Pilz, C, et al. 2024. Tethered balloon measurements reveal enhanced aerosol
occurrence aloft interacting with Arctic low-level clouds. Elem Sci Anth, 12: 1.

N7 ELEMENTA
I\ DOI: https:/doi.org/10.1525/elementa,2023.00120

Science of the Anthropocene

RESEARCH ARTICLE

Tethered balloon measurements reveal enhanced
aerosol occurrence aloft interacting with Arctic
low-level clouds

Christian Pilz"*®, John J. Cassano®>*, Gijs de Boer>>, Benjamin Kirbus®,

Michael Lonardi®, Mira Péhlker, Matthew D. Shupe®®, Holger Siebert’,
Manfred Wendisch®, and Birgit Wehner'

Low-level clouds in the Arctic affect the surface energy budget and vertical transport of heat and moisture.
The limited availability of cloud-droplet-forming aerosol particles strongly impacts cloud properties and
lifetime. Vertical particle distributions are required to study aerosol-cloud interaction over sea ice
comprehensively. This article presents vertically resolved measurements of aerosol particle number
concentrations and sizes using tethered balloons. The data were collected during the Multidisciplinary
drifting Observatory for the Study of Arctic Climate expedition in the summer of 2020. Thirty-four
profiles of aerosol particle number concentration were observed in 2 particle size ranges: 12-150 nm
(N12-150) and above 150 nm (N~15). Concurrent balloon-borne meteorological measurements provided context
for the continuous profiles through the cloudy atmospheric boundary layer. Radiosoundings, cloud remote
sensing data, and 5-day back trajectories supplemented the analysis. The majority of aerosol profiles showed
more particles above the lowest temperature inversion, on average, double the number concentration compared
tobelow. Increased Ny,_;50 up to 3,000 cm~3 were observed in the free troposphere above low-level clouds related
to secondary particle formation. Long-range transport of pollution increased N- s to 310 cm~3 ina warm, moist
air mass. Droplet activation inside clouds caused reductions of N.;s0 by up to 100%, while the decrease in
Npo_150 was less than 50%. When low-level clouds were thermodynamically coupled with the surface, profiles
showed 5 times higher values of Nj,_;50 in the free troposphere than below the cloud-capping temperature
inversion. Enhanced Ni,_150 and N-js50 interacting with clouds were advected above the lowest inversion from
beyond the sea ice edge when clouds were decoupled from the surface. Vertically discontinuous aerosol
profiles below decoupled clouds suggest that particles emitted at the surface are not transported to clouds
in these conditions. It is concluded that the cloud-surface coupling state and free tropospheric particle
abundance are crucial when assessing the aerosol budget for Arctic low-level clouds over sea ice.

Keywords: Arctic, Aerosols, Vertical distribution, Atmospheric boundary layer, Clouds, Tethered balloon,
MOSAIC

1. Introduction

The Arctic responds in an amplified way to global warm-
ing. Between 1979 and 2021, the Arctic mean near-surface
air temperature increased 3—4 times faster than the global
mean (Rantanen et al., 2022) due to local and remote
processes and feedback mechanisms (Serreze and Barry,
2011; Overland et al., 2015; Wendisch et al., 2023a). The

troposphere plays an impactful role in the Arctic climate
system by interacting with the ocean and sea ice (Rinke
et al,, 2019). Commonly, prevailing low-level clouds, in
particular in summer, affect the turbulent transport of
heat and moisture (Brooks et al., 2017; Chechin et al.,
2023), and the surface energy budget via cloud radiative
forcing (Shupe and Intrieri, 2004). The limited number of
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aerosol particles acting as cloud condensation nuclei
(CCN) strongly influences cloud microphysics and, thus,
the cloud radiative properties (Becker et al., 2023; Wen-
disch et al., 2023b) and lifetime (Lubin and Vogelmann,
2006; Mauritsen et al., 2011; Morrison et al., 2012).

Aerosol properties and abundance in the sea-ice-
covered central Arctic were mainly studied via ship-
based observations during multiple icebreaker campaigns
(Heintzenberg and Leck, 2012). Results have consistently
shown that the particle number size distribution (PNSD)
in summer is dominated by nucleation and Aitken mode
particles with a lower contribution of accumulation mode
particles (Heintzenberg et al., 2015; Boyer et al., 2023).
The nucleation and Aitken mode particles mainly stem
from secondary particle formation, which form from pre-
cursor gases from marine biogenic emissions (Kecorius
et al,, 2019) or iodic acid related to the freeze-up in late
summer (Baccarini et al., 2018). Due to commonly high
supersaturation conditions in Arctic low-level clouds
(Leaitch et al., 2016), particles can be activated to CCN
at sizes below 50 nm (Baccarini et al., 2018; Kecorius
et al., 2019; Karlsson et al., 2021). Subsequent cloud pro-
cessing supports particle growth and the release of accu-
mulation mode particles when droplets evaporate, thus
resulting in a bimodal PNSD (Hoppel et al., 1994), which
comprises another characteristic of the central Arctic in
summer (Boyer et al., 2023). Primarily emitted marine
biogenic particles from the marginal sea ice zone or open
leads contribute comparably low particle numbers (Held
et al., 2011) that can contribute to the Aitken (Lawler
et al,, 2021) and accumulation mode (Heintzenberg and
Leck, 2012).

Rare airborne observations in the central Arctic have
provided some key information on aerosol sources and
properties vertically (Abbatt et al., 2019; Wendisch et al.,
2019; Willis et al., 2019; Wendisch et al., 2021). Secondary
particle formation was observed close to the surface in
relation to biogenic precursor gas emissions from open
leads, the marginal sea ice zone, open ocean, or coastal
regions in summer (Kupiszewski et al., 2013; Willis et al.,
2016; Burkart et al., 2017; Willis et al., 2017). In contrast,
a recent modeling study by Price et al. (2023), based on
the measurements by Kupiszewski et al. (2013), empha-
sized the importance of a free tropospheric source of Ait-
ken mode particles from secondary formation. Long-range
pollution transport was only observed at higher altitudes
with a low potential to be mixed to the surface due to
slow large-scale subsidence of air masses (Kupiszewski
et al., 2013). However, the aircraft and helicopter-borne
measurements were mainly conducted outside low-level
clouds and provided coarse vertical resolutions, thus lim-
iting their representativeness for the lower troposphere. In
particular, because the lower troposphere is commonly
complexly structured, showing multiple temperature
inversions and frequent low-level clouds (Tjernstrom and
Graversen, 2009; Brooks et al., 2017).

In the neutrally stratified atmospheric boundary layer
above the sea ice in summer, turbulence is induced by
cloud-top radiative cooling aloft and wind shear at the sur-
face (Brooks et al., 2017). When the cloud-driven turbulence
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extends sufficiently downward to connect with the surface-
mixed layer, cloud-surface coupling results in continuous
mixing up to the base of the lowest temperature inversion
at the cloud-top region. In turn, discontinuous mixing
occurs in decoupled cases when the cloud-mixed layer
(CML) and the surface-mixed layer are separated by a tem-
perature inversion below the cloud base. Thus, surface-based
aerosol measurements may not represent particle properties
in the cloud layer in decoupled cases (Shupe et al., 2013).
Observations and modeling studies showed that cloud-top
entrainment of moisture from above the inversion could
sustain the cloud lifetime (Solomon et al., 2011; Egerer
et al,, 2021a). Similarly, aerosol particles could possibly be
mixed down (Igel et al., 2017) or get activated as CCN when
the cloud top extends into the temperature inversion
(Sedlar et al., 2012). However, a comprehensive database
of particle number concentration profiles through Arctic
low-level clouds to explore the relevance of free tropo-
spheric aerosols for the CCN budget and the near-surface
abundance is not available.

In this article, we report on tethered balloon-borne mea-
surements made during the Multidisciplinary drifting Obser-
vatory for the Study of Arctic Climate (MOSAIC) expedition
in the summer of 2020 (Shupe et al., 2022; Lonardi et al.,
2023). The balloon-borne modular utility for profiling the
lower atmosphere (BELUGA; Egerer et al. 2019) was
deployed from an ice floe drifting in the Fram Strait (Pilz
et al,, 2023) supported by the German icebreaking research
vessel (RV) Polarstern (Knust, 2017). The advantage of
BELUGA in providing high-resolution observations through
low-level Arctic clouds above sea ice was previously demon-
strated during the PASCAL (Physical Feedbacks of Arctic
Boundary Layer, Sea Ice, Cloud and Aerosol) campaign
(Egerer et al, 2019; Wendisch et al., 2019). Lonardi et al.
(2022a) gave an overview of the BELUGA measurements
during MOSAIC, highlighting the interconnections between
atmospheric boundary layer structure, turbulence, radiation,
and aerosol particle abundance.

This study focuses on 34 profiles of particle number
concentration in the size range from 12 to 150 nm
(N12-150) and above 150 nm (N~ ;50). The impact of aerosol
sources and sinks and the thermodynamic structure of the
lower troposphere on the vertical particle abundance is
evaluated. Parallel meteorological observations carried out
with instruments attached to the balloon in combination
with cloud remote sensing are used to determine the tro-
pospheric structure during the aerosol observations. The
effect of air mass origin and history is analyzed with
5-day back trajectories to derive vertically resolved aerosol
transport patterns and the effect of air mass advection over
sea ice on the tropospheric structure. Example profiles are
used to explore possible particle processes in detail. Sum-
marized particle number concentration profiles are derived
for commonly observed lower tropospheric structures.

2. Methods

2.1. Tethered balloon deployments during the
expedition

During the summer part of MOSAIC, the tethered balloon
system BELUGA (Egerer et al., 2019) was deployed from
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the ice floe about 260 m away from RV Polarstern between
June 29 and July 27, 2020 (Lonardi et al., 2022a; Pilz et al.,
2023). For the time of the BELUGA operations, RV Polar-
stern drifted with the ice floe from the Arctic Ocean at
82.2°N, 10.1°E into the Greenland Sea at 79.1°N, 2.4°W
(Figure S1), serving as the base of operations for a wide
range of additional observations of the atmosphere, sea
ice, and ocean (Shupe et al., 2022). A 90 m? tethered
balloon carried 5 instrument packages in varying config-
urations from the sea ice surface up to an average maxi-
mum altitude of 1 km. The profile observations below,
inside, and above clouds were conducted at an average
ascent/descent rate of 0.5 m s~ at surface wind speeds
below 7.5 m s~ . This study focuses on simultaneous aero-
sol and meteorological observations of 34 profiles (ascent
and descent) obtained from 17 flights over 14 days.

2.2. Balloon-borne aerosol measurements

The aerosol profile observations with BELUGA were made
with the cubic aerosol measurement platform (CAMP),
which is described in detail by Pilz et al. (2022a). This
study focuses on observations by a condensation particle
counter (CPC; modified model 3007, TSI Inc., USA) and
a portable optical particle spectrometer (POPS; Handix
Scientific, USA). The CPC measured the number concen-
tration of aerosol particles with diameters larger than
12 nm. The POPS provided the PNSD between 0.15 and
2.9 pm diameter and the integrated total number concen-
tration (Ns1s9). The number concentration of particles
between 12 and 150 nm (N1,_;50) was derived from the
difference in number concentrations measured with the
CPC and the POPS. Both instruments were calibrated
before and after the field measurements as described in
Pilz et al. (2022a).

The CPC and the POPS were installed downstream of
a vertical funnel inlet and a silica dryer in a heated com-
partment. The relative humidity of the aerosol sample at
the instrument's inlet was, on average, 17% and never
exceeded 30%. The upper cutoff size (50% sampling effi-
ciency) of the interstitial inlet depends on the ambient
wind speed (Pilz et al., 2022a). The median wind speeds
of 5.8 ms™! during the balloon measurements resulted in
a median cutoff at 1.4 pm. The PNSD of the POPS was
likely affected by the hygroscopic growth of dry particles
to wet sizes above the inlet's upper cutoff at high ambient
relative humidity. This is particularly relevant for highly
hygroscopic particle species like inorganic sea salt in sizes
above 0.56 pm concerning a hygroscopic growth factor up
to 2.4 at 90% (Zieger et al., 2017). However, this effect is
negligible for N-so considering the 2-3 orders of magni-
tude lower number concentrations of these particles com-
pared to the smaller sizes at around 150 nm.

The processed data (Pilz et al., 2022b) include correc-
tions to standard temperature (273.15 K) and pressure
(1,013.25 hPa). A 10-s-centered moving average was
applied during data analysis. The N}, by the CPC onboard
CAMP showed 98% (R* = 0.99, P < 2.2e—16) counting
against a reference CPC (Nyo) onboard Polarstern with
a standard deviation of +20% at 1-Hz sampling. The mean
N-150 from the POPS was within +20% of the integrated
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PNSD between 150 and 500 nm measured by a mobility
particle size spectrometer at 5 min averaging, while the
PNSD showed qualitatively good agreement considering
the different measurement principles. More details on
the intercomparison during MOSAIC can be found in Pilz
et al. (2023).

2.3. Balloon-borne meteorological measurements

A custom-built extended meteorological package was
deployed on BELUGA on each aerosol profile (Pilz et al,
2023). A cylindrical housing with a wind vane at the rear
end contained a standard radiosonde for the measurement
of atmospheric pressure, temperature, and relative humid-
ity. A Pitot-static tube at the probe’s front and an internal
digital compass provided wind speed and direction mea-
surements, respectively (Pilz et al., 2022c). Unfortunately,
wind speed measurements were often negatively affected
by clogging of the Pitot-static tube from droplets inside
clouds. Missing data from the extended meteorology data
were substituted by concurrent balloon-borne measure-
ments from an ultrasonic anemometer package (Egerer
etal., 2021b) and a radiation package (Lonardi et al., 2022b).

2.4. Cloud boundary analysis

The cloud base and top for each profile observation were
determined with the relative humidity measurements by
the extended meteorology package complemented by
ship-based cloud remote sensing onboard RV Polarstern.
The cloud base height was derived from a ceilometer with
a 10-m vertical resolution as part of the U.S. Department
of Energy Atmospheric Radiation Measurement (ARM)
program (Morris and Ermold, 2022). The cloud top was
derived from the vertically pointing Ka-band ARM Zenith
cloud radar reflectivity at 30-m resolution as part of the
Cloudnet retrieval (Engelmann et al., 2023). In the case of
scattered clouds, only the lowest and highest cloud
boundaries were considered. For some aerosol profiles,
concurrent in situ radiation observations on BELUGA were
also available to determine the cloud boundaries (Lonardi
et al., 2022b). In the following descriptions, the term
cloud can also refer to low-level fog.

2.5, Back trajectory analysis

The air mass history and origin were analyzed with 5-day
back trajectories computed with the Lagrangian analysis
tool LAGRANTO (Sprenger and Wernli, 2015) based on
ERAS reanalysis data. An ensemble of about 150 trajecto-
ries was calculated for each aerosol measurement flight
with BELUGA, separated in 10-hPa steps from 1,000 up to
880 hPa (Figure S2). The surface conditions along the
trajectories were evaluated based on the ERA5 sea ice
concentrations. Three regions were defined: ice-free (IF)
for sea ice concentrations from 0% to 15%, the marginal
ice zone (MIZ) from 15% to 80%, and finally pack ice (PI)
areas from 80% to 100%.

2.6. Lower tropospheric structure analysis

The base height of the lowest temperature inversion (z)
above the surface was determined for each aerosol profile
observation based on the parallel meteorological
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observations on the balloon. z; was determined from the
temperature profiles with a custom algorithm based on
criteria given by Tjernstrom and Graversen (2009). An
elevated inversion was defined as an atmospheric layer
with a positive temperature gradient and a minimum
thickness of 20 m. Due to the high vertical resolution of
the BELUGA measurements, the temperature profiles
resolved small-scale fluctuations in the entrainment zone
below the actual inversion. An additional threshold of
a minimum temperature increase of 0.5°C across
a detected inversion was applied to exclude these layers
as inversion bases. In the case of a surface-based inver-
sion, z; was defined at the inversion top following Brooks
et al. (2017).

The cloud-surface coupling states were defined by relat-
ing the determined z; and cloud boundaries for each pro-
file observation. When an elevated inversion was present
and z; was below the cloud base, it was defined as
a decoupled cloud case. In turn, when z; was above the
cloud base (usually near the cloud top), it was categorized
as a coupled cloud case. In the presence of a surface-based
temperature inversion, it was defined as a statically
stable case.

3. Overview of observed vertical aerosol
distributions

3.1. Lower tropospheric conditions during

the BELUGA measurements

Five different synoptic situations described in detail by
Lonardi et al. (2022a) affected the tropospheric conditions
during the aerosol observations with BELUGA. The tem-
poral evolution of the resulting temperature and moisture
profiles was derived from 6-hourly radiosondes (Maturilli
et al., 2022) (Figure 1). Warmer and moister air masses
were frequently observed above colder and dryer surface
layers with temperatures below the melting point. Occa-
sionally, warmer and moister air bands were nestled
between colder layers. When clouds were present, the
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surface layers were usually neutrally stratified. In contrast,
surface-based inversions caused stable stratification dur-
ing rare cloud-free periods. The air temperature (7) for the
altitude range of the BELUGA measurements (below
1.25 km) was on average 3°C ranging from —4.4°C on
July 2 to 14°C in an exceptionally warm air mass on July
26, 2020. The tropospheric water vapor mixing ratio (r)
was on average 4.4 g kg~ ' showing a minimum of 0.9 g
kg~" on June 30 and a maximum of 9.3 g kg~ ! related to
the warm air on July 26, 2020.

3.2. Classification of observed aerosol profiles

An overview of all Nj,_j50 and N.iso profiles measured
with CAMP attached to BELUGA during MOSAIC is shown
in Figure 2. The observed vertical particle distribution
resulted from the prevailing lower tropospheric structure
and the influence of different particle sources and sinks.
Stably stratified atmospheric layers featured distinct aero-
sol stratification, particularly for V5o in the free tropo-
sphere above low-level clouds. In contrast, constant
particle number concentration over an altitude range
reflected well-mixed layers (usually related to clouds).
Large vertical gradients in Ny, ;50 and Niso were typi-
cally observed at temperature inversions that separated
turbulent from statically stable atmospheric layers. The
indications of continuously descending particle layers
were observed along multiple profiles on July 15, most
likely related to large-scale air mass subsidence. Increased
particle number concentration occurring solely during an
ascent or descent profile suggested horizontal inhomoge-
neity of aerosol layers and highlighted possible temporal
variability. In some cases, layers with increased humidity
in the free troposphere near the top of a low-level cloud
capped by a temperature inversion coincided with layers
of enhanced particle number concentration (July 14 and
15, 2020, Figure S3). Occasionally, the layers of increased
Ny,_150 occurred without a corresponding increase in
N-150, and vice versa. This indicated different sources for

a 5
()1250- T (°C)
1000 F |
E 7m0t 10
a
< 500 f 5
250 0
b P
(B) 1o [ r@kg™"
1000
E 750t !7'5
Q
< 500 5.0
250 25
O O N IDL O > O O A PO O NN >0 O A QDO O N DD D0 N
PHESY P P,PL,S PPN NP 00 QR D PR a0,
S S I S M I S I U A U N N N NP NP NN
Date in 2020

Figure 1. Radiosonde profiles for the time of the BELUGA measurements. (a) Air temperature (7) and (b) water
vapor mixing ratio (r) as a function of barometric height (h,) from 6-hourly radiosondes launched from RV Polarstern
between June 29 and July 28, 2020, with each green bar representing one BELUGA flight with aerosol measurements.
Periods affected by secondary particle formation and long-range transport are shown with blue and pink shaded areas,
respectively. BELUGA = balloon-borne modular utility for profiling the lower atmosphere; RV = research vessel.
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Figure 2. Overview of aerosol profiles. Ascent and descent profiles of particle number concentration (a) in the size
range from 12 to 150 nm (N12_150) and (b) above 150 nm (N 150) measured with BELUGA. The displayed dates refer
to the start of a flight and the times refer to the start of a profile. The magenta squares represent the height of the
lowest temperature inversion (z) and the gray bars show the cloud cover. Periods affected by secondary particle
formation and long-range transport are shown with blue and pink shaded areas, respectively. BELUGA = balloon-

borne modular utility for profiling the lower atmosphere.
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Figure 3. Statistical summary of aerosol profiles. Box-Whisker plot summarizing all profiles of N15_150 (green, left
y-axis) and N 150 (orange, right y-axis), separated into regions above the lowest inversion, below the lowest inversion,
and in-cloud. The observations were grouped into 3 periods: baseline days, secondary particle formation, and long-

range transport, as shown in Figure 2.

particles of the 2 size ranges. Inside clouds, droplet activa-
tion caused a depletion of N-is9, while N, 150 was only
partially affected because a fraction of these particles was
too small to act as CCN. The reduction of Ny, 150 within
clouds compared to the turbulent cloud-mixed layer (CML)
extending below the cloud base was usually below 50%.
Three main periods were identified based on the
observed values of Ny,_;so and Ns sy in combination with
the back trajectories. The baseline period covered all days
except for 2 periods with significantly increased particle
number concentrations resulting from different sources
(shaded blue and pink areas in Figure 2). On July 14 and
15, 2020, highly increased N}, 50 were possibly the result
of secondary particle formation (details in Section 5.1),
while long-range transport was identified as the source
for extraordinarily high N~ s related to the exceptionally

warm and moist air mass between July 25 and 27, 2020
(details in Section 5.3). The 3 periods, baseline, secondary
particle formation, and long-range transport, were further
separated into regions above z;, below z, and in-cloud.
Note that the region above z; does not necessarily repre-
sent the free troposphere. In-cloud segments of the pro-
files were mainly located in the region below z on 19
profiles and entirely above z; on 11 profiles. Cloud-free
scenarios were observed during 4 profiles. Figure 3 and
Table S1 summarize the N1, ;50 and N 5o profiles for the
different periods and atmospheric layers.

The baseline days represented the clean summertime
Arctic with low median values of Nj,_;s0 of 71 cm™ and
N-150 of 6 cm™3 below z; These values were well within
the range of the continuous observations onboard RV
Polarstern (Boyer et al., 2023). Above z, median values
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of Nj;_150 and N-iso were about 2 times higher than
below. CCN activation reduced median in-cloud Ns 5 to
a similar level as below z;, with clouds being mainly
located below z; on 9 profiles and above on 11 profiles.
In contrast to N-is9, median values of Nj,_;so inside
clouds were 1.7 times higher than in the below
z; region. Thus, a large share of the observed particles
between 12 and 150 nm was often too small to be acti-
vated to CCN but could still be washed out when colliding
with cloud droplets. Peak values of Ny, 150 and Nisg
were about 8 times higher than the median below
z; values. The lowest values of Nj,_;50 of 15 cm™ were
observed on June 29, while N5, were occasionally fully
depleted inside clouds from CCN activation.

During the period affected by secondary particle for-
mation on July 14 and 15, 2020, the vertical particle dis-
tribution showed highly increased Nj,_;50 in the free
troposphere above the lowest temperature inversion. The
median values of Nj,_;50 above z; were about 8 times
higher compared to baseline days. In contrast, N-1so was,
on average, 3 times lower above z; than on baseline days.
Below z; about 3 times higher Ny, ;5o were likely caused
by entrainment, while N. 5o was similar to baseline days.
Inside the clouds that were located below z;, Nj,_;s0 was
almost the same as for the entire region below z. N-isg
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was almost fully depleted by CCN activation inside clouds,
thus indicating high supersaturation. The observed peak
Nia—150 values of about 3,000 cm ™2 above the central
Arctic sea ice were so far only measured during new par-
ticle formation events (Baccarini et al., 2018; Kecorius
et al,, 2019).

The days from July 25 to 27, 2020, showed exception-
ally high values of N5, particularly at low altitudes.
N- 150 Was 25 times higher below z;, 10 times higher above
z;, and about 30 times higher inside clouds than on base-
line days. Such high N. s inside clouds suggest that
cloud formation during long-range transport events can
result in high droplet number concentrations. The Ny, ;5o
enhancement was less pronounced, with median values in
the range of maximum levels during baseline days. The
observed values of N 5o were comparable to a pollution
event during a warm air intrusion in the springtime Arctic
haze period of MOSAIC (Dada et al., 2022).

4, Effects of air mass origin on aerosol vertical
distribution

The following section assesses potential linkages between
air mass history and vertical aerosol abundance (Figure 4).
The Nj;_150 and N.jso profiles were summarized per
BELUGA flight for above z;, below z;, and in-cloud regions.
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Figure 4. Particle number concentration profiles related to air mass origin. Box-Whisker plots for (a) N12_150
and (b) N- 150 summarized for above z;, below z;, and in-cloud regions on each BELUGA flight (ascent and descent).
The shaded blue and pink areas indicate the periods affected by secondary particle formation and long-range
transport, respectively. The dashed lines represent the median N43_150 and N.4s5p of all profiles during baseline
days. (c) The fraction of time air masses spent in different origin sectors before arriving at RV Polarstern, with the
median origin latitude of each 5-day back trajectory ensemble shown as black triangles. The origin sectors are
illustrated on the map on the bottom right with the mean RV Polarstern position displayed as a red square.
BELUGA = balloon-borne modular utility for profiling the lower atmosphere; RV = research vessel.
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Enhanced particle number concentrations were identified
by relating median values per flight to the median values
of the baseline days (dashed lines in Figure 4). The 5-day
back trajectory ensembles were analyzed for the fraction
of time that the air masses spent in 1 of the 4 origin
sectors before arriving at RV Polarstern. The sectors were
divided into the longitude domains from 0° to —90°,
—90° to —180°, 90° to 180°, and 0° to 90° with latitu-
dinal limits at 50°N and 90°N. This approach is biased by
the location of RV Polarstern in the Fram Strait region
near the zero meridian, and thus arriving air masses show-
ing the highest share of travel time in the Barents Sea
sector (lon: 0° to 90°) and the Greenland sector (lon:
0° to —90°). However, general trends can be derived in
combination with the median origin latitude of each tra-
jectory ensemble. We consider the inner Arctic as the
region north of the 10°C July isotherm that is roughly
located at a latitude of 70°N. All air masses that originated
further south are considered as long-range transport. Fol-
lowing this definition, most of the observed air masses
were of inner Arctic origin, while long-range transport was
observed in 4 cases.

When inner Arctic air masses showed the highest con-
tribution from the Greenland sector (lon: 0° to —90°),
they were often related to increased Ny,_150 without sig-
nificant N-;50 enhancement. The period related to sec-
ondary particle formation on July 14 and 15 showed
trajectories mainly traveling above the Greenland Sea.
On July 22, 6 times higher median N1, ;50 were observed
below z; in an air mass coming from ice-covered areas
north of Greenland about 300 km away from RV Polar-
stern. These particles likely originated from secondary par-
ticle formation near the surface on this cloud-free day
featuring a stable surface-based inversion.
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In 3 inner Arctic air masses, the shallow layers of
increased N- 5o were observed above z;. This was the case
on June 29 in trajectories coming from the Beaufort Sea
sector (lon: —90° to —180°), on July 23 within air from
the East Siberian Sea sector (lon: 90° to 180°), and on July
24 in air from the Barents Sea sector (lon: 0° to 90°). We
hypothesize that these shallow particle layers with
increased N-5o up to 130 cm 3 represent pollution
plumes that were transported from further south outside
of the Arctic as indicated by the back trajectories.

More obvious long-range transport with the highest
N-150 values occurred from the Barents Sea sector (lon:
0°-90°), particularly below z;. Besides the aforementioned
pollution event between July 25 and 27, 10 times higher
median N- 5, values below z; were observed on July 10.
The back trajectories for these cases suggest significant
low-altitude pollution transport from anthropogenic
sources in Eastern Europe. However, due to the limited
number of profiles, deeper analysis is necessary to deter-
mine the impact of transported pollution plumes on low-
level clouds above sea ice in summer.

5. Case studies of aerosol processes

5.1. Secondary particle formation results in
increased free tropospheric particle numbers

In this section, we describe the profiles observed during
a period when secondary particle formation affected the
particle number concentrations observed with BELUGA on
July 14, 2020 (Figure 5). The potential temperature ()
profile shows a weakly stable layer below a shallow tem-
perature inversion at 425 m height, followed by a stably
stratified free troposphere aloft. The water vapor mixing
ratio (r) was low throughout the profile with an average
value of 3 g kg~'. An increase in r above z; indicates
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Figure 5. Profile measurements on July 14. Profiles of (a) potential temperature () and water vapor mixing ratio (),
(b) wind speed (U), (c) N12_150 and N-150, and (d) particle number size distribution (PNSD) of the POPS measured
with BELUGA from 12:28 to 13:00 UTC on July 14, 2020. The gray shaded area represents a low-level cloud, and the
horizontal dotted line shows z. POPS = portable optical particle spectrometer; BELUGA = balloon-borne modular

utility for profiling the lower atmosphere.
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a shallow humidity inversion above the cloud top. The
wind speed (U) profile showed a significant decoupling
of the above and below inversion layers by median U of
7 and 5.1 m s, respectively. Due to the presence of
a low-level cloud, coupled with the surface, turbulent mix-
ing occurred below z; resulting in approximately constant
values of Nj,_150 and N<;so below the cloud base. CCN
activation inside the cloud caused an almost complete
depletion of N- 150, while NV}, ;50 decreased by 35% com-
pared to the values below the cloud base. The maximum
values of Ni,_1s0 of 3,000 cm™> were observed in the free
troposphere, in contrast to very low N-sp with a maxi-
mum of 10 cm—3, about one-third of the near-surface
values. The PNSD above 150 nm showed only particles
below 300 nm below and above the inversion.

The temperature inversion hampered the vertical par-
ticle exchange, resulting in a large gradient in Vj,_;50 of
38 cm 3 m™! at z. However, the median Nj,_;so of 235
cm > below z were 3 times higher compared to baseline
days. Hence, a fraction of the particles from the free tro-
posphere was likely entrained into the region below z
This assumption is supported by the U profile showing
a significant peak right above z; The static stability inside
the temperature inversion enabled a wind speed increase,
which, in turn, enhanced friction and turbulence, thus
aiding cloud-top entrainment (Solomon et al., 2011;
Egerer et al., 2021a). The observed high numbers of
Ni;_150 (median of 2,280 cm™3) in combination with low
N-150 (median of 1.75 cm ™) above z; suggest secondary
particle formation as a source. The absence of larger par-
ticles might have resulted in a low condensation sink for
precursor vapors, a precondition for secondary particle
formation (Kulmala et al., 2004). However, without size
information on the particles between 12 and 150 nm, we
can only hypothesize about the possible sources and pro-
cesses leading to the formation and likely growth of these
free tropospheric particles. During the summer melt sea-
son, biogenic precursors are the main drivers of new par-
ticle formation in the Arctic (Beck et al., 2021; Schmale
and Baccarini, 2021). The 5-day back trajectories from the
heights above the inversion showed an inner-Arctic air
mass (above 76°N) with influences from the Barents Sea,
Svalbard, and the Greenland Sea (Figure S2). These regions
south of the ice edge are biologically active, with the
upper ocean layer as a potential source of reactive vapors
involved in secondary particle formation, such as dimethyl
sulfide (DMS) or oxygenated volatile organic compounds
(Mungall et al., 2017; Wohl et al., 2023). Ammonia emis-
sions from seabird colonies at the coastline of Svalbard
can also enhance particle growth (Willis et al., 2016; Beck
et al., 2021). DMS can have a lifetime of 5-20 days in this
region (Ghahreman et al., 2019) and oxidizes into the
aerosol precursors sulfuric acid and methanesulfonic acid
(Boyer et al., 2024). A selective analysis of the trajectories
arriving above the inversion showed that the air mass had
last been at surface levels about 90 h prior to arrival at RV
Polarstern, had last traveled over IF regions 60 h before
arrival, and slowly descended during the past 44 h (Figure
S4). The descent of the air masses is further indicated by
lowering particle layers in the aerosol profiles on July 15
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(Figure S5). In addition, the observed humidity inversions
on July 14 and 15 (Figure S3) are often the result of
moisture advection from beyond the ice edge (Brooks
et al., 2017; Egerer et al., 2021a). This air mass history
suggests 2 possible scenarios. First, the secondary particle
formation occurred close to the open ocean surface after
the chemical processing of DMS, and the nucleated parti-
cles grew during transport in an environment with con-
densable vapors that supported growth without reducing
particle numbers. Second, the gaseous DMS was lifted
with the air mass, was chemically processed during trans-
port, and the secondary particle formation occurred at
higher altitudes. An increase in solar radiation above
low-level clouds might have supported photochemical
reactions of the precursor vapors in the latter scenario
(Wehner et al., 2015). In any case, the source for the pre-
cursor vapors was likely south of the ice edge, and the
high numbers of Nj,_1so highlight the importance of free
tropospheric particles for the boundary layer above sea
ice, as previously found in a modeling study by Price et al.
(2023). Additional airborne measurements of the PNSD
down to nucleation mode sizes in combination with pre-
cursor vapors are necessary to further investigate potential
processes.

5.2. Particle advection by a low-level jet below

a decoupled cloud

A layer of enhanced particle number concentration related
to a low-level jet (LLJ) was observed below a decoupled
cloud on July 24, 2020 (Figure 6). During the balloon
ascent, the 6 profile depicts a statically stable layer extend-
ing from the surface to 650 m, where the decoupled CML
begins. The lower part of the stable layer that interacted
with the sea ice showed a lower slope in 6 and r up to z; at
215 m height. The CML was neutrally stratified with
a higher r of 5.4 g kg~ ' compared to the layer below z
A warmer and dryer air mass was located above the cloud-
capping main inversion at 955 m height. The U profile
showed a gradual increase up to a maximum of 8.6 m s~
at about 554 m height with intermittent minima at 150
and 370 m height. This U profile shows an LLJ with a core
between 370 and 650 m height. Inside the CML above the
LLJ, the U profile showed significant variations around the
mean value of about 6.7 m s, indicating turbulence and
vertical mixing.

The aerosol profiles followed an increasing trend with
height similar to the U profile. A pronounced layer of
Nio_150 and N5 values was located in the upper part
of the LLJ between 550 and 650 m. A distinct negative
gradient in particle number concentrations coincided with
the upper end of the LLJ core and the lower end of the
CML at 650 m. Inside the CML, Ny, 159 and N- 50 were
almost constant below the cloud base. CCN activation
inside the cloud caused a complete depletion of N-isg
and a reduction in Nj,_js50 of about 35% compared to
levels below the cloud base. The PNSD did not show many
size variations along the profile, with particles mainly
below 400 nm. The few remaining particles not activated
inside the cloud were below 220 nm. The particle layer
between 550 and 650 m was presumably advected by the
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Figure 6. Profile measurements on July 24. The same as in Figure 5 for an ascent profile from 07:40 to 08:26 UTC

on July 24, 2020.

LLJ. Shear forces at the lower edges of the LL] core
induced turbulent mixing that resulted in variations in
N-150 and Ny, 15, Visible due to the static stability. In the
same way, particles were likely mixed upward into
the CML at the upper edge of the LLJ. However, within
the CML, continuous turbulence dispersed the particles,
resulting in fewer observable variations in N-;so and
Niy_150- A detailed study on the effects of LLJs in the
stable Arctic atmosphere is shown in recent work by
Egerer et al. (2023). In conclusion, the LL] facilitated
enhanced horizontal transport and vertical mixing of par-
ticles, thus providing CCN for the decoupled cloud layer
from below. Given the high N- s, above 100 cm, the
source of the particles was most likely anthropogenic. As
indicated by the back trajectories, the air mass was trans-
ported from Eastern Europe and the Kola peninsula before
arriving at RV Polarstern (Figure S2).

5.3. Long-range transported pollution supports fog
formation

On July 27, 2020, high N+ s, related to long-range pollu-
tion transport supported the formation of a dense fog
layer inside a surface-based inversion. The fog layer at
altitudes below the detection limit of the cloud radar was
observed by radiation measurements conducted in paral-
lel to the aerosol measurements using BELUGA. The warm
air with temperatures up to 12.3°C caused the formation
of a strongly stable inversion of 0.056 K m ™' during advec-
tion over sea ice fixed at the melting point (Figure 7). The
r profile showed an increase from 3.5 g kg™ at the surface
to 6 g kg~! at the top of the fog layer at about 100 m
height. Aloft, r decreased up to a height of about 580 m,
where a layer of enhanced moisture existed up to 920 m.
The U profile showed the lowest values of 3.3 m s~ ' inside
the fog layer, a gradual increase up to a maximum of
7.8 ms ' at 615 m, and a slightly decreasing trend aloft.

The Ny, _150 and N-.150 profiles showed opposing verti-
cal trends from the surface to the top of the fog layer (R
= 0.74, P < 2.2e—16). Inside the fog, N-i50 gradually
decreased from the bottom to the top due to an increasing
CCN activation inside the statically stable layer. This indi-
cates a higher supersaturation at the top of the fog layer,
likely caused by radiative cooling. Strong positive gradi-
ents in Ny, 150 and N~jso at the top of the fog layer
suggest that the particles of both size ranges were acti-
vated to cloud droplets inside the fog layer below. Aloft,
Ni>_150 and N- 5o uniformly decreased toward the top of
the inversion and remained rather constant up to 580 m
height. Inside the moister layer above, N~ ;5o increased up
to 313 cm 3, whereas Ny, 150 gradually decreased to
values similar to the surface concentration. The PNSD
showed significantly larger particles than during the other
cases with sizes up to 1 um, particularly in the layer above
580 m. Inside the fog layer, the PNSD indicates a decreas-
ing CCN activation diameter with height.

The profiles on July 27 were observed during a period
of significantly enhanced content of absorbing particles
measured onboard RV Polarstern between July 26 and
29 (Figure S6). A derived equivalent black carbon mass
concentration up to 100 ng m > on July 26 clearly indi-
cates long-range pollution transport as the particle source.
This complies with the back trajectories from July 25 to
27, all coming from continental Eastern Europe (Figure
S2). The trajectories from July 24 originated in the same
region but further north, indicating that the advection of
the pollution plume might have begun with the LLJ, as
discussed above. Afterward, the plume potentially
increased in number concentration and vertical extent
until it reached the sea ice surface on July 26. The plume
probably also contained larger sea salt particles, as indi-
cated by the PNSD. They were likely generated during
transport above the open ocean considering an average
wind speed of 7 m s~ during the past 120 h estimated by
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Figure 7. Profile measurements on July 27.The same as in Figure 5 for an ascent profile from 07:40 to 08:33 UTC on

July 27, 2020.
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Figure 8. Lower tropospheric structure and surface conditions during air mass history. (a) The thermal structure
of the lower troposphere during the aerosol flights (ascent and descent) categorized into 3 commonly observed cases:
coupled clouds, decoupled clouds, and stable cases with surface-based inversions. The magenta squares represent z;
and the blue bars show the cloud cover. (b) The average fraction of time that the air mass spent over ice-free areas (IF),
the marginal ice zone (MIZ), and the pack ice (PI) during the past 5 days before arriving at RV Polarstern at the time of

the aerosol flight. RV = research vessel.

the distance of the average trajectory origin location
2,940 km away from RV Polarstern.

The vertical transport of the air mass arriving on 27
showed that the pollution plume was mainly advected at
low altitudes with a low mean cloud cover of 6.2% over
the past 5 days of travel (Figure S7). This case provides
evidence that long-range pollution transport to the central
Arctic at low altitudes can occur in summer without effi-
cient wet scavenging by low-level clouds above the open
ocean. Moreover, the transported N-iso provided many
CCN that enabled the formation of a low-level fog layer
with a high droplet number concentration likely above
100 cm . The dense fog resulted in a low average visibil-
ity of 232 m during the balloon profile (Figure S8) with an

estimated optical thickness of 1.68 with a vertical extent
of 100 m (Baumer et al., 2008). Such an optically thick and
warm fog inside a moist surface-based inversion can sig-
nificantly enhance the net downward heat flux, thereby
possibly increasing sea ice melt (Tjernstrom et al., 2019).

6. Effects of lower tropospheric structure on
aerosol vertical distribution

6.1. Lower tropospheric structures related to air
mass history

Three typical lower tropospheric structures were observed
during the aerosol profile measurements: coupled clouds,
decoupled clouds, and statically stable cases (Figure 8a).
Coupled, decoupled, and stable cases were observed on
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18, 10, and 6 profile observations, respectively. Cloud-free
conditions were observed during 4 stable cases (July 22 and
26), while 2 stable cases on July 27 showed low-level fog
(see Section 5.3). Concerning that the lower tropospheric
structure alters with the time that an air mass interacts with
sea ice after advection (Tjernstrom et al., 2019), we attempt
to relate them to the air mass history. The 5-day back tra-
jectories were analyzed in terms of the average fraction of
time each trajectory ensemble per balloon flight spent
above ice-free (IF) areas, the marginal ice zone (MIZ), and
the pack ice (PI) (Figure 8b). Note that RV Polarstern drifted
mainly in Pl areas for the time of the balloon measurements
before entering the MIZ for July 26 and 27.

In coupled cases, the clouds induced deeper turbulent
mixing resulting in elevated values of z; at an average of
350 m, compared to the decoupled cases with shallow
surface layers with a mean value of z; of 110 m. The atmo-
sphere below z; was colder during cloud coupling than in
the decoupled cases at an average Tof —1.2°C and 0.3°C,
respectively. Similarly, the surface-coupled clouds below z;
were colder compared to the decoupled clouds. This result
aligns with the findings by Shupe et al. (2013), who con-
cluded that cloud-surface coupling is more likely to occur
when the cloud layer is cold enough to enable mixing with
the cold surface layer. In two of the decoupled cases (July
19 and 20), the cloud base was close to z; in contrast to the
other cases of this category. The potential temperature
profiles of the 2 cases showed a stable stratification with
gradients of 0.012 and 0.008 K m~" inside the clouds on
July 19 and 20, respectively (Figure S9), thus suggesting
insufficient cloud-driven turbulence to connect the cloud
with the turbulent surface layer (Brooks et al., 2017). A
recent study by Lonardi et al. (2023) suggests that turbu-
lence driven by cloud-top radiative cooling in low-level
Arctic clouds could be reduced by a second cloud layer
aloft. This is consistent with the Cloudnet observations
showing a second cloud layer at about 2 km on July 19
and a rather broken cloud with a main upper and lower
layer on July 20.

In the presence of clouds, the back trajectory analysis
indicated that the longer an air mass traveled over sea ice,
the more likely it would be observed to be coupled to the
surface. For coupled cases, the mean time air masses spent
over sea ice (MIZ and PI) was 92 h. With an average time of
55 h over ice, decoupled cloud cases seemed to occur in
rather early stages after air masses were advected over sea
ice. However, the few observed cases can only provide
a suggestion rather than support broader statistics.

The stable cases with a surface-based temperature
inversion are mainly the result of warm air advection over
the sea ice. However, different temperature profiles
resulted from the time that the air masses spent over ice
(see Section 6.4). Lower temperatures were observed on
July 22 after the air mass cooled down during 115 h of
travel over ice. This contrasted with the air mass that was
recently advected over ice (12 h) on July 26 and 27.

Interestingly, the absence of clouds on July 22 and 26
probably did not result from a lack of moisture and/or
aerosol particles as found by Loewe et al. (2017). The
observed average r = 3.9 g kg'' and N.y50 = 12 cm™?
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on July 22 were well in the range of other profiles with
cloud cover and well above that on July 26 with 5.2 g kg™
and 85 cm™?, respectively. In particular, the general con-
ditions and profiles were very similar on July 26 and 27,
but low-level fog was only formed on July 27. Perhaps the
air did not cool down sufficiently on July 26 to cause
condensation, or the fog had already formed before the
air mass advected into the MIZ on July 27 but not on
July 26.

6.2. Aerosol profiles in coupled cloud cases
The values of Nj,_150 and N~ ;s in coupled cloud cases
covered several orders of magnitude. The normalization of
the particle number concentration profiles with the
median number concentration below the cloud of each
individual profile was applied to provide a useful overview
of all profiles in this category. The region below the cloud
is not affected by CCN activation and is represented by
surface-based observations in these coupled cases, thus
enabling a rough estimation of particle concentration
aloft from the surface measurements. The height axis was
rescaled by z;

The median profiles of all coupled cloud cases show
a neutral to weakly stable thermodynamic stratification
below z; (b;/z; < 1) dominated by low-level clouds
(Figure 9). Cloud-driven turbulence caused the mixing
of moisture and aerosol particles, which is represented
by constant r and Nj,_ ;50 profiles. CCN activation inside
clouds caused, on average, a decrease in N-is50 of 65%
compared to below cloud levels, while the reduction in
Niy_150 was 15%. In the stably stratified free troposphere
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Figure 9. Median profiles for coupled cloud cases.
Median profiles of (a) 6 and r and (b) normalized
N12_150 and N.q50 of all coupled cloud cases (18
profiles, n = 42,491 for N12_150 and Nsq50). The
shaded areas represent the associated single standard
deviation. The vertical axis was normalized by z, and
particle concentrations were normalized by the
median below cloud concentration of each profile. The
gray-shaded areas represent the median normalized
cloud cover.
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above z; (h;/z; > 1), 0 and r increased with height. A
steady increase in Nj,_150 with height of up to 5 times
higher Ny, 150 levels compared to the below cloud region
implies a free tropospheric source for these particles. In
contrast, the enhanced values of N~ s, were observed in
shallow layers right above the inversion at the cloud top.
The layers of increased N-iso either originate from long-
range transport or evaporated cloud particles that were
detrained from the cloud. Increasing r, Ny, 150, and
N- 150 in the cloud-top region starting below the inversion
top indicate moisture and particle entrainment from aloft,
thus potentially sustaining the lifetime of Arctic low-level
clouds above the sea ice (Solomon et al., 2011; Morrison
et al., 2012; Shupe et al,, 2013; Igel et al., 2017; Egerer
et al., 2021a; Williams and Igel, 2021).

6.3. Aerosol profiles in decoupled cloud cases

Similar to the coupled cloud cases in the previous section,
Ni2_150 and N ;5o were normalized by the median parti-
cle number concentration below z; of each profile for all
decoupled cloud cases. The median profiles show a neu-
trally stratified region below the lowest inversion, and
constant r and Ny, ;s profiles suggest a well-mixed layer
just above the surface (Figure 10). However, a negative
N-150 gradient with increasing height indicates a near-
surface particle source that is not dispersed in the entire
height range below z; In decoupled cloud cases, the wind-
shear-driven turbulence induced at the surface often
decreases with height until it reaches a nonturbulent state
between 50- and 100-m altitude (Brooks et al., 2017).
Thus, the turbulent mixing of particles emitted near the
surface might not be efficient enough up to z; In this case,
the Ny,_i150 profiles should show similar trends, which
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Figure 10. Median profiles for decoupled cloud cases.
Median profiles of (a) 6 and r and (b) normalized
N12_150 and N-q5¢ of all decoupled cloud cases (10
profiles, n = 26,143 for Nq3_150 and N-150). The
shaded areas represent the associated single standard
deviation. The vertical axis was normalized by z, and
particle concentrations were normalized by the
median below z; concentration of each profile.

Pilz et al: Balloon measurements in the Arctic reveal enhanced aerosol occurrence aloft

were only observed on a few occasions but less pro-
nounced than for the larger particles. This suggests that
the particle source near the surface emitted rather large
particles. At the observed generally low values of N-sg
below z;, only a few naturally emitted particles from open
leads (Held et al., 2011) or even local contamination by
installations on the ice are possible sources. However, the
long-term observations onboard RV Polarstern are more
appropriate to determine surface sources considering the
relatively low sampling time of the balloon profiles near
the surface facing low number concentrations. Still, the
results highlight the height dependence of particle con-
centration in the lowest hundred meters above sea ice,
particularly in less turbulent conditions.

The mainly stably stratified region above z; shows
a larger moisture content, likely related to the presence
of clouds. Because of the high variability in cloud cover
across the observed profiles, no average cloud location is
displayed in Figure 10. Hence, the median aerosol pro-
files above z; were affected by CCN activation and might
not be fully representative of this atmospheric layer. How-
ever, the general tendency of an Nj,_ ;s increase with
height and occasionally observed layers of increased
N-50 above z; allow us to conclude that surface-based
observations are not representative of decoupled cloud
layers. In addition, particularly for the smaller particles,
it appears that the source is remote and not at the surface
since the concentrations aloft are multiple times higher.

6.4. Aerosol profiles in statically stable cases

The stable cases with a surface-based inversion are dis-
played in Figure 11. Again, we have normalized the
values of Nj,_150 and N- s by the median aerosol particle
number concentration below z; of each profile. Median

(a) r(g kg 1) (b) Normalized N.4s0

00 25 50 75 100 1250 1 2 3 4
4 T T T T T T T T

270 275 280 285 290 2950 1 2 3 4
6 (K) Normalized N45.150

Figure 11. Normalized profiles for stable cases. (a)
Profiles of 6 and r and (b) normalized N15_450 and
N-1s50 profiles of all stable cases (6 profiles, n =
19,300 for Nq2_150 and N-q50). The vertical axis was
normalized by z;, and particle concentrations were
normalized by the median below z; concentration of
each profile.
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profiles were not provided due to the low number of 6
cases. The 0 and r profiles reflect the significant difference
between the inner Arctic air mass on July 22 (2 profiles on
the left) and the long-range transported warm air masses
on July 26 and 27 (4 profiles on the right). 6 and r were
higher, and the surface-based inversion was much more
stable during the long-range transport event. The normal-
ized Ny»_150 and N- 5o profiles showed a high variability
above a shallow mixed layer close to the surface. Thus,
turbulent mixing in stable cases was limited to the lowest
meters above the surface, and distinct aerosol layering
occurred throughout the stably stratified lower tropo-
sphere. Such shallow surface layers would allow the accu-
mulation of precursor vapors emitted from the surface in
the presence of a low condensation sink, thus potentially
fostering secondary particle formation. In conclusion, in
statically stable cases, surface-based measurements are
typically not representative of the troposphere aloft and
might be biased by the differences in inlet heights, for
instance, between the sea ice level and on the ship deck.

7. Summary and conclusions

This study reported tethered balloon-borne aerosol mea-
surements made above the central Arctic sea ice during
the MOSAIC expedition in the summer of 2020. Thirty-
four profiles of particle number concentration between 12
and 150 nm (Ny,_150) and above 150 nm (N-s0) through
frequently occurring low-level clouds were analyzed in
combination with balloon-borne meteorological measure-
ments, surface-based cloud remote sensing, and 5-day
back trajectories.

Enhanced Nj,_;so and N~ 159 were observed above the
lowest temperature inversion (z) on the majority of pro-
files, with the average being 2 times higher than below.
Inside clouds, CCN activation led to a significant reduction
in N- s, while the decrease in Ny,_50 was usually below
50%. Hence, the majority of the observed Ny, 150 inside
cloud layers were too small to act as CCN, probably smaller
than 50 nm (Leaitch et al., 2016; Baccarini et al., 2018;
Kecorius et al., 2019; Karlsson et al., 2021, 2022). During
a period affected by secondary particle formation, average
Ni,_150 values above z; were 8 times higher compared to
baseline days, with maximum Ny, ;50 up to 3,000 cm > in
the free troposphere. A pollution plume transported at
low altitudes from Eastern Europe showed median
N-s0 that was 25 times higher than on baseline days,
with peak N- s, up to 310 cm 3.

When low-level clouds were coupled with the surface,
Niz-150 in the free troposphere were 5 times higher than
below the lowest inversions that were on average at
350 m height. These particles probably originated from
secondary particle formation and are potentially entrained
at the cloud top (Igel et al., 2017). Once entrained, larger
particles can directly act as CCN. Smaller ones may
undergo condensational growth into CCN size or collide
with cloud particles. Eventually, grown particles are
released from droplet evaporation. Concurrent particle
entrainment and cloud processing can result in the con-
sistently observed bimodal PNSD above the sea-ice-
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covered central Arctic in summer (Heintzenberg and Leck,
2012; Boyer et al., 2023).

In cases where the cloud was decoupled from the sur-
face, enhanced Ny,_1s0 and N-59 were observed above
shallow surface layers with mean z; of 110 m. These par-
ticles originated from remote sources beyond the sea ice
edge and were horizontally transported within the CML or
in statically stable layers below, not captured by surface-
based observations. The vertically discontinuous turbu-
lence prevented particles emitted at the surface from
being transported up to the decoupled cloud. Therefore,
the cloud-surface coupling state should be taken into con-
sideration for aerosol—cloud interaction studies above the
Arctic sea ice.

Our study implies a minor role of biogenic precursor
vapors emitted from open leads or melt ponds for Nj,_;50
above the sea ice. Indications for secondary particle for-
mation near the surface leading to increased Nj,—;so
below z; were only observed on one cloud-free day within
an air mass coming from Northern Greenland. The major-
ity of cases with increased Nj,_;50 were observed in the
free troposphere above surface-coupled clouds. These par-
ticles possibly resulted from secondary particle formation
based on biogenic precursor vapors advected from south
of the ice edge, which is in line with recent findings (Price
et al., 2023; Boyer et al., 2024). We hypothesize that the
potentially higher solar radiation above clouds could fos-
ter the chemical processing of precursors and initiate
nucleation at higher altitudes as observed in marine
clouds at lower latitudes (Wehner et al., 2015). More ver-
tical measurements covering the PNSD down to the nucle-
ation mode and, ideally, precursor vapors in the Arctic are
needed to further investigate potential precursor trans-
port and particle formation processes aloft.
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