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ABSTRACT

The Arctic is warming at more than twice the rate of the global average. This warming is influenced
by clouds which modulate the solar and terrestrial radiative fluxes, and thus, determine the surface
energy budget. However, the interactions among clouds, aerosols, and radiative fluxes in the
Arctic are still poorly understood. To address these uncertainties, the Ny-Alesund AeroSol Cloud
ExperimeNT (NASCENT) study was conducted from September 2019 to August 2020 in Ny-
Alesund, Svalbard. The campaign’s primary goal was to elucidate the life cycle of aerosols in
the Arctic and to determine how they modulate cloud properties throughout the year. In-situ and
remote sensing observations were taken on the ground at sea-level and at a mountaintop station,
and with a tethered balloon system. An overview of the meteorological and the main aerosol
seasonality encountered during the NASCENT year is introduced, followed by a presentation
of first scientific highlights. In particular, we present new findings on aerosol physicochemical
properties which also include molecular properties. Further, the role of cloud droplet activation and
ice crystal nucleation in the formation and persistence of mixed-phase clouds, and the occurrence
of secondary ice processes, are discussed and compared to the representation of cloud processes
within the regional Weather Research and Forecasting model. The paper concludes with research

questions that are to be addressed in upcoming NASCENT publications.
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Capsule summary. The NASCENT campaign was dedicated to study, in unprecedented detail
by using various novel methods, how aerosols, clouds and their interactions influence the Arctic

climate over the course of one year at Ny-Alesund, Svalbard.

1. Motivation

Average temperatures over the Arctic region have increased by a factor of 2 to 3 compared to
the global average rate in the past few decades (e.g., Wendisch et al. 2017). This phenomenon is
known as Arctic Amplification (AA) and causes the retreat of sea ice at the alarming rates currently
observed (e.g., Bennartz et al. 2013; Cohen et al. 2014). Several feedback mechanisms contribute
to AA, but their relative importance in different regions of the Arctic is still under discussion (e.g.,
Hall et al. 2021). The sea-ice albedo feedback is often proposed as the main driver of AA (e.g.,
Deser et al. 2000). However, model experiments have shown that AA occurs even in the absence
of sea ice and snow cover changes (e.g., Graversen and Wang 2009). Despite their potentially
large impact on the AA, the feedback processes related to aerosols and clouds are especially poorly
understood (e.g., Morrison et al. 2011; Pithan and Mauritsen 2014; Wendisch et al. 2017; Goosse
et al. 2018).

The role of aerosols in the Arctic climate is especially complex due to the diverse processes
that control their abundance and their chemical and physical properties (e.g., Willis et al. 2018).
Knowledge gaps in aerosol sources, sinks, transformation processes and uncertainties in aerosol-
cloud interactions are among the reasons why current climate models have difficulties reproducing
the current and future climate in the Arctic (Schmale et al. 2021). At Ny—Alesund on Svalbard,
the potential aerosol particle sources and sinks show a strong seasonality (Tunved et al. 2013;
Strom et al. 2003). Primary particles can originate from natural sources such as oceans (e.g.,

sea spray, primary biological particles) or glaciers (e.g., soil dust) (Weinbruch et al. 2012; Tobo
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et al. 2019; Heslin-Rees et al. 2020). Particles from forest fires or anthropogenic emissions can be
transported from lower latitudes to Svalbard (Stohl et al. 2007; Schacht et al. 2019). Secondary
particles can be formed locally from gas-to-particle conversion processes involving anthropogenic
and natural precursor gases (e.g., Dall’Osto et al. 2017; Nielsen et al. 2019; Beck et al. 2020;
Lee et al. 2020a; Brean et al. 2021; Choi et al. 2019). However, quantitative knowledge about
the physicochemical properties of Arctic aerosols and precursor gases remains limited, especially
during the Arctic winter, which renders an accurate source apportionment and the estimation of
their impact difficult.

Clouds influence down-welling solar and terrestrial radiative fluxes that determine the surface
energy budget (e.g., Curry et al. 1996; Shupe and Intrieri 2004). On the one hand, clouds scatter
solar radiation back to space, leading to a shortwave cooling effect at the surface. On the other
hand, they emit longwave radiation to space and back to the surface, and therefore have a longwave
warming effect at the surface (Lohmann et al. 2016; Nomokonova et al. 2019; Ebell et al. 2020).
The impact clouds have on the energy budget depends on their macro- and microphysical properties
(e.g., Shupe and Intrieri 2004; Dong et al. 2010; Sedlar et al. 2012). The optical thickness of a
pure ice cloud is lower for a given cloud water path because ice particles are fewer and larger
than corresponding liquid droplets and have a different refractive index, i.e. ice clouds have lower
albedos and longwave emmisivities (Sun and Shine 1994; Korolev 2007). Arctic mixed-phase
clouds (MPCs), consisting of cloud droplets and ice crystals, particularly influences the Arctic
surface radiation balance (e.g., Curry et al. 1996; Shupe and Intrieri 2004; Goosse et al. 2018).
Their albedos and emissivities lie between the ones of pure ice and pure liquid clouds, and depend
on the exact mixture of the phases (Sun and Shine 1994) which is strongly influenced by aerosols.
Aerosols acting as cloud condensation nuclei (CCN) are required to form cloud droplets and aerosols
termed ice-nucleating particles (INPs) are needed to form primary ice crystals. Once primary ice
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crystals are formed, secondary ice production (SIP) can occur (e.g., Hallett and Mossop 1974;
Takahashi et al. 1995; Korolev et al. 2020; Korolev and Leisner 2020) and enhance the ice crystal
number concentration (ICNC) by several order of magnitudes (Korolev et al. 2020). Consequently,
aerosol particles acting as CCN and INPs as well as SIP determine the phase partitioning within
MPCs, which ultimately influences the radiation budget.

The phase partitioning within MPC impacts the lifetime of Arctic MPCs. The mixture of ice
crystals and cloud droplets is thermodynamically unstable and the so-called Wegener-Bergeron-
Findeisen (WBF) process (Wegener 1911; Bergeron 1935; Findeisen 1938) can cause a complete
glaciation of the cloud within a few hours (Harrington et al. 1999; Rangno and Hobbs 2001;
Korolev and Isaac 2003). However, Arctic MPCs are surprisingly persistent over several hours or
days (e.g., Zuidema et al. 2005; Morrison et al. 2011). The current understanding obtained from
modelling and theoretical studies is that self-maintaining feedbacks between liquid water, radiation,
and turbulent updrafts are responsible for the persistence of Arctic MPCs (Morrison et al. 2011).
Although a number of studies have focused on the microphysical properties of Arctic MPCs (e.g.,
McFarquhar et al. 2011; Lloyd et al. 2015; Young et al. 2016; Wendisch et al. 2019), the processes
controlling the life cycle of Arctic MPCs still remain poorly understood (e.g., Tjernstrom et al.
2014; Mioche et al. 2015).

The Ny-Alesund AeroSol Cloud ExperimeNT (NASCENT) campaign was conducted to enhance
our knowledge on Arctic aerosols and clouds, and their complex interactions throughout the polar
year. The former mining town of Ny-Alesund, located on the western part of the Norwegian
archipelago of Svalbard (Fig. 1), is nowadays fully dedicated to research. Ny-Alesund is a unique
place to study aerosols-cloud interactions and their potential influence on climate as the Svalbard
region is frequently covered by MPCs susceptible to aerosol perturbations (Mioche et al. 2015)
and experiences the largest warming within the Arctic (Dahlke and Maturilli 2017; Susskind et al.
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2019). The NASCENT study was designed to obtain a comprehensive set of cloud and aerosol
observations to address in particular the following questions:

- What are the factors that determine the ability of aerosol particles to act as CCN and INPs in the
Arctic?

- What are the sources, precursor gases, chemical composition, molecular properties, and the
seasonality of these cloud forming aerosols?

- Under which conditions do INPs or SIP dominantly influence the phase partitioning in Arctic
MPCs?

The general setup and main instrumentation of NASCENT are introduced in Section 2. An
overview of the temperature, wind, aerosol, and cloud seasonality during NASCENT is given in
Section 3. In Section 4, first research highlights on aerosol and cloud interactions are discussed.
Finally, a summary is given in Section 5, including questions to be answered in the forthcoming

data analyses of the NASCENT study.

2. NASCENT study design

a. Measurement site

The NASCENT study took place at Ny-Alesund (78.9° N, 11.9 ° E), located on the west coast
of Svalbard, from September 2019 through August 2020. Ny-Alesund is situated on the south side
of Kongsfjorden and surrounded by glaciers, moraines, rivers, mountains, and a typical tundra
ecosystem. During NASCENT, atmospheric measurements were performed at five locations close
to Ny-Alesund (Fig. 1). The atmospheric observatory of the AWIPEV research base and the Swiss
Site are located at the southwestern edge of town. The Zeppelin Observatory is located 2 km

southwest of Ny-Alesund at 475 m a.s.1. Further measurements were performed at the Gruvebadet
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laboratory located about 1 km southwestward and at the Amundsen-Nobile Climate Change Tower

(CCT) 1 km southwestward of the town.

b. Experimental set-up

Aerosol, cloud, radiation and meteorological properties were characterized using a multifaceted
suite of instrumentation ranging from in-situ to remote sensing techniques. An overview of the
retrieved parameters at the different locations is given in Figure 1 and in Table 2. Further details of
the set-up and a table with the data coverage are provided in the supplementary information (SI).
At the Zeppelin Observatory (see e.g., Platt et al. 2021, for a review of the last 30 years of
observations), detailed aerosol and cloud in-situ observations and meteorological parameters were
taken using a multitude of complementary instrument techniques. At the temporary Swiss Site,
ambient aerosol, CCN, and INP concentrations (INPC) were sampled through an heated inlet
mounted on top of the measurement container. The holographic imager HOLIMO3B was mounted
on the tethered balloon system HoloBalloon (Ramelli et al. 2020) to obtain in-situ phase-resolved
particle size distributions up to an altitude of 1000 m a.s.l. At the AWIPEV Observatory, long-
term measurements are conducted to monitor the Arctic atmosphere including a cloud radar, a
ceilometer, and a wind lidar. During intensive observation periods, additional radiosondes were
launched to supplement the standard daily launches. Furthermore, meteorological parameters (e.g.
temperature, humidity, wind speed and direction) and surface-based radiation fluxes were monitored
(Maturilli et al. 2013; Maturilli 2020). At Gruvebadet, aerosol properties (e.g., Becagli et al. 2019;
Turetta et al. 2021), black carbon (BC) concentration, INPC, and chemical characterization of
organic aerosol (PM1) were monitored. Furthermore, wind speed and direction, temperature,
and radiation were measured on the 33 m high CCT. Note that because of the distance between

the five measurement locations, there are small spatial (up to 2 km) and temporal (up to a few
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minutes) differences between the measurements at the different sites. The combination of these
measurements provides the opportunity to investigate aerosol-cloud interactions in the Arctic at
an unprecedented scale. To exemplify the use of this multifaceted data set, we use the Advanced
Weather Research and Forecasting (WRF) model, version 4.2.1 (Skamarock et al. 2019), to evaluate

the model representation of a MPC when prescribing the measured CCN and INP concentrations.

3. Seasonality of meteorological, aerosol, and cloud parameters during NASCENT

a. Temperature

During NASCENT, unusually cold temperatures during the winter and spring (up to 6°C colder)
were experienced (Fig. 2a). The anomalously cold temperatures during February and March can be
attributed to the exceptionally strong and cold stratospheric polar vortex (Lawrence et al. 2020; Lee
et al. 2020b). The low temperatures caused the rare freezing of the Kongsfjorden from February to
April 2020, which likely limited the emission of local biological aerosols from the fjord. Although
this may have led to a lower abundance of aerosol particles, no significant deviation from previous
observations was observed (Fig. 3a). During the summer months, above normal temperatures were
observed (up to 2°C, Fig. 2a) but with little to no detectable changes in the cloud and aerosol

climatologies (Figs. 2b and 3).

b. Wind

The wind at Ny-Alesund is strongly influenced by the surrounding topography, especially by
the mountains, Kongsfjorden, and the glaciers. The wind measured 10 m above ground on the
measurement field of the AWIPEV Observatory predominantly came from the southeast and less
frequently from the southwest and northwest (Fig. 4). The wind speed was generally moderate

(below 9 m s~!). These results are in agreement with previous studies showing that the wind is
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channeled along the Kongsfjorden (Beine et al. 2001; Maturilli et al. 2013; Maturilli and Kayser
2017). The effect of topography can be seen when comparing the wind measurements at AWIPEV
to the ones taken at the CCT where the main wind direction was also from the southeast but had
more frequent periods of southwesterly wind (Fig. 4), which is related to the katabatic outflow from
the Brgggerbreen glaciers channeled along the slopes of the Zeppelin mountain range (Maturilli
et al. 2013). As the surface air flow is determined by the topography, local aerosol sources are
likely to dominate over large-scale transport of aerosol under stable atmospheric conditions at these
locations around Ny-Alesund.

At the Zeppelin Observatory, the prevailing wind showed more southerly components with oc-
casional periods of north- to northwesterly wind (Fig. 4), which is in agreement with previous
studies (Beine et al. 2001). This dominant wind component is due to the channeling between
Zeppelin mountain on the southwest side and a smaller hill on the east side of the observatory.
This mountain blocks the large-scale winds and are responsible for the relatively low wind speed
at the observatory (mostly below 6 m s~!). Nevertheless, the air at Zeppelin Observatory is often
above the local inversion and therefore, less influenced by local aerosol sources compared to the
other sites around Ny-Alesund (e.g., Platt et al. 2021) as shown below.

Consistent with the surface winds being influenced by the terrain surrounding Ny-Alesund, the
radiosonde measurements between 3000 m and 3500 m a.s.l. show that southwesterly to north-
westerly winds were most frequently observed above Ny-Alesund (Fig. 4), in agreement with the

climatological wind observed by Maturilli and Kayser (2017).

c. Aerosols

Aerosol particles at Ny-Alesund follow a typical seasonal cycle that is governed by the seasonality

of the particles’ respective sources and sinks (e.g., Tunved et al. 2013; Freud et al. 2017), and the
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seasonality in atmospheric transport patterns (e.g., Stohl 2006). The summer months are marked
by high number concentrations of small particles (i.e., with a diameter < 100 nm) due to frequent
new particle formation events (e.g., Tunved et al. 2013; Dall’Osto et al. 2017; Beck et al. 2020).
In contrast, aerosol mass tends to reach a maximum in the winter and spring months (e.g., Strom
et al. 2003) due to long-range transport of pollutants that form the well-known Arctic haze (e.g.,
Shaw 1995; Quinn et al. 2007). BC concentrations follow the aerosol mass cycle and peak during
winter and spring (Eleftheriadis et al. 2009; Sinha et al. 2017).

The typical seasonal cycle of aerosol loading was also observed during NASCENT, as can be
seen in Figure 3, which shows the monthly distributions of daily-averaged particle number and BC
mass concentrations measured at the Zeppelin Observatory and at Gruvebadet in the valley. The
observed aerosol number concentrations (Fig. 3a) at both sites show the same seasonal cycle with
a maximum in July and a minimum in the late fall and early winter months, similar and within
a factor of two of previous observations (Tunved et al. 2013). This difference, primarily during
summer months, can be attributed to different measurement methods: Tunved et al. (2013) used
integrated particle number concentrations (using size-resolved measurements), while we used the
direct particle concentration measurements using condensation particle counters (CPC) that have
a lower particle cut-off diameter and are less influenced by particle diffusion losses.

The BC concentrations were slightly higher in Gruvebadet than at the Zeppelin Observatory,
especially throughout 2020, which is most likely due to local emissions from the Ny-Alesund
settlement that impact the Gruvebadet site but not necessarily the mountain-top site, especially
during shallow boundary layers (Dekhtyareva et al. 2018; Platt et al. 2021).

As shown in Figure 3b, the BC levels measured during NASCENT were comparable to values
reported previously at the Zeppelin Observatory (Eleftheriadis et al. 2009). For example, during
the pristine summer and autumn, monthly-mean BC concentrations at the Zeppelin Observatory
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amounted only to a few ng m™3, which are comparable to values measured over the remote southeast

Pacific (Shank et al. 2012) and the Southern Ocean (Schmale et al. 2019).

d. Clouds

During NASCENT, the monthly cloud cover assessed using the Cloudnet target classification
product (Illingworth et al. 2007) ranged between 50% and 85%, out of which 30-70% had cloud
tops below 3 km (Fig. 2b). The low-level cloud occurrence peaked in March 2020 and was at a
minimum in December 2019 and January 2020. Liquid-only clouds were primarily observed in the
summer and early autumn months. Meanwhile, MPCs and ice clouds were present year round with
ice clouds being the most abundant cloud type except for below 3 km where MPCs were dominant
(Fig. 2b). These observations are in accordance with measurements of liquid droplets year-round
at the Zeppelin Observatory (Koike et al. 2019). Previous studies investigating cloud cover in
Ny-Alesund have observed similar cloud occurrences albeit with slight differences in seasonality
and cloud type contributions (Nomokonova et al. 2019; Gierens et al. 2020). Regardless of this
year to year variability, MPCs are overall the most prevalent cloud type close to the surface at
Ny-Alesund. This highlights the importance of low-level MPCs year-round in the Arctic region

and their potential to alter the Arctic climate.

4. First research highlights from the NASCENT study

First highlights are described in the following sections to demonstrate how the wide variety of
observations contributes to the understanding of properties and interactions of Arctic aerosols and
clouds and their subsequent representation in models. We use measurements mainly taken on
12 November 2019 to discuss the role of physical and chemical aerosol properties, cloud droplet

activation, ice crystal nucleation, and SIP on the formation and evolution of a MPC, and finish

12
Accepted for publication in Bulletin of the American Meteorological Society. DOMTOUNFEBAMSD«2d4:0084011.9/22 12:37 PM UTC



with a comparison of the cloud structure representation in the WRF model with the in-situ cloud
observations.

On 12 November 2019, a warm front influenced the weather around Ny-Alesund (see section S1
and Fig. S1 in the SI). The temperature varied between -3 °and 0 °C at Ny-Alesund and between
-5 °and -3.5 °C at the Zeppelin Observatory. A persistent MPC was observed until 2100 UTC, with
cloud top rising from 1300 to 2000 m a.s.l and cloud top temperature varying between -13.5 °C
and -11 °C (Fig. S3). The cloud base varied between 200 m a.s.l. and 600 m a.s.l. (not show). The
large-scale wind measured by the radiosondes (Fig. S7) and visible on the wind lidar measurements

above 800 m a.s.l. (Fig. S2) was southwesterly.

a. Chemical and physical properties of aerosols and cloud residuals

At the Zeppelin Observatory, the cloud particle number concentration (CPNC) and liquid water
content (LWC) reached up to 17.5cm™> and 0.3 gm™3, respectively (Fig. 5a). To assess the size
and chemistry of the particles involved in cloud formation, the Counterflow Virtual Impactor
(CVI]) inlet was used to separate cloud particles from interstitial aerosol. The CVI was in operation
for most of the time (Fig. 5b) and the cloud residual number concentration was very low and, as
expected, inversely proportional to the visibility (on average ~560 m), which acts as a measure
for the optical density of the cloud. The cloud residual size distribution was dominated by small
particles of around 10 to 30 nm (Fig. 5c). These small particles were also present, although to a
slightly lower extent, in the whole-air inlet, which samples both interstitial and cloud particles.
It is also interesting that the accumulation mode particles (particles between 50 and 200 nm), as
measured by the whole-air inlet, were found to a much lower extent within the cloud residuals
and thus were probably not CCN and/or INPs at Zeppelin. A possible explanation for this is

that the WBF process had occurred and liquid droplets (activated accumulation mode particles)
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evaporated in the presence of ice, which has been previously observed in MPCs at other mountain
sites (Verheggen et al. 2007).

The origin of the enhanced number of small cloud residuals is not fully clear and a number of
possibilities (e.g., SIP) and sampling artefacts are discussed in Karlsson et al. (2021). While
previous studies (Karlsson et al. 2021) were missing detailed information on the cloud phase, the
holographic imager HOLIMO3G (Beck et al. 2018) allows the determination of ICNC (between
25 um and 2 mm), and the fog monitor the determination of CPNC (between 3 pm and 50 pm) in
parallel to the CVI sampling. Even if the exact magnitude of the CVI sampling efficiency still
remains to be solved, a good temporal agreement of the ICNC and CPNC with the cloud residual
number concentration (Fig. 5d) indicates that sampling artefacts is an unlikely explanation for
the small sizes of cloud residual and suggests that indeed, SIP and the WBF process may cause
such small cloud residuals. The cloud residual measurements observed during NASCENT, in
combination with the high-resolution cloud probes, will provide new and unique evidence of the
importance of sub-accumulation mode particles on cloud formation in the Arctic.

The chemical composition of aerosols, aerosol precursor gases, and cloud residuals at the
molecular level was investigated using the FIGAERO-CIMS. On the 12th of November 2019, the
instrument only sampled the gas phase. Therefore, to illustrate the capability of this analytical
tool for the aerosol particle phase, here we present an example from 24 December 2019. On this
day, a low-level MPC (cloud top below 2 km) was observed and the ground temperatures were
varying between -9° and -6°C at Ny-Alesund. Figures 6a,b, show a comparison of the chemical
composition of aerosol particles before a cloud event to aerosol particles that were activated as
INPs or CCN (cloud residuals). The ~400 organic compounds identified in the particle phase by
FIGAERO-CIMS are grouped based on their number of carbon and oxygen atoms, and the signal
of groups with the same carbon numbers are stacked. To our knowledge this is the first time that
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such a detailed chemical analysis is shown for Arctic cloud residuals.

Molecules with up to 20 carbon atoms and 10 oxygen atoms were identified in both the pre-cloud
aerosol and cloud residuals. The majority of the pre-cloud aerosol mass was from compounds
with up to 10 carbon atoms. A prominent contribution from CcH;¢Os, likely levoglucosan, a
marker for biomass burning emissions, was observed. This indicates long-range transport of
pollution from wintertime solid fuel combustion on the Eurasian continent as a potential source
for particle components observed here. However, the biomass burning chemical signature was
not observed in the cloud residuals. The cloud residual chemical composition showed relatively
smaller contributions of compounds with up to 10 carbon atoms and more than 5 oxygen atoms
(see Fig. 6), and relatively higher contribution of compounds with larger carbon chains and 2
oxygen atoms, potentially fatty acids. These first results could indicate that the organic fraction
relevant for cloud formation in the Arctic consists of molecules with rather long carbon chains, at
least in the winter months.

Simultaneous measurements of organic aerosol chemical composition via H-NMR from ambient
PMI1 filter samples at Gruvebadet on 24 December 2019 are qualitatively comparable to those
of the FIGAERO-CIMS at the Zeppelin Observatory. In particular, as highlighted in Figure 6c,
the H-NMR confirms the presence of levoglucosan and aromatic compounds (e.g., phenols
and methoxy-phenols), further supporting the possible long-range transport of biomass burning
emissions from the continents. This feature is common during the winter season (Zangrando
et al. 2013; Feltracco et al. 2020). These samples are also impacted by high contributions of
hydroxymethane-sulfonic acid (HSMA), a product of the atmospheric oxidation of formaldehyde
and considered a tracer for anthropogenic emissions. In contrast, there is no evidence for biomass
burning influence on the filter sample from the 12th of November, which instead has an NMR
spectral fingerprint more typical of background clean and marine influenced environments. It
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contains marine biogenic tracers like glycerol, methane-sulfonic acid (MSA), amines (DMA and
TMA in particular) and alkylic chains, potentially attributable to lipids from marine biota. The
presence of possible fatty acid alkylic chains, which were also observed on the 24th of December
sample, and found by FIGAERO-CIMS in the cloud residuals, suggests that marine aerosol
contributes to Arctic cloud formation, but this needs to be further investigated.

Future work will shed further light into the importance of the WBF process and SIP throughout
the seasons. In addition, the role of particle and gas phase chemistry and the role of biological

particles in cloud formation is being investigated.

b. Ice nucleating particle concentrations

INP measurements were conducted at the Swiss Site with HINC and DRINCZ, at the Zeppelin
Observatory with CRAFT, and at Gruvebadet with DFPC. Despite the different techniques used,
the INPCs as a function of temperature measured by the four methods agree within a factor of
around 5 (Fig. 7). This is substantial for a highly spatiotemporally varying quantity such as INPs,
which occur at very low concentrations. The observed INPC ranged from ~2 StdL.™! at -30°C
down to the lowest detectable concentration of ~10~* StdLL.=! at -10°C. While there is agreement
between the INPCs measured in the overlap temperature range (-21° to -15°C), on average the
INPCs obtained at the Zeppelin Observatory are slightly below those measured at Gruvebadet and
at the Swiss Site (Fig. 7). This is likely because the Zeppelin Observatory experiences less local
influence from the the boundary layer and from the town of Ny-Alesund (Platt et al. 2021) (see
Figure 8a). Moreover, the CRAFT measurements represent the INPCs averaged over three days,
while at the Swiss Site INPCs were measured at higher frequency (10 min to 40 min averages). The

use of two different filter cutoff sizes (PM1 and PM10) gives some information about the size of
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the INPs. At -18°C (-15°C) the INPC retrieved from the PM10 filter were 10% (50%) higher than
the one retrieved from the PM1 filter (squares and circles in Figure 7). This difference suggests that
the observed INPs at -15°C were larger than 1 um and smaller than 10 pm whereas the observed
INPs at -18°C were smaller than 1 um. This size dependence is consistent with previous studies
(e.g., Mason et al. 2016) and highlights the importance of supermicron aerosol on ice formation at
temperatures above -15 C.

For the most part of the day, higher aerosol concentrations > 0.5 pm were measured at the Swiss
Site than at the Zeppelin Observatory and an inverse trend is observed at the two sites (Fig. 8a).
Only between 0300 and 0600 UTC and from 2000 UTC onward do the aerosol concentrations
follow the same trend. Previous field measurements have suggested that biological particles are
a key source of INPs in the Arctic (e.g., Bigg and Leck 2001; Tobo et al. 2019; Hartmann et al.
2020). Therefore, the contribution of biological particles as INPs is investigated via the fluorescent
aerosol concentration and fraction at the Swiss Site. As the fraction of fluorescent aerosol was not
constant throughout the day, implies that the fluorescent particles did not always scale with aerosol
concentrations > 0.5 um (Fig. 8b). Rather the fluorescent aerosol made up a variable subset of
the total aerosol population > 0.5 um, which likely had a myriad of sources. However, consistent
with previous observations, the INPC and activated fraction at -12°C, follow the same trend as
fluorescent aerosol concentration (Fig. 8b). This relationship suggests a correlation between the
fluorescent particle concentrations and the observed INPC and INP activated fraction and therefore,
provides additional evidence that biological particles could play an essential role in controlling
cloud phase in the Arctic. Further analysis will be conducted to determine if INPC parametrizations
based on biological particles should be used to accurately represent ice formation in Arctic clouds

(Burrows et al. 2022).
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c¢. Cloud microphysical properties

Three flights into clouds were performed with HoloBalloon on 12 November 2019 (Fig. S3). Here
we focus on the cloud microphysical measurements taken with HOLIMO3B on HoloBalloon and
the cloud radar between 1445 and 1630 UTC (Fig. 9), together with the INP and CCN measurement
to identify the processes responsible for ice crystal and cloud droplet formation.

During the entire flight, HOLIMO3B measured CDNCs between 5 and 15 cm™ and a mean
diameter of ~30 um (Fig. 9¢). Drizzle drops with diameter larger than 56 um contributed to this
large mean diameter (Fig. 9c,e). In comparison, continental clouds typically have higher CDNC
(40-1000 cm ™) and a smaller mean diameter (8 um) (Lohmann et al. 2016). Aerosol particles with
dry diameters larger than 70 nm measured by an Differential Mobility Particle Sizer (DMPS) at
the Zeppelin Observatory were used as a proxy for the CCN concentration, following the method
described by Koike et al. (2019). The estimated CCN concentration between 1000 and 1700 UTC
was ~9 cm™ (not shown) and was comparable to the CDNCs measured by HOLIMO3B. This
indicates that the cloud droplet formation was limited by the CCN availability and is in accordance
with previous studies showing that CDNC is sensitive to CCN concentration in aerosol-limited
pristine regions (e.g., Reutter et al. 2009; Moore et al. 2013).

During the first part of the flight (1445-1545 UTC), the mean Doppler velocities at the altitude of
HoloBalloon were rapidly varying with time, even though the reflectivities remained less variable
and HoloBalloon flew approximately at a constant altitude (Fig. 9a,b). This indicates a turbulent
atmosphere, which is in accordance with the observed veering of the wind near the altitude of
HoloBalloon (Fig. S3). This turbulence and updrafts have favored the formation of the drizzle
drops observed by HOLIMO3G (Fig. 9c,e) (Ramelli et al. 2021). During the second part of the

flight (1545-1620 UTC), a fall streak pattern is visible in the increased reflectivity measured by
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the cloud radar (> 10 dBZ). As these two periods are quite distinct from each other, we refer in the
following to the turbulent period (1445-1545 UTC) and the fall streak period (1545-1620 UTC).
We consider the fall streak period in detail. HOLIMO3B measured an increase in total ICNC
from below 0.5 L™! up to 55 L~! (Fig. 9d). Large ice crystals (diameters > 106 um) consisting of
columns, frozen drops, and aged particles, as well as small pristine ice crystals (diameters < 106 um)
contributed to this increase (Fig. 9e.,f). Between 1600 - 1610 UTC, the concentration of small
pristine ice crystals reached up to 40 L~! and was greater than the concentration of larger ice
crystals (Fig. 9e,f). Note that the influence from ice crystals from the ground (e.g. blowing snow)
can be neglected as HoloBalloon flew up to ~700 m above the surface. A representative set of
(hand-labelled) pictures of ice crystals contributing to the total ICNC as shown in Figure 9f are
displayed in Figure 10. Whereas the large ice crystals likely originated from higher portion of
the clouds, the small pristine ice crystals must have formed close to the measurement location of
HoloBalloon, as ice crystals grow rapidly in the water saturated environment. In the temperature
regime of the HoloBalloon measurements (between -8° and -1°C), the INPCs were below the
instrument detection limit (no data in Fig. 7) and at cloud top temperatures (-13.5° to -11°C), the
INPCs were on the order of ~1073 StdL~'. As such, primary ice nucleation due to INPs acting in
the immersion mode alone can neither explain the concentration of larger ice crystals originating
from close to cloud top, nor the concentration of small ice crystals formed close to the measurement
location of HoloBalloon. Therefore, we deduce that SIP enhanced the formation of the ice crystals
in higher parts of the cloud and that SIP close to the measurement location was responsible for the
sudden increase in concentration of small pristine ice crystals observed.

Our interpretation is that the primary ice was formed aloft where the cloud temperature was lower
and thus more INPs were present. Then, SIP increased the ICNC near cloud top and the ice crystals
grew until they were heavy enough to overcome the updrafts. As they fell, they continued to grow
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as columns (Fig. 10), consistent with the ambient temperature experienced, until they reached the
altitude of HoloBalloon, as indicated by the higher radar reflectivities with decreasing altitude in
the cloud (Fig. 9a). The columns then collided with drizzle drops, producing the observed ’ice
lollipops’ (Fig. 10) consisting of frozen drizzle drops and columns (Keppas et al. 2017). Such ice
lollipops were also observed by HOLIMO3G and the Hawkeye Probe at the Zeppelin Observatory
(Fig. S6). Upon collision and freezing, the drizzle drops likely created splinters through droplet
shattering (e.g., Lauber et al. 2018; Korolev and Leisner 2020). Laboratory experiments have
shown that the number of ice splinters produced from a single drop freezing can reach up to 200
(Korolev and Leisner 2020). The splinters produced during the freezing of the drizzle drops then
grew to the small columns observed by HOLIMO3B. These small columns could in turn collide
with drizzle drops, initiate their freezing, and the formation of additional ice splinters. We suggest
that this can lead to a cascading SIP process explaining the rapid increase in concentrations of
small ice crystals observed, similarly to the study by Lawson et al. (2015).

Our findings on SIP are in agreement with other studies. First, the occurrence of SIP with low
INPC (107* L~! and 0.01 L) was already observed in a study by Lawson et al. (2015). Second,
a difference of up to four orders of magnitude between the INPC and ICNC are consistent with
previous observations (e.g., Ladino et al. 2017; Li et al. 2021; Wieder et al. 2022a). Finally, a
recent study using remote sensing techniques showed that droplet shattering was a more efficient
SIP process than the rime-splintering process at slightly supercooled temperature in Arctic MPCs
(Luke et al. 2021).

Next we demonstrate how the combination of the cloud radar and in-situ measurements complement
each other to evaluate the microphysical properties of the observed MPC using the Passive and
Active Microwave radiative TR Ansfer tool (PAMTRA, Mech et al. 2020). PAMTRA simulated the
cloud radar Doppler spectra based on the ice crystal and cloud droplet size distributions measured
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by HOLIMO?3B (Fig. 11). The variety of ice crystal habits were described by three categories
(small ice, large ice, and frozen drops). More information about the PAMTRA settings is provided
in the SI. Three representative time periods are compared (Fig. 11): (1) during the turbulent period
(1525-1530 UTC) with cloud droplets, drizzle drops, and a low concentration of ice crystals, (2)
during the fall streak period (1600-1605 UTC) with frozen drops and a higher concentration of ice
crystals, and (3) during the period afterwards (1625-1630 UTC) with low concentration of cloud
droplets and drizzle drops.

We start by allocating parts of the Doppler spectra signal to the different hydrometeor types. In
the PAMTRA simulations, large ice crystals were generally responsible for the higher reflectivities
(up to 5 dBZ) with fall velocities between 0-2.5 m s~! (Fig. 1le,f). This is due to the strong
dependence of reflectivity on particle size (Doviak and Zrni¢ 2006). Meanwhile, the measured
frozen and drizzle drops were responsible for the simulated reflectivity at large fall velocities (up
to 3 m s~ (Fig. 11e) and for the lower reflectivity (up to -20 dBZ) with fall velocities up to 2
ms~! (Fig. 11d-f), respectively. Finally, measured cloud droplets and smaller ice crystals (diameter
< 100 ym) were only responsible for reflectivities below -30 and -80 dBZ, respectively, and fall
velocities around 0 m s™!.

Applying these results to the cloud radar measurements along the HoloBalloon path during the
fall streak period (Fig. 9b), we find that the higher reflectivities with Doppler velocities of around
1 ms~! (Fig. 9b) were produced by large falling ice crystals, whereas observed reflectivities below
-40 dBZ and fall velocities between 2 and 4 m s~! were generated by frozen drops, as only these
particles have such high fall velocities and low reflectivity (Fig. 9b). The reflectivity between
-30 and -10 dBZ at Doppler velocities around 0 m s~! indicates the presence of small ice crystals,
and possibly cloud droplets when reflectivities are at the lower side (below -17 dBz, (see e.g., Kogan
et al. 2005)). Nevertheless, when looking at the PAMTRA simulations during the turbulent time
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periods, it can be difficult to distinguish the contributions of different hydrometeors to the Doppler
spectra. Indeed, the reflectivity and fall velocity of drizzle drops and large ice crystals overlap
and the drizzle drops are responsible for the highest reflectivities and fall velocities (Fig. 11d).
The combination of the information obtained by HOLIMO3B and by the Doppler spectra is thus
complementary and help to get a better understanding of the microphysical processes in Arctic

MPCs.

d. Model comparison

To understand how the representation of clouds can be ameliorated in weather and climate
models, we compared the cloud properties simulated by the regional WRF model with the in-situ
cloud measurements. To represent the microphysics we used the double moment scheme developed
by Milbrandt and Yau (2005), which has six classes for cloud water, ice, rain, snow, graupel and
hail. The CCN concentration was prescribed as 9 cm ™3 based on the concentration of aerosols > 70
nm (Koike et al. 2019)(Makoto et al, 2019) and the INPC was prescribed based on the exponential
fit of the INPC measurements on 12 November shown in Figure 7. The simulated meteorological
conditions were validated against the radiosonde observations (Fig. S7). Further information about
the model setup is given in the SI.

The data were averaged for each flight time period to compare the observed and simulated cloud
properties. Additionally, to match the acquisition by HOLIMO3B, the simulated cloud droplets and
drizzle/rain drops were merged into one category to obtain the total LWC and liquid droplet number
concentration (LDNC). The same was done for simulated small cloud ice and larger precipitating
ice crystals (snow, hail, graupel) to obtain total ice water content (IWC) and ICNC.

The model correctly simulated an increase in the cloud top height from flight 1 to 3 as measured

by the cloud radar (Fig. S9). Also, the cloud base height derived from the simulated hydrometeor
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populations follows the development indicated by the ceilometer measurements (Fig. S9). Hereafter
we focus on flight 3, when HOLIMO3B observed substantial SIP to assess how well the model
reproduces ice production in Arctic MPCs (Fig. 12). Generally, the simulation is in agreement
with the observations as the LDNC and LWC are consistent with the maximum values measured by
HOLIMO3B between 600 and 750 m a.s.1., albeit at altitudes between 1000 and 1500 m a.sl.. Below
the simulated cloud base (~600 m a.sl.), the simulation underestimates the LDNC and LWC. This
may be the reason for the sharper decrease in the simulated ICNC and IWC than in the observed
ones below 300 m a.s.l.. Regardless, the simulation reproduces the maximum concentrations
of ICNC and IWC observed by HOLIMO3B during flight 3, but the principle constituent of the
simulated ICNC and IWC is graupel, which was not observed by HOLIMO3B (see Figs. 9f and 10).
The ability for the simulation to reproduce the observed ICNC is surprising considering that the
prescribed INPC at cloud top (~1073 L'!) is approximately four orders of magnitude lower than the
observed and simulated ICNC. The Milbrandt and Yau scheme (Milbrandt and Yau 2005) includes
SIP via the Hallett-Mossop (HM) process (Hallett and Mossop 1974), which could potentially
improve the models ability to accurately predict the ICNC, especially as a significant fraction of the
cloud falls within the temperature range relevant for the HM process (Fig. 12¢,d). To determine if
the HM process is responsible for the realistic ICNC simulated, we conducted the simulation again
without the HM process activated. The ICNC decreases above ~800 m when the HM process is
deactivated (Fig. 12). However, below this height, the model still simulates ICNCs that exceed the
maximum ICNC when the HM process is active. This indicates that the microphysics scheme is
producing ice independently of HM being active in the simulations. This may partly be due to the
Milbrandt and Yau scheme lacking a sink term for INPC, which has been recommended to prevent
models from nucleating ice continuously (Karcher and Marcolli 2021). Regardless, the production
of graupel by the model when none was actually observed, indicates that the simulations fail to

23
Accepted for publication in Bulletin of the American Meteorological Society. DOMTOUNFEBAMSD«2d4:0084011.9/22 12:37 PM UTC



accurately represent the formation and evolution of ice in Arctic MPCs.

To conclude, the simulation is able to qualitatively represent the structure of the cloud, including
the cloud top and base heights when the correct CCN and INP concentrations are prescribed. It
also represents the realistic ICNC during flight 3 but for the wrong reasons. This indicates that
the Milbrandt and Yau scheme has inconsistencies in the formation of ice hydrometeors and in
particular, graupel, in the presence of very low CCN and INP concentrations representative of
the Arctic. Future work will utilize the in-situ aerosol and cloud microphysical measurements as
well as the remote sensing observations to address this inconsistency and develop and validate

parametrizations for the SIP observed.

5. Summary and Future Work

The Ny-Alesund Aerosol and Cloud Experiment (NASCENT) was initiated to improve our
understanding on how aerosols, clouds, and their interactions influence the Arctic climate. A
comprehensive set of cloud, aerosol, and meteorological observations was obtained over the course
of one year, which included detailed in-situ and remote sensing techniques on ground-based and
airborne platforms. Regarding the atmospheric seasonality, the mean temperature between De-
cember 2019 and April 2020 was substantially colder than the climatology (up to 6°C) due to a
strong polar vortex, whereas the summer 2020 was slightly warmer than usual. The wind speed
and direction was strongly influenced by the surrounding topography as found in previous studies.
Aerosol particles, such as BC particles, followed the typical aerosol mass cycle found on Svalbard,
with maximum concentrations during winter and spring. MPCs were the most abundant low cloud
type during NASCENT. This high frequency highlights their importance for the Arctic climate.
We present first highlights from NASCENT by showing a detailed case study and discuss how

in-situ observations of aerosols and clouds, together with remote sensing instrumentation and

24
Accepted for publication in Bulletin of the American Meteorological Society. DOMTOUNFEBAMSD«2d4:0084011.9/22 12:37 PM UTC



modelling can be combined to better understand the aerosol and cloud microphysical processes
related to Arctic MPCs.

The cloud residuals measured by the CVI inlet were in good temporal agreement with measure-
ments taken by two cloud probes at the Zeppelin Observatory. The measurements also revealed
clear differences in molecular composition between ambient aerosol particles and those particles
that were involved in cloud formation and evidence was found that biological particles acted as INP
at warm temperatures. In future work, our dataset will be used to further examine the composition
and physical properties of cloud residuals and ambient aerosols and their role and fate during
cloud formation. Furthermore, a parametrization for estimating the INPC in the Arctic is under
development.

Using aerosol in-situ measurements and vertical cloud profiling with the tethered balloon system
HoloBalloon, we found that the cloud droplet formation was limited by the available CCN concen-
tration. Regarding the cold cloud processes, we showed that INPC could not explain the measured
ICNC. Instead, frozen drops, followed by an increase in small pristine ice crystals were observed
and provide evidences for the occurrence of SIP via droplet shattering. Further measurements of
the HoloBalloon system are being analyzed together with remote sensing observations to constrain
the required conditions for different SIP processes in Arctic MPCs.

First modeling results with the WRF model have shown that the model is able to simulate the cloud
structure and simulates a representative ICNC probably for the wrong reasons. In future work,
more SIP parametrizations will be tested and compared to the measurements with HoloBalloon to
ameliorate the representation of clouds in weather and climate models and to understand how they
influence the radiative fluxes in the Arctic climate.

The NASCENT study has acquired a unique and holistic set of observations that will contribute
to improve our understanding of aerosol and cloud processes in the Arctic. Together with further
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in-depth analysis and modelling studies, this work will help to clarify their role in the observed

Arctic Amplification and the Arctic climate system in general.
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TABLE 1. List of abbreviations and acronyms

AA Arctic Amplification

BC Black Carbon

APS Aerodynamic Particle Sizer

CCN Cloud Condensation Nuclei

CCT Climate Change Tower

CCNC Cloud Condensation Nuclei Counter

CDNC Cloud Droplet Number Concentration

CDP2 Cloud Droplet Probe

COSMOS Continuous soot monitoring system

CPC Condensation Particle Counter

CRAFT Cryogenic Refrigerator Applied to Freezing Test

CVI Counterflow Virtual Impactor

CPNC Cloud particle number concentration

DFPC Dynamic Filter Processing Chamber

DMA Dimethylamine

DMPS Differential Mobility Particle Size Spectrometer

DRINCZ DRoplet Ice Nuclei Counter Zurich

eBC equivalent Black Carbon

FIDAS Fine Dust Measurement Device

FIGAERO-CIMS | iodide Chemical Ionization high-resolution time-of-flight Mass Spectrometer coupled to a Filter Inlet for Gases and
AEROsols coupled to a Chemical Ionization Mass Spectrometer

Gly glycerol

H-NMR proton-Nuclear Magnetic Resonance spectroscopy

HMSA Hydroxymethane-sulfonic acid

HINC Horizontal Ice Nucleating Chamber

HOLIMO HOlographic Imager for Microscopic Objects

ICNC Ice Crystal Number Concentration

INP Ice Nucleating Particle

INPC Ice Nucleating Particles Concentration

wcC Ice Water Content
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L levoglucosan

LDNC Liquid droplet number concentration
LWC Liquid Water Content

LWP Liquid Water Path

MAAP Multi-Angle Absorption Photometer
MBS Multiparameter Bioaerosol Spectrometer
MPC Mixed-Phase Clouds

MSA Methane-Sulfonic Acid

NASCENT | Ny-Alesund AeroSol Cloud ExperimeNT
OPC Optical Particle Counter
p Pressure

PAMTRA The Passive and Active Microwave radiative TR Ansfer tool

PM1 Particulate Matter smaller 1 um

PM10 Particulate Matter smaller 10 um

PSAP Particle Soot Absorption Photometer
BC refractory Black Carbon

RH Relative Humidity

SIP Secondary Ice Production

SI Supplementary Information

SMPS Scanning Mobility Particle Sizer
SP2-XR extended-range Single-Particle Soot Photometer
T Temperature

TMA Trimethylamine

WBF Wegener-Bergeron-Findeisen process
WIBS Wideband Integrated Bioaerosol Sensor
WRF Weather Research and Forecasting Model
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TABLE 2. Retrieved variables at the five measurement locations. The black crosses show long-term measure-
ments and the measurements performed only during NASCENT are represented with the symbol "N’. Parameters
that were in addition measured behind the ground-based Counterflow Virtual Impactor (CVI) inlet are marked

by an asterisk (*).

Measured Zeppelin Obs. HoloBalloon Swiss Site  Gruvebadet CCT AWIPEV
quantities

Meteorology ~ Wind vector N N N X X
Temperature X N N X X X
RH X N X X X
Precipitation N N X X X
Vertical profiles of T, X
p, RH
Vertical profiles X X

wind vector

Cloud Phase-resolved parti- N N
cle number size dis-
tribution
IwC N N X
LWC or LWP N N X
Ice crystal habits N N
Base & top height N X
Radar  reflectivity X
factor
Aerosol Particle size distribu- X* N X
tion
CCN properties X* N
INP concentration X N X
Chemical composi- X/N* N
tion
Total particle con- X* N
centration
Particle size, shape, N* N
fluorescence
Black carbon X/N* X
Single-particle anal- X*
ysis
Radiation Broadband short- X N X X

wave & longwave
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Fig. 1.  Overview of the NASCENT study set-up at Ny-Alesund, Svalbard. Aerial photo with the five
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the lower right corner. Note that a topographic map with terrain contour is shown in Figure 4. . 52

Fig. 2. Temperature and cloud seasonality observed during NASCENT. (a) Average temperatures
during NASCENT compared to the climatology of 1994 to 2018 (shading represents the
standard deviation) measured at the AWIPEV weather mast 10 m above ground (Maturilli
et al. 2013). (b) Monthly frequency of occurrence of cloud types derived from the Cloudnet
data during NASCENT. Colors represent the different cloud types, while dashed lines show
all clouds in the column and solid lines the low-level clouds with cloud tops below three
kilometers. Note that multiple cloud layers of different kinds are accounted for separately, so
that the sum of ’liquid’, ’ice’, and *'mixed-phase’ does not equal the frequency of any’ clouds. . 53

Fig. 3. Monthly average distributions of (a) aerosol particle number and (b) black carbon (BC) mass
concentrations measured during NASCENT at Gruvebadet and at the Zeppelin Observatory
in comparison to previous climatologies. The box-whisker plots show the quartiles and
the Sth and 95th percentiles, respectively, while outliers are marked with diamonds. The
particle number concentrations were measured using CPC’s, while BC concentrations were
measured by four different instruments: extended-range single-particle soot photometer
(SP2-XR, Stephens et al. 2003; Schwarz et al. 2006), a multi-angle absorption photometer
(MAAP, Petzold and Schonlinner 2004), a continuous soot monitoring system (COSMOS,
Kondo et al. 2011), and a Particle Soot Absorption Photometer (PSAP). . . . . . . . 54

Fig.4. Wind measurements during NASCENT throughout the Ny-Alesund area at the different
locations and retrieved from radiosondes. Data is shown for the AWIPEV weather mast
(10 m), the Zeppelin Observatory, the CCT (10 m), and from daily radiosondes between
3000-3500 m a.s.l.. The bar length gives the respective frequency of occurrence with the
maximum frequency value specified at the end of the longest bar. Topographic map of the
Ny—A]esund region from (Norwegian Polar Institute 2014). . . . . . . . . . . 55

Fig.5. Cloud in-situ measurements on 12 November 2019 at Zeppelin Observatory. (a) Cloud
particle number concentration and liquid water content measured by the fog monitor. The
period selected for the lower panels (c) and (d) is indicated. (b) Cloud residual number con-
centration and ambient aerosol number concentration, together with the fluorescent particle
concentration (x 10%) within the cloud residuals/ambient aerosol number concentrations,
and ambient visibility measured at the CVI inlet (note the reversed y-axis). The shading at
the top of the figure indicates when the CVI was in operation/ON. (c) Particle number size
distribution of the cloud residuals and whole-air aerosols (interstitial and activated aerosol)
measured by a tandem-DMPS system. (d) Cloud residual number concentration measured
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Fig. 6. High-resolution chemical composition of (a) aerosol particles before a cloud event (whole-
air inlet) and (b) of cloud residuals during the cloud measured by the FIGAERO-CIMS
on 24 December 2019. Shown is the background-corrected absolute signal of individual
molecules, separated by the number of carbon and oxygen atoms. (c) 'H-NMR spectra of
ambient PM1 samples collected at Gruvebadet for 12 November and 24 December 2019. Spe-
cific resonances are assigned to levoglucosan (L), hydroxymethane-sulfonic acid (HMSA),
methane-sulfonic acid (MSA), dimethylamine (DMA), trimethylamine (TMA) and glycerol
(Gly). Unresolved mixtures of aromatic compounds and linear aliphatic chains, including
possible contributions from lipids, are indicated in the spectra. The insert provides a focus on
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the aliphatic region of the spectra characteristic of polyols/saccarides compounds (H-C-O).
Grey areas between 4.7 - 5.0 ppm and between 8§ - 8.5 ppm cover the disturbance due to
solvent and buffer solutions needed for the analysis. . . . . . . . . . . . . 57

Fig.7. Overview of INPCs observed on 12 November 2019. Blue violin plots: six INP samples
measured with the DRoplet Ice Nuclei Counter Zurich (DRINCZ, David et al. 2019; Wieder
et al. 2022b) between -10 °C and -21 °C and with the Horizontal Ice Nucleating Chamber
(HINC, Lacher et al. 2017) at -30 °C at the Swiss Site. The red lines indicate the median
and the dashed black lines the 25th and 75th percentiles. The blue dashed line shows
the corresponding exponential fit (INPC(T) = exp(—0.4146-T — 12.4059) (cf. Li et al.
2022)). Purple and Magenta: one filter sample collected between 0900 - 1200 UTC at
Gruvebadet analyzed by the Dynamic Filter Processing Chamber (DFPC, Santachiara et al.
2010; Rinaldi et al. 2017) on PM1 and PM10. Orange line: one filter sample collected from
10 - 16 November 2019 at the Zeppelin Observatory analyzed by the Cryogenic Refrigerator
Applied to Freezing Test (CRAFT, Tobo 2016; Tobo et al. 2019, 2020). The error bars
represent the 95% confidence interval. . . . . . . . . . . . . . . . .58

Fig. 8. (a) Particle number concentration for sizes > 0.5 um measured by the APS (aerodynamic
diameter) at the Swiss Site and by the FIDAS (optical diameter) at the Zeppelin Observatory,
with a time resolution of 3 minutes for both instruments. (b) INPC and activated fraction
(INPC/Np5) at -12 °C (left axis), and fluorescent (particle) concentration and fluorescent
(particle) fraction (right axis). We select a temperature of -12°C to adequately evaluate the
contribution from biological aerosol particles (Kanji et al. 2017, and references therein). The
INPCs are measured by DRINCZ and the fluorescent particle concentration by an Wideband
Integrated Bioaerosol Sensor (WIBS). The fractions are normalized to the particle fraction
>0S5um. . . ..o hY

Fig.9. Overview of the cloud properties observed in-situ on HoloBalloon and by the cloud radar on
12 November 2019. (a) Cloud radar reflectivity, HoloBalloon path and Zeppelin altitude. (b)
Doppler spectra and mean Doppler velocity at the height of the HoloBalloon path. Positive
values represent a downward velocity. (c) Cloud droplet and (d) ice crystal size distributions
(color) and total CDNC and ICNC (black line) measured by HOLIMO?3B. (e) Cloud droplets,
drizzle drops, and ICNC for crystals smaller and larger than 106 um. This cut-off size is
defined by the bin size closest to 100 pm. (f) Frequency of occurrence of the ice crystal
habits and total ICNC. The data are averaged over 60 sec. Note that at around 1550 UTC,
HoloBalloon flew out of the cloud, which explains the decrease in CDNC and ICNC measured
by HOLIMO?3B (c-f) and the missing reflectivity data at the HoloBalloon height (b). . . . 61

Fig. 10. Examples of ice crystals classified as typical habits observed with HOLIMO3B. Plates and
(hollow) columns with a diameter smaller than 106 pm were classified as pristine, whereas
larger columns were classified separately. Droplet ’lollipop’, and drops showing evidence
of freezing are classified as frozen drops. All the other ice crystals, including rimed and
aggregated particles are classified as ’Aged’. The scale bar in the right panel is representative
for all of the panels. The respective fractions of the typical ice crystals habits to the total
ICNC are displayed in Figuref. . . . . . . . . . . . . . . . . . 62

Fig. 11. (a-c) Measured size distributions from HOLIMO3B. (d-f) Radar Doppler spectra simulated
with the PAMTRA tool using the size distribution shown in a-c. The measured size dis-

tribution and simulated Doppler spectra are shown at three characteristic time periods of 5
minutes: 1525-1530 UTC (a & d), 1600-1605 UTC (b & e), and 1625-1630 UTC (c & f). . . 63

Fig. 12. The averaged vertical profiles during flight 3 on 12 November 2019 observed by HOLIMO3B
and simulated by WREF. (a) LDNC, (b) LWC, (c) ICNC & (d) IWC. The contribution of graupel
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to the ICNC and IWC are shown with the colored dashed profile line in (c) and (d).The data
from HOLIMO?3B are averaged over 50 m altitude bins and the WRF data over every model
layer. The average cloud base and cloud top measured by the remote sensing instrumentation
(ceilometer and cloud radar, respectively) are represented by the black dotted horizontal lines
and the HM temperature range (-8° to -3°C) is highlighted in (c)and (d). . . . . . . . 64
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FiG. 1. Overview of the NASCENT study set-up at Ny-Alesund, Svalbard. Aerial photo with the five
measurement locations and the respective instrumentation. The campaign logo is shown in the lower right

corner. Note that a topographic map with terrain contour is shown in Figure 4.
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FiG. 2. Temperature and cloud seasonality observed during NASCENT. (a) Average temperatures during
NASCENT compared to the climatology of 1994 to 2018 (shading represents the standard deviation) measured
at the AWIPEV weather mast 10 m above ground (Maturilli et al. 2013). (b) Monthly frequency of occurrence
of cloud types derived from the Cloudnet data during NASCENT. Colors represent the different cloud types,
while dashed lines show all clouds in the column and solid lines the low-level clouds with cloud tops below three
kilometers. Note that multiple cloud layers of different kinds are accounted for separately, so that the sum of

"liquid’, "ice’, and *mixed-phase’ does not equal the frequency of ’any’ clouds.
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F1G. 3. Monthly average distributions of (a) aerosol particle number and (b) black carbon (BC) mass concen-
trations measured during NASCENT at Gruvebadet and at the Zeppelin Observatory in comparison to previous
climatologies. The box-whisker plots show the quartiles and the Sth and 95th percentiles, respectively, while
outliers are marked with diamonds. The particle number concentrations were measured using CPC’s, while
BC concentrations were measured by four different instruments: extended-range single-particle soot photometer
(SP2-XR, Stephens et al. 2003; Schwarz et al. 2006), a multi-angle absorption photometer (MAAP, Petzold and
Schonlinner 2004), a continuous soot monitoring system (COSMOS, Kondo et al. 2011), and a Particle Soot
Absorption Photometer (PSAP).
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FIG. 4. Wind measurements during NASCENT throughout the Ny-Alesund area at the different locations and
retrieved from radiosondes. Data is shown for the AWIPEV weather mast (10 m), the Zeppelin Observatory,
the CCT (10 m), and from daily radiosondes between 3000-3500 m a.s.l.. The bar length gives the respective
frequency of occurrence with the maximum frequency value specified at the end of the longest bar. Topographic

map of the Ny-Alesund region from (Norwegian Polar Institute 2014).
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F1G. 5. Cloud in-situ measurements on 12 November 2019 at Zeppelin Observatory. (a) Cloud particle number
concentration and liquid water content measured by the fog monitor. The period selected for the lower panels
(c) and (d) is indicated. (b) Cloud residual number concentration and ambient aerosol number concentration,
together with the fluorescent particle concentration (x 10%) within the cloud residuals/ambient aerosol number
concentrations, and ambient visibility measured at the CVI inlet (note the reversed y-axis). The shading at the
top of the figure indicates when the CVI was in operation/ON. (c) Particle number size distribution of the cloud
residuals and whole-air aerosols (interstitial and activated aerosol) measured by a tandem-DMPS system. (d)
Cloud residual number concentration measured by the CVIinlet, ambient ICNC (x 10) measured by HOLIMO3G,

and CPNC measured by the fog monitor.
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FiG. 6. High-resolution chemical composition of (a) aerosol particles before a cloud event (whole-air inlet)
and (b) of cloud residuals during the cloud measured by the FIGAERO-CIMS on 24 December 2019. Shown
is the background-corrected absolute signal of individual molecules, separated by the number of carbon and
oxygen atoms. (c) '"H-NMR spectra of ambient PM1 samples collected at Gruvebadet for 12 November and 24
December 2019. Specific resonances are assigned to levoglucosan (L), hydroxymethane-sulfonic acid (HMSA),
methane-sulfonic acid (MSA), dimethylamine (DMA), trimethylamine (TMA) and glycerol (Gly). Unresolved
mixtures of aromatic compounds and linear aliphatic chains, including possible contributions from lipids, are
indicated in the spectra. The insert provides a focus on the aliphatic region of the spectra characteristic of
polyols/saccarides compounds (H-C-O). Grey areas between 4.7 - 5.0 ppm and between 8§ - 8.5 ppm cover the

disturbance due to solvent and buffer solutions needed for the analysis.
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FiG. 7. Overview of INPCs observed on 12 November 2019. Blue violin plots: six INP samples measured
with the DRoplet Ice Nuclei Counter Zurich (DRINCZ, David et al. 2019; Wieder et al. 2022b) between -10
°C and -21 °C and with the Horizontal Ice Nucleating Chamber (HINC, Lacher et al. 2017) at -30 °C at the
Swiss Site. The red lines indicate the median and the dashed black lines the 25th and 75th percentiles. The
blue dashed line shows the corresponding exponential fit INPC(T) = exp(—0.4146-T —12.4059) (cf. Li et al.
2022)). Purple and Magenta: one filter sample collected between 0900 - 1200 UTC at Gruvebadet analyzed by
the Dynamic Filter Processing Chamber (DFPC, Santachiara et al. 2010; Rinaldi et al. 2017) on PM1 and PM10.
Orange line: one filter sample collected from 10 - 16 November 2019 at the Zeppelin Observatory analyzed by
the Cryogenic Refrigerator Applied to Freezing Test (CRAFT, Tobo 2016; Tobo et al. 2019, 2020). The error

bars represent the 95% confidence interval.
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F1G. 8. (a) Particle number concentration for sizes > 0.5 pm measured by the APS (aerodynamic diameter)
at the Swiss Site and by the FIDAS (optical diameter) at the Zeppelin Observatory, with a time resolution of 3
minutes for both instruments. (b) INPC and activated fraction (INPC/Nys) at -12 °C (left axis), and fluorescent
(particle) concentration and fluorescent (particle) fraction (right axis). We select a temperature of -12°C to
adequately evaluate the contribution from biological aerosol particles (Kanji et al. 2017, and references therein).
The INPCs are measured by DRINCZ and the fluorescent particle concentration by an Wideband Integrated

Bioaerosol Sensor (WIBS). The fractions are normalized to the particle fraction > 0.5 um.
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Fi6. 9. Overview of the cloud properties observed in-situ on HoloBalloon and by the cloud radar on 12
November 2019. (a) Cloud radar reflectivity, HoloBalloon path and Zeppelin altitude. (b) Doppler spectra and
mean Doppler velocity at the height of the HoloBalloon path. Positive values represent a downward velocity.
(c) Cloud droplet and (d) ice crystal size distributions (color) and total CDNC and ICNC (black line) measured
by HOLIMO3B. (e) Cloud droplets, drizzle drops, and ICNC for crystals smaller and larger than 106 um. This
cut-off size is defined by the bin size closest to 100 um. (f) Frequency of occurrence of the ice crystal habits
and total ICNC. The data are averaged over 60 sec. Note that at around 1550 UTC, HoloBalloon flew out of
the cloud, which explains the decrease in CDNC and ICNC measured by HOLIMO3B (c-f) and the missing

reflectivity data at the HoloBalloon height (b).
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FiG. 10. Examples of ice crystals classified as typical habits observed with HOLIMO3B. Plates and (hollow)
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columns with a diameter smaller than 106 um were classified as pristine, whereas larger columns were classified
separately. Droplet "lollipop’, and drops showing evidence of freezing are classified as frozen drops. All the
other ice crystals, including rimed and aggregated particles are classified as ’Aged’. The scale bar in the right

panel is representative for all of the panels. The respective fractions of the typical ice crystals habits to the total

ICNC are displayed in Figure 9f.
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FiG. 11. (a-c) Measured size distributions from HOLIMO3B. (d-f) Radar Doppler spectra simulated with the
PAMTRA tool using the size distribution shown in a-c. The measured size distribution and simulated Doppler
spectra are shown at three characteristic time periods of 5 minutes: 1525-1530 UTC (a & d), 1600-1605 UTC (b
& e), and 1625-1630 UTC (c & f).
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FiG. 12. The averaged vertical profiles during flight 3 on 12 November 2019 observed by HOLIMO3B and
simulated by WREF. (a) LDNC, (b) LWC, (c) ICNC & (d) IWC. The contribution of graupel to the ICNC and
IWC are shown with the colored dashed profile line in (c) and (d).The data from HOLIMO3B are averaged over
50 m altitude bins and the WRF data over every model layer. The average cloud base and cloud top measured by

the remote sensing instrumentation (ceilometer and cloud radar, respectively) are represented by the black dotted

horizontal lines and the HM temperature range (-8° to -3°C) is highlighted in (c¢) and (d).
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In this supplementary material, we shortly describe the atmospheric situation on 12 November
2019 in Ny-Alesund, Svalbard (Fig. S1), as mainly measurements taken this day are discussed
in the main manuscript. Additionally, the major instrumentation used in this manuscript or
installed in the framework of the Ny-Alesund Aerosol Cloud Experiment (NASCENT) at the
Swiss Site, the Zeppelin Observatory, Gruvebadet, the Climate Change Tower, and AWIPEV
are described. Summarizing tables with the instrument parameters and availability are included.
Finally, information about the WRF model setup are given, together with a short description of the

simulation during flights 2 and 3 of HoloBalloon on 12 November 2019.

S1. Meteorological situation on 12 November 2019
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FiG. S1. Weathermap showing the relative humidity (green shading), temperature (colored lines) at 1000 hPa
and the estimated location of the warm front at 0600 UTC on 12 November. The red triangle shows the location

of Ny—Alesund. The model data are from the MEPS Weathermaps Hellmuth and Hofer (2019).

A warm front passed over Ny-Alesund on 11 November 2019. One day later, on 12 November

2019, Ny-Alesund was located in the warm sector behind the warm front (Fig. S1). The temperature
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at the ground was therefore relatively high (varying between 0°C and -3°C and the pressure slightly
increased from 1009 to 1011 hPa (not shown). Note that on this day the sun was permanently
below the horizon with a minimum altitude of -29° and a maximum altitude of -7°. Thus no direct

sunlight was shining.
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FiG. S2. Cloud radar and wind lidar measurements on 12 November 2019. (a) Cloud radar reflectivity and (b)
wind lidar horizontal wind speed. The wind barbs show the wind direction and the color the horizontal wind
speed. The solid black line shows the height of HoloBalloon and the dashed line the height of the Zeppelin
Observatory. The black dots in (a) show the cloud base heights measured by the ceilometer. The temperature
measured by the radiosonde launch at 1700 UTC is shown on the right y-axis at the corresponding altitude on

the left y-axis.
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On 12 November 2019, several short and intense precipitation events occurred and are recogniz-
able as fallstreaks in the radar reflectivity (Fig. S2a) with total precipitation summing up to about
2.4 mm (not shown). The large-scale wind measured by the radiosondes (Fig. S7) and visible on
the wind lidar measurements above 800 m a.s.l. (Fig. S2b) was southwesterly. After 1500 UTC, a
strong change in the horizontal wind direction below 500 m a.s.]l. was observed, which generated
strong wind shear (Fig. S2b). The Zeppelin Observatory was in cloud for large parts of the day

and three flights into clouds were performed with HoloBalloon (Fig. S2).

S2. Swiss Site

S1. Aerosol measurements at the container

During October - November 2019 and March - April 2020, the temporary Swiss Site was installed
at the southwestern end of Ny—z&lesund. Ambient aerosol, cloud condensation nuclei (CCN), and
ice nucleating particles (INPs) were sampled through an inlet mounted on top of the observa-
tory container. Aerosol particles were measured in the size range of 10 nm to 20 pm using an
APS, scanning mobility particles sizer (SMPS, TSI Inc., Shoreview, MN, USA), condensation
particle counters (CPC, TSI Inc., Shoreview, MN, USA), and optical particle counters (OPC-N3,
Alphasense). A Wideband Integrated Bioaerosol Sensor (WIBS-NEO) provided information on
fluorescent properties of the particles.

To obtain a broader INP concentration - temperature spectrum, two methods were applied in paral-
lel. INPs were monitored continuously at -30 °C in the immersion freezing mode using the online
technique Horizontal Ice Nucleating Chamber (HINC, Lacher et al. 2017). HINC sampled ambient
air continuously at a total flow rate of 2.83 StdLL min~!, of which 90% consists of recirculating

particle-free sheath flow and the remaining 10% is compensated by aerosol flow. To account for the
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false positive ice count originating from the internal chamber, e.g., falling frost from the warmer
plate, a motorized valve was applied to switch from sample flow to filtered air measurements
regularly (5 min) before and after each sampling period (15 min) to determine a background count.
In addition, ambient aerosol particles were sampled from the heated inlet using a high flow-rate
impinger (Coriolis® p, Bertin Instruments, France) operating at 300 L min~!. For one sample the
impinger collected aerosol for one hour, probing a volume of 18 m>. Right after collection, each
sample was analysed for INP concentration via the offline technique DRoplet Ice Nuclei Counter
Zurich (DRINCZ, David et al. 2019), which measured INP concentrations at sub-freezing temper-
atures down to -20°C. See also Wieder et al. (2022), where the setup and procedure are described
in details.

CCN concentrations during the NASCENT campaign were measured by a cloud condensation nu-
clei counter (model CCNC-100), commercialized by Droplet Measurement Technologies (DMT,
Longmont, CO, USA). Unfortunately, this instrument malfunctioned during periods of the cam-
paign that include 12 November 2019. Therefore, we used a back-integrated SMPS to calculate
the aerosol concentration down to a particle mobility diameter of 70 nm to estimate CCN concen-
trations, following the method by Koike et al. (2019). Data quality was ensured by comparing total
integrated concentration with two condensation particle counters (CPC, TSI Inc., Shoreview, MN,
USA) at the Zeppelin Observatory and an SMPS and a CPC at sea level at the Swiss Site.
Additionally, at regions near shore close to Ny-Alesund, we used a clean glass plate withdrawn
vertically from the sea surface for sea surface microlayer samples. The thin microlayer film on
the plate was then transferred into sample bottles using a Teflon scraper to wipe down the glass
plate. The sub-surface bulk seawater samples were sampled by directly submerging sample bottles

to about 50 cm below the ocean surface.
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S2. HoloBalloon

The tethered balloon system HoloBalloon (Ramelli et al. 2020) was used to perform in-situ
cloud microphysical measurements. The main instrument on HoloBalloon is the HOLographic
cloud Imager for Microscopic Objects (HOLIMO3B), which can image an ensemble of cloud
particles in the size range from small cloud droplets (6 pum) to precipitation-sized particles (2 mm)
in a three-dimensional sample volume (Henneberger et al. 2013; Beck et al. 2017; Ramelli et al.
2020). HOLIMO3B provides information about the phase-resolved particle size distribution and
particle habits. Particles larger than 25 um can be differentiated between cloud droplets and ice
crystals based on their shape, whereas all particles smaller than 25 pm are classified as cloud
droplets. Because of this size threshold, the reported ice properties can be considered as a lower
estimate. Cloud droplets and ice crystals larger than 25 um were classified using convolutional
neural network trained on cloud particles from holographic imagers (Touloupas et al. 2020) and
smaller cloud droplets using support vector machines. The ice particle habits were classified
manually. The sampling volume of HOLIMO3B used was about 15.5 cm™3, and 6 frames were
taken per seconds. The processed data are averaged over 60 seconds, which gives a volume of
about 5.6 L per minute. The diameter used from the measurements by HOLIMO3B is the major
diameter, which correspond to the major axis of an ellipse around the detected pixels of the particle.
Two OPCs and one 3D-sonic anemometer are furthermore mounted on the platform. Expanding on
the measurement platform described in Ramelli et al. (2020), two pyranometers and pyrgeometers
(Apogee SL-510/610, SP-510/610) measured upward and downward solar and terrestrial radiation
were installed on the instrument and the platform was suspended 12 m below the helikite to prevent

turbulence effects.
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S3. Zeppelin Observatory

Detailed in-situ observations of clouds, aerosols, and meteorology were made at the Zeppelin
Observatory. Figure S3 presents a schematic of the set-up at the site during NASCENT which is

described below.

S1. GCVI sampling and aerosol instrumentation

A ground-based counterflow virtual impactor inlet (CVI) was installed at the Zeppelin Obser-
vatory to sample ambient cloud droplets and ice crystals. The CVI is based on the technical
principles described by Shingler et al. (2012). The evaluation of the ground-based version of the
CVI at the Zeppelin Observatory is described in detail by Karlsson et al. (2021). The CVI separates
particles according to their inertia using opposing air flows. Large particles (e.g. cloud droplets
or ice crystals) are sampled, while small particles with low inertia (e.g. interstitial aerosol) do not
penetrate through the virtual stagnation plate of the inlet and are not sampled. The cloud droplets
or ice crystals are then dried and the remaining particles are termed cloud residuals. The residuals
are then characterized by various aerosol instruments. This includes a custom-made DMPS (dif-
ferential mobility particle sizer) for measuring the particle size distribution between approximately
10 and 945 nm (electrical mobility diameter) (Karlsson et al. 2021). A CPC (Model 3772, TSI
Inc, USA) determines the total particle number concentration. A multi-parameter bioaerosol spec-
trometer (MBS, University of Hertfordshire, U.K., see e.g., Ruske et al. 2017) characterizes the
size, shape and fluorescent characteristics of particles larger than 0.5 um (optical diameter). The
FIGAERO-CIMS (see next section) was connected to the CVI to measure the chemical composi-
tion of cloud residuals and aerosol particles. An impactor sampler (AS-24W, Arios Inc., Tokyo,
Japan) was used to collect particles for a single particle analysis using a transmission electron

microscope (TEM; JEM-1400, JEOL) with an energy-dispersive X-ray spectrometer (EDS; X-max
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80, Oxford Instruments). The extended-range single-particle soot photometer (SP2-XR, DMT Inc.,
USA Stephens et al. 2003; Schwarz et al. 2006) was used to characterize the black carbon content
of cloud residuals. In addition, a cloud condensation nuclei counter (CCNC, DMT Inc., USA, see
Roberts and Nenes 2005) measured the (re-)activation of cloud residuals behind the CVI.

The CVI can be operated in manual or automatic mode. In automatic mode, the readings of a
visibility sensor were used to turn on the CVI (threshold was usually set to 1 km visibility). A
three-way valve enables the in-situ instrumentation to sample from the whole-air inlet during non-
cloudy periods, allowing additional validation with the standard aerosol instruments measuring
behind the whole-air inlet.

An iodide chemical ionization high-resolution time-of-flight mass spectrometer (FIGAERO,
Lopez-Hilfiker et al. 2014; Thornton et al. 2020) was coupled to a filter inlet for gases and aerosols
(CIMS) using iodide-adduct ionization. The iodide-FIGAERO-CIMS is sensitive to polarizable
or acidic organic aerosol components (Lee et al. 2014). The instrument was connected with two
separate inlet lines to ambient air. The particle phase inlet was connected via a 2 inch stainless
steel tube to a three-way valve switching between the whole air inlet and the CVI inlet mounted
at the top of the observatory. During the NASCENT campaign aerosol particles were sampled
with 4 L min~" on a Teflon filter for 2.5 hours. To determine the particle background, air was
passed through an additional Teflon filter upstream the FIGAERO particle inlet, usually every third
collection cycle. The data presented here is particle phase data of one whole-air inlet sample and
one CVlIinlet sample (cloud residual). The gas phase inlet was connected via ¥4 inch PTFE tubing
to ambient air directly through a hole in the wall. Gases were sampled at 1 Hz with 2 StdL min~!.
To determine the gas phase background during the campaign, zero air was frequently injected into
the instrument for 15 minutes.

The black carbon (BC) mass concentration was determined using an extended-range single-particle
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soot photometer (SP2-XR, Stephens et al. 2003; Schwarz et al. 2006), a multi-angle absorption
photometer (MAAP, Petzold and Schonlinner 2004), and a continuous soot monitoring system
(COSMOS, Kondo et al. 2011). Note that the measurement of BC mass relies on operational
definitions and is therefore method dependent, as discussed by Petzold et al. (2013). Recently,
a method to harmonize Arctic BC measurements using the COSMOS as a standard instrument
was developed, because COSMOS-derived BC mass concentration is traceable to a rigorously
calibrated SP2 and the absolute accuracy has been demonstrated previously to be about 15 % in
the Arctic (Ohata et al. 2021, submitted). The agreement between the BC mass concentration
measurements obtained during NASCENT indicates that the instruments are in accordance with
this method.

On the terrace of Zeppelin Observatory, a Fine dust measurement device Fidas 200 S (FIDAS,
Palas GmbH, Germany) was installed to measure the particle size distribution from around 200 nm
to approx. 18 um (optical diameter). The instrument is installed in its own temperature-controlled
stainless steel water protected cabinet and the inlet pipe is automatically heated to ensure sampling

at dry conditions.
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FiG. S3. Aerosol and cloud sampling at the Zeppelin Observatory during NASCENT. Various air inlet systems
were used to sample particles, gas phase, cloud particles and whole air (aerosol and cloud particles) that were
analysed in the laboratories below. In addition, various cloud probes and aerosol instrumentation were placed
outside on the observation terrace. For further details on the CVI/whole-air inlet sampling see Karlsson et al.

(2021).

Weekly aerosol sampling for measuring INPs active in the immersion mode at the Zeppelin
Observatory has been performed continuously and sequentially from Sunday (0000 UTC) to
Saturday (2359 UTC) using a 10-line Global Sampler (GS-10N, Tokyo Dylec Corp.) connected
with a PM10 common inlet. Each sample has been collected on a precleaned Whatman Nuclepore
track-etched membrane filter (47 mm in diameter and 0.2 um in pore size) supported by a filter
cassette screen (part no 59-005147-0010, Thermo Fisher Scientific) and mounted in a NILU inline
filter holder system at a flow rate of 3 L min~!. The samples were analyzed using the Cryogenic

Refrigerator Applied to Freezing Test (CRAFT, Tobo 2016). The basic procedures for measuring
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the number concentrations of atmospheric INPs using the CRAFT system are essentially the same
as those used for our previous studies (Tobo et al. 2019, 2020). During the NASCENT campaign,
we quantified the INP number concentrations over a temperature range down to -30°C.
Continuous year-round in-situ measurements of cloud and precipitating particles were made using
a fog monitor (FM-120, DMT Inc., CO USA), Meteorological Particle Sensor (MPS, DMT Inc.,
CO USA), and Hawkeye (SPEC Inc., CO USA), which were located on the deck of the Zeppelin
Observatory (Koike et al. 2019, 2021). The MPS is an optical disdrometer, which measures the
precipitating particle size distributions with radii between 12.5 and 775 um (12.5 um resolution)
using an optical array detector. In this study a maximum width is used as the particle size.
Hawkeye consists of three systems, namely, the Fast Cloud Droplet Probe (FCDP), the Two-
Dimensional Stereo Particle Imaging Probe (2D-S), and the Cloud Particle Imager (CPI). The
2D-S has two optical array detectors which are orthogonal to each other and normal to the flow of
particles. Each detector measures particles with radii between 10 and 1280 um (10 um resolution)
and 50 and 6400 pm (50 um resolution). The CPI is a particle imaging system using the CCD
camera with an effective pixel size of 2.3 um. In this study, a maximum dimension is used as the
particle size. The 2D-S and CPI measure particles, which are sucked into a straight flow tube of
the Hawkeye probe using an aspiration fan. The probe is mounted on a rotating pedestal to orient
it toward the wind direction.

On 12 November 2019, the 2D-S observed ice crystals consisting of column and frozen drops
that we named ’droplet lollipops’ in the main manuscript (Fig. S4). Such droplet lollipops were
also measured by HOLIMO3B on HoloBalloon (see Fig. 10 of the main manuscript) and by

HOLIMO3G at the Zeppelin Observatory (not shown).
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FiG. S4. Example of ice crystals classified to "droplet lollipops’ observed with the 2D-S probe at the Zeppelin

Observatory.

The holographic imager HOLIMO3G (Henneberger et al. 2013; Beck et al. 2017; Lauber et al.
2021) was installed at the Zeppelin Observatory. The working principle of HOLIMO3G is identical
with the one of HOLIMO3B (see Section S2). The sampling volume of HOLIMO3G used in this
study was about 13 cm™3, and 1 frame was taken per second. The processed data are averaged over

30 seconds, which gives a volume of about 0.4 L per 30 sec interval.

S4. AWIPEV

The German Alfred Wegener Institute for Polar and Marine Research (AWI) and the French Polar
Institute Paul Emile Victor (IPEV) operate their research stations in the town of Ny—Alesund as the
joint AWIPEV Research Base. Meteorological surface measurements are sampled continuously
on the measurement field south of the Ny-Alesund village, including up- and downward short-

and longwave surface radiation measurements that are performed within the Baseline Surface
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Radiation Network (BSRN, Maturilli et al. 2013, 2015). Radiosondes are launched at least
once per day (Maturilli and Kayser 2017), with additional launches performed during intensive
measurement periods. Cloud particle observations using a cloud particle sensor sonde (CPS
sonde, Meisei Electric Co., Ltd.) were conducted at the AWIPEV in March 2019. The CPS sondes
connected to the Meisei RS-11G radiosondes measure the vertical profile of cloud parameters
(e.g., total particle count, particle phases, and particle size) and basic meteorological parameters
(e.g., temperature, relative humidity, wind speed) (Inoue et al. 2021). Additionally, a suite of
remote sensing instruments observe the atmosphere. In this study, we used the 94 GHz cloud
radar of University of Cologne (JOYRAD-94, Kiichler et al. 2017), the ceilometer (Vaisaila-CL51,
Maturilli and Ebell 2018), and the wind lidar (Windcube200). The measurements of the cloud radar,
the microwave radiometer HATPRO and the ceilometer are combined with thermodynamic profiles
from a numerical weather prediction model to provide continuous, standardized information on
cloud properties using the Cloudnet algorithm suite (Illingworth et al. 2007). For details on the
Ny-Alesund set-up, see Nomokonova et al. (2019). Further examples of the use of the Cloudnet
products in Ny—z&lesund are given in Nomokonova et al. (2020) and Gierens et al. (2020). In this
work, we utilized the vertically resolved hydrometeor classification to derive the monthly frequency

of occurrence for different cloud types during the NASCENT year (Section 3b, Fig. 2b).

S1. Forward simulation with PAMTRA

To illustrate how different hydrometeors contribute to the radar Doppler spectrum (Section 4b,
Fig. 11), we utilized the Passive and Active Microwave radiative TR Ansfer tool (PAMTRA Mech
etal. 2020). PAMTRA produces synthetic observations for a given atmospheric state by combining
a radiative transfer model with an instrument model. In the simulations carried out for this paper,

PAMTRA was run in full Doppler spectra mode for a ground based view to produce synthetic cloud
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radar observations resembling the JOYRAD-94 measurements. In short, PAMTRA first calculates
the volumetric backscattering as a function of particle size n7p, where D is the maximum diameter
of the particle, based on the given hydrometeor properties and chosen scattering model. In the
next step, 17p is converted to a spectral radar reflectivity as a function of particle fall velocity (e.g.
the radar Doppler spectrum) by utilizing a hydrodynamic model, which provides a relationship
between particle size and fall velocity. To produce radar Doppler spectra that are comparable to
real observations, the radar simulator also accounts for kinematic broadening, vertical wind speed,
radar receiver noise, and attenuation (Mech et al. 2020, and references therein).

In this work, the simulated radar observations were considered at a fixed altitude of 350 m,
with 4 m range resolution. Further radar simulator settings corresponded to the parameters of the
JOYRAD-94 measurements. The thermodynamic profile was obtained from the sounding launched
at 1400 UTC. The vertical wind was set to 0 ms~!, and the eddy dissipation rate to 10~% m?s=>.
Keeping these parameters constant is not realistic, but simplifies the interpretation of the simulated
Doppler spectra as all changes can be attributed to changes in the hydrometeor properties, and
changing thermodynamic conditions or range dependent factors of the radar measurement can be
ignored. Additionally, attenuation was neglected for simplicity.

To produce the Doppler spectra shown in Fig. 11, a simulation was run for each hydromeoteor class
independently. Two simulations were run for liquid hydrometeors: one for cloud droplets (<56 um)
and one for drizzle droplets (>56 um). Finally, a simulation including all hydrometeor classes
was performed, and the resulting reflectivity showed reasonable agreement with the reflectivity

measured by JOYRAD-94 (not shown).
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S5. Gruvebadet

At Gruvebadet the long-term aerosol monitoring set of measurements including an SMPS +
APS system (measuring the ambient aerosol size distribution) and filter-samplers deployed for the
offline chemical characterization of PM10 as described in Udisti et al. (2016); Giardi et al. (2016);
Becagli et al. (2019); Turetta et al. (2021) was operational. During NASCENT, ambient PM 1
was collected on pre-baked quartz-fiber filters for the characterization of the Organic Matter and
Organic Nitrogen using advanced spectroscopic techniques (proton-Nuclear Magnetic Resonance
spectroscopy (H-NMR, Decesari et al. 2000) and C and N elemental analysis (CN-EA, Rinaldi
et al. 2007; Montero-Martinez et al. 2014)). Due to the necessity of collecting sufficient amounts of
samples for the subsequent detailed chemical analyses, long (~3-4 days) time-integrated samplings
were performed. Multivariate statistical techniques will be applied on OM HR-TOF-AMS and
NMR with the aim of the apportionment of different OA primary and secondary sources and
components (Paglione et al. 2014).

In this study, a Particle Soot Absorption Photometer (PSAP - Radiance Research) which measures
light absorption coefficient at three wavelengths is used. Measurements are corrected according to
Virkkula et al. (2005) and normalized at standard temperature and pressure. Equivalent BC (eBC)

concentration is derived from light absorption coefficient at 660 nm.
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FiG. S5. Data availability (in percent) for the main instrumentation used at the different measurement sites

during the NASCENT year.
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S6. Climate Change Tower

The 33 m high Amundsen-Nobile Climate Change Tower (CCT) is equipped with a consistent
set of meteorological sensors installed at 10 m and 33 m and described in Mazzola et al. (2016).

Additionally, a wind lidar gives information about the vertical wind profile.

S7. WRF Modeling

The model used is the Advanced Research WRF model (ARW), version 4.2.1 Skamarock et al.
(2019). We used a nested setup with three domains, where the outermost has a resolution of 15 km,
the middle domain has 5 km and the inner has 1 km resolution. The geographical extent of the
domains is shown in Figure S6.

st WRE nested domain setup (2019 y—leund)

78°N

76°N
74°N 8

72°N

70°N 4 / !
16°W 12°W 8°W 4°W 0°

4°E 8°E 12°E 16°E 20°E 24°E 28°E 32°E 36°E
F1G. S6. Visualisation of the WRF domains with the outermost domain in green, in yellow the middle domain,

and in red the inner domain.
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The number of vertical levels is 172 between the surface and 50 hPa whereof 93 are below 3 km
altitude. We initialized and nudged the model with 6-hourly reanalysis input data from ERAS on
single and pressure levels (Hersbach et al. 2018a,b). The longwave and shortwave radiation were
treated by the CAM scheme (Collins et al. 2004), and for boundary layer processes we used the
Yonsei University (YSU) scheme (Hong et al. 2006). As a microphysics scheme we used the double
moment scheme developed by Milbrandt and Yau having six different classes for cloud water and
ice, rain, snow, graupel and hail (Milbrandt and Yau 2005). Cumulus parametrization was only
active on the largest domain, here we used the Grell-Freitas ensemble scheme (Grell and Freitas
2014). We verified a satisfying model performance by comparing meteorological results with
radiosonde observations before using the model data for comparison of cloud properties (Fig. S7).
The CCN and INP concentrations were prescribed and are therefore independent of the simulated

background aerosol.

2019-11-12 11:01 UTC Init: 2019-11-11 12:00 UTC, forecast 23 h
Ny-Alesund: 79°N 12°E 78.916667°N, 11.933333°E
100 — = 100 +——
—— Temperature \% —— Temperature
Dew point temperature —— Dew point temperature
200 % 200 A
O 300 & ©  300-
o
“ 400 é %
] 400 A
500 ] 500 -
600 - N== 600 -
7001 = 700
800 N 800 -~
18091 % i 900 ‘
_l _l _1 _I L ; ; ! ﬁ‘ 1000 T T T T T T T T
40-30-20-10 0 10 20 30 4 -40-30-20-10 0 10 20 30 4

°C G

FiG. S7. Radiosounding at 1100 UTC 12 November 2019 performed at N y—Alesund (left) and simulated with
the WRF model (right).
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To complement the description of the WRF simulation for flight 3 in Section 4.c of the main
manuscript, we show here the simulated cloud properties averaged for each flights performed with
HoloBalloon on 12 November 2019 (Fig. S8). The model correctly simulated an increase in the
cloud top height from flight 1 to 3 as can be seen from the increasing height where hydrometeors are
observed (Fig. S9). This is in accordance with the cloud top increase measured by the cloud radar
(Fig. S3,59). It also followed observed changes in cloud base height in agreement with ceilometer
retrievals, although the magnitude of the decrease before the third flight differs (Fig. S8). In this
regard, it is important to note that snowfall may have attenuated the visibility of the ceilometer

below cloud base and thus led to a lower recorded liquid water cloud base than in reality.

2000/ (a) ' ®) I ic) ) | [—HoloBalloon
o N Cloud Top 3| [~~WRF
BT | e ---=-Remote sensing
__________ e RN ~~~. %  Cloud Top 2 Flight 1
04 ot L L, —Flight 2
~ 1500 oI ELTIIT o TN s = N ‘\\ Cloud Top 1| |—Flight 3
7 5 W RN S T
@ =7 :
£ N fr 8 ‘\‘
5 1000 i ‘

Altitud

Cloud Base %

Cloud Ba
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Lt l I S e W Cloud Base 3

0 bl T s, seigell fot vl gl Bl o
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LDNC (L") LWG (g m™) ICNG (LT WG (g m™)

om
o
Q

F1G. S8. The averaged vertical profiles during the three flights on 12 November 2019 (flight 1 from 1000 to
1100 UTC (yellow), flight 2 from 1215 to 1400 UTC (green), and flight 3 from 1545 to 1700 UTC (blue)) as
observed by HOLIMO3B (solid lines) and simulated by WRF (dashed lines) of (a) CDNC, (b) LWC, (c) ICNC
& (d) IWC. The data from HOLIMO3B are averaged over 50 m altitude bins and the WRF data over every model
layer. The average cloud base and cloud top measured by the remote sensing instrumentation (ceilometer and
cloud radar, respectively) are represented by the dotted horizontal lines. All frozen hydrometeor types (graupel,
hail, snow and ice) from the WRF model are merged together into the ICNC and IWC calculation and the rain

and cloud droplet number and mass for the CDNC and LWC calculation.
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The liquid droplet number concentration (LDNC) and LWC measured by HOLIMO3B and
simulated by the model are comparable between 600-750 m a.s.1 (which corresponds approximately
to cloud base for flights 1 and 2), whereas below this height the model underestimates the LDNC
and LWC (Fig. S8a,b). The simulated ICNC and IWC are underestimated during flight 1, whereas
during flight 2 the simulated ICNC is overestimated and the simulated IWC is in the same order of

magnitude as the in-situ measurements (Fig. S8c,d).
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TABLE 1. Overview of all instruments and derived parameters installed in the framework of NASCENT or

used in this study. Note that more instrumentation is operational at Ny—Alesund.

Location

Instrument

Derived Parameters

Zeppelin Observatory

Ultrasonic Anemometer

Ground-based virtual impactor inlet (GCVI)

Multiparameter Bioaerosol Sensor (MBS)

Chemical ionization mass spectrometer with
filter inlet for gases and aerosols (FIGAERO-
CIMS)

Differential Mobility Particle Sizer (DMPS
1&2)

HOLIMO3G

Hawkeye

MPS

CDP2

CRAFT

Extended range Single Particle Soot Pho-
tometer (SP2-XR)

SP2-XR

MAAP
COSMOS
CPC, DMPS, SMPS

Fog monitor

Wind speed and direction

Operational parameters (flows, temperature,
visibility, etc)

Optical parameters on particle size, shape
and fluorescence (single-particle data)

Mass spectra: ion signals in counts per sec-
ond
Particle size distribution (5 to 900 nm) and

particle concentration

Phase resolved distribution, ICNC, CDNC,
IWC, LWC

Particle size distributions (3 - 50 pm)

Precipitating particle size distributions (12.5
- 775 pm)

cloud droplet number concentration ( 2 um -
50 pm)

INP number concentration (immersion
mode)

Black carbon mass concentrations and size
distributions for normal ambient aerosol as

well as for cloud droplet residuals (sampled
from the CVI inlet)

Black carbon mass concentrations and size
distributions for normal ambient aerosol as

well as for cloud droplet residuals (sampled
from the CVI inlet)

Equivalent black carbon mass concentrations
Equivalent black carbon mass concentrations
Ambient aerosol size distribution

cloud droplet size distribution
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Swiss Site

APS, SMPS, CPC, OPC

‘Weather station

Laserdisdrometer

DRINCZ

HINC

WIBS-NEO

CCN-100 Counter

Ambient aerosol size distribution
Meteorological variables

Precipitation rate, particle size and fall veloc-
ity distribution

INP concentration in ambient air, snow, rime
and snow pits

Continuous ambient INP concentration mea-
surement (< 2.5,um , T = 243.15 K, RHw =
104%)

Size distribution and fluorescence of aerosol
particles

Count and size of CCN

HoloBalloon HOLIMO3B Phase resolved distribution, ICNC, CDNC,
IWC, LWC
Sonic Anemometer Wind speed and direction
OPC Ambient aerosol size distribution
Pyranometer & Pyrgeometer SW & LW up & down
AWIPEV 94 GHz Doppler Cloud Radar JOYRAD-94 | Radar reflectivity factor, radar Doppler spec-
(RPG-FMCW-94-SP) tra and its moments
Wind Lidar Windcube200 Wind direction and speed profile
Laserdisdrometer OTT Parsivel? Precipitation rate, particle size and fall veloc-
ity distribution
Vaisala CL-51 ceilometer Attenuated backscatter, cloud base height
Digiquarz-6000, PT100, Vaisala HMT337, | Station level pressure, temperature (2 and 10
Thiess combined wind sensor classic m), relative humidity (2 m), wind speed and
direction (2 and 10 m)
Radiosondes RS41 Profiles of T, p, RH, wind vector
CPS sonde Profiles of cloud parameters (e.g., total parti-
cle count, particle phases, and particle size)
and of T, p, RH, wind vector
Gruvebadet PM10 filter sampling with subsequent offline | Ambient INP concentration - temperature
analysis via DRINCZ spectrum
Particle Soot Absorption Photometer (PSAP) | equivalent Black Carbon concentration
PM1 filter samples with subsequent offline | Organic Matter characterization
with H-NMR and HR-TOF-AMS
PM1 and PM10 with subsequent offline anal- | INP concentraion (condensation freezing)
ysis via DFPC
CCT Sonic Young Anemometer Wind speed and direction
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