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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, 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 and 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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verage temperatures over the Arctic region have increased by a factor of 2—-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. 2012;
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 pro-
cesses that control their abundance and their chemical and physical properties (e.g., Willis
et al. 2018). Knowledge gaps in aerosol sources, sinks, and 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 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
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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; H. Lee et al. 2020; 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 downwelling 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 emissivities
(Sun and Shine 1994; Korolev 2007). Arctic mixed-phase clouds (MPCs), consisting of cloud
droplets and ice crystals, particularly influence 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
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. 2012). The current
understanding obtained from modeling 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. 2012). Although a number of studies have fo-
cused 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 aerosol-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. 2019). The NASCENT
study was designed to obtain a comprehensive set of cloud and aerosol observations to
address in particular the following questions:
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e What are the factors that de-
termine the ability of aerosol
particles to act as CCN and

INPs in the Arctic?

e What are the sources, precur- S
sor gases, chemical composi- & & ﬁb
tion, molecular properties, %l - ® 7eppelin.
and the seasonality of these S ' Observatory

cloud forming aerosols?

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

The general setup and main
instrumentation of NASCENT are
introduced in the second section.
All acronyms used throughout the
manuscript are summarized in

Table 1. An overview of the tem-

able .0 erview of the te .%‘ Cloud in-situ 'o... Aerosol in-situ Radiation
perature, wind, aerosol, and cloud e-0° °® by
seasonality during NASCENT Cloud =* Wind .
is given in the third section. In remote sensing g remote sensing Radiosondes

the fourth section, first research
Fig. 1. Overview of the NASCENT study setup at Ny-Alesund,

highlights on aerosol and cloud in- ) ’ ; -
. . . Svalbard. Aerial photo with the five measurement locations
teractions are discussed. Finally, L . . .
o ) ) and the respective instrumentation. The campaign logo is
a summary is given in the fifth  shown in the lower-right corner. Note that a topographic
section, including questionstobe ~ map with terrain contours is shown in Fig. 4.

answered in the forthcoming data
analyses of the NASCENT study.

NASCENT study design

Measurement site. The NASCENT study took place at Ny-Alesund (78.9°N, 11.9°E), locat-
ed on the west coast of Svalbard, from September 2019 through August 2020. Ny-Alesund
is situated on the south side of Kongsfijorden 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 MSL. Further
measurements were performed at the Gruvebadet laboratory located about 1 km southward
and at the Amundsen-Nobile Climate Change Tower (CCT) 1 km southwestward of the town.

Experimental setup. Aerosol, cloud, radiation, and meteorological properties were charac-
terized 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
Fig. 1 and in Table 2. Further details of the setup and a table with the data coverage are pro-
vided in the online supplementary information (SI; https://doi.org/10.1175/BAMS-D-21-0034.2).
At the Zeppelin Observatory [see, e.g., Platt et al. (2022) for a review of the last 30 years of
observations], detailed in situ aerosol and cloud observations and meteorological parameters
were taken using a multitude of complementary instrument techniques. At the temporary Swiss
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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
Vi Counterflow virtual impactor

CPNC Cloud particle number concentration

DFPC Dynamic Filter Processing Chamber

DMA Dimethylamine

DMPS Differential Mobility Particle Sizer

DRINCZ Droplet Ice Nuclei Counter Zurich

eBC Equivalent black carbon

FIDAS Fine Dust Measurement Device

FIGAERO-CIMS lodide 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

IWC Ice water content

L Levoglucosan

LDNC Liquid droplet number concentration

LwcC Liquid water content

LWP Liquid water path

MAAP Multiangle 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 Transfer tool
PM1 Particulate matter smaller than 1 ym

PM10 Particulate matter smaller than 10 ym

PSAP Particle Soot Absorption Photometer

rBC 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
AMERICAN METEOROLOGICAL SOCIETY BAMS
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Table 2. Retrieved variables at the five measurement locations. The black crosses show long-term measurements 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 quantities Zeppelin obs. HoloBalloon Swiss site  Gruvebadet CCT  AWIPEV

Meteorology ~ Wind vector X 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 7, p, RH X

Vertical profiles wind vector X X
Cloud Phase-resolved particle number size N N

distribution

IWC N

LWC or LWP N

Ice crystal habits N

Base and top height N X

Radar reflectivity factor X
Aerosol Particle size distribution X* N X

CCN properties X*

INP concentration X

Chemical composition XIN*

Total particle concentration X*

Particle size, shape, fluorescence N* N

Black carbon XIN* X

Single-particle analysis X*
Radiation Broadband shortwave and longwave X N X X

site, ambient aerosol, CCN, and INP concentrations (INPC) were sampled through a 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 MSL. 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. 2013a; 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 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 dataset, we use the Advanced Weather Research and Forecasting
(WRF) Model, version 4.2.1 (Skamarock et al. 2019), to evaluate the model representation of
an MPC when prescribing the measured CCN and INP concentrations.

Seasonality of meteorological, aerosol, and cloud parameters during NASCENT
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
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Fig. 2. Temperature and cloud seasonality observed during NASCENT. (a) Average temperatures during NASCENT compared
to the climatology of 1994-2018 (shading represents the standard deviation) measured at the AWIPEV weather mast 10 m
above ground (Maturilli et al. 2013b). (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 3 km. 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.

February and March can be attributed to the exceptionally strong and cold stratospheric
polar vortex (Lawrence et al. 2020; S. H. Lee et al. 2020). 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 fijord. 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).

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 s1). These results are in agreement with previous studies
showing that the wind is channeled along the Kongsfijorden (Beine et al. 2001; Maturilli
et al. 2013a; 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 southwest-
erly winds (Fig. 4), which is related to the katabatic outflow from the Breggerbreen glaciers
channeled along the slopes of the Zeppelin Mountain Range (Maturilli et al. 2013a). As the
surface airflow is determined by the topography, local aerosol sources are likely to domi-
nate over large-scale transport of aerosol under stable atmospheric conditions at the lower-
altitude locations around Ny-Alesund.
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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-and-whisker plots show the quartiles and the
5th and 95th percentiles, respectively, while outliers are marked with diamonds. The particle
number concentrations were measured using CPCs, 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 multiangle absorption photometer (MAAP; Petzold and
Schonlinner 2004), a continuous soot monitoring system (COSMOS; Kondo et al. 2011), and a
Particle Soot Absorption Photometer (PSAP).

At the Zeppelin Observatory, the prevailing wind showed more southerly components
with occasional 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. 2022) as shown below.

Consistent with the surface winds being influenced by the terrain surrounding Ny-Alesund,
the radiosonde measurements between 3,000 m and 3,500 m MSL show that southwesterly to
northwesterly winds were most frequently observed above Ny-Alesund (Fig. 4), in agreement
with the climatological wind observed by Maturilli and Kayser (2017).

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 seasonality in atmospheric transport patterns (e.g., Stohl
2006). The summer months are marked by high number concentrations of small particles
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Fig. 4. Wind measurements during NASCENT throughout the Ny-Alesund area at the differ-
ent locations and retrieved from radiosondes. Data are shown for the AWIPEV weather mast
(10 m), the Zeppelin Observatory, the CCT (10 m), and from daily radiosondes between 3,000 and
3,500 m MSL. The bar length gives the respective frequency of occurrence with the maximum
frequency value specified at the end of the longest bar. The topographic map of the Ny-Alesund
region is from Norwegian Polar Institute (2014).

(i.e., with a diameter < 100 nm) due to frequent new particle formation events (e.g., Tunved
etal. 2013; Dall’Osto etal. 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 Fig. 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 to and within a factor of 2 of previous observations (Tunved et al. 2013).
This difference, primarily during summer months, can be attributed to different measure-
ment 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 cutoff 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 mountaintop site, especially
during shallow boundary layers (Dekhtyareva et al. 2018; Platt et al. 2022).

As shown in Fig. 3b, the BC levels measured during NASCENT were comparable to values
reported previously at the Zeppelin Observatory (Eleftheriadis et al. 2009). For example,
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during the pristine summer and autumn, monthly mean BC concentrations at the Zeppelin
Observatory amounted only to a few nanograms per cubic meter, which are comparable to
values measured over the remote southeast Pacific (Shank et al. 2012) and the Southern
Ocean (Schmale et al. 2019).

Clouds. During NASCENT, the monthly cloud cover assessed using the Cloudnet target clas-
sification 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 accor-
dance with measurements of liquid droplets year-round at the Zeppelin Observatory (Koike
etal. 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 high-
lights the importance of low-level MPCs year-round in the Arctic region and their potential
to alter the Arctic climate.

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 an
MPC, and finish 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-f\lesund (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 1,300 to 2,000 m MSL and cloud-top temperature
varying between -13.5° and -11°C (Fig. S3). The cloud base varied between 200 and 600 m
MSL (not show). The large-scale wind measured by the radiosondes (Fig. S7) and visible on
the wind lidar measurements above 800 m MSL (Fig. S2) was southwesterly.

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 upto 17.5 cm~ and 0.3 gm~, 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 mea-
sure for the optical density of the cloud. The cloud residual size distribution was dominated
by small particles of around 10-30 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
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Fig. 5. Cloud in situ measurements on 12 Nov 2019 at Zeppelin Observatory. (a) Cloud particle number concentration and
liquid water content measured by the fog monitor. The period shown in (c) and (d) is indicated in purple. (b) Cloud residual
number concentration and ambient aerosol number concentration, together with the fluorescent particle concentration (x10%)
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 CVI inlet, ambient ICNC (x10) measured
by HOLIMO3G, and CPNC measured by the fog monitor.

(activated accumulation mode particles) 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 artifacts are discussed in Karlsson et al. (2021). While

AMERICAN METEOROLOGICAL SOCIETY BAMS undREFRMRER, 884 A10keP4317122 08:51 am UTC



previous studies (Karlsson et al. 2021) were missing detailed information on the cloud phase,
the holographic imager HOLIMO3G (Beck et al. 2017) allows the determination of ICNC (between
25 ym and 2 mm), and the fog monitor, the determination of CPNC (between 3 and 50 um) 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 artifacts is an unlikely explanation for
the small sizes of cloud residuals 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 12 November 2019, the
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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 Dec 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 Nov and 24 Dec 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 contribu-
tions from lipids, are indicated in the spectra. The insert provides a focus on the aliphatic region of the spectra character-
istic of polyols/saccarides compounds (H-C-O). Gray areas between 4.7 and 5.0 ppm and between 8 and 8.5 ppm cover the
disturbance due to solvent and buffer solutions needed for the analysis.
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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
varied between -9° and -6°C at Ny-Alesund. Figures 6a and 6b 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 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
precloud aerosol and cloud residuals. The majority of the precloud aerosol mass was from com-
pounds with up to 10 carbon atoms. A prominent contribution from C H, O,, 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 PM1 filter samples at
Gruvebadet on 24 December

2019 are qualitatively compa- JE Sk
10? - ----  exponential fit
rable to those of the FIGAERO- Zeppelin Obs.

® Gruvebadet PM1
®  Gruvebadet PM10

CIMS at the Zeppelin Observatory. 1004
In particular, as highlighted in
Fig. 6¢c, the H-NMR confirms the
presence of levoglucosan and aro-
matic compounds (e.g., phenols
and methoxyphenols), further 1073 5
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 hydroxy-
methane-sulfonic acid (HSMA),
a product of the atmospheric
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Fig. 7. Overview of INPCs observed on 12 Nov 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° and -21°C and with the Horizontal
Ice Nucleating Chamber (HINGC; 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
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oxidation of formaldehyde and
considered a tracer for anthro-
pogenic emissions. In contrast,
there is no evidence for biomass
burning influence on the filter
sample from the 12 November,
which instead has an NMR spec-
tral fingerprint more typical of
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blue dashed line shows the corresponding exponential fit
[INPC(T) = exp(-0.4146T — 12.4059) (cf. Li et al. 2022)]. Purple
and magenta: one filter sample collected between 0900 and
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 to 16 Nov 2019 at the Zeppelin Observato-
ry analyzed by the Cryogenic Refrigerator Applied to Freez-
ing Test (CRAFT; Tobo 2016; Tobo et al. 2019, 2020). The error
bars represent the 95% confidence interval.
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background clean and marine influenced environments. It 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 24 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.

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 concen-
tration of ~10* StdL~* at —10°C. While there is agreement between the INPCs measured in
the overlap temperature range (from -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 boundary layer and from the town of Ny-Alesund (Platt et al. 2022) (see Fig. 8a). More-
over, the CRAFT measurements represent the INPCs averaged over three days, while at the
Swiss site INPCs were measured at higher frequency (10 to 40 min averages). The use of
two different filter cutoff sizes (PM1 and PM10) gives some information about the size of the
INPs. At —18°C (-15°C) the INPC retrieved from the PM10 filter were 10% (50%) higher than
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Fig. 8. (a) Particle number concentration for sizes = 0.5 yum 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 min for both instruments.
(b) INPC and activated fraction (INPC/N,) at —12°C (left axis), and fluorescent (particle) concentration and fluorescent (par-
ticle) 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 concen-
tration by a Wideband Integrated Bioaerosol Sensor (WIBS). The fractions are normalized to the particle fraction = 0.5 ym.
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the one retrieved from the PM1 filter (squares and circles in Fig. 7). This difference suggests
that the observed INPs at —15°C were larger than 1 ym and smaller than 10 ym whereas the
observed INPs at —18°C were smaller than 1 um. This size dependence is consistent with pre-
vious studies (e.g., Mason et al. 2016) and highlights the importance of supermicron aerosol
on ice formation at temperatures above —15°C.

For most of the day, higher aerosol concentrations (>0.5 ym) were measured at the Swiss
site than at the Zeppelin Observatory and an inverse trend in concentrations 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
etal. 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. The
fraction of fluorescent aerosol was not constant throughout the day, which 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 observa-
tions, 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 (Creamean et al 2022; Carlsen and David 2022). Further analysis will
be conducted to determine if INPC parameterizations based on biological particles should be
used to accurately represent ice formation in Arctic clouds (Burrows et al. 2022).

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 ym contrib-
uted to this large mean diameter (Figs. 9c,e). In comparison, continental clouds typically
have higher CDNC (40-1,000 cm™) and a smaller mean diameter (8 yum) (Lohmann et al.
2016). Aerosol particles with dry diameters larger than 70 nm measured by a 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 (Figs. 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 favored
the formation of the drizzle drops observed by HOLIMO3G (Figs. 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 the cloud radar (>10 dBZ). As these two periods are quite
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Fig. 9. Overview of the cloud properties observed in situ on HoloBalloon and by the cloud radar on 12 Nov 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 ym. This cutoff 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 s. Note that at around 1550 UTC,
HoloBalloon flew out of the cloud, which explains the decrease in CDNC and ICNC measured by HOLIMO3B in (c)—(f) and
the missing reflectivity data at the HoloBalloon height in (b).
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100um

Fig. 10. Examples of ice crystals classified as typical habits observed with HOLIMO3B. Plates and
(hollow) columns with a diameter smaller than 106 ym 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 Fig. 9f.

distinct from each other, we refer in the following to the turbulent period (1445-1545 UTC)
and the fall streak period (1545-1620 UTC).

Here 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 (Figs. 9e,f). Between 1600 and 1610 UTC, the concentra-
tion of small pristine ice crystals reached up to 40 L' and was greater than the concentration
of larger ice crystals (Figs. 9¢,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 repre-
sentative set of (hand-labeled) pictures of ice crystals contributing to the total ICNC as shown
in Fig. 9f are displayed in Fig. 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 measure-
ment location of HoloBalloon, as ice crystals grow rapidly in the water saturated environment
(Korolev et al. 2020). 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 (from -13.5° to -11°C), the INPCs were on the order of ~10~ 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 as columns (Fig. 10), consistent with the ambient temperature experienced,
until they reached the altitude of HoloBalloon, as indicated by the higher radar reflectivi-
ties with decreasing altitude in the cloud (Fig. 9a). The columns then collided with drizzle
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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 (10*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 Transfer tool (PAMTRA; Mech et al. 2020).
PAMTRA simulated the cloud radar Doppler spectra based on the ice crystal and cloud droplet
size distributions measured by HOLIMO3B (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
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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 min: (left) 1525-1530 UTC, (center) 1600-1605 UTC, and (right) 1625-1630 UTC.
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frozen drops and a higher concentration of ice crystals, and 3) during the period afterward
(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 and 2.5 m s (Figs. 11e,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 m s (Figs. 11d-f), respectively. Finally, measured cloud droplets
and smaller ice crystals (diameter < 100 um) were only responsible for reflectivities below
-30 and -80 dBZ, respectively, and fall velocities around O 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 m s (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 O 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 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 re-
sponsible 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 gain a better understanding of the microphysical processes in Arctic MPCs.

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~? based on the concentration of aerosols > 70 nm (Koike et al. 2019) and the INPC was
prescribed based on the exponential fit of the INPC measurements on 12 November shown
in Fig. 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 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 simu-
lation 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 MSL, albeit at altitudes
between 1,000 and 1,500 m MSL. Below the simulated cloud base (~600 m MSL), the simula-
tion underestimates the LDNC and LWC. This may be the reason for the sharper decrease in
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Fig. 12. The averaged vertical profiles during flight 3 on 12 Nov 2019 observed by HOLIMO3B and simulated by WRF.
(a) LDNC, (b) LWC, (c) ICNC, and (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 (from
-8° to —3°C) is highlighted in (c) and (d).
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the simulated ICNC and IWC than in the observed ones below 300 m MSL. Regardless, the
simulation reproduces the maximum concentrations of ICNC and IWC observed by HOLIMO3B
during flight 3, but the principal 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 (~1072 L) is approximately four orders of magnitude lower than the observed and simu-
lated 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 (Figs. 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 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 cloud-base heights when the correct CCN and INP concen-
trations 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 parameterizations
for the SIP observed.
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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 December 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 were strongly influenced by the surround-
ing 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 modeling 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
measurements 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 bio-
logical 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 parameterization 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 concentration. 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 evidence 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 parameterizations 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 con-
tribute to improve our understanding of aerosol and cloud processes in the Arctic. Together
with further in-depth analysis and modeling 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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