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Abstract. This work aims to quantify the macrophysical and microphysical properties of Arctic mixed-phase clouds and

their temporal and spatial evolution during marine cold air outbreaks in the Arctic. In particular, cloud thermodynamic phase

partitioning and phase transitions are discussed. To this end, high-resolution observations from the airborne hyperspectral and

polarized imaging system specMACS during the HALO–(AC)3 campaign are analyzed within a quasi-Lagrangian framework

based on backward
:::::::
airmass trajectories. Six flights targeting marine cold air outbreaks

::
of

:::::::
different

::::::::
intensity

:
are compared5

to investigate the variability of cloud evolutionand its dependence on the cold air outbreak intensity. With increasing time

the airmass spent above open,
::::

sea
::::::
ice-free

:
ocean, rising cloud top heights, increasing horizontal cloud extents, and growing

effective radii of liquid cloud droplets are reported
:::::::
observed

:
for all cases. In addition, a phase transition from the liquid water

to the mixed-phase
:::::
cloud regime is detected and the ice fraction increases with time. The variability between the observed

cloud properties during the cold air outbreaks is large. Larger and faster increasing cloud top heights and effective radii of10

liquid cloud droplets are observed during stronger events. In addition, the phase transition from the liquid water to the mixed

phase occurs earlier and higher
:::::
larger ice fractions are reached during the more intense events. The presented data and analyses

provide unique observational data, which can be used to improve the representation of low-level Arctic mixed-phase clouds

and their evolution during marine cold air outbreaks in models in the future.

1 Introduction15

During marine cold air outbreaks (MCAOs) in the Arctic, cold and dry airmasses are advected over the cold sea ice towards

warm open ocean (Papritz and Spengler, 2017; Fletcher et al., 2016). The temperature difference between the cold advected

:::::::
advected

::::
cold

:
airmasses and the ocean surface can be up to

::::
reach

:
30K (Papritz and Spengler, 2017). These large

::::::::
enormous

::::::::
horizontal

:
temperature gradients create large

::::::
vertical surface energy fluxes (sensible and latent heat), intense turbulence, and

large heat and moisture fluxes, which may contribute to about 60 % to 80 % of oceanic heat loss during winter in the Nordic20

Seas,
:
and may affect

:::::::::
additionally

:
deep water formation and sea ice evolution (Papritz and Spengler, 2017; Svingen et al., 2023).

In addition
::::::::::
Furthermore, the strong horizontal temperature gradients between the sea ice surface and ocean skin temperatures
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lead to
:::::::
promote convection and the formation of low-level clouds (Papritz and Spengler, 2017). The clouds

:::::
related

:::
to

:::::::
MCAOs

typically organize into cloud streets oriented along the mean wind direction, and transition
::::
which

:::::::::
transform

:
into cellular

structures further downstream due to a decoupling of the atmospheric boundary layer (ABL) and accompanying precipitation25

formation (Brümmer, 1999; Gryschka and Raasch, 2005; McCoy et al., 2017; Abel et al., 2017; Pithan et al., 2018; Tornow

et al., 2021). With increasing time and distance from the formation location of the MCAO, the ABL typically deepens from

a few hundred meters to approximately 1 km to 2 km (Brümmer, 1996). MCAOs are most frequently occurring in winter, but

also evolve in spring and autumn (Fletcher et al., 2016). They may be related to severe weather events reaching into
::::::::
impacting

the mid-latitudes, including extremely cold periods and heavy snowfall, and to
:::
they

::::
may

:::::::
initiate polar lows (Pithan et al.,30

2018). The Fram Strait is one of the main pathways of MCAOs in the Arctic and intense MCAOs are frequently observed in

this region (Papritz and Spengler, 2017; Dahlke et al., 2022).

Large-scale as well as high-resolution models are struggling to correctly represent the airmass transformations during merid-

ional transports into and out of the Arctic (Sato et al., 2016; Pithan et al., 2016; Tomassini et al., 2017; Field et al., 2017;

Wendisch et al., 2021). Especially the microphysical evolution of clouds during MCAOs is difficult to model (Pithan et al.,35

2014; McCoy et al., 2015; Tan and Storelvmo, 2019; Field et al., 2014; Abel et al., 2017). Consequently, future projections of

Arctic climate properties are uncertain (Smith et al., 2019; Cohen et al., 2020; Block et al., 2020).

The clouds formed during MCAOs are typically
::::::::
commonly

:
of a mixed-phase typeand

:
.
:::::
Arctic

:::::::::::
mixed-phase

::::::
clouds

:
have a

typical vertical structure. A geometrically thin layer containing supercooled liquid water
::::::
droplets

:
is located at the cloud top

from which ice crystals form via heterogeneous nucleation and sediment downwards (Morrison et al., 2012). The cloud thermo-40

dynamic phase partitioning and its spatial distribution are important quantities since they affect
::::
cloud

::::::::::
parameters,

:::::::::
impacting

the radiative effect of the clouds (Choi et al., 2014; Matus and L’Ecuyer, 2017). The spatial
::
In

:::::::
addition,

::::
the distribution of

supercooled liquid water and ice influences
::::::
droplets

::::
and

:::
ice

::::::
crystals

::::::::
influence, e.g.,

::::::
riming

:::
and the efficiency of the Wegener-

Bergeron-Findeisen process, which can lead to rapid glaciation of the clouds (Korolev et al., 2017; Korolev and Milbrandt,

2022), and thus affects the cloud cover and cloud lifetime (Pithan et al., 2014). Climate and general circulation models strug-45

gle to correctly represent mixed-phase clouds and their microphysical properties (Morrison et al., 2012; Pithan et al., 2014;

Komurcu et al., 2014; Cesana et al., 2015, 2022). In particular, the cloud thermodynamic phase partitioning and the verti-

cal distribution of cloud liquid water are challenging for models of different scales (Inoue et al., 2021; Kretzschmar et al.,

2019, 2020).

MCAOs and the related clouds have been studied extensively using reanalysis data, ground-based and ship-borne sampling,50

airborne in situ and remote sensing measurements, satellite observations, as well as model data. Most studies used an Eulerian

perspective with a locally fixed coordinate system, while some others applied a quasi-Lagrangian approach. In the Lagrangian

perspective, the coordinate system follows the observed airmass, which allows for investigating its temporal evolution. How-

ever, real
:::
true Lagrangian observations are challenging (Wendisch et al., 2023).

:
if
:::
not

:::::::::
impossible

:::::::::::::::::::
(Wendisch et al., 2024)

:
.
::
In

:::
the

:::::
Arctic,

:::
no

:::::::::::
geostationary

:::::::
satellite

::::
data

::
is

::::::::
available

:::
and

:::::::
aircrafts

:::::
move

:::::
much

:::::
faster

::::
than

:::
the

::::::::
observed

:::::::
airmass. Instead, the evo-55

lution of airmasses can be studied in a quasi-Lagrangian way by applying backward trajectories (Wendisch et al., 2023, 2025).
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Several studies focused on the properties of clouds during MCAOs. These include dedicated ground-based and ship-based

field campaigns providing Eulerian observations of cloud properties (Uttal et al., 2002; Geerts et al., 2022; Shupe et al., 2022; Lackner et al., 2023; Mages et al., 2023; Xia and McFarquhar, 2024)

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Uttal et al., 2002; Geerts et al., 2022; Shupe et al., 2022; Lackner et al., 2023; Mages et al., 2023; Wendisch et al., 2023; Xia and McFarquhar, 2024)

. In addition, the microphysical properties of the different cloud regimes during MCAOs and transitions between them were60

studied during airborne field campaigns using in situ data (Young et al., 2016; Abel et al., 2017; Lloyd et al., 2018; Michaelis

et al., 2022) as well as remote sensing observations (Ruiz-Donoso et al., 2020). Besides, model data were applied to investi-

gate the evolution of clouds in MCAOs (Tornow et al., 2021). Quasi-Lagrangian analyses of cloud properties during MCAOs

combining satellite observations with backward
::::::
airmass trajectories were carried out by Murray-Watson et al. (2023), Wu and

Ovchinnikov (2022), Tornow et al. (2023), Mateling et al. (2023), and Seppala et al. (2025). These studies investigated the65

temporal evolution of macrophysical and microphysical cloud properties, as derived from MODIS or CloudSat data, and their

dependency
::::::::::
dependence on the MCAO strength or aerosol conditions. However, satellite observations of Arctic cloud prop-

erties are only possible with polar-orbiting satellites and strongly affected by small-scale variability, which is not resolved by

the coarse resolution satellite measurements (Ahn et al., 2018; Marchant et al., 2020). The retrieval of cloud thermodynamic

phase partitioning and further cloud microphysical properties is especially challenging, and most satellite-based studies are70

restricted to liquid water clouds. Typical scales of inhomogeneities in Arctic clouds are on the order of a few hundred meters

(Schäfer et al., 2017, 2018). These scales can be resolved by high-spatial resolution airborne measurements. Airborne quasi-

Lagrangian observations of MCAO clouds in the Arctic were performed during the HALO–(AC)3 campaign (Wendisch et al.,

2024). Even though several airborne research campaigns were conducted in the Arctic during the last decades (Forsberg et al.,

2023) and some quasi-Lagrangian airborne measurements were collected outside the Arctic (Boettcher et al., 2021), HALO–75

(AC)3 appears to be the first airborne campaign using a quasi-Lagrangian sampling strategy in the Arctic. Schirmacher et al.

(2024) analyzed the evolution of precipitation and other cloud properties in the roll convection regime using radar data in

two case studies of a stronger and a weaker MCAO during HALO–(AC)3. However, the evolution of cloud thermodynamic

phase and microphysical cloud properties has not been studied in a quasi-Lagrangian approach using high-resolution airborne

measurements so far.80

This work is based on measurements of the specMACS instrument (Ewald et al., 2016; Weber et al., 2024)
:::::::::::
spectrometer

::
of

:::
the

::::::
Munich

:::::::
Aerosol

::::::
Cloud

:::::::
Scanner

::::::::::::::::::::::::::::::::::::::::::
(specMACS, Ewald et al., 2016; Weber et al., 2024) during the airborne HALO–(AC)3

field campaign (Wendisch et al., 2024; Ehrlich et al., 2025). HALO–(AC)3 was conducted in March and April 2022. The

German High Altitude and LOng range research aircraft (HALO, Krautstrunk and Giez, 2012; Stevens et al., 2019) was based

in Kiruna and two further research aircraft (Polar 5 and Polar 6) operated out of Svalbard. The
:::
The

:
campaign generally85

aimed at improving the understanding of airmass transformations during meridional transports into and out of the Arc-

tic(Wendisch et al., 2024; Ehrlich et al., 2025). HALO .
:::
To

::::
this

::::
end,

:::
the

::::::::
German

::::
High

::::::::
Altitude

:::
and

::::::
LOng

:::::
range

::::::::
research

::::::
aircraft

::::::::::::::::::::::::::::::::::::::::::::::::
(HALO, Krautstrunk and Giez, 2012; Stevens et al., 2019) followed a quasi-Lagrangian flight strategy, allowing for

studying the evolution of cloud properties during MCAOs. specMACS is a hyperspectral and polarized imaging system oper-

ated in a downward-looking perspective on board HALO. It provides high-spatial resolution information about cloud macro-90

physical and microphysical properties, including quantitative information about cloud thermodynamic phase partitioning.

3



The objective of this work is to study the temporal and spatial evolution of macrophysical and microphysical properties

of clouds during MCAOs in a quasi-Lagrangian way, with a special focus on cloud thermodynamic phase partitioning and

phase transitions.
:::
Aim

::
is

::
to

:::::::
provide

::::
high

::::::
spatial

:::
and

::::::::
temporal

:::::::::
resolution

:::
data

:::::
about

::::
the

::::::::
evolution

::
of

::::::
clouds

:::::
during

:::
the

::::::
initial

:::::
phase

::
of

::::::::
MCAOs,

:::::
which

:::
can

:::
be

::::
used

:::
for

::::::
model

::::::::
evaluation

:::
to

:::::::
improve

:::
the

::::::::::::
representation

::
of

:::::::::::
mixed-phase

::::::
clouds

:::
and

:::::::
airmass95

:::::::::::::
transformations

::::::
during

:::::::
MCAOs.

::::::::::::
Furthermore,

:::
the

::::
data

:::
can

:::::
help

::
to

::::::
further

:::
our

::::::::::::
understanding

:::
of

::::::
Arctic

:::::::::::
mixed-phase

:::::
cloud

::::::::
processes

:::
and,

::
in
:::::::::
particular,

:::::
phase

:::::::
changes

::
in

::::
these

::::::
clouds.

:
For this purpose, measurements of cloud properties from specMACS

are combined with backward trajectories. The applied data and methods are introduced in Sect. 2. During HALO–(AC)3
:
, in

total six MCAOs were sampled. The cloud evolution is investigated for a strong MCAO in Sect. 3.1. Afterwards, the analyses

are extended to all observed cases. The variabiliy between the different observed MCAOs and the dependence of the cloud100

evolution on the MCAO intensity are discussed in Sect. 3.2. Finally, the results are summarized in Sect. 4. The aim of this work

is to provide high spatial and temporal resolution information about the evolution of clouds during the initial phase of MCAOs,

which can be used for model evaluation to improve the representation of mixed-phase clouds and airmass transformation during

MCAOs. Furthermore, the data can help to further our understanding of Arctic mixed-phase cloud processes and, in particular,

phase changes in these clouds. The analyses of the temporal and spatial cloud evolution during MCAOs presented here are105

extended to the vertical dimension in the second part of this work in Weber et al. (2025a), which investigates the vertical cloud

structure and its evolution based on specMACS and other remote sensing and in situ measurements during HALO–(AC)3.

2 Data and methods

2.1 Measurements

The data used in this work were collected during the airborne HALO–(AC)3 measurement campaign in the Arctic (Wendisch110

et al., 2024; Ehrlich et al., 2025). The German research aircraft HALO ,
:::::
which

::::
was

:::::::::
conducted

::
in

::::::
March

:::
and

:::::
April

:::::
2022.

::::
The

::::::
German

:::::
High

:::::::
Altitude

::::
and

:::::
LOng

:::::
range

:::::::
research

:::::::
aircraft

:::::::::::::::::::::::::::::::::::::::::::::::
(HALO, Krautstrunk and Giez, 2012; Stevens et al., 2019),

::::::
based

::
in

::::::
Kiruna,

:
was equipped with remote sensing instrumentation and followed a quasi-Lagrangian sampling strategy. In addition,

several research flights were performed in coordination with the Polar 5 and Polar 6 aircraft (Wesche et al., 2016),
::::::::
operating

:::
out

::
of

:::::::
Svalbard

::::
and containing remote sensing and in situ instrumentation. This work, however, focuses on data from HALO.115

The analyses presented in the following sections
:::
this

:::::
work are based on measurements of the spectrometer of the Munich

Aerosol Cloud Scanner (specMACS, Ewald et al., 2016; Weber et al., 2024)
::::::::::
specMACS

::::::::
instrument

::::::::::::::::::::::::::::::::
(Ewald et al., 2016; Weber et al., 2024)

, which was operated in a downward-looking configuration on board HALO. specMACS consists of two hyperspectral
:::
line

cameras (so-called VNIR and SWIR), which are sensitive to the visible and near-infrared wavelength range between 400nm

and 2500nm, and two 2D RGB polarization-resolving cameras. The SWIR spectrometer used in this work has a field of view120

of 35.3 ◦ in across-track direction, and the polarization resolving
::::::::::::::::::
polarization-resolving cameras have a maximum combined

field of view of 91◦ × 117◦ in along-track and across-track direction, respectively,
::::::::
covering

:::
the

:::::
entire

::::
field

:::
of

::::
view

:::
of

:::
the

:::::::::::
spectrometers. The different components of specMACS provide high-spatial resolution

::::::::::::::::::
high-spatial-resolution measurements
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of macrophysical and microphysical properties of clouds
::::
cloud

:::::::::
properties with spatial resolutions between 10m and 100m for

:
at
:
typical flight altitudes (10 km), depending on the retrieved quantity.125

Macrophysical cloud properties that can be
:::
have

:::::
been derived from the measurements include the cloud top height, the cloud

fraction, and the horizontal extent of the clouds. The cloud top height is obtained from a stereographic retrieval using a
:::
the

method by Kölling et al. (2019), and the cloud
:
.
::
A

:::::::::::
model-based

::::::::
evaluation

:::::::
showed

::
a

::::
mean

:::::::::
difference

::
of

::::::::
46±140m

:::::::
between

::
the

::::::::
retrieved

:::
and

::::::::
simulated

:::::
cloud

:::
top

:::::::
heights

::::::::::::::::::
(Volkmer et al., 2024).

::::
The

:::::
cloud fraction is calculated from the brightness-based

cloud mask from Pörtge et al. (2023). The
::::
cloud

:::::
mask

::
by

::::::::::::::::
Pörtge et al. (2023)

:
,
:::::
which

::
is

:::::
based

::
on

:::
the

:::::::::
brightness

::
of

:::
the

::::::::
observed130

::::::
clouds.

:::
The

::::::::
threshold

:::::
value

::::::::::::
distinguishing

:::::::::
cloud-free

:::
and

::::::
cloudy

:::::
pixels

::
is

:::::::::
determined

:::::
using

:::
the

:::::::
method

::
by

::::::::::
Otsu (1979)

:
.
:::::
Small

::::::::
variations

::
of

:::
the

::::::::
threshold

:::::
value

::::
lead

:::
to

::::::
slightly

::::::
lower

::
or

::::::
higher

:::::
cloud

::::::::
fractions

:::
but

::
do

::::
not

::::::::::
significantly

:::::::
change

:::
the

::::::
results

::::::::
presented

::
in

:::
the

::::::::
following

::::::::
sections.

::::
The

:
horizontal cloud extent is derived from the retrieved 3D cloud geometry

:::::::
obtained

::::
from

:::
the

:::::::::::
stereographic

:::::::
retrieval

:
using the watershedding algorithm implemented in the Tracking and Object-Based Analysis

of Clouds (TOBAC) package (Heikenfeld et al., 2019; Sokolowsky et al., 2024). The algorithm provides the horizontal area135

of the identified cloud elements from which an effective cloud radius was calculated by assuming
::::
under

:::
the

::::::::::
assumption

::
of

:
a

circular shape.
::
A

::::
more

:::::::
detailed

:::::::::
description

:::
of

:::
the

::::::::
derivation

::
of

:::
the

:::::::::
horizontal

:::::
cloud

:::::
extent

::
is

:::::::
provided

:::
in

::::::::
Appendix

::
A.

:

Moreover, specMACS provides measurements of microphysical cloud properties. The effective radius of liquid cloud droplets

is computed with the multi-angle polarimetric cloudbow retrieval by Pörtge et al. (2023).
::::
The

:::::::
retrieval

:
is
::::::
based

::
on

::::::::::
multi-angle

::::::::::
polarization

::::::::::
observations

:::
of

:::
the

:::::::::
cloudbow,

:::::
which

::
is
:::::::

formed
::
by

::::::
single

::::::::
scattering

:::
on

:::::
liquid

::::::
cloud

:::::::
droplets,

::::
and

:::
the

::::::::
retrieved140

:::::::
effective

::::
radii

:::
are

::::
thus

::::::::::::
representative

::
for

:::
the

:::::
cloud

::::
top,

::::::::::::
corresponding

::
to

::
an

::::::
optical

::::::::
thickness

::
of

:::::
about

::
1.
::::
The

:::::::
effective

:::::
radii

::
of

::
the

::::::
liquid

:::::
cloud

::::::
droplets

:::
are

::::::::::
determined

::
by

::::::
fitting

:::::::
polarized

:::::::::
scattering

:::::
phase

::::::::
functions

::::::::
according

::
to

::::
Mie

:::::
theory

:::::
from

:
a
:::::::
look-up

::::
table

::
to

:::
the

:::::::::::
observations.

::::
The

:::::::::
uncertainty

:::
of

:::
the

::::::::
measured

:::::::
effective

::::
radii

:::
of

:::::
liquid

:::::
cloud

:::::::
droplets

::::
from

:::
the

:::::::::
cloudbow

:::::::
retrieval

:::
was

:::::::::::
characterized

:::::
based

:::
on

::
an

::::::::
evaluation

::::
with

::::::::
synthetic

::::
data,

::::::
which

::::::
showed

:::::
mean

:::::::::
differences

:::::::
between

::::::::
measured

::::
and

::::::::
simulated

::::::
droplet

::::
radii

::
of

::::::::::::
−0.2± 1.6µm

::::::::::::::::::::::::::::::
(Volkmer et al., 2024; Pörtge, 2024).

:
145

Information about the cloud thermodynamic phase is derived from the specMACS measurements following two different ap-

proaches
::::
based

:::
on

::::::
spectral

::::
and

::::::::::
polarization

::::::::::::
measurements,

::::::::::
respectively. Firstly, the spectral ice index defined by Ehrlich et al.

(2008) and Ruiz-Donoso et al. (2020) was calculated from the
:::::::
radiance

:
measurements of the SWIR spectrometer. The ice index

is
::::::::
represents a qualitative measure of the thermodynamic phase . Values smaller than

::
of

:::
the

:::::
cloud

:::::::
particles,

:::::::::
exploiting

:::::::
spectral

::::::::
absorption

::::::::::
differences

:::::::
between

:::::
liquid

:::::
water

:::
and

:::
ice

::
in

:::
the

::::::::::
near-infrared

::::::
which

:::
lead

::
to
::::::::
different

::::::
spectral

::::::
slopes

::::::::
depending

:::
on

:::
the150

:::::::::::::
thermodynamic

:::::
phase.

::::
The

:::::::
resulting

:::::
phase

:::::
index

:::::::::
represents

:::
the

:::::::::::::
thermodynamic

:::::
phase

::
at

:::
the

:::::
cloud

::::
top.

::::::::
However,

:::
the

:::::::
spectral

:::::::::::
measurements

:::::
used

::
to

:::::::
calculate

:::
the

:::
ice

:::::
index

:::::::
originate

::::
from

::::::
deeper

:::::
layers

::::::
within

:::
the

:::::
cloud

:::
than

:::
the

::::::::::
polarization

:::::::::::::
measurements,

::::
since

:::
the

:::::::::::
polarization

:::::
signal

::
is
:::::::::
dominated

:::
by

::::::
single

:::::::::
scattering.

:::::::::
According

::
to

:::::::::
sensitivity

::::::
studies

::::::
based

::
on

::::::::
radiative

:::::::
transfer

::::::::::
simulations,

:::::
values

:::
of

:::
the

::
ice

:::::
index

::::::
below 20 indicate a liquid water cloudand larger values ,

::::::
values

:::::
above

:::
20 correspond to a

mixed-phase cloud (Ehrlich et al., 2009).155

Secondly, a quantitative optical ice fraction was derived from the measurements of the polarization-resolving cameras by

applying the polarimetric phase partitioning retrieval introduced by Weber et al. (2025b). The ice fraction is defined as the ratio

of the ice optical thickness to the total cloud optical thickness.
:
It
::
is
::::::::::
determined

:::
by

:::::
fitting

::::::::::
multi-angle

::::::::::
polarization

:::::::
signals
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::::
from

::
a

:::::::
forward

:::::::
operator

:::
to

::::::::::
polarization

:::::::::::::
measurements.

::::
The

:::::::
retrieved

::::
ice

:::::::
fractions

::::::::::
correspond

::
to
::::

the
:::::::
average

:::
ice

:::::::
fraction

::::
from

:::
the

:::::
cloud

::::
top

::
to

:::
an

::::::
optical

::::::::
thickness

::
of
::::::

about
:
1
:::

to
::
2

:::::
below

:::
the

::::
top

:::::
under

:::
the

::::::::::
assumption

:::
of

:::::::::::::
homogeneously

::::::
mixed160

:::::
clouds

::::::::::::::::::
(Weber et al., 2025b).

:::::::::
Depending

:::
on

:::
the

::::::::::
observation

:::
and

:::::
cloud

::::::::
geometry,

::::::::
different

::::::::
scattering

:::::
angle

:::::
ranges

::::
and

:::::::
retrieval

:::::::::::
configurations

::::
can

:::
be

:::::
used. Here, the results of the polarimetric phase retrieval for the cloudbow angular range using the

IDEFAX forward operator for the green color channel are shown
::::
using

:::
the

:::::::
forward

:::::::
operator

::::
with

:::
the

::::::::::::::
parameterization

:::
of

:::
3D

::::
cloud

:::::::::
geometry

::
are

:::::::
shown, and only observations with saturated polarization signals are considered, because they provide the

smallest uncertainties (Weber et al., 2025b). For more details to the phase retrieval, the reader is refered to Weber et al. (2025b)165

.
::
for

::::::
Arctic

::::::::::
mixed-phase

::::::
clouds

:::::::::::::::::
(Weber et al., 2025b)

:
. Nevertheless, the results have a high uncertainty, especially when the so-

lar zenith angle is very large. The microphysical cloud properties derived from specMACS observations are representative for

the cloud top as they are based on passive remote sensing. The spectral measurements used to calculate the ice index originate

from deeper layers within the cloud than the polarization measurements applied to compute the ice fraction and the effective

radius of the liquid cloud droplets, since the polarization signal is dominated by single scattering.
:
A
:::::::

detailed
:::::::::

discussion
:::

of170

:::::::
retrieval

::::::::::
uncertainties

::::
and

::::
more

::::::
details

::
to

:::
the

:::::
phase

:::::::
retrieval

:::
can

:::
be

:::::
found

::
in

:::::::::::::::::
Weber et al. (2025b).

:

Only measurements above open ocean were considered
::
in

:::
the

:::::::
analyses. Over sea ice, the retrievals based on passive re-

mote sensing have
::
are

::::::
tainted

::::
with

:
additional uncertainties due to the influence of the

:::
high

::::::::
reflective

:
surface, especially for

thin clouds. In addition, it is difficult to
:::::::::
challenging

:::
to

:::::::
correctly

:
detect clouds above sea icecorrectly. Thus, a sea ice mask

:
.
:::::
While

:::
the

::::::::::::
stereographic

:::::::
retrieval

::::
and

:::
the

:::::::::
cloudbow

:::::::
retrieval

:::
are

:::::
only

::::::::
negligibly

::::::::
affected

:::
due

:::
to

::::
their

::::::::
particular

::::::::
retrieval175

:::::::
methods,

::::
sea

:::
ice

:::::::
surfaces

:::::::::::
misidentified

::
as
::::::

clouds
::::

can
::::
lead

::
to

:::
an

::::::::::::
overestimation

:::
of

:::
the

::::::::
retrieved

:::::
cloud

:::::::
fraction

::::
and

::::::
optical

::
ice

:::::::
fraction

::
in
:::

the
::::::::

marginal
:::
sea

:::
ice

:::::
zone

:::
and

::::::
above

:::
sea

:::
ice,

:::::
since

::::
both

::::::::
retrievals

::::
rely

:::
on

:::
the

::::::
applied

::::::
cloud

:::::
mask.

::::
The

:::::
cloud

::::
mask

:::
for

:::
the

::::::::::::
measurements

::
of

:::
the

:::::::::::::::::::
polarization-resolving

:::::::
cameras

:::
and

:::::
hence

:::
the

::::::
optical

:::
ice

:::::::
fraction

::
is

:::::
more

:::::::
strongly

:::::::
affected

::
by

:::
sea

:::
ice

::::
than

:::
the

:::::
cloud

:::::
mask

:::
for

:::
the

:::::::
spectral

::::::::::::
measurements

::::
used

:::
to

:::::::
compute

:::
the

:::::::
spectral

:::
ice

:::::
index.

::::
The

::::::
reason

::
is

::::
that

:::
the

::::::::::::::::::
polarization-resolving

:::::::
cameras

:::
are

:::::::
sensitive

:::
to

:::
the

::::::
visible

:::::::::
wavelength

::::::
range,

:::::
where

::::
sea

::
ice

::::::::
surfaces

:::
are

::::::
bright.

::
In

:::::::
contrast,

::
a180

:::::::::
wavelength

::
of
::::::

1640 nm
:
,
:::::
where

::::
sea

:::
ice

::
is

::::::::::
comparably

:::::
dark,

:::
was

:::::
used

:::
for

:::
the

:::::
cloud

:::::
mask

::
of

:::
the

:::::::
spectral

:::::::::::::
measurements.

:::
To

::::::
exclude

::::::::::::
measurements

:::::
above

:::
sea

:::
ice

::::
and

::::
filter

:::
the

::::
most

::::::::
uncertain

:::::::::::::
measurements,

:
a
:::
sea

:::
ice

:::::
mask was computed from the com-

bined AMSR2-MODIS sea ice dataset (Ludwig et al., 2020)
:::
and

::::::
applied

::
to

:::
the

::::
data. All observations and measurements with

sea ice concentrations larger than 80 %, which is a typical choice for the definition of the sea ice edge, were excluded from

further analysis. At this threshold value, sea ice still partially affects the measurements, but cloud formation begins as soon as185

small fractions of open ocean are present, and this initial phase should not be excluded from the analyses.
:::::
Small

:::::::::
variations

::
of

::
the

::::::::
threshold

:::::
value

:::
did

:::
not

:::::::::::
significantly

::::::
change

:::
the

::::::
results.

::::::::
However,

::::
they

:::::::
showed

::::
more

:::::::
outliers

::
in

:::
the

::::::::::::
measurements

:::::
close

::
to

::
the

::::
sea

::
ice

:::::
edge

::
or

:::::
larger

:::::
parts

::
of

:::
the

:::::
initial

::::::::
evolution

::
of

:::
the

::::::
clouds

:::::
were

::::::::
excluded,

::::::::::
respectively.

::::::::::
Remaining

:::::
issues

::::
due

::
to

:::
the

:::::::
influence

:::
of

:::
the

::::::
surface

::::
and

:::::::::::
misidentified

:::
sea

:::
ice

:::::
apply

::::
only

::
to

::::::::::::
measurements

::::::
during

:::
the

::::
first

:::::::
minutes

:::
and

:::::::::
kilometers

::::::
above

::::
open

:::::
ocean

:::
for

:::
the

::::::::::::::
above-mentioned

:::::::::
quantities.

::::::::::::
Measurements

::::::
outside

:::
the

::::::::
marginal

:::
sea

:::
ice

::::
zone

:::
are

:::
not

:::::::
affected.

:
190
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2.2 Backward trajectories

To study the evolution of cloud properties during the observed MCAOs in a quasi-Lagrangian framework, measurements

and retrieval results were combined with backward
:::::::
airmass trajectories, which allow to assign every measurement the time

or distance the airmass has traveled southwards since passing the
::
sea

:
ice edge. The backward trajectories were computed

from ERA5 wind fields using Lagranto (Sprenger and Wernli, 2015). Every 1min along each HALO flight track, a trajectory195

was initialized horizontally at the location of HALO, and vertically at 920 hPa pressure altitude, which roughly corresponds

to cloud top. The trajectories were calculated backwards for 24 hours also tracing the sea ice concentration (SIC) from the

combined AMSR2-MODIS dataset (Ludwig et al., 2020). The obtained backward trajectories have an improved reliability

as the dropsondes released from the HALO aircraft have been assimilated in ERA5. The trajectories cover comparably short

timescales and therefore the influence of errors remains small (Kirbus et al., 2024).200

The time and distance,
:
the airmass traveled above open ocean

:
, was computed for every trajectory by integrating the fraction

of open water (1 - SIC) over time and distance, similar to Spensberger and Spengler (2021). For better comparability, the

evolution of the cloud properties is analyzed both as a function of time and distance above open ocean, as some studies use

time while others use distance. In addition, the wind speed is not constant along the trajectories.

2.3 Overview of the research flights205

During HALO–(AC)3, MCAOs were sampled that evolved in different synoptic situations (Walbröl et al., 2024). Between

2022-03-21 and the end of the campaign on 2022-04-12, a long cold phase with several MCAOs occurred. Especially strong

MCAO events, exceeding the 90th and 75th percentiles of the MCAO index climatology, were observed on 2022-03-25 and

2022-04-02, respectively (Walbröl et al., 2024). The strength of the MCAOs can be characterized through the MCAO index,

which is defined as the difference of the potential skin temperature at the surface and the potential temperature at a pressure of210

850 hPa (Fletcher et al., 2016)

MCAO = θskin − θ850hPa. (1)

Larger differences are related to more intense MCAOs. MCAOs with indices indicating temperature differences between

0K<MCAO < 4K are typically refered to as weak events, whereas MCAOs with 4K<MCAO < 8K and MCAO > 8K can

be classified as moderate and strong events, respectively (Papritz and Spengler, 2017; Dahlke et al., 2022).215

HALO conducted six flights during the cold phase of the campaign, which targeted MCAOs. An overview of the flights

analyzed here is given in Fig. 1, where MODIS satellite images and the flight tracks
:::
and

::::::::
evaluated

:::::
flight

::::::::
segments are shown for

the research flights on 2022-03-21, 2022-03-28, 2022-03-29, 2022-03-30, 2022-04-01, and 2022-04-04. The research flights

covered mostly the Fram Strait region, but for example on 2022-03-29 the area south-east of Svalbard was sampled. Some

parts of the flights are affected by the topography of the island of Svalbard, causing, e.g., convergence lines downstream.220

The long cold period led to increasing sea ice extent north and south-east of Svalbard. The flight patterns mostly followed

the quasi-Lagrangian sampling approach with flight legs oriented perpendicular to and along the wind direction (Wendisch
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Figure 1. MODIS satellite images (Corrected Reflectance (True Color)) from NASA Worldview (https://worldview.earthdata.nasa.gov/) for

all MCAO flights of HALO–(AC)3. The red
:::
gray

:
lines indicate the flight tracks

:
,
:::
the

:::
red

:::
lines

:::::
show

::
the

::::::::
evaluated

::::
flight

::::::::
segments,

:::
and

:::
the

:::
blue

::::
lines

:::
are

::::
flight

:::::::
segments

:::::::
excluded

:::
due

::
to

:::
sea

::
ice.

et al., 2024). The strength of the observed MCAOs varied between the different research flights. The mean and maximum

values of the MCAO index along the flight tracks of all research flights computed from ERA5 data (Hersbach et al., 2023a, b)

are summarized in Table 1. The strongest observed MCAO events were on 2022-04-01 and on 2022-03-29. Weaker MCAO225

conditions were, for example, measured on 2022-03-30. In addition, the flights sampled different parts of the MCAOs. For

example, the research flight on 2022-04-01 focused on the very initial phase of the MCAO, whereas the other research flights

also covered regions further downstream. Thus, different parts of the temporal and spatial evolution were sampled.

The quasi-Lagrangian flight strategy applied to
:::::
almost

:
all flights of the HALO–(AC)3 campaign (Wendisch et al., 2024)

allows for studying the evolution of cloud properties during the observed MCAOs. Specifically, the temporal and spatial230

evolution of macroscopic cloud properties, such as the cloud top height, cloud fraction, and horizontal cloud extent, as well as

8



Table 1. Mean and maximum MCAO indices along flight track computed from ERA5 data (Hersbach et al., 2023a, b) for all MCAO flights

of HALO–(AC)3. The colors correspond to the colors of the research flights in Fig. 5 and 6.

Research
::::
Date

::
of

::::::
research flight Mean MCAO index [K] Maximum MCAO index [K]

20220321
::::::::
2022-03-21

:
1.91

:::
1.9 7.62

::
7.6

:

20220328
::::::::
2022-03-28

:
3.28

:::
3.3 7.35

::
7.4

:

20220329
::::::::
2022-03-29

:
5.32

:::
5.3 9.23

::
9.2

:

20220330
::::::::
2022-03-30

:
0.44

:::
0.4 3.25

::
3.3

:

20220401
::::::::
2022-04-01

:
6.59

:::
6.6 11.85

:::
11.9

:

20220404
::::::::
2022-04-04

:
1.89

:::
1.9 7.51

::
7.5

:

the evolution of cloud microphysical properties, such as the effective radius of liquid water droplets and cloud thermodynamic

phase partitioning, will be analyzed in the following.

3 Results

3.1 Case study: MCAO
::::::
marine

::::
cold

:::
air

::::::::
outbreak

::::::::
observed

:
on 2022-04-01235

As a case study, the data collected on the research flight conducted by HALO on 2022-04-01 are analyzed first. The flight sam-

pled the initial phase of a MCAO in the Fram Strait (see Fig. 1e). Average and maximum MCAO indices along the flight track

of about 7K and 12K (see Table 1) classify this case as a moderate to strong event. It
:::::
Based

:::
on

:::
the

::::::
MCAO

:::::
index,

::
it appears as a

typical event for the Fram Strait region during that time of the year (Kirbus et al., 2024)
::::::::::::::::::::::::::::::::
(Walbröl et al., 2024; Kirbus et al., 2024)

. The satellite image in Fig. 1e shows cloud streets oriented along the mean wind direction from the
:::
sea ice edge towards the240

south to south-west. The
::::
event

:::
on

:::::::::
2022-04-01

::::
was

:::
the

::::::::
strongest

::::::
MCAO

:::::::
sampled

::::::
during

::::::::::::
HALO–(AC)3.

::
In
:::::::
contrast

::
to

:::
the

:::::
other

::::::
MCAO

::::::
flights,

:::
the

::::::::
backward

::::::::::
trajectories

:::::::
showed

:
a
:::::
clear

::::::::
northerly

::::
flow

::::
from

:::
the

:::::::
central

:::::
Arctic

:::::::
towards

:::
the

:::::
South

:::::::
without

::
a

::::::::
significant

::::::::
influence

::
of
::::

the
:::::::::
topography

::
of

:::
the

::::::
island

::
of

::::::::
Svalbard.

::
In

::::::::
addition,

:::::::::
collocated

::
in

:::
situ

::::::::::::
measurements

:::::
were

::::::::
collected

::
on

:::
this

::::
day.

:::::::
Several

::::::
studies

::::
have

::::::
already

::::::::
analyzed

:::
data

:::::
from

:::
the

:::::::
research

:::::
flight

::
on

::::::::::
2022-04-01.

:::::::::::::::::
Kirbus et al. (2024)

::::::
studied

:::
the

thermodynamic evolution during this MCAOwas studied by Kirbus et al. (2024), based on dropsonde measurements during245

HALO–(AC)3. In addition, Schirmacher et al. (2024) investigated the roll convection regime using radar observations. In the

following, the temporal and spatial evolution of the macrophysical and microphysical cloud properties, including the cloud

top height, cloud thermodynamic phase, and cloud droplet size,
::::::
derived

:::::
from

::::::
passive

::::::
remote

:::::::
sensing

::::
with

::::::::::
specMACS will be

presented and discussed.
::::
This

:::::::::::
complements

::::::
existing

::::::
studies

:::::
about

:::
the

:::::::
MCAO

:::::::
observed

:::
on

:::::::::
2022-04-01

::::
and

:::::::::
contributes

:::::::
towards

:
a
::::::::
complete

::::::
picture

:::
of

:::
this

:::::
case.

::::
The

::::::
second

::::
part

::
of

::::
this

:::::
work

::::::::::::::::::
(Weber et al., 2025a)

:::::::::
additionally

::::::::
analyzes

:::
the

:::::::
vertical

:::::
cloud250

:::::::
structure

::::::::
observed

::
on

::::
this

:::
day,

:::::::::
exploiting

:::
the

:::::::::
collocated

::::::
remote

::::::
sensing

::::
and

::
in

:::
situ

:::::::::::
observations

:::
and

:::::::
building

:::::
upon

:::
the

::::::
results

::::::::
presented

::
in

:::
the

::::::::
following.

:
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3.1.1 Evolution of macrophysical cloud properties

First, the temporal and spatial evolution of the macrophysical cloud properties is analyzed for the flight on 2022-04-01. To

this end, the cloud top height, the cloud fraction, and the cloud radius were derived from the specMACS measurements and255

combined with backward trajectories as described in Sect. 2.

Figure 2 shows the cloud top height (left column), cloud fraction (middle column), and cloud radius (right column) as a

function of time (upper row) and distance (lower row) the airmass traveled above open ocean. The histograms for every time

or distance bin are normalized by the total number of observations of the respective bin. In addition, Figure 3 displays RGB

images taken by the polarization-resolving cameras at four points in time (about 30min, 60min, 90min, and 150min above260

open ocean) to illustrate the observed cloud morphology. Parts of Fig. 2 and 3 have also been shown in Wendisch et al. (2024).

Figure 2. Histograms of cloud top height (a, d), cloud fraction (b, e), and cloud radius (c, f) as a function of time (upper row) and distance

(lower row) above open ocean
::
for

:::
the

::::::
research

::::
flight

::
on

:::::::::
2022-04-01. The

::::
solid black line indicates the mean

:::
and

::
the

::::::
dashed

::::
lines

::
the

:::::::
standard

:::::::
deviation

::
of

::
the

:::::::::
histograms.

::
The

:::::
cloud

:::
top

:::::
heights

:::
are

::::
given

:::::
above

:::
the

::::
World

:::::::
Geodetic

::::::
System

::::
1984

::::::::
(WGS84)

:::::::
ellipsoid.

The cloud top height in Fig. 2a and 2d increases stepwise and almost linearly with time and distance from about 250m

close to the
::
sea

:
ice edge to about 1.5 km after 300min. This increase of

::
in cloud top height with

::::
over time is typical for the

evolution of clouds during MCAOs
:
, as the ABL deepens with time (Murray-Watson et al., 2023; Kirbus et al., 2024). The

:::
due

::
to

:::
the

:::::
strong

:::::::
surface

::::::
heating

::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Brümmer, 1996; Murray-Watson et al., 2023; Kirbus et al., 2024)

:
.
::
A

::::::
similar

:::::::
increase

:::
in

:::::
cloud265

:::
top

:::::
height

:::::
from

::
a

:::
few

::::::::
hundred

::::::
meters

::
to

:::::
about

::
1 km

:::::
during

:::
the

::::
first

:::::
three

:::::
hours

:::::
above

:::::
open

:::::
ocean

::::
was

::::
also

::::::::
observed

:::
by

10



Figure 3. Example RGB images (upper row) and cloud top heights (lower row) at four different points in time, about 30min, 60min, 90min,

and 150min above open ocean
::::::
observed

:::
on

::::::::
2022-04-01.

:::::::::::::::::::::
Schirmacher et al. (2024)

::::::
derived

::::
from

::::
data

::::::::
measured

:::
by

:::
the

::::
radar

::::::::
installed

::
on

:::
the

:::::
Polar

::
5

::::::
aircraft

::::::::
operating

:::
on

:::
the

::::
same

::::
day

::
in

:::
the

:::::
same

::::::
region.

:

:::
The

:::::::
average cloud fraction (see Fig. 2b and 2e) remained almost constant during the first hours of the observed MCAO

:
, as

can also be seen in the RGB images in Fig. 3. Cloud
:::
The

:::::::::
variability

:::
of

:::
the

:::::
cloud

:::::::
fraction

::
is

::::
high,

::::::::
showing

:::::
values

::::::::
between270

:::
0.5

:::
and

:::
0.8,

::::
and

::
is

::::
also

:::::
almost

::::::::
constant

::::
with

::::
time.

::::
The

:::::
cloud fractions close to unity are observed at very small distances and

times
:::::
during

:::
the

::::
first

:::::
about

:::
10min

:::
and

:::
10 km above open ocean . These high cloud fractions are due to the misidentifica-

tion of bright sea ice in the marginal
::
sea

:
ice zone as clouds by the cloud mask , which is based on the brightness. In contrast,

Murray-Watson et al. (2023) found
:::
and

::::
have

::
to

:::
be

:::::::::
considered

::
as

:::::::
outliers,

::
as

::::::::
discussed

:::::
above.

:::::::::::::::::::::
Schirmacher et al. (2024)

::::::::
observed

:
a
::::::
strong

:::::::
increase

::
in
::::

the
:::::
cloud

:::::
cover

::::::
during

:::
the

::::
first

:::::
about

::::
45min

:::::::
followed

::
by

:::::::
almost

:::::::
constant

::::::
values

:::
for

:::
the

:::::::
MCAO

:::
on275

:::::::::
2022-04-01

::
in
:::
the

:::::
Fram

:::::
Strait

:::::
based

::
on

:::::
radar

:::::::::::
observations.

::::
This

::::::
agrees

::::
with

:::
the

:::::::::
specMACS

:::::::::::
observations,

::::::
except

:::
for

:::
the

:::::
initial

:::::::
increase,

:::::
which

::
is

:::::
likely

::::::
missed

::
by

:::
the

::::::::::
specMACS

::::::::::::
measurements

:::
due

::
to

:::
the

::::::::::::
overestimation

::
of

:::
the

:::::
cloud

::::::
fraction

::
in
:::
the

::::::::
marginal

:::
sea

::
ice

:::::
zone.

::
A
::::::::
statistical

:::::::
analysis

:::
of

::::::
clouds

:::::
during

::::::::
MCAOs

::
by

::::::::::::::::::::::::
Murray-Watson et al. (2023),

:::::
based

:::
on

:::::::
satellite

:::::::::::
observations,

::::::
showed

:
increasing cloud fractions during the first hours of MCAOs,

:
followed by a slight decreaseand generally slightly higher

cloud fraction values. However, they used satellite observations with a much coarser spatial resolution of 25 compared to the280

high spatial resolution of 10 to 100 of the airborne specMACS observations, and the cloud fraction strongly depends
:
.
::::
The

:::::
almost

::::::::
constant

:::::
cloud

:::::::
fraction

::::::::
observed

::
on

:::::::::::
2022-04-01

:::::
differs

:::::
from

::::
this

::::::
general

:::::::::
statistical

::::::::
behavior.

:::::
Based

:::
on

:::
the

:::::::
MCAO

:::::
index,

:::
the

:::::::
MCAO

::
on

::::::::::
2022-04-01

::::
was

::::::
typical

:::
for

::::
this

::::::
region

:::
and

::::
time

:::
of

:::
the

::::
year

::::::::::::::::::
(Walbröl et al., 2024).

:::::::::
However,

:
it
::

is
::::

not

:::::::::
necessarily

::::::::::::
representative

:::
for

:::
the

:::::::
average

:::::::
general

:::::::
statistics

:::
of

::::::::
MCAOs.

:::
The

::::::
cloud

:::::
streets

::::
and

:::
the

:::::
mean

:::::
wind

::::::::
direction

:::
on

:::::::::
2022-04-01

:::
are

:::
not

:::::::
entirely

::::::::::::
perpendicular

::
to

:::
the

:::
sea

:::
ice

:::::
edge.

:::
The

:::::::::
evolution

::
of

:::::
cloud

::::::::
properties

:::::::::::
downstream

:::::
might

::::::::
therefore285

11



::
be

:::::::::
influenced

::
by

:::::
fresh

::::
cold

::::
and

:::
dry

:::
air,

::::::
which

:::::
could,

:::
for

::::::::
example,

::::::
explain

:::::::::
deviations

::
of

:::
the

::::::::
observed

::::::::
evolution

:::
of

:::
the

:::::
cloud

::::::
fraction

:::
on

::::::::::
2022-04-01

::::
from

:::
the

:::::::
general

::::::::
statistics.

:::::::::::
Furthermore,

:::
the

:::::::
absolute

::::::
values

::
of

:::
the

:::::
cloud

:::::::
fraction

::::::
depend

:::::::
strongly

:
on

the threshold values applied in the cloud mask.
:
,
:::
the

::::::::::
sensitivities

::
of

:::
the

:::::::
different

::::::::::
instruments

:::
and

::::
their

::::::
spatial

:::::::::
resolutions,

::::::
which

:::
can

::::::
explain

::::::::::
differences

::
in

:::::::
absolute

::::::
values

:::::
across

::::::::
different

:::::::
studies.

::
In

:::::::
addition,

::::::::::
specMACS

:::
has

::
a
::::::::
narrower

::::
field

::
of

:::::
view

::::
than

::::::
satellite

:::::::::::
observations,

::::::
which

:::::
might

:::::
affect

:::
the

:::::
cloud

::::::
fraction

:::::::::
estimates.290

Finally, the cloud radius increases from approximately 0.5 km to 1 km, with high variability. These results agree with the

increasing roll circulation wavelength from initially 1 km to 2 km derived from data measured by the radar installed on the

Polar 5 aircraft on the
::::
radar

:::::::::::
observations

::
on

:::
the

:
same day and in the same region (Schirmacher et al., 2024). The cloud radius

distribution
::::::::
deepening

:::
of

:::
the

:::::
ABL

::::
with

:::::::::
increasing

::::
time

::::::
above

::::
open

::::::
ocean,

::::::
driven

:::
by

:::
the

::::::
strong

::::::
surface

::::::::
heating,

::::
leads

:::
to

::::::::
increasing

::::
roll

:::::::::
circulation

::::::::::
wavelengths.

:::::
This,

::
in

::::
turn,

::::::
affects

:::
the

:::::
cloud

::::
field

:::
and

:::::
could

:::::::
explain

:::
the

::::::::
increasing

:::::::::
geometric

::::
size

::
of295

::
the

::::::::
observed

::::::
clouds

::::
with

:::::::::
increasing

::::
time

:::::
spent

::::::
above

::::
open

:::::
ocean

:::::::::::::::
(Brümmer, 1999).

::::
The

:::::
cloud

::::::
radius

::::::::::
distribution

::::::::
generally

consists of a mixture of smaller and larger clouds (see Fig. 3).

The different shapes of the curves describing, e.g., the evolution of the cloud top height during the first kilometers above

open ocean compared to the first minutes above open ocean in Fig. 2
:::
and

::::::
similar

:::::::
figures

::
in

:::
the

::::::::
following

::::::::
sections can be

explained by changing wind speeds due to the off-ice acceleration at the sea ice edge .
::::::::::::::
(Brümmer, 1996)

:
.300

Moreover, the RGB images in Fig. 3 show cloud streets in panels (a) to (c), which are commonly observed in the ini-

tial phase of a MCAO (Brümmer, 1999). After about 150min, more cellular structures evolve that are visible in panel (d),

indicating a transition of
:
in
:

cloud morphology from the cloud streets towards
:::::
cloud

::::::
streets

::
to a cellular cloud regime.

:::
The

::::::::
transition

::::
from

::::
rolls

::
to
:::::

cells
::
is

:::::::::
commonly

::::::::
explained

:::
by

:
a
::::::::::
decoupling

::
of

:::
the

:::::
ABL

:::
and

::::::::::::
accompanying

:::::::::::
precipitation

:::::::::
formation

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Brümmer, 1999; Gryschka and Raasch, 2005; McCoy et al., 2017; Abel et al., 2017; Pithan et al., 2018; Tornow et al., 2021)

:
.305

:::
The

:::::::::
decoupling

:::
of

::
the

:::::
ABL

:::
can

::
be

:::::::
induced

::
or

:::::::::
reinforced

::
by

:::::
latent

::::
heat

::::::
release

:::
due

::
to
:::::::::::
condensation

::::::
inside

:::
the

:::::
clouds

:::::::::
exceeding

::
the

:::::::
surface

::::
heat

:::::
fluxes,

:::
as

::::
well

::
as

::
by

:::::::::::
precipitation

:::::::::::::::::::::::::::::
(Brümmer, 1999; Abel et al., 2017)

:
.
:::::
Radar

::::::::::
observations

::::::
during

:::
the

:::::::
MCAO

::
on

::::::::::
2022-04-01

::::::
indicate

:::
the

::::::::
presence

::
of

::::::::::
precipitation

::::::
already

:::::
after

::::
about

::::
one

::::
hour

:::
and

:::::
show

:::::
further

:::::::::
increasing

::::
radar

:::::::::::
reflectivities

::::
with

::::::::
increasing

::::
time

::::::
above

::::
open

:::::
ocean

::::::::::::::::::::::::::::::::::::::
(Schirmacher et al., 2024; Kirbus et al., 2024).

::
In

::::::::
addition,

::::::
surface

::::
heat

:::::
fluxes

:::::::
derived

::::
from

:::::::::::
observations

::
of

:::
this

:::::::
MCAO

:::::
during

:::::::::::::
HALO–(AC)3

:::::::::::::::::
(Kirbus et al., 2024)

::::
show

:::::::
maxima

::::::
during

:
a
::::::
similar

:::::
time

:::::
range

::
as

:::
the310

::::::::
transition

::
of

:::::
cloud

:::::::::::
morphology.

::
A

::::::::::
combination

:::
of

::::::::::::
measurements

::
of

::::::::::::::
thermodynamic,

:::::
cloud,

::::
and

:::::::::
dynamical

:::::::::
properties

:::::
could

::
be

::::
used

::
in

:::
the

::::::
future

::
to

::::::
further

:::::::::
investigate

:::
the

:::::::
reasons

::
for

:::
the

:::::::::
transition

::
in

:::::
cloud

::::::::::
morphology

::::::::
observed

::::::
during

:::
the

::::::
MCAO

:::
on

::::::::::
2022-04-01.

3.1.2 Cloud microphysical properties

The same analysis as for the macrophysical quantities was also performed for microphysical cloud characteristics such as the315

effective radius of liquid water droplets and the cloud thermodynamic phase, quantified through the ice index and ice fraction.

Figure 4 displays the evolution of the effective radius of the liquid water droplets (a, d), the ice index (b, e), and the ice fraction

(c, f) as a function of time and distance above open ocean. For later times (after approx. 210min), no measurements of the
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effective radius and the ice fraction are available because the solar zenith angle during this part of the flight was too large for

the cloudbow to be
:::::::
observed inside the field of view of the cameras,

:::::
such

:::
that

:::
the

::::::::
retrievals

:::::
could

:::
not

::
be

:::::::
applied.320

The effective radius of liquid cloud droplets shows a rapid increase from about 5 µm to 7.5 µm in the first approximately

30min. It remains then constant until about 150min above open ocean, even though the cloud top height increases with time

throughout the observed time period, which is usually accompanied by an increase in droplet size. At the same time, the ice

index indicates the presence of ice crystals. Hence, the constant effective radius during this time could be explained by ice

crystals competing with the
::::::::::
supercooled

:::::
liquid

:
cloud droplets for the available water vapor, limiting the growth of liquid cloud325

droplets on the one hand, or freezing of larger cloud droplets on the other hand.
:::
The

:::::::::
uncertainty

:::
of

:::
the

::::::::
measured

::::::::
effective

::::
radii

::
of

:::::
liquid

:::::
cloud

:::::::
droplets

::::
from

:::
the

:::::::::
cloudbow

:::::::
retrieval

:
is
:::::::
smaller

::::
than

:::
the

:::::::
observed

:::::::
increase

::
in
:::
the

::::::
liquid

::::
cloud

:::::::
droplet

::::
size.

Afterward, the effective radius becomes more variable and increases slightly, which coincides with the transition from cloud

streets to cellular structures. In the more convective cellular regime, liquid water is formed in the convective updrafts at the

centers of the cells, which could lead to further increasing effective radii at the higher cloud tops (Schirmacher et al., 2024;330

Maherndl et al., 2024). However, the number of measurements is also smaller in this time range due to larger solar zenith

angles, and the results are therefore more uncertain. The spike in the evolution of the effective radius at very small distances

:::::::
distances

:::::::
smaller

::::
than

:::
30 km in panel (d) is due to the influence of sea ice, which was not completely filtered out and should

be treated as an outlier. The uncertainty of the measured effective radii of liquid cloud droplets from the cloudbow retrieval

is −0.2± 1.6µm, based on an evaluation with synthetic data (Volkmer et al., 2024; Pörtge, 2024). Therefore, the observed335

increase of the liquid cloud droplet size is outside the range of uncertainties.

The evolution of the effective radius of liquid cloud droplets during MCAOs was also studied by Murray-Watson et al. (2023)

, who found increasing effective radii with time and larger sizes between about 12 µm and 18 µm. The effective radii were,

however, derived from MODIS satellite data with a bispectral retrieval, which has large uncertainties for Arctic mixed-phase

clouds and a much coarser spatial resolution. In addition, they focused on liquid water clouds only. In
:
In

:
situ measurements of340

the effective radius conducted by the Polar 6 aircraft during the same day and in the same region show average effective radii of

about 4 µm during the first 100min above open ocean and slightly increasing radii for larger times (Moser et al., 2023). While

the effective radii derived from cloudbow observations of specMACS are representative for
::
the

:
cloud top, the Polar 6 aircraft

was flying lower inside the cloud. This could explain the slightly smaller observed values of the in situ measurements compared

to the cloudbow retrieval results.
::::
The

::::::::
evolution

::
of

:::
the

:::::::
effective

:::::
radius

::
of

::::::
liquid

::::
cloud

:::::::
droplets

::::::
during

:::::::
MCAOs

::::
was

:::
also

:::::::
studied345

::
by

:::::::::::::::::::::::
Murray-Watson et al. (2023)

:
,
::::
who

:::
also

::::::::
observed

:::::::::
increasing

:::::::
effective

::::
radii

::::
with

:::::::::
increasing

::::
time

:::::
above

:::::
open

::::::
ocean.

The evolution of cloud thermodynamic phase is studied using the spectral ice index and the ice fractions from the polarized

phase retrieval in the middle and right columns of Fig. 4, respectively. The results of the multi-angle polarimetric retrieval of

the ice fraction and the spectral approach applied to derive the ice index have different penetration depths. Both are represen-

tative for the cloud top, but the spectral signal originates from slightly deeper altitudes within the cloud than the polarized350

signal. ,
::
as

:::::::::
discussed

::
in

::::
Sect.

::::
2.1. The ice index is smaller than 20 during the first 30min, indicating a pure liquid water cloud.

Subsequently, it transforms into a mixed-phase cloud with slightly increasing ice indices over time. The transition from pure

liquid water to the mixed phase occurs during the same time range as the rapid increase of the effective radius at the beginning.
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Figure 4. Histograms of the effective radius of the liquid water droplets (a, d), the ice index (b, e), and the ice fraction (c, f) as a function of

time (upper row) and distance (lower row) above open ocean
::
for

:::
the

::::::
research

:::::
flight

::
on

:::::::::
2022-04-01. The black solid line indicates the mean ,

:::
and the black dashed line

::
the

:::::::
standard

:::::::
deviation

::
of

::
the

:::::::::
histograms.

::::
The

::
red

::::::
dashed

:::
line

:
in panels (b) and (e) is the threshold value between

the liquid water and the mixed phase.

Larger effective radii increase the probability for freezing of liquid water droplets and heterogeneous ice formation. In addi-

tion, during the same time range, the cloud top height increased and the cloud top temperature decreased. Thus, a threshold355

temperature and size of the cloud liquid water droplets could be reached that initiate the formation of ice crystals.

The evolution of the ice fraction shows a similar structure. The higher ice fractions
:::::
during

:::
the

::::
first

:::
25min

:::
and

::
50 km close

to the sea ice edge are caused by a misclassification of sea ice as cloud. The cloud mask using the spectral data is more accurate

here, as a wavelength of 1640 is applied, where sea ice is comparably dark. The cloud mask for the polarized retrieval is more

affected by sea ice. Considering the
:
,
::
as

::::::::
discussed

::::::
above.

::::::::::
Considering

:::::
these initially high ice fraction

:::::::
fractions as outliers and360

taking the bias of the ice fraction for the cloudbow range into account (Weber et al., 2025b), the ice fraction at the beginning was

in the range of 0.2. It then increases until about 90min above open ocean and stays almost constant
:::::::
remains

:::::
almost

::::::::
constant

::::::::
afterwards, but the cloud top is still dominated by liquid water. The initially faster decrease of the ice fraction appears slightly

later than the increase of the spectral ice index, which is more sensitive to ice and representative for slightly lower altitudes,

deeper within the cloud.
:
,
:::
but

::::
still

::
at

:::::
cloud

:::
top.

::::
Ice

::::::
crystals

:::::::
forming

::
at
:::

the
::::::

cloud
:::
top

:::
and

:::::::::::
sedimenting

:::::::::
downward

:::::
might

::::
first365

:::::::
increase

::
the

:::::::
relative

::::::
amount

::
of

:::
ice

::
at

:::::::
slightly

:::::
lower

:::::::
altitudes

::
if

::
the

::::::::::::
sedimentation

:::::
speed

::
is

:::::
faster

::::
than

:::
the

:::
ice

::::::::
formation.

:::::::
Further
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:::::::::
discussions

::
of

:::
the

:::::::
vertical

:::::
cloud

::::::::
structure

:::
can

::
be

::::::
found

::
in

:::
the

::::::
second

::::
part

::
of

:::
this

:::::
work

::
in

:::::::::::::::::
Weber et al. (2025a)

:
. From around

150min above open ocean, when the transition from cloud streets to cells was observed, the ice fraction becomes variable but

also uncertain.

3.2 Statistics of all six MCAOs
::::::::
observed

:::::::
marine

::::
cold

:::
air

:::::::::
outbreaks370

After studying the temporal and spatial evolution of cloud macrophysical and microphysical properties during the MCAO on

2022-04-01, the analyses are extended to all research flights targeting MCAOs. The different observed MCAOs cover a variety

of different conditions, as discussed in Sect. 2.3. This allows to further investigate the variability of the cloud evolution between

different events and the dependence on the strength of the MCAO.

3.2.1 Evolution of macrophysical cloud properties375

Similar to above, the temporal and spatial evolution of the macrophysical cloud properties is analyzed first. To this end, the

cloud top height, the cloud fraction, and the cloud radius were derived from the specMACS measurements and combined

with backward trajectories as described in Sect. 2 for all research flights. Figure 5 displays histograms of these quantities as

a function of time (upper row) and distance (lower row) above open ocean together with their mean for all flights in different

colors. The first, second, and third columns correspond to the cloud top height, cloud fraction, and cloud radius, respectively.380

In general, there is a large variability between the different research flights, which were performed under varying MCAO

conditions and partly in different regions.

The cloud top height in panels (a) and (d) increases with time and distance from the ice edge for all research flights
:::
sea

::
ice

:::::
edge from a few hundred meters to a maximum of about 2.5 km.

:
,
::::::::
depending

:::
on

:::
the

:::::::
research

::::::
flight.

:::::::::
Increasing

:::::
cloud

:::
top

::::::
heights

::::
with

::::
time

:::
are

:::::::
expected

::
as

:::
the

::::::::
boundary

::::
layer

::::::::
generally

:::::::
deepens

::::
with

::::
time

:::::
during

::
a
:::::::
MCAO. The largest cloud top heights385

are observed during the flights on 2022-04-01 (purple line) and 2022-03-29 (green line), which were the strongest observed

MCAOs, and lower cloud top heights are reached during the weaker MCAOs. In addition, the increase is faster for these strong

events compared to the weaker ones. Larger cloud top heights for stronger MCAOs were also observed by Murray-Watson

et al. (2023) and Schirmacher et al. (2024).
:::
This

:::
can

:::
be

:::::::
expected

::
as
:::::::
stronger

:::::::::::
temperature

:::::::::
differences

::::
lead

::
to

:::::
larger

::::::
surface

::::
heat

:::::
fluxes,

::::::::
increased

:::::::::
instability,

::::::
deeper

::::::
ABLs,

:::
and

::::::::
therefore

:::::
larger

:::::
cloud

:::
top

::::::
heights.

:
The very large cloud top heights on 2022-03-390

21 at large times and distances
:::::::
between

::::
1100

:::
and

:::::
1200min

:::
and

:::
900

:::
to

::::
1000 km

::::
above

:::::
open

:::::
ocean are due to high-level cirrus

clouds south-west of Svalbard, as can also be seen in Fig. 1a.

A similar picture is found for the horizontal cloud extent in Fig. 5c and 5f. The cloud radius generally increases with time

and distance above open ocean from a few hundred meters to about 1.5 km. Larger cloud radii are associated with the stronger

events on 2022-04-01 and 2022-03-29, and smaller radii are observed during the weaker events on 2022-04-04, 2022-03-30,395

and 2022-03-28. Similar to the cloud top height, the increase of the cloud radius is faster for stronger events than for weaker

MCAOs.
:::::
Larger

:::::
cloud

:::
top

::::::
heights

::::
can

::
be

::::::
related

::
to

:::::
larger

:::::
ABL

::::::
heights

::::
and

:::::::
therefore

::::::
larger

:::
roll

::::::::::
circulations,

::::::
which

:::::
affect

:::
the

::::
cloud

:::::
field

:::::::::::::::
(Brümmer, 1999),

::::
and

:::::
could

::::::
explain

:::
the

::::::::
observed

::::::::
horizontal

:::::
cloud

:::::::
extents.

:
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Figure 5. Histograms of cloud top height (a, d), cloud fraction (b, e), and cloud radius (c, f) as a function of time (upper row) and distance

(lower row) above open ocean with their respective mean for all MCAO flights during HALO–(AC)3. The different colors correspond to the

different research flights and the solid lines denote the respective means.

In contrast, the cloud fraction shows a more complicated
:::::::
complex

:
behavior and a large variability. Cloud fractions close to

1 are observed at very small distances and times above open ocean. These high cloud fractions are due to the misidentification400

of bright sea ice
::
In

:::::::
addition

::
to

:::
the

:::::::
possible

::::::::::::
overestimation

::
of

:::
the

:::::
cloud

:::::::
fraction in the marginal ice zone as clouds by the cloud

mask, as discussed above. In addition,
::
sea

:::
ice

:::::
zone,

:
there are some island effects affecting

::::::
visible,

::::::::
affecting

:::
the cloud cover

(see Fig. 1). In general, the cloud fraction remains either relatively constant or increases with time, with typical values between

0.4 and 0.8. The stronger MCAOs in Fig. 5 tend to have larger cloud fractions compared to the weaker ones. This agrees with

the observations of larger cloud fractions during the first hours of MCAOs for stronger events by Murray-Watson et al. (2023).405

The flight on 2022-03-28 is an exception and strongly affected by the local topography of Svalbard.

3.2.2 Evolution of microphysical cloud properties

Similar to the macrophysical cloud properties, the temporal and spatial evolution of cloud microphysical properties and their

variability and dependence on the MCAO strength are investigated by combining measurements with backward trajectories, as

in the previous sections. Figure 6 displays the effective radius of liquid cloud droplets, the ice index, and the ice fraction in the410

first, second, and third column, respectively, as a function of time (upper row) and distance (lower row) above open ocean.
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The effective radius of liquid cloud droplets increases with time and distance above open ocean, and sizes between about

3 µm and 17 µm were observed. Larger effective radii are reached during the stronger events on 2022-04-01 and 2022-03-29,

for which the growth of the cloud droplets is also faster. This can be expected as the effective radius in general increases with

height within a cloud, and larger cloud top heights were observed for stronger MCAOs in Fig. 5. In contrast,
:::
The

::::::::
MCAOs415

:::::::
observed

:::
on

::::::::::
2022-03-21

:::
and

::::::::::
2022-03-28

::::
had,

::::::::
however,

::::::
similar

::::::::
strengths,

:::
but

::::
very

:::::::
different

:::::
cloud

:::::::
droplet

:::::::
effective

::::
radii

:::::
were

::::::::
observed.

::
A

::::::
reason

::
for

::::
this

:::::
could

::
be

::::::::::
differences

::
in

:::
the

::::::
aerosol

::::::::::
conditions,

:::::
since

:::
the

::::::
aerosol

::::::::::::
concentration

::::::::
generally

:::::::
strongly

:::::
affects

:::
the

:::::
cloud

::::::
droplet

:::::::
number

:::::::::::
concentration

::::
and

:::
the

::::::
droplet

::::
size.

Murray-Watson et al. (2023) found also increasing effective radii with time, but smaller effective radii for
::::::
during

:::
the

:::::
initial

:::::
phase

::
of stronger MCAOs compared to weaker events. However, they focused on liquid-dominated clouds only,

::::
and,

::
in

:::::::
general,420

:::::
larger

::::::
droplet

::::
sizes

:::::::
between

:::::
about

::::::
12 µm and the retrieved effective radii from satellite observations are much more uncertain

and have a much coarser spatial resolution than the effective radii derived with the polarimetric cloudbow retrieval.
::::::
18 µm.

:::::
There

:::
are

::::::
several

:::::::
possible

::::::
reasons

:::
for

:::::
these

::::::::::
differences.

:::
The

::::::::
effective

::::
radii

::
in

::::::::::::::::::::::::
Murray-Watson et al. (2023)

::::
were

::::::
derived

:::::
from

::::::
MODIS

:::::::
satellite

::::
data

::::
with

::
a
::::::::
bispectral

::::::::
retrieval,

:::::::
whereas

:::
the

:::::::
effective

:::::
radii

::
in

:::
this

:::::
work

::::
were

::::::::
obtained

::::
from

:::
the

:::::::::::
polarimetric

::::::::
cloudbow

::::::::
retrieval.

::::
Both

::::::::
retrievals

::::
have

::::::::
different

::::::::::
sensitivities,

::::::::::
penetration

::::::
depths,

::::
and

::::::
spatial

::::::::::
resolutions,

:::::
which

::::
can

::::
lead

::
to425

:::::::::
differences

::
in

:::
the

::::::
derived

:::::::
absolute

:::::
values

::
of

:::
the

::::::::
effective

::::
radii.

::
In

::::::::
addition,

:::::::::::::::::::::::
Murray-Watson et al. (2023)

::::::
focused

:::
on

:::::
liquid

:::::
water

:::::
clouds

:::::
only,

:::::
while

::
in

:::
this

:::::
work

::::::::::
mixed-phase

::::::
clouds

::::
were

::::
also

:::::::
included

::
in

:::
the

::::::::
analyses.

::::
The

:::::::
presence

::
of

:::
ice

:::::::
crystals

:::
can

::::
lead

::
to

::::::
smaller

:::::
cloud

::::::
droplet

:::::
sizes,

:::::
since

:::::
liquid

:::::
water

:::
and

:::
ice

::
in

:::::::::::
mixed-phase

:::::
clouds

::::::::
compete

:::
for

:::
the

:::::::
available

:::::
water

:::::
vapor

::::
and

:::::
larger

::::
cloud

::::::::
droplets

:::
are

::::
more

::::::
likely

::
to

::::::
freeze.

::::
This,

::::::::
together,

:::::
could

:::::::
explain

:::
the

:::::::::
differences

::
in
:::

the
::::::::

absolute
::::::
values

::
of

:::
the

::::::::
observed

::::
cloud

:::::::
droplet

:::::
radii.

:::
The

::::::::::
differences

::
in

:::
the

:::::::
effective

:::::
radii

:::::::
between

:::::::
stronger

::::
and

::::::
weaker

::::::
events

:::::
could,

:::
for

::::::::
example,

:::
be

::::::
related430

::
to

:::::::::
differences

::
in

:::
the

::::::
aerosol

::::::::::
conditions.

::::::::::::::::::::::::
Murray-Watson et al. (2023)

:::::::
observed

:::::
large

:::::::::
differences

::
in

:::
the

::::::::
evolution

::
of

:::
the

::::::
liquid

::::
water

::::
path

::::
and

:::::
cloud

::::::
droplet

:::::::
number

:::::::::::
concentration

::::::::
between

::::
weak

::::
and

:::::
strong

::::::::
MCAOs

::::
with

::::
high

:::
and

::::
low

::::::
aerosol

::::::::::
conditions.

::::::
During

::::::::::::
HALO–(AC)3

::::
only

:
a
::::::
limited

:::::::
number

::
of

:::
six

:::::::
MCAOs

:::::
were

::::::::
observed,

:::::
which

:::::
show

:
a
:::::
large

:::::::::
variability.

:::::::::::
Nevertheless,

::::
they

:::::
might

:::
not

::
be

:::::::
entirely

::::::::::::
representative

:::
for

:::
the

::::::
general

::::::::
statistics

::
of

:::::
strong

::::
and

:::::
weak

:::::::
MCAOs.

::::
The

::::::::
observed

:::::::
MCAOs

::::::::
occurred

::
in

:::::::
different

:::::::
regions,

::::
were

:::::
partly

:::::::
affected

:::
by

:::
the

::::::::::
topography

::
of

::::::::
Svalbard,

:::
and

:::::::
differed

::
in

::::::::
synoptic

:::::::::
conditions

:::
and

:::::::
airmass

::::::
history435

:::::
across

:::
the

:::
six

::::::
events.

::
A

:::::
larger

::::::
number

::
of

:::::::
samples

::::::
would

::
be

:::::::
required

:::
for

::::
more

::::::
robust

::::::::
statistics,

:::
but

::
the

:::
six

:::::
cases

::::::
already

:::::::
provide

:::::::
valuable

::::::
insights

::::
into

:::
the

::::::::
temporal

:::
and

::::::
spatial

:::::
cloud

::::::::
evolution

:::
and

::
its

:::::::::
variability

::::::
during

:::::::
MCAOs.

:

Concerning

::::::::
Regarding

:
the cloud thermodynamic phase, the ice indices and ice fractions generally increase with time above open ocean.

The patterns of both ice index and ice fraction are very similar. Initial values of the ice index are below or around 20, which is440

the threshold value between liquid water and mixed-phase clouds, and increase to about 30 to 50, depending on the research

flight. In addition, the ice fraction increases with time and distance from very small values around 0.2 to approximately 0.5 to

0.8. The ice fraction is overestimated at very small times and distances
:::::
below

::::
100min

:::
and

:::
100 km

::::
above

:::::
open

:::::
ocean

:
close to

the
::
sea

:
ice edge due to the misclassification of sea ice in the marginal

::
sea

:
ice zone as clouds. The large variability of both the ice

index and ice fraction also reflects the larger uncertainty in the thermodynamic phase retrievals compared to the stereographic445

or the cloudbow retrieval. The described increase in the ice index and ice fraction indicates a transition from a liquid water to a
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Figure 6. Histograms of effective radius of liquid cloud droplets (a, d), ice index (b, e), and ice fraction (c, f) as a function of time (upper

row) and distance (lower row) above open ocean for all MCAO flights of HALO–(AC)3, The solid lines indicate the mean of the respective

flight, the black dashed line in panels (b) and (e) is the threshold value between the liquid water and the mixed phase.

mixed-phase regime with increasing amounts of ice. This phase transition is faster for the stronger observed MCAOs on 2022-

04-01, 2022-03-29, and 2022-03-21. In addition, stronger events reach higher ice indices and ice fractions. The faster phase

transition and higher ice fractions for stronger events agree with the higher observed cloud top heights and larger effective radii

for these events, since typically colder temperatures at higher altitudes and larger cloud droplets increase the probability of450

ice formation, which typically happens through heterogeneous freezing (de Boer et al., 2011; Cui et al., 2006; Ansmann et al.,

2005). Similar to the case study of the MCAO on 2022-04-01, the phase transition coincides with an increase of
::
in the effective

radius of the liquid cloud droplets and increasing cloud top heights during all observed cases.
::::
This

::::::::
indicates

:::
that

::
a
::::::::
threshold

::::
cloud

::::
top

::::::
height

:::::::::::
respectively

:::::
cloud

:::
top

::::::::::
temperature

::::
and

::::
cloud

:::::::
droplet

:::
size

:::
are

:::::::
reached,

::::::::
initiating

:::
ice

:::::::::
formation.

4 Summary and conclusions455

In this work, the spatial and temporal evolution of macrophysical and microphysical cloud properties during the initial phase

of marine cold air outbreaks in the Arctic was studied with a focus on cloud thermodynamic phase partitioning and phase

transitions. To this end, quasi-Lagrangian airborne passive remote sensing observations
:::::::
collected

:
with specMACS during the

HALO–(AC)3 campaign in the Arctic were combined with backward
::::::
airmass

:
trajectories. The evolution of cloud macro-
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physical and microphysical properties was analyzed for all flights targeting MCAOs
::
six

::::::
flights

::::::::
targeting

:::::::
marine

::::
cold

:::
air460

::::::::
outbreaks

::::::::
(MCAOs)

:
and compared to investigate also the variability of the cloud evolution and the dependence on the MCAO

strength.
::::
The

::::::::
presented

:::::::
analyses

:::
use

:::::::::::::
high-resolution,

:::::::::::::::
quasi-Lagrangian

:::::::
airborne

::::::::::
observations

::
of

:::
the

::::::::
evolution

::
of

::::::
clouds

::::::
during

:::::::
MCAOs,

:::::::::::::
complementing

:::::::
existing

:::::::
studies

:::::
based

:::
on

::::::
coarser

::::::::
resolved

::::::
satellite

::::::::::::
observations.

::
In

::::::::
addition,

:::
the

::::::::
evolution

:::
of

:::
the

::::
cloud

::::::::::::::
thermodynamic

:::::
phase

::::::::::
partitioning

:::
and

:::::
phase

:::::::::
transitions

:::::
were

:::::::
studied,

:::::
which

:::::
have

:::
not

::::
been

:::::::::::
investigated

:::::::::
previously

::
in

:
a
:::::::::::::::
quasi-Lagrangian

:::::::::
framework.

:::::::::::
Multi-angle

::::::::::
polarimetric

:::::::::::
observations

:::::
allow

:::
for

:::
the

::::::::
derivation

:::
of

:
a
::::::::::
quantitative

:::
ice

::::::::
fraction,465

:::::
which,

:::
in

::::::::::
combination

::::
with

::::
the

:::::::::
qualitative

:::
ice

:::::
index

:::::
based

::
on

:::::::
spectral

:::::::::::::
measurements,

:::::::
provides

::::::::::
information

::::::
about

:::
the

:::::
cloud

:::::::::::::
thermodynamic

:::::
phase

::
at

:::
two

:::::::
different

::::::::
altitudes

::::
close

::
to

:::::
cloud

::::
top.

A case study of a strong MCAO
:::::::
observed

:
on 2022-04-01

::
in

:::
the

:::::
Fram

:::::
Strait

:
showed increasing cloud top heights and

horizontal cloud extents with increasing time and distance above open
:
,
:::
sea

:::::::
ice-free ocean, while the cloud fraction stayed

almost constant during the observed first five hours of the MCAO. Moreover, the effective radius of liquid water droplets470

increased from about 5 µm to 7.5 µm during the first approximately 30min and remained constant afterward. This
::::
The initial

increase of the effective radius coincided with an increase of
::
in the ice index and ice fraction and a transition from a pure liquid

water to a mixed-phase cloud regime.
:::
This

::::::::
indicated

::::
that

:
a
::::::::
threshold

:::::
cloud

:::
top

::::::::::
temperature

::::
and

::::::
droplet

::::
size

::
for

:::
ice

:::::::::
formation

::
in

:::
the

::::::::
observed

::::::
clouds

:::::
might

::::
have

:::::
been

:::::::
reached.

The same analysis was repeated for all six observed MCAOs. The cloud top heights and horizontal extents increased with475

time and distance traveled above open ocean during all MCAOs. However, the increase was stronger and faster for more in-

tense MCAOs. Similarly, the effective radius of liquid cloud droplets increased over time and reached larger sizes for stronger

MCAOs. Furthermore, increasing ice indices and ice fractions with time and a transition from an initially liquid water to a

mixed-phase regime were observed during all MCAOs. This transition happened earlier for stronger MCAO, and larger ice

indices and ice fractions were reached for the stronger events. In all observed cases, the transition from the liquid water to the480

mixed phase coincided with an increase of the effective radius of the liquid cloud droplets and the cloud top height. As the

ABL and clouds evolve and the cloud top height increases, the liquid cloud droplets grow to larger sizes and the cloud top tem-

perature typically decreases, leading to an increasing probability of ice formation through heterogeneous freezing. In general,

a large variability was observed between the different MCAO cases measured during HALO–(AC)3. The measurements were

performed in partly different regions, with different MCAO strengths, different parts of the evolution were sampled, and some485

island effects also affected the measurements. Only a small number of six MCAO could be studied, which, however, covered a

large range of MCAO conditions (Walbröl et al., 2024).

Some limitations of the presented results should be considered. The brightness-based cloud mask for the polarization-

resolving cameras of specMACS struggles in the presence of sea ice, where ice can falsely be identified as clouds. This is a

known issue for cloud masks based on passive imaging methods. Thus, an
::
A

:::
sea

::
ice

:::::
mask

::::
was

::::::
applied

::
to

:::::::
consider

::::::::::::
measurements490

:::::
above

::::
open

:::::
ocean

::::
only

::::
and

::
to

::::
filter

:::
the

::::
most

::::::::
uncertain

:::::::
results.

::::::::
However,

:::::
some

::::::
artifacts

:::
in

::
the

::::::::
marginal

:::
sea

:::
ice

::::
zone

:::::::::
remained,

:::::
which

::::
were

::::::
treated

::
as
:::::::
outliers.

:::
An

:
improved cloud mask should

::::
could

:
be developed in the future to improve the results of the

analyses
:::
and

:::::
avoid

::::::
outliers

::
in
:::
the

::::::::::::
measurements

::
in

:::
the

::::::::
marginal

::
ice

:::::
zone

:::::
during

:::
the

::::
very

:::::
initial

:::::
phase

::
of

:::
the

:::::
cloud

::::::::
evolution. In

addition, the large solar zenith angles in the Arctic lead to increased uncertainties of the retrievals of the specMACS instrument.
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On the one hand, three-dimensional radiative effects have a stronger influence on the phase retrievals for large solar zenith495

angles. On the other hand, the cloudbow
::::::
retrieval

::::
used

:::
for

:::
the

::::::::
retrievals

:::
of

:::
the

::::::
droplet

::::
size

:::
and

:::
ice

:::::::
fraction

:
is then observed

at the edge of the field of view of the polarization-resolving cameras, where the measurement uncertainties are larger (Weber

et al., 2024). The results of the cloudbow retrieval and the polarized phase partitioning retrieval were filtered, excludingfor

example
:
,
:::
for

:::::::
example,

:
retrieval results with a large root mean square error between the fitted model and the measurement , to

eliminate the most uncertain results.500

Furthermore, it should be mentioned that the definition of the ice fraction varies strongly between different studies, depending

on the type of measurements and the application (Korolev et al., 2017). In addition, different threshold values are used to define

the liquid water, mixed, and ice phase
:::::
phases. This must be kept in mind when comparing the results of different studies on

phase partitioning. In this work, the ice fraction is an optical ice fraction defined by the optical thickness, and the ice index is

a qualitative measure of cloud thermodynamic phase.505

The quasi-Lagrangian airborne measurements applied in this work complement satellite-based studies as they have a much

higher spatial resolution and additional cloud properties, such as cloud thermodynamic phase partitioning, can be studied. The

:::
The

:
observations of the temporal and spatial evolution of cloud macrophysical and micropyhsical properties during the initial

phase of MCAOs presented in this work provide unique observational data, which could be used for model evaluation in the

future
:::::
future

:::::
work. Mixed-phase clouds, their thermodynamic phase partitioning , and their

:::
and evolution during meridional510

airmass transformations, such as MCAOs, are not well represented in models. The presented observations could be compared

to model results in a Eulerian and a quasi-Lagrangian way for the six observed MCAOs, similar to Wendisch et al. (2025)

who analyzed the thermodynamic evolution of MCAOs in dropsonde observations and in the ICON weather prediction model.

Furthermore, based on the analyses of the temporal and spatial evolution of clouds during MCAOs during HALO–(AC)3, the

vertical cloud structure and its evolution during a MCAO is investigated in the second part of this work in Weber et al. (2025a)515

:::
The

::::::::::::
macrophysical

:::::
cloud

::::::::::
properties,

::::
such

::
as

:::
the

:::::
cloud

:::
top

:::::::
height,

:::
can

::
be

:::::::
directly

:::::::
derived

::::
from

::::::
typical

::::::
model

::::::
output

:::
and

:::
be

::::::::
compared

::
to

:::::::::::::
measurements.

::
In

::::::::
addition,

:::
the

:::
ice

:::::::
fraction

:::
and

::::::::
effective

:::::
radius

::
of

::::::
liquid

:::::
cloud

:::::::
droplets

:::
can

:::
be

::::::::
computed

:::::
from

:::::
model

::::::
output

::
as

::::::::
described

:::
in

::::::::::::::::::
Volkmer et al. (2024)

:::
and

:::::::::::::::::
Weber et al. (2025b).

::
A
:::::::
forward

::::::::
operator

::
is

::::
only

::::::
needed

:::
for

::
a

:::::
direct

:::::::::
comparison

:::
of

:::::::
modeled

:::
and

:::::::::
measured

::
ice

:::::::
indices,

::
as

:::
the

:::
ice

:::::
index

::
is

:
a
:::::::::
qualitative

:::::::
measure

:::
of

:::
the

:::::
cloud

:::::::::::::
thermodynamic

:::::
phase

:::
and

::::::::
computed

:::::
from

::::::::
measured

::::::::
radiances.520

In the analyses presented in this work, the MCAOs were distinguished in terms of their strength, quantified through the

MCAO index. Besides the MCAO intensity, the aerosol concentration also affects the evolution of cloud properties (Murray-

Watson et al., 2023) and was not considered so far. The effect of aerosols on the cloud properties could be further studied in

the future, using, for example, collocated in situ measurements and lidar observations on board HALO during HALO–(AC)3

to characterize the aerosol conditions.525

::::::::::
Furthermore,

:::::
based

:::
on

:::
the

:::::::
analyses

::
of

:::
the

:::::::
temporal

::::
and

:::::
spatial

::::::::
evolution

::
of

::::::
clouds

:::::
during

::::::::
MCAOs

:::::
during

:::::::::::::
HALO–(AC)3,

:::
the

::::::
vertical

:::::
cloud

:::::::
structure

::::
and

::
its

::::::::
evolution

::::::
during

:
a
::::::
MCAO

::
is
::::::::::
investigated

::
in

:::
the

::::::
second

::::
part

::
of

:::
this

:::::
work

::
in

:::::::::::::::::
Weber et al. (2025a)

:
.
:::::::::::::::::
Weber et al. (2025a)

:::
also

:::::::
includes

::
a

::::::::::
comparison

::
to

:::::
active

::::::
remote

:::::::
sensing

::::::::::
observations

::::
and

::::::::::
additionally

::::::
applies

:::::::::
collocated

::
in

:::
situ

:::::::::::
observations.

20



Code and data availability. The data collected during the HALO–(AC)3 campaign are published on PANGAEA (Ehrlich et al., 2025).530

The measurements of the SWIR camera of specMACS are available at Weber et al. (2024). Retrieval results from specMACS, the HALO

backward trajectories, and the analysis codes used in this work can be provided upon request from the corresponding author.

Appendix A:
::::::::
Retrieval

::
of

:::::::::
horizontal

:::::
cloud

::::::
extent

::
In

:::
the

:::::::::
following,

:::
the

:::::::
retrieval

::
of

:::::::::
horizontal

:::::
cloud

:::::
extent

:::::
from

::::::::::::
measurements

::
of

::::::::::
specMACS

::::
will

::
be

::::::::
described

::
in
:::::

more
::::::
detail.

:::
The

:::::::
content

::
of

::::
this

::::::
section

::::
has

:::::::
already

::::
been

:::::::::
published

::
in

::::::::::::
Weber (2025).

:::
To

:::::::::
determine

:::
the

:::::::::
horizontal

::::::
extent

::
of

::::::
clouds

:::
in535

:::::::::::::
two-dimensional

:::::::
images,

::::::
clouds

:::::
must

:::
be

::::::::
identified

::::
and

::::::::
clustered.

:::::
From

:::
the

::::::::::::
measurements

:::::
from

:::
the

:::::::::::::::::::
polarization-resolving

:::::::
cameras,

:::
the

:::
3D

:::::
cloud

::::::::
geometry

:::
can

:::
be

:::::::::::
reconstructed

:::::
using

:::
the

:::::::::::
stereographic

:::::::
retrieval

:::::::
method

::
of

:::::::::::::::::
Kölling et al. (2019).

::::::
These

:::
data

:::
can

:::
be

::::::
applied

::
in

:
a
::::::::::::
watershedding

::::::::
algorithm

::::::::
similarly

::
to

::::::::::
topographic

:::
data

::
to
::::::
cluster

:::::::::
individual

::::::
clouds.

::::
Here,

:::
the

::::::::::::
watershedding

::::::::
algorithm

:::::::::::
implemented

::
in

::
the

::::::::
Tracking

:::
and

:::::::::::
Object-Based

::::::::
Analysis

::
of

::::::
Clouds

::::::::
(TOBAC)

:::::::
package

::::::::::::::::::::::::::::::::::::::::
(Heikenfeld et al., 2019; Sokolowsky et al., 2024)

:
,
:::::
which

::
is

:::::::::
specifically

::::::::
designed

::
for

:::::
cloud

:::::::::::
identification

:::
and

:::::::
tracking

::
in
:::::::::::::
meteorological

::::::::::
applications,

::::
was

::::
used.

::::
Fig,

::::
A1a

:::::::
displays540

::
the

:::::::
derived

:::::
cloud

::::
top

::::::
heights

:::
for

::::
one

:::::
flight

:::::::
segment

::::::::
observed

:::
on

::::::::::
2022-04-01.

:::
In

:::
the

:::::
cloud

::::
size

::::::::
retrieval,

:::::::
features

:::
are

::::
first

:::::::
detected

::
as

:::::::
extreme

:::::
values

::::::
above

::::::
several

:::::::::
subsequent

::::::::
threshold

:::::::
heights

:::::::
between

:::
the

::::::::
minimum

:::
and

:::::::::
maximum

:::::
cloud

:::
top

::::::
height

::
of

:
a
:::::
flight

::::::::
segment.

::::
The

::::::::
identified

:::::::
features

:::
are

::::::::::
highlighted

::
as

::::::
crosses

:::
in

:::
Fig.

::::
A1.

:::::
Next,

:::
the

:::::::::::
segmentation

::
is
::::::::::

performed.
::::
The

:::::::
difficulty

::::
here

::
is
:::
to

::::::::
determine

:::
the

::::::::
threshold

:::::::
heights

:::
for

:::
the

::::::::::::
watershedding

:::::
since

:::
the

:::::
cloud

::::::
height

:::::
varied

:::::::::::
significantly

::::::
during

:
a
:::::::
research

:::::
flight

::::::
during

::::::::::::
HALO–(AC)3

::
as

:::
the

::::::
clouds

::::
and

::::
ABL

:::::::
evolved

::::
with

::::
time

::::
and

:::::::
distance

:::::
from

:::
the

:::
sea

:::
ice

:::::
edge.

::::
This

::
is545

:::
also

::::::
visible

::
in
:::
the

::::::::
example

:::::::
segment

::
in

::::
Fig.

:::::
A1a,

:::::
where

:::
the

:::::
cloud

:::
top

::::::
height

::::::
differs

:::::::
between

:::
the

:::::::::
beginning

::::::
(upper

::::
left)

::::
with

:::::
lower

::::::
heights

::::::
closer

::
to

:::
the

:::
ice

:::::
edge

:::
and

::::
the

:::
end

::::::
(lower

:::::
right,

:::::
larger

::::::::
heights)

::
of

:::
the

::::::::
segment.

:::::
Thus,

:::
an

::::::::
adaptive

::::::::
threshold

:::::
based

::
on

:::
the

:::::::
average

:::::
cloud

:::
top

::::::
height

::::
over

:
a
:::::
small

::::
time

:::::::
interval

:::
was

:::::::
defined.

::
A
::::::::
threshold

::::::
height

::
of

::::
200m

:::::
below

:::
the

:::::::
average

::::
cloud

::::
top

::::::
height,

::::
with

:
a
::::::::
minimum

:::
of

::::
100m

:::
and

:
a
:::::::::
maximum

::
of

::::
500m,

::::
was

::::::
chosen

::::
after

:::::
trying

::::::::
different

:::::::
settings.

::::::
Figure

::::
A1b

:::::
shows

:::
the

:::::::
resulting

::::::::::::
segmentation

::::
with

:::
the

:::::::
different

:::::
cloud

:::::::
clusters

::::::::::
color-coded.

:::::::
Finally,

:::::::
TOBAC

::::::::
provides

:::
the

::::::::
geometric

:::::
areas550

::
of

:::
the

::::::
clusters

::::
from

::::::
which

:::::
cloud

::::
radii

::::
were

:::::::::
computed,

::::::::
assuming

:::::::
circular

::::::
shapes.

::::
The

:::::::
threshold

::::::
values

::::
were

:::::
tuned

::::
such

::::
that

:::
the

::::::::
algorithm

:::::::
provided

:::::::::
reasonable

:::::
cloud

:::::::
clusters,

:::
as

::::::::
displayed

::
in

:::
Fig.

:::::
A1b,

::::::
during

::::
both

:::
the

:::::
initial

:::::
phase

:::
and

::::
later

::::::
during

:::
the

:::::
cloud

::::::::
evolution.

:::::::::
Depending

:::
on

:::
the

:::::
choice

:::
of

:::
the

::::::::
threshold

:::::
values

:::
for

:::
the

::::::
feature

::::::::
detection

:::
and

::::::::::::
segmentation,

:::::
larger

::
or

:::::::
smaller

:::::
cloud

::::
sizes

::::
were

::::::::
obtained,

:::
but

::::
this

::::::
applied

::
to

:::
the

:::::
entire

::::::::
temporal

::::::::
evolution

::
of

:::
the

::::::
clouds.
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Figure A1.
::
(a)

:::::
Cloud

:::
top

:::::
height

::
of

:::
the

::::
cloud

::::::
targets

::
for

::
a
::::
flight

:::::::
segment

:::::::
measured

::
on

::::::::::
2022-04-01.

:::
(b)

:::::::
Identified

::::::
features

:::
and

:::::::::
segmented

::::
cloud

::::::
clusters.

::::
The

:::::
crosses

::::::
indicate

:::
the

::::::
detected

:::::::
features,

:::
and

:::
the

:::::
colors

:::::
display

:::
the

:::::
results

::
of

:::
the

::::::::::
segmentation.

::::
This

::::
figure

:::
has

::::::
already

::::
been

:::::::
published

::
in

::::::::::
Weber (2025)

:
.
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