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Tethered balloon-borne profile measurements of
atmospheric properties in the cloudy atmospheric
boundary layer over the Arctic sea ice during
MOSAiC: Overview and first results

Michael Lonardi1,*, Christian Pilz2, Elisa F. Akansu2, Sandro Dahlke3,
Ulrike Egerer2,4,5, André Ehrlich1, Hannes Griesche2, Andrew J. Heymsfield6,
Benjamin Kirbus1, Carl G. Schmitt7, Matthew D. Shupe4,8, Holger Siebert2,
Birgit Wehner2, and Manfred Wendisch1

The tethered balloon-borne measurement system BELUGA (Balloon-bornE moduLar Utility for profilinG the
lower Atmosphere) was deployed over the Arctic sea ice for 4 weeks in summer 2020 as part of the
Multidisciplinary drifting Observatory for the Study of Arctic Climate expedition. Using BELUGA, vertical
profiles of dynamic, thermodynamic, aerosol particle, cloud, radiation, and turbulence properties were
measured from the ground up to a height of 1,500 m. BELUGA was operated during an anomalously warm
period with frequent liquid water clouds and variable sea ice conditions. Three case studies of liquid water
phase, single-layer clouds observed on 3 days (July 13, 23, and 24, 2020) are discussed to show the potential
of the collected data set to comprehensively investigate cloud properties determining cloud evolution in the
inner Arctic over sea ice. Simulated back-trajectories show that the observed clouds have evolved within 3
different air masses (“aged Arctic,” “advected over sea ice,” and “advected over open ocean”), which left
distinct fingerprints in the cloud properties. Strong cloud top radiative cooling rates agree with simulated
results of previous studies. The weak warming at cloud base is mostly driven by the vertical temperature
profile between the surface and cloud base. In-cloud turbulence induced by the cloud top cooling was similar in
strength compared to former studies. From the extent of the mixing layer, it is speculated that the overall
cloud cooling is stronger and thus faster in the warm oceanic air mass. Larger aerosol particle number
concentrations and larger sizes were observed in the air mass advected over the sea ice and in the air mass
advected over the open ocean.
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1. Introduction
The currently observed drastic climate changes in the Arc-
tic are the result of an enhanced sensitivity of the Arctic
climate system to a multitude of intertwined impact fac-
tors. This phenomenon is known as Arctic amplification
(Serreze and Barry, 2011). The most obvious indications of
Arctic amplification are the increase of near-surface air
temperature (Bekryaev et al., 2010; Box et al., 2019; Moon
et al., 2021) and the dramatic retreat of sea ice (Stroeve
and Notz, 2018; Box et al., 2019). They are the conse-
quence of a complex system of local and remote processes
and feedback mechanisms (Serreze and Barry, 2011; Taylor
et al., 2013; Pithan and Mauritsen, 2014; Wendisch et al.,
2017), which include the local surface albedo, lapse rate,
water vapor, and cloud feedback mechanisms, as well as
remote processes, such as synoptically driven meridional
advection of warm, humid, and polluted air from midlat-
itudes into the Arctic or cold air outbreaks.
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Models partly disagree in representing the processes
driving Arctic amplification (Serreze and Francis, 2006;
Ceppi et al., 2017; Cohen et al., 2020), which may be
caused by a lack of understanding of the relevant atmo-
spheric processes. This deficiency underlines the need to
constrain the model results using observations.

Low-level Arctic clouds play a decisive role in several
feedback mechanisms driving Arctic amplification (Wen-
disch et al., 2019). They absorb and emit thermal-infrared
radiation (TIR) and scatter/absorb solar radiation. They
influence the surface radiative energy flux densities (irra-
diances) and modulate temperature profiles. In turn, the
vertical temperature profile determines the emission of
TIR and is intimately related to cloud vertical extent and
other properties. Cloud top radiative cooling generates
turbulence that drives the vertical transport and mixing
associated with the cloud (Morrison et al., 2012). The
entrainment of cloud condensation nuclei (CCN) and
moist air into the cloud regulates cloud evolution. These
interactions make Arctic cloud properties highly variable,
especially when temperature and humidity profiles, as
well as the amount of CCN, are modified during long-
range transport of air masses (Pithan et al., 2018).

The sea ice covered Arctic ocean hampers comprehen-
sive and continuous ground-based observations in the
central Arctic. Therefore, dedicated campaigns using iceb-
reaking ships and aircraft are employed (Wendisch et al.,
2019; Shupe et al., 2022). In recent years, measurements
by uncrewed aerial vehicles (de Boer et al., 2018; Lampert
et al., 2020) and tethered balloon-borne observations
(Dexheimer et al., 2019; Egerer et al., 2019; Ferrero
et al., 2019; Creamean et al., 2021; Egerer et al., 2021)
were performed to collect data in the Arctic. Egerer et al.
(2019) and Egerer et al. (2021) obtained vertical profile
measurements of combined atmospheric turbulence and
radiative parameters with the tethered balloon measure-
ment system BELUGA (Balloon-bornE moduLar Utility for
profilinG the lower Atmosphere).

Here, we report on the first results of measurements
with BELUGA obtained during the year-long Multidisci-
plinary drifting Observatory for the Study of Arctic Cli-
mate (MOSAiC) expedition (Shupe et al., 2022). BELUGA
was operated from an ice camp during a 4-week period in
summer 2020. The BELUGA deployment generally aimed
at characterizing local atmospheric processes and asses-
sing their importance with respect to remote forcings.
We specifically focus on analyzing the vertical structure
of broadband radiation, turbulence, aerosol, and micro-
physical properties under the influence of different tem-
perature profiles and advected air masses. Furthermore,
we were looking for the footprint of air mass characteris-
tics in the cloud properties. The BELUGA observations
were used to characterize the atmospheric boundary layer
(ABL) over the central Arctic sea ice and to bridge the gap
between regular radio soundings and continuous remote
sensing of the ABL (Shupe et al., 2022). Remote sensing of
cloud and aerosol properties by lidar and radar served to
link the sporadic balloon observations to the surface-
based continuous time series.

In Section 2, the application of BELUGA during the
MOSAiC expedition is introduced. In Section 3, synoptic
weather conditions prevailing during the deployment
period and local observations are described. Examples
of measured profiles through liquid water phase,
single-layer clouds conducted during 3 days (July 13,
23, and 24, 2020) are presented and discussed in Section
4. The analysis covers back-trajectories of air masses, tem-
perature, cloud microphysical properties, broadband
(solar and TIR) irradiances, wind, turbulence, and aerosol
properties. Section 5 summarizes the conclusions of
this study.

2. BELUGA instrumentation and operation
during MOSAiC
BELUGA consists of a helium-filled tethered balloon and
an adaptable instrument payload specifically designed to
minimize the weight of the instruments and to guaran-
tee a stable horizontal sensor alignment during opera-
tion (Egerer et al., 2019). The balloon allows for the
deployment of multiple sensors. The original instrument
setup of BELUGA (Egerer et al., 2019) was optimized and
extended for operation during MOSAiC by implementing
improved instrument versions and by adding two new
probes. Furthermore, a new balloon with enhanced
buoyancy was applied. Table 1 summarizes the instru-
ment packages operated during MOSAiC, the measured
quantities, and derived products, including an estimate
of the uncertainty.

Standard meteorological parameters were measured
with an extended meteorological package (EP) combin-
ing a modified radiosonde and a Pitot tube. The system
was recalibrated in a wind tunnel at constant pressure to
correct the wind speed measurements. Three-
dimensional wind and virtual air temperature were
recorded by an ultrasonic anemometer package (UP) to
derive the local energy dissipation rate e. Downward and
upward TIR and solar radiative flux densities (irra-
diances) were measured by a broadband radiation pack-
age (BP) that combined pyrgeometers and pyranometers.
Irradiances were corrected for the time response of the
radiometer and averaged over 3 s. Net irradiances were
derived by the difference between downward and
upward irradiances. TIR heating rates were obtained
from 20-m vertical segments following the method illus-
trated by Egerer et al. (2019). Before any processing, EP,
UP, and BP measurements were corrected for the tilt of
the sensors with respect to the horizontal reference
plane during flight. The Cubic Aerosol Measurement
Platform (Pilz et al., 2022) measured number concentra-
tion of particles larger than 12 nm (N12) with a conden-
sation particle counter. An optical particle size
spectrometer measured particle number size distribu-
tion (PNSD) of particles between 0.15 and 2.9 mm and
the integrated particle number concentration (N>150).
The number concentration of particles between 12 and
150 nm (N12�150) was calculated by the difference of the
two concentrations. A balloon version of the Video Ice
Particle Sampler (VIPS; Heymsfield and McFarquhar,
1996) was applied to record cloud droplet and ice
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particle images. The observations were used to indicate
the presence of liquid water or ice, for particles of just
a few microns and above.

BELUGA was operated during Leg 4 (June 19–July 31,
2020) of MOSAiC. It was deployed at the “New Balloon
Town” site (Shupe et al., 2022), 260 m away from the

Table 1. Instrumental setup

Instrument
Model,

Manufacturer Measured Quantity Uncertainty Inferred Quantity Uncertainty

Extended meteorological package, EP

Radiosonde DFM-17, GRAW
(Nürnberg, DE)

Temperature, T 0.2 K

Relative humidity, RH 3%–5%

Pitot-static tube Wind speed, WS 0.5 m s–1

3-Axis compass HMC6343, Honeywell
(Plymouth, MN,
USA)

Wind direction, WD 5�

Ultrasonic anemometer package, UP

Ultrasonic
anemometer

uSonic-3 Class A,
Metek (Elmshorn,
DE)

3-D wind vector 7.5 cm s–1 Local energy
dissipation rate, e

15%

1.5�

Broadband radiation package, BP

Pyrgeometer (2x) CGR4, Kipp & Zonen
(Delft, NL)

Downward TIR
irradiance

5 Wm–2 Net TIR irradiance,
Fnet

7 Wm–2

Upward TIR irradiance 5 Wm–2 TIR heating rate, z 12 K day–1

Pyranometer (2x) CMP3, Kipp & Zonen Downward solar
irradiance

2%

Upward solar
irradiance

2% (below
cloud),

5% (above
cloud)

Cubic Aerosol Measurement Platform, CAMP

Condensation
particle
counter

CPC 3007 (modified),
TSI (Shoreview, MN,
USA)

Particle number
concentration,
N12 nm

5% Particle number
concentration,
N12�150 nm

10%

Condensation
particle
counter

CPC 3007 (modified),
TSI

Particle number
concentration,
N>150 nm

5%

Optical particle
size
spectrometer

POPS, Handix (Fort
Collins, CO, USA)

Particle number size
distribution, DP ¼
0.15–2.9 mm

5%

Video Ice Particle Sampler, VIPS

Video
microscope

Liquid water and/or
ice

10 m Cloud flag 10 m

Cloudnet

Microwave
radiometer

Hatpro, RPG
(Meckenheim, DE)

Liquid water path,
LWP

20 g m�2

þ Cloud radar KAZR, ProSensing
(Amherst, MA, USA)

Ice water path, IWP 40%

Ice water content,
IWC

�30% to þ40%

þ Lidar PollyXT, TROPOS
(Leipzig, Germany)

Liquid water
content, LWC

15%–25%

TIR ¼ thermal-infrared radiation.
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starboard side of the research vessel (RV) Polarstern
(Knust, 2017). BELUGA was operational between June 29
and July 29, 2020. During this period, the ice floe on
which the MOSAiC ice camp was established drifted from
the Arctic ocean (81.8 N, 9.2 E) to the Greenland Sea (79.6
N, 2.2 W). BELUGA flights were performed on 14 different
days, with a total of 33 flights up to an average altitude of
970 m and a maximum of 1,500 m. The typical ascent and
descent rate was 0.5–1 m s–1. Methods for the derivation
of in situ dissipation rates, turbulent energy fluxes, and
radiative heating rates profiles from BELUGA data are
given by Egerer et al. (2019). Radiative transfer model
(RTM) simulations and back-trajectory simulations were
used to complement the analysis of the observations.
Observations from a 10-m meteorological tower located
at Met City (Cox et al., 2021b) and the nearby Atmospheric
Surface Flux Station (Cox et al., 2021a), both within a cou-
ple hundred meters of the balloon operations, were used
as surface references.

3. Meteorological conditions and clouds
Here, we introduce the general meteorological conditions
of the balloon operation period, with a focus on 3 selected
days (July 13, 23, and 24, 2020). The Balloon Town site of
the summer MOSAiC ice camp was established on June
29, 2020, during the melting period. Figure 1 shows 2
photographs of the ice floe, on July 15 and 25, 2020,
which illustrate the change of surface conditions during
the BELUGA observational period. Over time, the snow
melted, melt ponds grew, the ice itself became thinner,
and the local sea ice concentration decreased.

Radiosondes were regularly launched from RV Polar-
stern with 6 hourly intervals (Maturilli et al., 2021). Rea-
nalyses with the ECMWF Reanalysis 5th Generation data

set (ERA5, Hersbach et al., 2020) indicate that July 2020
mean conditions at the MOSAiC location were the
warmest and wettest of the period 1979–2019 (Rinke et
al., 2021). Figure 2 shows the temporal evolution of air
temperature and mean wind speed and direction in
the lower troposphere derived from radiosonde data.
Here, the extraordinary warm and wet conditions identi-
fied by Rinke et al. (2021) are illustrated: Above a surface
layer with temperatures around the freezing/melting
point, there is often a thick warm layer extending up to
2–2.5 km height.

Five synoptically different periods (I–V) were identi-
fied on the basis of Figure 2. Figure 3 presents the
corresponding maps of geopotential height, wind vector,
and potential temperature averaged over the five
selected periods. These results are calculated from ERA5
reanalysis data.

During period I (June 29–July 4), a low-pressure system
located over Northern Norway caused an easterly flow
advecting warm air toward the ice camp. On its way, this
air mass significantly cooled as indicated by the still low
temperatures measured in all altitudes (Figure 3a). Dur-
ing phase II (July 5–11), a series of low-pressure systems,
which was linked to the dominant low-pressure system
close to Iceland, crossed the ice camp of MOSAiC. Strong
easterly winds advected a warm air mass in the free tro-
posphere above the surface inversion. Strong surface
winds inhibited balloon operations (Figure 3b). During
phase III (July 12–14), cold and calm conditions prevailed,
caused by a high-pressure system located over the North
Pole (Figure 3c). Frequently changing temperature and
wind conditions characterized period IV (July 15–24).
Weak low-pressure systems passed the ice camp leading
to low gradients in the averaged geopotential height

Figure 1. The Multidisciplinary drifting Observatory for the Study of Arctic Climate ice floe. The ice floe as seen
from a downward-looking camera installed on BELUGA at about 600 m above ground on (a) July 15 and (b) July 25,
2020. The floe was located approximately at 81.3 N, 0.3 E and 79.9 N, 0.9 W, respectively. BELUGA ¼ Balloon-bornE
moduLar Utility for profilinG the lower Atmosphere.
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maps. Still, a weak average northwesterly wind was
observed (Figure 3d). This wind advected cold air and
lowered the height of the first temperature inversion. A
strong persistent high-pressure system over the Barents
Sea dominated period V (July 25–29). A significant intru-
sion of warm and moist air approached from the

southeast (Figure 3e). During that period, the air temper-
ature reached a maximum of 14�C at about 300 m height.

In Figure 4, cloud type, profiles of liquid and ice water
contents (LWC and IWC) and the liquid water path (LWP)
retrieved from ground-based remote sensing are plotted
as measured during the BELUGA deployment period up to

Figure 2. Time series of local conditions above research vessel (RV) Polarstern. Temperature and wind field from
radiosondes launched at RV Polarstern during BELUGA deployment period (June 29–July 29, 2020). BELUGA flights
are marked by vertical lines and show the maximum height reached. Core flights presented in the case study are
highlighted in green. BELUGA ¼ Balloon-bornE moduLar Utility for profilinG the lower Atmosphere.

Figure 3. Synoptic periods. Contours of geopotential height labeled in decameter (red), wind vectors (green
barbed arrows), and potential temperature (color scale) at 850 hPa. Hourly ERA5 data were averaged for the
synoptic periods I–V. The ice edge is marked with a gray line.
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2.5 km height. The cloud classification and cloud micro-
physical products were derived by applying the instru-
ment synergy approach of Cloudnet (Illingworth et al.,
2007), following Griesche et al. (2020). LWC and IWC are
based on the vertically pointing Ka-band cloud radar
reflectivity (KAZR). LWP was derived from microwave radi-
ometer data. These derived cloud microphysical properties
are used as inputs for computing atmospheric radiation
profiles. Cloudnet revealed mostly cloudy conditions, with
the majority of the clouds located below 2 km. A second-
ary maximum of cloud occurrence was roughly at 5 km
height. Due to the high temperatures in the lower tropo-
sphere during most of the time, the amount of ice in the
lower 2.5 km was limited. Only occasionally during period
IV, between July 19 and 21, ice was present down to the
surface, although in rather low amounts. The cloud top
height of the respective ice-containing cloud layers in the
lowest 2.5 km during these days, derived from the cloud
radar observations, indicates that the ice particles must

have formed at temperatures >–15�C (on July 19, 2020,
even >–10�C). This indicates the presence of highly active
ice nucleating particles in these low-level Arctic clouds,
a phenomenon already observed, for example, in Griesche
et al. (2021).

The LWP showed a median of 43 g m–2 reaching peak
values up to 1,000 g m–2 during precipitation events.
Periods of precipitation events reaching down to the
surface are indicated in gray in Figure 4d. Under these
conditions, the dome of the microwave radiometer might
get wet and the respective values have to be handled
with care. The average (median) reliable (i.e., filtered for
precipitation events) values of the five periods were
60 (8), 103 (62), 50 (42), 79 (48), and 56 (36) g m–2.
Mean and median LWP were derived excluding precipi-
tation events.

The total occurrence of single-layer liquid clouds
observed during the analyzed period (20% of the time,
Figure 4) was larger than for a comparable study

Figure 4. Cloudnet time series. Time-height series of (a) cloud type occurrence, (b) liquid water content, (c) ice water
content, and (d) liquid water path retrieved from synergistic ground-based remote sensing (Cloudnet) during the
period of June 29–July 29, 2020. Vertical dotted lines separate the synoptic time periods (I–V). The black dashed lines
in (b) and (c) indicate the 0� isotherm derived from the 6 hourly radio soundings. The red lines indicate the BELUGA
flights. BELUGA ¼ Balloon-bornE moduLar Utility for profilinG the lower Atmosphere.
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performed with data from the Polarstern cruise PS106
conducted in the Arctic ocean north and northeast of
Svalbard in June and July 2017 (Griesche et al., 2020).
During the entire PS106 campaign, single-layer liquid
clouds were observed less than 5% of the time. This dif-
ference in liquid-only clouds was at the expense of single-
layer ice and mixed-phase clouds, indicating that the
BELUGA observational period was warmer than the one
during PS106. Shupe (2011) provided an annual cycle of
cloud phase fraction for the 3 Arctic sites Utqiagvik (for-
merly known as Barrow), SHEBA, and Eureka. In compar-
ison to the July ice-only cloud fraction at these 3 sites
(Utqiagvik: 40%, SHEBA: 45%, and Eureka: 40% monthly
mean occurrence), considerably less pure ice clouds were
observed during the investigated MOSAiC period (<5%,
Figure 4). During the 3 investigated days, the liquid cloud
fraction was larger than the average of the entire period
(>35% of each day, Figure 4). The mixed-phase and ice
cloud fractions differ on the 3 days. While on July 13 and
24, between 5% and 10% of the time ice clouds were
detected, and no pure ice clouds were observed on July
23. The mixed-phase cloud fraction was largest on July 13
with 35%, on July 23, it was 30%, and on July 24, during
less than 20% of the day, single-layer mixed-phase clouds
were observed. However, most ice-containing clouds (ice-
only and mixed-phase) on these days were located above
2-km altitude.

4. Cloud characteristics influenced by air mass
origin: Three case studies
Three single-layer boundary-layer clouds capped by a tem-
perature inversion (July 13, 23, and 24, 2020) were inves-
tigated in detail to illustrate the potential of the BELUGA
observations. The analysis presented in this section aims
to identify the influences of air mass characteristics on the
cloud properties using BELUGA measurements.

4.1. Air mass trajectories

To identify air mass origins and pathways, 5-day back-
trajectories were calculated using Lagranto (Sprenger and
Wernli, 2015). The meteorological input required for these
simulations was based on the ERA5 reanalysis data set
(Hersbach et al., 2020), similar to the analysis recently
performed by Silber and Shupe (2022) to investigate the
origin of liquid-bearing clouds during the MOSAiC cam-
paign. ERA5 was retrieved at 137 model levels and at
0.25� lateral resolution. Trajectories were initialized within
a radius of 5 km around the position of RV Polarstern and
with 2-km horizontal spacing. This yielded 21 trajectories
for each altitude. Vertically, air mass trajectories were ini-
tiated every 10 hPa, beginning 10 hPa above ground and
reaching 850 hPa (July 23 and 24) and 750 hPa (July 13),
respectively. The vertical extent was increased for July 13
since the cloud top reached higher altitudes of 1,300 m.

On July 13, the air mass circled over the ice-covered
region surrounding RV Polarstern, the marginal sea ice
zone, and the ice-free ocean (Figure 5a and d). This holds
for both the air above and below the cloud layer. The
original Arctic air mass was recycled by the circulation and
reentered the ice-covered Arctic. Therefore, this air mass is
denoted as “aged Arctic” in the following. On July 23, the
air mass originated in Siberia and then crossed the central
Arctic sea ice (Figure 5b and e). This scenario is chosen as
an example for an air mass “advected over sea ice.” On July
24, the air mass was transported from Northern Europe
over the Barents Sea, and partially over Svalbard, toward
the location of MOSAiC (Figure 5c and f), eventually
reaching it from the north. Having not crossed large dis-
tances over sea ice, this air mass is denoted as “advected
over open ocean.”

Overall, the cases on July 13 and 24 resemble typical
(multilayer) liquid-bearing cloud systems advected over
warmer oceans, while the genesis of the Arctic-
originated liquid clouds observed during July 23 might

Figure 5. Kinematic back-trajectories. Trajectories of the air mass above and below the cloud cover on (a and d) July
13, (b and e) July 23, and (c and f) July 24, 2020, at selected coordinated universal time times. The sea ice extent for
the time is included as a gray shaded area.
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be through persistent radiative cooling of elevated air
masses (Silber and Shupe, 2022).

4.2. Air temperature profiles and clouds

To characterize the stratification of the atmospheric col-
umns probed by BELUGA, vertical profiles of air temper-
ature are presented in Figure 6. These standard
meteorological data were measured by the EP and also
provided by the regular radiosondes. The temperature pro-
files measured by BELUGA and the nearest-in-time radio-
sondes matched reasonably but also suggest some
spatiotemporal variability. This observed variability
demonstrates the value of having different temperature
sensors distributed on the BELUGA payloads, which pro-
vide measurements directly comparable to the other
observations rather than relying fully on proximal radio-
sonde profiles.

The ABL was topped by a distinct temperature inver-
sion on each analyzed case. On July 13, the base of the
main inversion (6 K) was observed at 1,262 m altitude, on
July 23, the base height of the inversion (6 K) was located
at 575 m, and on July 24, the inversion (2 K) base height
was located at 913 m. Weaker secondary inversions were
identified on July 13 and 24, which delineate the base of
cloud-driven mixed layers. Temperature profiles of the
three air masses match with the idealized structures pre-
sented by Tjernström et al. (2019) and Schmale et al.
(2021). On July 13 and 23, the observations are represen-
tative of Arctic air masses, while measurements from
July 24 indicate a warm advected air mass that was still
gradually cooling, in agreement with simulations by
back-trajectories.

Thermodynamic coupling was defined using vertical
variations of the equivalent potential temperature yE

similar to Sotiropoulou et al. (2014). The profile of equiv-
alent potential temperature yE clearly suggests that the
cloud is decoupled from the surface for July 13, with
a clear transition from the surface layer to the cloud-
driven mixed layer at about 600 m. On July 23, a weak
difference of DyE � 0:5 K between surface and cloud base
is on the edge for the definition of the layer as decoupled.
However, the large increase in yE within the cloud sug-
gests that the layer is not well mixed. On the next day, the
layer connected to the surface (below 600 m) exhibits
instead a strong gradient of yE , indicating a cloud layer
decoupled from the surface.

Cloud properties retrieved from ground-based remote
sensing techniques employing the Cloudnet algorithm are
presented in Figure 7. Cloud boundaries defined using the
in situ microphysical observations by Video Ice Particle
Sampler (VIPS) and broadband irradiances by BP are addi-
tionally plotted. Differences on the order of tens of meters
are caused by measurement uncertainties, instrument sen-
sitivity limits, cloud heterogeneity (spatial and temporal),
and the thickness of the layers (30 m) used in the retrievals
by Cloudnet. The retrieval results show single-layer liquid
clouds in all cases located underneath the main tempera-
ture inversion, in agreement with the cloud top heights
estimated from the broadband irradiances (Figure 6). There
were no indications of ice in any of the three clouds.

In situ cloud microphysics profiles by VIPS were
obtained on July 13 and 24. Cloud particles were recorded
at heights between 1,093 and 1,277 m on July 13 and
between 534 and 899 m on July 24 (Figure 7a, vertical
lines). All cloud particles were liquid, which confirms the
classification by Cloudnet.

The average LWP retrieved by the Cloudnet algorithm
varied over the profiling time of BELUGA. On July 13, the

Figure 6. Temperature profiles. Profiles of equivalent potential temperature (blue lines) and temperature (red lines)
from extended meteorological package. Profiles are also shown from radio soundings at 5, 11, and 17 coordinated
universal time (black lines). The 2 m temperature from Met City Tower is indicated by a square. The main inversion is
marked as a horizontal dashed line. Cloud boundaries estimated from broadband irradiances of the broadband
radiation package are indicated as gray shaded areas.
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LWP during BELUGA profiles ranged between 18 and
49 g m–2 with a mean value of 27 g m–2. On July 23
and 24, values ranged between 47 and 99 g m–2 and
36 and 61 g m–2, with respective averages of 54 g m–2

and 48 g m–2. These values are in the range of the median
LWP of 43 g m–2 observed by Cloudnet during the 4-week
BELUGA measurement period.

Cloudnet provides estimates of LWC and particle effec-
tive radius (Reff ) profiles using the assumption of adiabatic
clouds. It is known that entrainment processes at cloud
top reduce LWC and Reff in the uppermost part of cloud
layers, and thus, the adiabatic assumption is questionable.
During subadiabatic conditions, the resulting overestima-
tion of LWC at cloud top could influences the radiative
properties derived from these cloud profiles.

4.3. Broadband irradiance profiles and derived

heating rates

Profiles of net irradiances (Fnet) and radiative heating
rates (z) were calculated from BP measurements and com-
pared to radiative transfer simulations using the libRad-
tran 2.0.3 software package (Emde et al., 2016).

The radiative transfer equation solver twostr (Kylling
et al., 1995) was used and initialized with profiles of air
pressure, air temperature, air density, and concentrations
of ozone, oxygen, water vapor, carbon dioxide, and nitro-
gen dioxide from the Sub-Arctic standard atmosphere
defined by Anderson et al. (1986). The predefined atmo-
sphere is used to calculate molecular absorption and Ray-
leigh scattering of the atmospheric gases. Clouds and
aerosol particles were defined separately. The nearest-in-
time radiosonde temperature and water vapor profiles
were used (typically measured less than 3 h before or after

a given time). The surface albedo assumed for each simu-
lation (a ¼ 0.44) was derived from drone observations at
50 m (Calmer et al., 2021) and represents all of the vari-
ability contained in a surface area of approximately 200 m
diameter around the observation site. Profiles of LWC and
droplet effective radii (Reff ) for water droplets retrieved
from Cloudnet were used as an input for the radiative
transfer simulations with a 30-m vertical resolution.

The cloud radiative effect on profiles of net TIR irradi-
ance is illustrated in Figure 8 for the 3 cloud cases inves-
tigated here. All profiles feature strong vertical gradients
close to cloud top, with large negative net irradiances
(indicating a significant irradiance divergence) of about
–80 to –60 Wm–2. The ground-based irradiance measure-
ments (black squares in Figure 8) match within instru-
ment uncertainties with the BELUGA observations in the
first 10-m altitude. A vertical displacement, up to 60 m,
between the measured and the simulated irradiance pro-
files was observed. These differences are attributed to
the uncertainty of the cloud top altitude estimated by
Cloudnet and the rather coarse vertical resolution of
Cloudnet (30 m).

Downward and upward solar irradiance profiles are
shown in Figure 9. The solar irradiance (Figure 9, colored
solid lines) is influenced by the solar zenith angle, which
prevents comparing absolute values between the 3 cases
characterized by varying solar zenith angles. Furthermore,
there are temporal and spatial inhomogeneities of cloud
cover, which display in the vertical profiling due to the
slow ascent and descent rates of about 0.5–1 m s–1. Such
inhomogeneity effects are not covered by the one-
dimensional radiative transfer simulations (Figure 9,
dashed lines), showing smooth profiles, with net solar

Figure 7. Cloud (a) liquid water content (LWC) and (b) particle effective radius Reff . Profiles of (a) LWC and (b)
particle effective radius (Reff ) derived from Cloudnet for July 13 (red), July 23 (green), and July 24, 2020 (blue). Shaded
rectangles indicate the cloud cover derived from the broadband radiation package, and the empty rectangles the
cloud cover indicated by Video Ice Particle Sampler (VIPS). Liquid water paths by Cloudnet are displayed as text. Note
that VIPS data on July 24 are not from the same flight, while no VIPS data are available for July 23.
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irradiances (Figure 9, dashed black line) on the order of
100 Wm–2 at the surface, slightly increasing within and
above the cloud. The use of a fixed value for the surface
albedo in the RTM introduces an underestimation in the
upward solar irradiance for the lowermost 100 m of the

profile. The discrepancy is explained by a gradually
increasing field of view, depending on height, which even-
tually takes into account the larger presence of melt
ponds and open water in the broader spatial scale, as
displayed in Figure 1. Solar irradiances are also influenced

Figure 8. Profiles of net thermal-infrared radiation (TIR) irradiances. Measured (solid lines) and simulated
(dashed lines) net TIR irradiances for (a) July 13, (b) July 23, and (c) July 24, 2020. A square marks the surface
measurement from the Atmospheric Surface Flux Station. The height range of the clouds as derived from the
broadband radiation package is shown by the gray area. The measurement uncertainty is indicated by a red-
shaded band along the measured net irradiance.

Figure 9. Profiles of solar irradiances. Attitude corrected observed (lines) and simulated (dashed lines) solar
irradiances for (a) July 13, (b) July 23, and (c) July 24, 2020. Downward irradiances are colored in red, upward
irradiances in blue, and the simulated net solar irradiance is shown in black. A square marks the surface
measurement from the Atmospheric Surface Flux Station. The height range of the clouds as derived from the
broadband radiation package is shown by the gray area. The 5% measurement uncertainty for the downward solar
irradiance above clouds is indicated by a red-shaded band along the measured values. The 2% uncertainty for the
downward solar irradiance below clouds, and for the upward solar irradiance, is not shown.
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by the attitude of the instrument. The leveling mechanism
on BP compensates only partially the change in the
tether’s inclination, and therefore, a postcorrection is
applied following Bannehr and Schwiesow (1993). How-
ever, the correction can only partly consider strong devia-
tions from the horizontal reference plane. Therefore, the
remaining offsets by the tilt of BP induce fluctuations in
the measured values of solar irradiance.

Solar and TIR net irradiances have been converted into
atmospheric heating rates similar to Egerer et al. (2019).
The derived TIR cooling and solar heating (Figure 10)
are particularly strong in the cloud top region for all
three cases.

Observed TIR cooling (Figure 10) is larger in magni-
tude than 65 K day–1 and dominates over the modeled
solar heating, which never exceeded 10 K day–1. The sim-
ulated values of the TIR cooling exhibit larger values than
the measurements, in particular close to the cloud top
possibly due to an overestimation of LWC by Cloudnet
in this region. Differences might also arise from spatial
gradients, the 30-m vertical resolution of the remote sens-
ing retrievals, and uncertainty in the retrievals.

Cloud microphysical and temperature profiles modu-
late the TIR cooling at cloud top. Larger LWC supported by
warm cloud tops exhibits stronger cooling (July 24). Cloud
top cooling transfers to the cloud layer via turbulent mix-
ing. A very simplified approximation of the total (TIR and
solar) radiative effect of the cloud-driven mixed layer can
be made by assuming that the cloud-driven cooling will
be mixed over the full layer. This radiative effect would
cool the cloud-driven mixed layer at 600–900 m by about
11 K day–1 on July 24. The layer cooling for the Arctic air
masses of July 13 and 23 would be lower, about 4 K day–1.
The air mass is likely impacted by other processes,

including the expected turbulent entrainment, that could
modify the net cooling. Despite the large uncertainty
related to this basic scheme, it can be hypothesized that
the warm air mass advected over the open ocean under-
goes a strong cooling during its transition within the
Arctic. Such a strong radiative effect would modify the
temperature profiles of the rather warm oceanic air mass,
as seen in Figure 6c, within 12–24 h of interaction with
the sea ice, in agreement with the transport time
described by the back-trajectories for this case.

Despite the generalized cooling in the cloud-driven
mixed layer for all the air masses, a significant distinction
can be made about the observed heating rates at cloud
base height (Figure 10). The air mass origin has an influ-
ence on the heat exchange between cloud base and the
surface due to the temperature gradient. On July 13, cloud
base warms with a rate of 5 K day–1, while an opposite
trend of –2 K day–1 is observed on July 24. No significant
heating is observed on July 23. In the aged Arctic air mass
case, TIR heating at cloud base is induced by a warmer
surface and enhanced by a solar component. In the case of
an air mass advected over the ocean, TIR cooling occurs at
cloud base and is partially balanced by a weak solar warm-
ing. For the coupled cloud layer of the air mass advected
over the sea ice, the cold cloud base is already in balance
with the surface.

Overall, the cloud–surface radiative interactions
depend on the air mass, in particular the vertical temper-
ature profile.When the air mass and cloud are colder than
the surface, the cloud base is radiatively warmed, while
the cloud base is radiatively cooled when the air mass and
cloud are warmer than the surface. The cloud in the “aged
Arctic” air mass warms at its base, while in the “advected
over open ocean” case, the cloudy air mass aloft is much

Figure 10. Profiles of radiative heating rates. Measured (20 m averages histograms) and simulated (dashed black
lines) thermal-infrared radiation (TIR) heating rates and simulated (dashed red lines) solar heating rates for (a) July 13,
(b) July 23, and (c) July 24, 2020. The uncertainty for the measured TIR heating rates is ±12 K day–1. The height range
of the clouds as derived from the broadband radiation package BP is shown by the gray area.
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warmer than the surface, such that this cooling at both
cloud top and base serves to push the cloud more rapidly
toward radiative equilibrium with the ice-covered surface.

4.4. Wind and turbulence

In situ profiles of horizontal wind speed and direction
measured by EP are presented in Figure 11. Sections of
the profile that were affected by icing of the Pitot tube
were manually removed. Overall, the observations match
with the boundary layer structures identified by the tem-
perature profiles, and the mean wind directions support
the flows indicated by synoptic and reanalysis maps.

On July 13, the decoupled layer between 600 and
1,300 m can be identified in the wind profiles (Figure 11a
and d). The directional, and wind speed, shear at 600–700 m
is possibly the primary cause of the decoupling between the
cloud layer and the surface during this case.

On July 23, a 150-m surface-based layer with gradually
height-increasing wind velocity lies under the cloud
layer (Figure 11b). A low-level jet (LLJ) greater than
10 m s–1 is identified by the radio soundings, apparently
being located above the cloud layer at the time of the
BELUGA profile.

On July 24, wind velocity is highly variable between the
surface and the inversion base, with an LLJ peaking at
about 500 m (Figure 11c). A distinct decrease in the
speed at 600 m marks the boundary with the decoupled
cloud-driven mixed layer above. Wind speed fluctuations
up to 1 m s–1 suggest the presence of turbulence in the
decoupled cloud layer at 600–900 m.

Profiles of energy dissipation rate e are shown for July
13 and July 24 in Figure 12 and indicate increased tur-
bulence within the cloud layer and at the surface. Data for

July 23 are available only for a later flight, after cloud
conditions changed. To show a consistent picture, these
data are not shown here. Since the mean noise level for
the determination of the energy dissipation rate as esti-
mated by Egerer et al. (2019) with 10–5 m2 s–3 is a function
of the mean wind, an additional quality criterion based on
the slope of the observed structure function was used.
Thus, values below the mean noise level are also valid in
some cases.

For July 13 and 24, in-cloud turbulence is expected by
radiative cooling at cloud top. Turbulence sharply
decreases above cloud top, at the lower bound of the
cloud-capping temperature inversions.

On July 13, e inside the cloud reaches values in the
order of 10–3 m2 s–3, with turbulence extending also in
the layer with increased wind velocity below the cloud,
representing a cloud-driven mixed layer. Turbulence due
to friction is produced at the surface, while light wind
shear at about 300 m produces some weaker turbulence
at that height. In the stably stratified regions above and
below, turbulence is suppressed.

A similar magnitude of in-cloud e is found for July
24, but here the layer with increased turbulence coin-
cides with the cloud boundaries. Turbulence due to
wind shear is observed at about 300 m, where wind
speed has a minimum and a change in wind direction
occurs. Surface-induced turbulence is found with values
up to 10–3 m2 s–3.

Measured values of in-cloud e in the order of 10–3 m2 s–3

are consistent with the observations (Egerer et al.,
2019) and remote sensing retrievals (Shupe et al., 2013)
for a single-layer cloud in similar regions of the Arctic. For
both days, the turbulent layer is confined in the decoupled

Figure 11. Profiles of wind speed and direction.Wind speed (a–c) and direction (d–f) on July 13, 23, and 24, 2020.
All times are in coordinated universal time. Due to data gaps, measurements shown for July 13 are a combination of
ascent and descent. The height range of the clouds as derived from the broadband radiation package is shown by the
gray area. The absolute errors for wind speed and direction are 0.5 m s–1 and 5�, respectively.
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layer defined by the base of the primary (upper) inversion
layer and approximately the top of the secondary (lower)
inversion layer. The observed in-cloud turbulence driven
by the TIR cooling results in an effective mixing of the
cloud layer and possible entrainment of aerosol particles
advected by the horizontal wind flow.

4.5. Aerosol particles

The vertical aerosol particle distributions on the 3 selected
days shown in Figure 13 reflect the boundary layer

structure and the coupling state of the cloud (Shupe
et al., 2013).

On July 13, particle number concentrations slightly
increased up to the bottom of the decoupled cloud-
driven mixed layer at about 620 m. A strong gradient in
aerosol concentrations at that height indicates that the
rather weak temperature inversion acted as a barrier for
vertical particle exchange between the mixed layer and
the air mass below. Some mixing seemed to occur at about
350 m due to the shear-induced turbulence. Turbulent

Figure 12. Profiles of energy dissipation rate. Energy dissipation rate e on (a) July 13 and (b) July 24, 2020. The
height range of the clouds as derived from the broadband radiation package is shown by the gray area.

Figure 13. Profiles of aerosol particle number concentrations. Number concentration of particles in the diameter
size range between 12 and 150 nm (N12�150, red dots) and above 150 nm (N>150, blue dots) measured on (a) July 13,
(b) July 23, and (c) July 24, 2020. Observations were averaged over 5-m height steps with a resulting standard
deviation of ±5%. Shaded areas indicate the cloud cover derived from ship-based remote sensing in combination
with BELUGA in situ observations. BELUGA ¼ Balloon-bornE moduLar Utility for profilinG the lower Atmosphere.
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mixing inside the cloud-driven mixed layer resulted in
nearly constant particle concentrations between 620 m
height and the cloud base, with most of the particles
being activated into cloud droplets within the cloud layer.
The observations indicate that all particles larger than
150 nm (N>150) and about half of the particles between
12 and 150 nm (N12�150) were activated into droplets. The
strong temperature inversion at cloud top represented
another barrier for vertical particle exchange, with slightly
increased concentrations above the inversion, particularly
for particles less than 150 nm in size.

On July 23, particle distributions indicate coupling of
the cloud-mixed layer with the ground by rather constant
N12�150 and N>150 up to cloud base. A decrease of N>150

to zero resulted from complete CCN activation inside the
cloud. Two pronounced layers with about six times higher
N12�150 and N>150 than at the ground are a potential
source of CCN by radiation-driven turbulent entrainment
at cloud top. In that case, a share of 90% of N12�150 in the
aerosol layer directly above the cloud were large enough
to act as CCN.

The aerosol vertical structure in the transforming air
mass on July 24 was more complex compared to the other
two cases. The maximum N12�150 and N>150 were
observed inside an intermittent layer ranging from about
400–650 m height that coincided with the vertical extent
of the LLJ observed in the wind profiles from the radio-
sondes and the EP. The weak temperature inversion at
about 600 m decouples the particle layer from the
cloud-mixed layer above, causing a strong gradient in
aerosol concentrations. Given the main temperature

inversion at cloud top and the lower particle concentra-
tions aloft, CCN entrainment into the cloud probably
occurred from below. In-cloud N12�150 indicates a 60%
share of below cloud particles not being activated as CCN,
while all particles larger than 150 nm served as seeds for
cloud droplet formation.

Observed vertically resolved PNSDs (Figure 14) of accu-
mulation mode particles between 150 and 550 nm in size
show distinct differences on the 3 selected days. On July
23 and 24, the air masses carried significantly higher con-
centrations of particles above 300 nm than on July 13.
Both near-surface PNSD on July 23 and 24 featured similar
shapes to the PNSD of the particle layers centered at
500 m height yet with lower number concentrations.
The two particle layers above the cloud on July 23 (Figure
14b) interestingly showed differently shaped PNSD. The
upper layer was composed of smaller particles compared
to the layer centered around 500 m height, while inte-
grated number concentrations N>150 were similar. The
differently shaped PNSD of the two layers above the cloud
on July 23 indicate either vertically varying particle source
or particle processing while traveling in the free tropo-
sphere above the Arctic ABL.

Back-trajectory analysis showed that the particle layer
below the cloud arriving with the air mass on July 13
(Figure 5d) traveled most of the time over the marginal
ice zone (MIZ) and ice-free areas of the Greenland Sea with
few anthropogenic particle sources. In contrast to that, the
particle layers captured above the cloud on July 23 (Fig-
ure 5b) and below the cloud on July 24 (Figure 5f) orig-
inated above northern Siberia and crossed the Northern

Figure 14. Profiles of particle number size distribution. Particle number size distributions were measured with an
optical particle size spectrometer on (a) July 13, (b) July 23, and (c) July 24, 2020. A total of 14 bins covered a particle
diameter range from 0.15 to 2.9 mm. Profiles are displayed as median distributions averaged over 5-m height steps.
Gray shaded areas indicate the cloud cover derived from ship-based remote sensing in combination with BELUGA in
situ observations. BELUGA ¼ Balloon-bornE moduLar Utility for profilinG the lower Atmosphere.
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Searoute as the main shipping line during transport
(Schmale et al., 2018). The air masses arriving on July 23
mainly traveled over pack-ice and the MIZ, while the back-
trajectories for July 24 show a transport mainly over the
ice-free ocean.

On July 23 and 24, the peak N>150 was about 6 times
higher than on July 13. These significantly higher accumu-
lation mode particle concentrations, the PNSD showing
larger particle sizes, and anthropogenic particle sources
in the air mass origin indicate a possible long-range trans-
port of aerosols on July 23 and 24.

Near-surface N>150 was six times lower on July 13
than on July 23 and 24, corresponding to the peak ratio
of N>150. The distinctly higher N>150 suggests that the
air mass origin is of more importance than the surface
conditions over which the air masses traveled to near-
surface N>150. In particular, on July 23, the near-surface
layer PNSD corresponding to a diluted PNSD of the
particle layer at 500 m suggests a downward mixing
of particles possibly promoted by cloud-induced turbu-
lence that fosters vertical particle exchange across the
strong temperature inversion. The layer with increased
particle concentrations at 500 m on July 24 was prob-
ably originally extending down to the ocean surface
and was lifted when the relatively warm advected air
mass reached the colder surface layer above the sea ice.
Ground-based measurements are certainly not represen-
tative of aerosol–cloud interactions in the cloud-mixed
layer aloft on July 13.

5. Conclusions
To illustrate the potential of the BELUGA data set for
further research in the future, 3 cases of profile measure-
ments through Arctic boundary layers (July 13, 23, and 24,
2020) with liquid–water bearing single-layer clouds were
analyzed. A back-trajectory analysis shows that the 3 cases
are linked to different air masses: “aged Arctic,” “advected
over sea ice,” and “advected over open ocean.” In situ
vertical profiles from balloon-borne instruments operated
on BELUGA were combined with ground-based cloud
remote sensing, radio soundings, and radiative transfer
simulations.

The observed clouds were characterized by the values
of LWP between 18 g m–2 and 99 g m–2; they were located
beneath a temperature inversion. Such conditions are rep-
resentative of the scenarios encountered during the
BELUGA deployment period, between June 29 and July
29, 2020, where the ABL was very often topped by a strong
temperature inversion.

The 3 investigated cases show a strong radiative cool-
ing in the uppermost 60 m thick region of cloud top
driven by negative net TIR irradiances. The measured TIR
cooling is consistent with simulations assuming liquid
water clouds with an LWP of 30–60 g m–2 by Turner et
al. (2018). The variability of the observed and simulated
cooling rates at cloud top points to the importance of LWC
and cloud top temperature. Differences in the heating
rates measured at cloud base indicate the influence of
cloud base height and the difference in temperature
between the surface and cloud base. The full MOSAiC data

set, including all BELUGA cases as well as other supporting
observations, can be used to understand the relative roles
of cloud top and base cooling rates for supporting cloud
processes and transforming air mass properties.

The presence of clouds is associated with turbulence
generated by the strong cloud top cooling. This can lead to
a highly variable cloud top height, which is in the mea-
surements conducted on July 13, 2020, where the cloud
top seems to extend into the inversion layer. It was shown
that turbulence could be constrained to the cloud (July
24) or could also continue in the underlying cloud-driven
mixed layer (July 13) that is decoupled from the surface
layer. Measured in-cloud energy dissipation rates on the
order of 10–3 m2 s–3 match with observations from other
Arctic locations (Shupe et al., 2013; Egerer et al., 2019).
This data set, together with numerical simulations, is sui-
ted to analyze the properties of the ABL and to address the
question of how clouds modulate the near-surface ABL.

Different structures in the aerosol particle distributions
were observed. Aerosol particles that can be potentially
activated as cloud droplets were present above (July 23),
within (July 13), and below (July 24) the cloud-driven
mixed layer. Vertically resolved PNSD observations com-
bined with back-trajectory analysis pointed toward varying
accumulation mode particle sources. Therefore, the
BELUGA in situ observations can be used to identify the
vertical distributions of aerosol particles and investigate
how important is advection in modifying such structures.
An analysis of the BELUGA data set combined with cloud
and aerosol resolving numerical models will be needed to
explain how these scenarios evolve based on aerosol and
moisture availability.
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