Polar Stereographic Grid’ in 10 km resolution. The daily SIE data are averaged
over each month. We also utilized sea ice extents images from the National Snow and Ice Data Center (NSIDC)

https://nsidc.org/ to look at sea ice extent area in the Barents and the Greenland Seas.

2.4 Trajectories map

Three-dimensional, three-day (72 h) back trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model from the National Oceanic and Atmospheric Administration Air Resources Laboratory (Draxler
and Hess, 1998) (Fig. 1). The calculations are based on meteorological data from the NCEP’s (National Weather Service’s
National Centres for Environmental Prediction) Global Data Assimilation System (at 1 x 1° spatial resolution). Each trajectory
consists of 72 endpoints, one per hour. Air masses were modelled to arrive at the altitude of 50 m above sea level (a.s.l.) at the
coordinates of the research station for every hour of the campaign period.

Calculated back trajectories of air masses were grouped into trajectory clusters to see when air masses were arriving from the
different sectors. Cluster analysis is a technique to separate a large data set into groups with similar properties. The k-means
clustering algorithm was used. This function divides a data set into a specified number of groups, so that observations within
a group are closely related to each other and each group has the least possible similarities to the other groups. The clustering
analysis was carried out based on Euclidean distances between trajectories. Initially, each trajectory is defined to be a cluster.
For the first iteration, two trajectories are paired. For every combination of trajectory pairs, the cluster spatial variance, which
is the sum of squared distance between the endpoints of cluster’s component trajectories, is calculated. Then, the total spatial
variance (TSV), the sum of all the cluster spatial variance over all clusters, is calculated. The pair of clusters finally combined
are the ones with the smallest change in TSV. The iterations continue until the last two clusters are combined. The percent

change in TSV and number of clusters for each iteration are recorded. The final cluster number was determined by the point

6
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of inflexion on the curve of percent change in TSV vs. number of clusters. More details about this methodology can be found
in Stein et al. (2015).

We also counted how many hours air masses had spent over different surfaces on their way to the Gruvebadet station during
the 72 hours prior to their arrival at the site. Three different surfaces were considered: open ocean (ocean with less than 15%
sea-ice cover), sea-ice (more than 15% sea ice), and land. The influence of the surface types on the measured gas-phase and
aerosol concentrations were examined by correlating the concentrations with the time over certain surface type related to the

air mass arriving at the time of each concentration measurement. The correlations were examined in 5-hour bins.

3 Result and discussion

3.1 Seasonal evolution of atmospheric components (MSA, SA, HIOs, HOM) and aerosol concentration (10-50 nm, 100-
450 nm) at Ny-Alesund

3.1.1 Comparison of gas-phase (MSA and SA) and particle-phase (MS™ and nss — S0%~) composition

MSA at Ny-Alesund shows a seasonal pattern, with a steeply increasing concentration in April and May and decay toward a
background concentration starting in early June (Fig. 2a). A similar seasonal pattern was observed for the particle-phase
methane sulphonate sampled at the same site (Becagli et al., 2019) (Fig. 2b). However, in July MSA and MS" in the particle-
phase show a different pattern with very high values of MS" respect to MSA. The increase of the MS/MSA ratio of about 38
in April-May up to 330 at mid-July (Fig. 3) can be due to three different reasons. First, the different gas-to-particle conversion
rate that is lower in April-May compared to July, leading to a higher MSA/MS™ ratio in April-May than in July. The
repartitioning between the gas and particulate phases could be one of the causes of the different slope of the linear regression
in spring (April-May) and in summer (June-July). Second, the dominant oxidation pathway of DMS, i.e. gas or liquid phase
oxidation, could change between spring and summer. Third, the oceanic source area of DMS in July is more distant than in
April-May, giving more time to the formation of MS in aerosol phase. Conversely, SA in the gas phase and non-sea salt
sulphate (nss — S0%7) in the particle phase show completely different trends (Fig. 2c,d), especially during April (Fig. 4a,b).
This is due to the dominant anthropogenic source of nss — SO%~in the particulate matter during the Arctic Haze period (e.g.
Quinn et al, 2007).
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Figure 3. (a) MS/MSA (b) nss — SO2~ /SA ratio during the period of study.

During the Arctic haze period, a strong correlation is observed between gas-phase MSA and SA (R?=0.91, Fig. 4c), whereas
particle phase MS- and non-sea salt sulphate seem not to be correlated (R?=0.19, Fig. 4d). The good correlation between MSA
and SA concentrations points toward the same origin, marine DMS, of these compounds. Gas phase MSA and MS™ originate
solely from DMS oxidation, which could explain their similar temporal behaviour (Fig. 4a), whereas SO,, the precursor of gas
phase SA and particle-phase nss — S0%, originates from both DMS oxidation and anthropogenic sources. Since MSA and
also largely SA originate from DMS oxidation, it is natural that their temporal evolution follows similar patterns as the
atmospheric DMS mixing ratio described by several ocean color data. A previous study regarding sulfate stable isotope analysis
showed that more than 60% of sulfate aerosol in the Arctic is of anthropogenic origin (Li et al., 1993b). However, unlike
sulfuric acid (H.SO4), anthropogenic sulfate aerosol can be transported long distances and sulphate can be formed also in
aqueous phase during cloud processes. Thus, particle phase sulphate ( nss — SOZ~) shows completely different temporal and
spatial variation compared with MSA, MS™ and SA, with maximum concentrations (Fig. 4a,c) observed during the Arctic haze

period (e.g. Quinn et al 2007).
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220 Figure 4. (a) Vapour concentrations of SA (H2S04) and MSA, by increasing DMS emissions and radiation. (b) Particle phase concentrations
of nss — S04~ and MS™ characterized by the decay of residuals of the Arctic haze (c) The relationship between SA and MSA measured at

Ny-Alesund. (d) The relationship between particle phase nss — SOZ~and MS-measured by Becagli et al. (2019) in April 2017.

It is noteworthy that the pathways of DMS oxidation to SA (via SO,) or MSA, and their relative yields, are controlled by many

225 environmental factors, such as the temperature, solar irradiance and concentrations of HOx and NOs radicals as well as NOy
and BrO (Read et al., 2008). Especially, more MSA is produced as the temperature decreases (Hynes et al., 1986). Therefore,
the kinetics of the chemical oxidation process should be resolved in detail before the reasons for the variation of MSA/SA -
ratio can be fully explained. Besides the decay of phytoplankton productivity and boundary layer dynamics, also precipitation
scavenging could be a reason for decreasing concentrations of MSA and SA during summer (Li et al., 1993a).

230 MSA and SA followed typical seasonal variation, which is wide-spread in northern high latitudes (Li et al., 1993b). It is also
known that there is a significant fluctuation in concentration from early spring to late summer for these sulfur compounds (Li
et al., 1993b). At the Ny-Alesund region, SA, assisted by NH;s and air ionization, is the driver and initiator of NPF. Because
of its relatively high vapour pressure compared with SA, MSA condenses primarily onto pre-existing particles, even though

10
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its contribution to initial cluster formation has not been excluded e.g. in upper atmospheric layers (Beck et al., 2021). If relative
yields of SA and MSA are changed due changes in an atmospheric environment, that could be reflected in the formation rates

of new particles.

3.1.2 Temporal evolution of gas phase HIOs and HOM

HIO3 concentrations also peak in mid-May (Fig. 5a). However, both the springtime increase and summertime decrease are less
pronounced compared with MSA and SA. Sipila et al. (2016) and Beck et al. (2021) reported a steep increase of the HIO3
concentration — from 10° cm up to 107 - 108 cm™ levels — after the end of polar night at the Villum Research Station (Station
Nord) in Northernmost Greenland. Concentrations decayed back to low levels during summer. Since Station Nord is
surrounded by the sea ice throughout the year, Sipila et al. (2016) speculated that the source of the iodine that produces HIO3
would be the sea ice. Nevertheless, at Ny-Alesund both the steepness of increase and the concentration of HIO3 are much lower
(Beck et al. (2021).

Out of all studied vapours, HOMs show completely different temporal behaviour as reported in an earlier study (Beck et al.,
2021). Their concentrations start to increase in the middle of May when all other studied compounds start to decay (Fig. 5b).
This is an indication that HOM may have completely different sources than MSA, SA and HIOs. The start of the HOM
concentration increase coincides with the snow melt and exposure of soil and tundra vegetation, which could be speculated to

release sufficient amounts of VOCs to be oxidized to form HOMs.
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250 Figure 5. Time evolution of gas phase (a) HIOs concentration and (b) HOM concentration measured between 315t March and 4™ August

2017 at Ny-Alesund.
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3.1.3 Temporal evolution of aerosol concentrations

Aerosol particle number concentrations were analyzed in two size ranges, 10-50 nm and 100-450 nm (Fig. 6). Particles in the
10-50 nm size range are indicative of NPF and growth, whereas the larger accumulation mode particles in the 100-450 nm
size range represent more aged particles. Concentrations of 10-50 nm particles have an increasing pattern from the beginning
of our measurements (1 April), whereas concentrations of 100-450 nm particles have a decreasing pattern. The smaller
particles (10-50 nm) are likely enhanced by biogenically originated gases, SA and MSA, whereas the larger particles are much
more related to the presence of Arctic Haze (Park et al., 2017). Therefore, the number concentration of 100-450 nm particles
showed a decreasing pattern as Arctic Haze decayed.
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—=—10-50 nm

1500

Molec:.cm'3
)
o
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Figure 6. Time evolution of 10-50 nm and 100-450 nm aerosol particle concentrations measured at Ny-Alesund.

3.2 Ocean colour time series affected by the Barents and the Greenland Seas and sea ice properties

During April and May 2017, the Chl-a concentration in the Barents Sea was about 50% higher than that in the Greenland Sea.
After that, the pattern changed and during summer, Chl-a concentration in the Greenland Sea exceeded that in the Barents Sea
(Fig. 7a). A likely reason for this could be an earlier phytoplankton bloom in the Barents Sea, possibly due to earlier sea ice
melting (Fig. 8). The Barents Sea is characterized by an early phytoplankton bloom, as revealed by Wassmann et al. (2006a),
starting in April at the marginal ice zone (MI1Z). The early blooms were triggered by the stratification induced by the melting
ice (Matrai et al., 2007). This kind of bloom is usually dominated by the prymnesiophyceae (Rat'kova and Wassmann, 2002;

Matrai et al., 2007), together with diatoms. Furthermore, high grazing rates were generally found (Wassmann et al., 2006b),
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which promote high DMS emissions. Nevertheless, the blooms are transient local events due to quick nutrient consumption,

and are not propagating over the whole region (Perrette et al., 2011).
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Figure 7. Four-month evolution of (a) Chl-a and (b) PP, calculated for the Barents Sea and Greenland Sea. All data are
275 calculated as 8-day averages.

PP was higher in the Barents Sea compared with the Greenland Sea during April and May, whereas during summer PP was

higher in the Greenland Sea (Fig. 7b). Such behaviour of PP can be explained by the earlier ice melting (Fig. 8) and plankton

bloom in Barents Sea, similar to the behaviour of Chl-a. As already observed in the Greenland Sea, sea ice extent presents the

main decrease during the June—July period, likely corresponding to the maximum values of Chl-a and PP in summer, but a
280 slight decrease in sea ice extent started already in April that can promote the slight increases of Chl-a and PP already in April.

Therefore, the different timing of sea ice melting in Greenland Sea causes the shape of spring-summer Chl-a and PP peaks.
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Figure 8. Monthly sea ice extent during April — July 2017. Red and blue arrows indicate the starting of massive sea ice melting in Barents
and Greenland seas respectively.
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3.3. Correlation between biologic parameters (Chl-a and PP) and atmospheric components (MSA, SA, HIOs, HOM and
E?Tr]giol concentrations) in April-May (phytoplankton bloom time) and June-July 2017 (post - phytoplankton bloom
Atmospheric measurements were conducted from the end of March until the beginning of August. This period was divided
into two parts: the bloom time (April-May) and the post-bloom time (June—July). Key ocean color factors that influence the
atmospheric concentrations observed in-situ at Ny-Alesund were identified. The back-trajectory cluster analysis revealed that
at least some of the atmospheric components observed at Ny-Alesund originate from two different source areas, the Barents
Sea and the Greenland Sea, both in spring (April-May) and summertime (June-July). Figures A1-A6 show the scatter plots
between atmospheric concentrations and ocean color parameters.

3.3.1 Biologic parameters (Chl-a and PP) and MSA during April-May and June-July, 2017

Table 1 shows that MSA concentrations measured at Ny-Alesund correlated well with Chl-a and PP in the Greenland Sea and
Barents Sea. This suggests, as expected, that MSA formation is strongly related to biomass concentration and productivity in
these two oceanic areas, with a higher influence of the Barents Sea during the springtime (April-May) and the Greenland Sea
in the summertime (June—July).

As mentioned before, sea ice melting in the Barents Sea starts before that in the Greenland Sea (Fig. 8), so that the Barents
Sea is characterized by an early phytoplankton bloom due to sea ice melting in the “bloom-dominated regime”. Therefore, a
strong correlation between MSA and Chl-a in the Barents Sea was found during April-May (R?=0.56) while the correlation
during June—July was somewhat weaker (R?=0.49). Sea ice melting in the Greenland Sea starts later, around June, so the
correlation between MSA and Chl-a in the Greenland Sea increased from 0.4 during April-May to 0.83 during June-July.
Figure 8 shows that the sea ice extent was reasonably constant in the Svalbard side of the Greenland Sea until about July. PP

followed similar patterns in two ocean domains, but had maximum values in different times.

3.3.2 Biologic parameters (Chl-a, PP) and SA during April-May and June-July, 2017

In the gas phase and in the absence of anthropogenic SO- pollution, MSA and SA have the same origin: DMS oxidation to
MSA and SO, with subsequent oxidation of SO, to SA. Therefore, a high correlations between SA and ocean color parameters
were found here as well (Table 1, Fig. A2). SA also has a similar pattern as MSA during the spring and summer times, with
some differences both in the slope and significance of the correlation. Such differences could be due to the differences in the
yield of MSA with respect to SA from DMS oxidation. Figure 9 shows the relation between the MSA/SA ratio and radiation

intensity. The MSA formation is favoured with respect to SA especially in summer when radiation is at its strongest.
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Figure 9. Temporal development of MSA/SA-ratio and UV radiation at Ny-Alesund.

3.3.3 Biologic parameters (Chl-a, PP) and H1Os during April-May and June-July 2017

During the springtime, the HIO; concentration has strong correlations with the ocean color parameters (Chl-a and PP) in the
Greenland Sea (Chl-a: R?=0.82, PP: R?= 0.55) (Table 1, Fig. A3). These correlations decreased during the summertime. The
reason for such behaviour could be that HIO3 observed in Ny-Alesund results from the sea ice-emitted iodine. lce-borne
phytoplankton bloom is likely to be intense during spring (Sipila et al., 2016) but decays away by summer. Thus, the high
springtime correlation and low summertime correlation may just be a coincidence and there is no causal connection between
open ocean properties and observed HIO; concentrations. The production and release of iodine from the sea ice likely depends
on the ice thickness that determines the fraction of solar radiation penetrating through and available for phytoplankton
photosynthesis, as well as on the amount of nutrients, ice porosity etc. The connection between HIO; and sea-ice is further
supported by the strong increase in the measured HIO; concentration at Ny-Alesund with an increasing time the arriving air
mass had spent over sea-ice (Fig. 10). However, the exact details of ice-borne or under-ice plankton iodine production are
currently not known. Also, other mechanisms, including pelagic phytoplankton activity, leading to iodine emissions may
contribute to the observed iodic acid formation.
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3.3.4. Biological variables (Chl-a and PP) and HOM concentration during April-May and June-July, 2017

Based on Table 1 and Fig. A4, HOM is the only atmospheric constituent out of all the studied compounds, the correlation of
which with Chl-a and PP was extremely low during both spring and summer for both oceanic regions. This indicates that
HOMs probably have completely different sources than MSA, SA and HIOs. Rather than pelagic plankton, observed HOM
concentrations can be associated with VOC emissions from local terrestrial ecosystems or long-range transportation of VOCs
or semi-volatile organic compounds (SVOC) from continental Eurasian regions emitting vast amounts of VOCs from boreal
forests. These VOCs or SVOCs would then be oxidized to form HOM nearby the measurement site. HOM itself cannot be
long range transported due its short lifetime against condensational loss. HOM vapour pressures are so low that they tend to
condense onto particles, some of them even irreversibly. The very steep and quite abrupt increase in the HOM concentration
in the end of May would, however, suggest the VOC source to be the terrestrial vegetation or soil in Svalbard. That increase
coincides with the snow melt and soil exposure (Beck et al., 2021). Also efficient VOC production in continental Europe starts
well before the end of May, and less sudden increase would be expected. Our observations support the suggestion by Beck et

al. (2021) on the continental or local source of VOC acting as the main HOM precursor.

3.3.5. Biologic variables (Chl-a and PP) and aerosol particle concentrations (10-50 nm — small-particles and 100-450
nm — large-particles) during April-May and June-July 2017

Strong correlations between small-particle (10-50 nm) concentrations and ocean color parameters were found during the
springtime in the Barents Sea (Chl-a: R?=0.68, PP: R?=0.63) and in the Greenland Sea (PP: R?=0.7), whereas correlations
during summertime (June-July) were extremely low both in the Barents Sea (Chl-a: R?=0.01, PP: R?=0.16) and in the
Greenland Sea (Chl-a:R?=0, PP:R?=0.1) (Table 1, Fig. A5). Strong springtime correlations suggest that biogenic
(phytoplankton) productivity represent about the 65% of the small particle formation variability during this season, and that
SA and/or MSA arising from biogenic productivity have an important role in NPF. In summertime, however, the small-particle
concentration does not correlate with SA, MSA, Chl-a and PP. Beyond SA and MSA, other vapours, such as HOM (Beck et
al., 2021), are thus needed to explain the summertime occurrence of small- particles.

As shown in Table 1 and Fig. A6, the concentration of 100-450 nm particles anti-correlate with the ocean color data during
springtime. The strengths (R? values) of these anti-correlations are 0.5 for Chl-a and 0.38 for PP in the Greenland Sea, and
0.45 and 0.51, respectively, in the Barents Sea (Table 1, Fig. A5). This is an expected feature, since larger particles represent
mostly anthropogenic pollution (Arctic haze) during early spring. When the polar vortex breaks up in the spring, the clean air
flows to the Arctic and dilutes the pollution, resulting in the decreasing concentration of larger particles. Because of that, we

cannot separate a possible signal from biogenic processes in the >100 nm aerosol particle population.

17



https://doi.org/10.5194/acp-2022-52 Atmospheric

Preprint. Discussion started: 11 March 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics
Discussions
Ocean Greenland Barents Greenland Barents
color- (April - May) (April-May) (June-July) (June-July)
atmospheric
data
Chl-a - R?2=0.40 R %=0.56 R%=0.83 R%=0.49
MSA P =9.01e-02 P =3.29e-02 P =1.63e-03 P =5.18e-02
PP - MSA R?2=0.55 R ?=0.46 R?=0.83 R?2=0.27
P = 3.58e-02 P =6.31e-02 P = 1.56e-03 P =1.88e-01
Chl-a and R?2=0.58 R?=10.68 R?=0.78 R?=0.76
SA P =2.86e-02 P =1.13e-02 P =3.73e-03 P =5.04e-03
PPandSA | R?=0.64 R?=0.59 R?=0.62 R?=0.04
P =1.73e-02 P =2.62e-02 P =2.04e-02 P =6.42e-01
Chl-a and R?=0.82 R?=0.44 R?=0.30 R?=0.23
HIO; P =1.94e-03 P =7.14e-02 P =1.61e-01 P =2.25e-01
PP and R?=0.55 R?=0.35 R?=0.07 R?=0
HIO; P = 3.62e-02 P =1.20e-01 P =5.20e-01 P=9.76e-01
Chl-a and R?=0.08 R?=10.24 R?=0.01 R?=0.01
HOM P =5.10e-01 P =2.20e-01 (anti-correlation) | (anti-correlation)
P =8.52e-01 P=8.07e-01
PP and R?=0.28 R?=0.28 R?=0.08 R?=0
HOM P =1.76e-01 P =1.80e-01 (anti-correlation) | (anti-correlation)
P =5.07e-01 P =9.98e-01
Chla and R2 =0.17 R’= 0.68 R?=0 R?=0.01
(10-50 nm) | P =3.08e-01 P =1.15e-02 (anti-correlation) | P =8.34e-01
P =9.83e-01
PP and (10- | R*=0.7 R?=0.63 R?=0.1 R?=0.16
50 nm) P =9.62e-03 P = 1.84e-02 (anti-correlation) | (anti-correlation)
P =4.34e-01 P =3.22e-01
Chla and R2=05 R?=0.45 R?=0.46 R?=0.26
(100-450 (anti-corelation) (anti-corelation) P = 6.39e-02 P = 1.96e-01
nm) P = 5.05e-02 P =6.70e-02
PP and R?=0.38 R?=0.51 R?=0.41 R?=10.35
(100-450 (anti-corelation) (anti-corelation) P =8.93e-02 P = 1.24e-01
nm) P =1.05e-01 P =4.52e-02

Table 1. Correlation of atmospheric measurements (MSA, SA, HIO3, HOM) and aerosol concentrations (10-50nm, 100-450nm) with ocean
color parameters (Chl-a and PP) for Barents Sea and Greenland Sea in the period April-May and June-July at Ny-Alesund.

370 4 Summary and conclusions

This study investigates the relationships among pelagic chlorophyll a (Chl-a) concentration and primary production (PP) in

the Barents and the Greenland Seas, and gas phase concentrations of methanesulfonic acid (MSA), sulfuric acid (SA), iodic

18



375

380

385

390

395

400

405

https://doi.org/10.5194/acp-2022-52 Atmospheric
Preprint. Discussion started: 11 March 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

acid (HI0s), highly oxidized organic molecules (HOM) and aerosol concentrations (size ranges of 10-50 nm and 100-450 nm)
measured at Ny-Alesund, Svalbard islands. Five months of in-situ measured data of atmospheric vapours and aerosol particles,
satellite-based measurements of Chl-a and sea ice distribution, and calculations of primary production at the potential source
areas located in the surrounding oceanic regions (the Barents Sea and the Greenland Sea) were used in the analysis. Particle-
phase measurements of MSA (methane sulphonate (CH303S") concentration, MS) and SA (non-sea salt sulphate (nss-SO4%)

concentration) from Becagli et al. (2019) were used as supporting data in this study.

The trajectory analysis shows that out of atmospheric vapours relevant for NPF and particle growth, SA and MSA originate
primarily from the Barents Sea and Greenland Sea, depending on season and on the synoptic meteorological configuration.
Other relevant vapours, HIO; and HOMs, unlikely originate from the open ocean phytoplankton activity while they still can

be important for aerosol formation.

In the study by Becagli et al. (2019), the correlation between the particle-phase MSA (MS°) and nss — SOZ~ concentrations
was very low (R?=0.19) due to difference sources of MSA (only oxidation of DMS) and nss — SO%~(oxidation of DMS and
anthropogenic sources - long-range transport). As Becagli et al. (2019) studied the composition of aerosol particles, most of
the mass was in large particles of hundreds of nm in diameter, and such particle can be transported long-distances from
continental anthropogenic source areas. Unlike MSA, or more accurately methane sulfonate, sulphate (nss — S03™) effectively
forms in the liquid phase from SO,. Long-range transport and cloud processing may thereby explain the low correlation
between MS-and nss — SO%™ in the particle phase. However, in the gas phase, we found a high correlation between MSA and
SA (R?=0.91) especially during springtime after the decay of Arctic Haze. This indicates that during the post-haze time, gas-
phase SA and MSA originate primarily from DMS oxidation and the contribution of anthropogenic sulfur dioxide (SO>)
pollution to SA production is small. It is therefore natural that the temporal evolution of MSA and SA appeared to follow

similar patterns as probable atmospheric DMS mixing ratio which in this work is proxied by pelagic Chl-a and PP.

Chl-aand PP concentrations in the Barents Sea were higher than in the Greenland Sea during April and May, while this pattern
was inverted during June—July. These features can be at least partly explained by the early phytoplankton bloom in the Barents
Sea due to the earlier melting of sea ice. Despite the larger melting of the Greenland sea ice (the portion of sea ice close to
Svalbard) starting later, a certain portion of Greenland sea ice already starts to melt in April, determining the shape of the Chl-
a and PP peaks, characterized by a slow increase in April-May and higher concentration in June. PP follows the same seasonal
pattern as Chl-a, but the differences in the absolute values of PP between the two oceanic regions during the blooms are small.
This could be due to a photo-adaptation process, i.e. different amounts of Chl-a in the cell as a function of photosynthetic
active radiation (PAR) availability (Kirk, 1994).
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From the April-May period to the June—July period, the correlation between the ocean color data (Chl-a and PP) and MSA
decreased in the Barents Sea and increased in the Greenland Sea, which establishes a direct relationship between the sea ice
melting, phytoplankton bloom and MSA. A similar pattern was observed for SA, probably because both MSA and SA originate
from DMS oxidation. In spring, the HIO3 concentration had a strong correlation with the ocean color parameters (Chl-a and
PP) in the Greenland Sea, which could suggest pelagic phytoplankton as a source of iodine. However, these correlations
decreased notably during the summertime. Based on Sipild et al. (2016), we can speculate that the source of HIO3; would rather
be the sea ice and, despite the correlation between HIO; and ocean color parameters (Chl-a and PP), there is no causal
connection between them (or between HIO3 and open ocean phytoplankton in general). Sea ice melting (decrease of areal
coverage) starts during June—July, while the sea ice extent is roughly constant during April-May (springtime) in the Greenland
Sea.Among the trace gases studied here, the HOM concentration had the lowest correlation with the ocean parameters in both
seasons, suggesting that HOM have completely different sources than MSA, SA and HIO3;. HOM can originate e.g. from

oxidation of VOCs from terrestrial ecosystems, including soil, or VOCs or SVOCs transported from the Eurasian continent.

The significant correlations between the small-particle (10-50 nm) concentration and Chl-a and PP were found during the
springtime in both Barents Sea and Greenland Sea, whereas correlations during summertime (June-July) were extremely low
in both seas. Such strong correlations mean that the phytoplankton productivity has a strong impact on small-particle formation
in the spring season, and that MSA and SA arising from biogenic productivity are associated with this phenomenon. These
processes are mainly active in spring, whereas small-particles are not solely related to ocean color parameters in summertime,
as demonstrated by low correlations during that time of the year. Explaining the summertime 10-50 nm particle concentrations
(and inevitably associated NPF) likely requires other vapours, such as HOMs that cover the effect of plankton-related MSA
and SA. The concentration of 100-450 nm particles anti-correlated with the ocean color data during springtime. This shows
that these larger particles are not related to biogenic activity, but are likely of anthropogenic origin and are diluted upon the

breakdown of polar vortex and clearing of Arctic Haze.

While the correlation analysis alone does not provide a direct connection between phytoplankton emissions and atmospheric
constituents, our results provide strong support to the hypothesis that MSA, SA and small-particle concentrations in the
Svalbard area are directly linked to ocean biological activity and sea ice melting during springtime. Climate change can have
adverse effects on sea ice properties and marine biology, and consequently on the emissions of DMS and concentrations of
particle precursor vapours and new particles. Further research is required to quantify the present-day and to predict the future
contributions of marine DMS in the arctic aerosol, and especially in the CCN concentration which largely modifies cloud

radiative properties and radiative balance of the Arctic atmosphere.
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Data availability
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http://www.science.oregonstate.edu/ocean.productivity/index.php (PP data),

https://nsidc.org/ (sea ice extent).
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Figure A3. Scatterplot of HIOs at Ny Alesund and Chl-a and PP for Barents Sea and Greenland Sea in the period April-may (open
dots) and June-July (dark circles).
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765 Figure A4. Scatterplot of HOM at Ny Alesund and Chl-a and PP for Barents Sea and Greenland Sea in the period April-may (open dots)

and June-July (dark circles).
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Figure A5. Scatterplot of aerosol concentration (10 - 50 nm) at Ny Alesund and Chl-a and PP for Barents Sea and Greenland Sea in the

period April-may (open dots) and June-July (dark circles).
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Figure A6. Scatterplot of aerosol concentration (100-450 nm) at Ny Alesund and Chl-a and PP for Barents Sea and Greenland Sea in the

period April-may (open dots) and June-July (dark circles).
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