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Impacts of Mesoscale Subsidence on the Dynamics and Cloud
Physics of Marine Cold Air Outbreaks

Abstract

Marine cold air outbreaks (MCAOs) are a fundamental pathway of meridional energy
and moisture exchange between the Arctic and the mid-latitudes. They occur when cold,
dry Arctic air masses are advected over comparatively warm open ocean, leading to strong
sensible and latent heat fluxes. The resulting rapid destabilisation of the lower troposphere
promotes the development of deep, cloud-topped boundary layers. During this transfor-
mation, initially stable air masses rapidly transition into a convective regime characterised
by organised mixed-phase cloud fields and precipitation. Despite their importance for
the Arctic and mid-latitude weather, MCAOs remain challenging to represent accurately
in atmospheric models. Their multiscale characteristics require consistent treatment of
processes including turbulent mixing, cloud microphysics, and large-scale forcing. In
particular, large-scale subsidence has been identified as an important, yet poorly constrained,
control on boundary layer development, entrainment, and cloud evolution. Quantifying
subsidence is especially difficult in high-latitude regions due to limited observations, and its
role in MCAO evolution remains insufficiently understood.

This thesis addresses these limitations by combining airborne observations with Lagrangian
large eddy simulations (LES) to investigate the impacts of mesoscale subsidence on Arctic
MCAOs. It utilises comprehensive observations during the HALO-(AC)3 campaign,
which provide detailed information on atmospheric structure, cloud properties, and air–sea
interactions. Dropsonde observations collected along mesoscale flight patterns enable the
derivation of vertical profiles of horizontal divergence on spatial scales of about 100 km.
Through mass continuity, these divergence estimates yield profiles of atmospheric subsi-
dence. In this way, subsidence is quantified under Arctic conditions, and its magnitude,
vertical structure, and uncertainty are constrained through independent observations from
a different aircraft.

These observational constraints are subsequently used to initialise and force a Lagrangian
LES. The evolution of an air mass is followed along its trajectory from sea-ice to open ocean,
allowing a continuous description of the boundary layer transformation under observation-
based forcing and boundary conditions from the extensive HALO-(AC)3 dataset. This
simulation is evaluated against independent airborne remote-sensing observations and is
shown to reproduce key observed features, including boundary layer depth, thermodynamic
structure, integrated water vapour, and liquid and ice water path. This provides confidence
in the model’s ability to capture the essential processes governing MCAO evolution. Based
on this simulation framework, the sensitivity of boundary layer and cloud processes to
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mesoscale subsidence is systematically examined by varying its magnitude while maintaining
its vertical and temporal structure consistent with the control case. In addition, the
sensitivity to aerosol–cloud interactions is examined through experiments with varying
concentrations of cloud condensation nuclei.

The results show that subsidence substantially influences the boundary layer depth and cloud
phase. Changes in cloud condensation nuclei affect the droplet activation, precipitation for-
mation, and phase partitioning, and these microphysical processes interact with the dynam-
ical constraints imposed by subsidence. The system response is further shaped by bound-
ary layer dynamics, particularly atmospheric boundary layer internal decoupling, which oc-
curs earlier under weaker mesoscale subsidence and initiates convective graupel formation,
thereby enhancing the conversion of liquid water droplets and altering cloud-phase evo-
lution. In contrast, stronger subsidence suppresses boundary layer growth, delays decou-
pling, and limits cloud development, while weaker subsidence permits a deeper atmospheric
boundary layer and supports more vigorous cloud evolution.
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Einfluss mesoskaliger Absinkbewegungen auf die Dynamik
undWolkenphysik von marinen Kaltluftausbrüchen

Zusammenfassung

Marine Kaltluftausbrüche sind ein zentraler Mechanismus für den meridionalen Energie-
und Feuchtigkeitsaustausch zwischen der Arktis und den mittleren Breiten. Sie entstehen,
wenn kalte, trockene arktische Luftmassen über den vergleichsweise warmen offenen Ozean
transportiert werden, was zu starken sensiblen und latentenWärmeflüssen führt. Die daraus
resultierende schnelle Destabilisierung der unteren Troposphäre begünstigt die Entstehung
tiefer, wolkenbedeckter Grenzschichten. Im Verlauf dieser Transformation verwandeln sich
die ursprünglich stabilenLuftmassen rasch in ein konvektivesRegime, das durch organisierte
Mischphasenwolken und Niederschlag gekennzeichnet ist. Trotz ihrer großen Bedeutung
für das Wetter in der Arktis und den mittleren Breiten bleibt die realistische Darstellung
von marinen Kaltluftausbrüchen in Atmosphärenmodellen eine Herausforderung. Ihre
multiskaligen Eigenschaften erfordern eine konsistente Berücksichtigung unterschiedlicher
Prozesse wie Turbulenz, Wolkenmikrophysik und großskaliger Bewegungen. Insbesondere
sind großskalige Absinkbewegungen ein wichtiger, bislang jedoch nur unzureichend
erfasster Einflussfaktor auf die Grenzschichtentwicklung und die Wolkenentwicklung. Die
Quantifizierung der Absinkbewegungen ist in hohen Breitengraden aufgrund begrenzter
Beobachtungsmöglichkeiten besonders schwierig, und ihre Rolle bei der Entwicklung von
marinen Kaltluftausbrüchen ist nach wie vor nicht vollständig erfasst.

In dieser Dissertation werden diese Fragen adressiert, indem flugzeuggestützte Beobachtun-
genmit Lagrangschen Large-Eddy-Simulationen (LES) kombiniert werden, umden Einfluss
mesoskaliger Absinkbewegungen auf arktische marine Kaltluftausbrüche zu analysieren.
Dabei werden umfassende Beobachtungen während der HALO-(AC)3-Kampagne genutzt,
die detaillierte Informationen zur atmosphärischen Struktur, zu Wolkeneigenschaften und
zu Luft-Meer-Wechselwirkungen liefern. Entlang mesoskaliger Flugrouten gewonnene
Dropsondendaten ermöglichen die Bestimmung vertikaler Profile der horizontalen Diver-
genz auf räumlichen Skalen von etwa 100 km. Über die Massenerhaltung lassen sich daraus
Profile der atmosphärischen Absinkbewegung ableiten, die auf diese Weise unter arktischen
Bedingungen quantifiziert werden können. Unsicherheiten werden durch unabhängige
Messungen verschiedener Flugzeuge eingeschränkt.

Diese Beobachtungsdaten dienen anschließend zur Initialisierung und zum Antrieb eines
Lagrangschen LES-Modells. Die Entwicklung der Luftmasse wird entlang ihrer Trajektorie
vom Meereis bis zum offenen Ozean verfolgt, wodurch eine kontinuierliche Beschreibung
der Grenzschichttransformation unter beobachtungsbasierten Randbedingungen sowie
der großskaligen Zirkulation aus dem umfassenden HALO-(AC)3-Datensatz ermöglicht
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wird. Die Simulation wird anhand unabhängiger flugzeuggestützter Fernerkundungs-
beobachtungen validiert und reproduziert zentrale beobachtete Eigenschaften, darunter die
Grenzschichthöhe, thermodynamische Struktur, integrierter Wasserdampf sowie Flüssig-
und Eiswasserpfade. Dies stellt sicher, dass das Modell die wesentlichen Prozesse der En-
twicklung vonKaltluftausbrüchen abbildet. Aufbauend auf diesem Simulationsansatz wird
eine systematische Sensitivitätsanalyse durchgeführt, bei der dieReaktion vonGrenzschicht-
und Wolkenprozessen auf mesoskalige Absinkbewegungen untersucht wird. Hierzu wird
die Stärke der beobachtetenVertikalbewegung variiert, während die vertikalen und zeitlichen
Strukturen konsistentmit derKontrollsimulation beibehaltenwerden. Darüber hinauswird
die Sensitivität der Aerosol-Wolken-Wechselwirkung durch Experimente mit variierenden
Konzentrationen vonWolkenkondensationskernen untersucht.

Die Ergebnisse zeigen, dass großskaliges Absinken die Tiefe der Grenzschicht und die
Wolkenphasemaßgeblich beeinflusst. Variationen in derKonzentration vonWolkenkonden-
sationskernen beeinflussen die Tröpfchenaktivierung, die Niederschlagsbildung sowie die
Phasenaufteilung, wobei diese mikrophysikalischen Prozesse mit den durch das Absinken
vorgegebenen dynamischen Randbedingungen wechselwirken. Die Systemreaktion wird
zudem durch die Dynamik der Grenzschicht bestimmt, insbesondere durch ihre interne
Entkopplung, die bei schwächerem mesoskaligem Absinken früher eintritt und die Bil-
dung von konvektivem Graupel auslöst. Dies fördert die effiziente Umwandlung von flüs-
sigen Wassertropfen zu Eiskristallen und beeinflusst die Entwicklung der Wolkenphase. Im
Gegensatz dazu hemmt stärkeres Absinken das Wachstum der Grenzschicht, verzögert die
Entkopplung und begrenzt die Wolkenentwicklung, während schwächeres Absinken eine
tiefere atmosphärische Grenzschicht und eine intensivere Wolkenentwicklung ermöglicht.
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1
Scientific Motivation

While global mean surface temperatures have increased by 1.1 K over the period from 2011
to 2020 relative to the pre-industrial baseline (1850 to 1900; IPCC, 2023), the Arctic has
warmed at a rate three to four times faster in terms of near-surface air temperature (Ranta-
nen et al., 2022; Zhou et al., 2024). This disproportionate warming is referred to as Arctic
Amplification (AA; Serreze and Francis, 2006; further introduced in Section 1.1) and rep-
resents a robust response to CO2 forcing across future climate projections (Sweeney et al.,
2023). AA is caused bymultiple interacting feedbackmechanisms involving the atmosphere,
ocean, sea-ice, land surface, and cryosphere. Although many of these processes are individ-
ually well understood, their interactions and relative contributions remain partly uncertain
(Screen and Simmonds, 2010a;Wendisch et al., 2023; Previdi et al., 2020; Taylor et al., 2022).

The observed Arctic warming exhibits a pronounced spatial and seasonal structure, with the
strongest temperature increases occurring in autumn and winter. These patterns are closely
linked to sea-ice loss and enhanced ocean-atmosphere heat exchange in regions experiencing
the most rapid warming (Screen and Simmonds, 2010a; Serreze et al., 2009). The rate of
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accelerated warming and corresponding loss of the cryosphere has far-reaching implications.
Arctic communities face reduced access to hunting grounds and food sources as animal mi-
gration, reproduction, and behaviour shift (Novy, 2025; Hovelsrud et al., 2011; Ford et al.,
2019). Drinking water and food security are threatened by contamination and environmen-
tal change (AMAP, 2017), while thawing permafrost compromises infrastructure stability
(Schneider vonDeimling et al., 2021). Declining sea-ice and frozen ground reduce the safety
of traditional travel routes and ice roads, limiting localmobility (Ford et al., 2019;Olsen et al.,
2021).

At the same time, a seasonally ice-free Arctic may enable expanded trans-Arctic shipping,
shorter trade routes, and shifts in fisheries and tourism, yet these opportunities are accompa-
nied by environmental risks, infrastructure demands, and governance challenges (Melia et al.,
2016; Hovelsrud et al., 2011). Ecosystem responses are equally complex: Arctic greening
modifies the surface energy balance and ecosystem functioning (Frost et al., 2020; Hartfield
et al., 2018), while extreme events such as wildfires and insect outbreaks can induce Arctic
browning (Phoenix et al., 2025; Hartfield et al., 2018). Ocean warming and sea-ice loss alter
the light availability for marine life and air-sea exchange processes, with implications for ma-
rine photosynthesis andCO2 uptake (McGuire et al., 2009). Competingmechanisms such as
enhanced light-driven productivity, increased mixing, and stronger stratification from fresh-
water input affectArcticOcean carbon cycling and greenhouse gas concentrations (McGuire
et al., 2009; Bruhwiler et al., 2021). Concurrently, large wintertime CO2 losses from per-
mafrost regions have been observed and are expected to increase with further warming (Na-
tali et al., 2019).

Although direct climate forcings such as rising greenhouse gas concentrations, changes in
aerosols and ozone-depleting substances, and land-use changes, contribute to Arctic warm-
ing, they alone cannot explain the observed magnitude of AA (Previdi et al., 2021). The
amplification emerges from the interplay between poleward energy transport and local feed-
back mechanisms that either enhance or dampen the imposed forcing (Goosse et al., 2018).
Understanding how these processes combine to shape Arctic temperature change is there-
fore central not only to regional climate projections but also to the broader climate system
response.
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A key pathway through which AA may exert global influence is via its impact on the large-
scale atmospheric circulation. The Northern Hemisphere polar jet stream is primarily gov-
erned by the meridional temperature gradient between the equator and the Arctic through a
thermal-wind balance. As AA weakens the lower-tropospheric meridional temperature gra-
dient, an influence on the jet is expected, although the sign and magnitude of the response
depend on the vertical structure of warming (Lee et al., 2019; Robinson et al., 2023). AA
is characterised by maximum warming near the surface extending into the mid-troposphere
(Wu and Smith, 2016). In contrast, tropical upper tropospheric warming and polar lower-
stratospheric cooling strengthen the upper-level meridional temperature gradient, exerting a
competing influence on the upper-level jet (Lee et al., 2019).

Idealised experiments demonstrate that AA can induce an equatorward shift of the tropo-
spheric jet andweaken the stratospheric polar vortex,with stratosphere-troposphere coupling
contributing to the tropospheric response (Wu and Smith, 2016). Recent studies emphasise
the role of free-tropospheric temperature gradients, linking observed jet slowdown to en-
hanced Arctic free-tropospheric warming and gradient weakening (Robinson et al., 2023),
while stronger eddy feedbacks are associated with larger equatorward jet shifts (Screen et al.,
2022). Regions of weakened poleward gradients are associated with reduced zonal winds
and more meridional, wavier flow (Francis and Vavrus, 2015). Recent reanalysis indicates
increased wintertime directional variability, together with jet weakening and more frequent
easterly flow near the Arctic boundary, whereas over theNorth Atlantic, no significant trend
in annual-mean jet speed is detected, despite increasing vertical shear (Degirmendžić and
Marosz, 2025; Lee et al., 2019). Many climate simulations indicate jet slowdown associated
with Arctic free-tropospheric warming, yet a majority project future jet strengthening under
strong CO2 forcing due to pronounced subtropical upper-level warming (Robinson et al.,
2023). At the same time, difficulties in representing observed polar jet strengthening over
the North Atlantic persist (Blackport and Fyfe, 2022), and future jet shifts reflect compet-
ing influences of sea-ice loss and ocean warming with substantial model spread (Screen et al.,
2022).

Changes in jet position and structure are dynamically relevant because they modulate the
pathways through which polar air masses can intrude into the mid-latitudes. A southward
jet extension can facilitate equatorward advection of cold Arctic air (Smith and Sheridan,
2018). When such outbreaks occur over open ocean, they are referred to as marine cold air
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outbreaks (MCAOs). During these events, cold, dryArctic air is advected over comparatively
warm water, producing strong low-level instability and intense turbulent air-sea heat fluxes
(Fletcher et al., 2016a; Kolstad et al., 2009; Brümmer, 1996). MCAOs frequently occur in
the cold-air sector ofmidlatitude cyclones embeddedwithin the storm tracks linked to the jet
stream (Fletcher et al., 2016a). The resulting surface fluxes rapidly deepen and moisten the
marine boundary layer, reshape cloud structures, andmodify downstreamweather (Fletcher
et al., 2016b; Brümmer, 1996). In extreme cases, the enhanced boundary layer instability
favours the development of small, intense cyclones, called polar lows (Papritz and Grams,
2018; Rasmussen, 2003).

Marine cold air outbreaks thus represent a dynamically and thermodynamically sensitive in-
terface betweenArctic change andmidlatitudeweather. Their intensity, regional occurrence,
and structure depend on the evolving temperature gradients, sea-ice distribution, and large-
scale circulation patterns potentially shaped by AA (Kolstad and Bracegirdle, 2008; Ayarza-
güena and Screen, 2016; Overland et al., 2021).

The following section provides a brief introduction to the key feedback mechanisms under-
lying AA (Section 1.1). It then introduces MCAOs (Section 1.2), discussing their charac-
teristics and large-scale circulation. Finally, clouds inMCAOs are examined in greater detail,
including theirmicrophysical processes and interactionswith aerosols, radiative impacts, and
the challenges associated with their numerical representation (Section 1.3).

1.1 Arctic Amplification

The magnitude and structure of AA arise from a combination of external forcings and in-
ternal feedback processes. While poleward energy transport sets the large-scale context, lo-
cal feedbacks involving sea-ice, clouds, water vapour, lapse-rate changes, and surface albedo
strongly modulate the Arctic temperature response (Goosse et al., 2018). A schematic
overview of the principal processes is provided in Figure 1.1. In the following section, these
feedback mechanisms are examined in more detail.

1.1.1 Surface Albedo Feedback

The increasing global temperatures accelerate the melting of sea-ice and snow in the Arctic
and expose the open ocean, decreasing the surface reflectivity and enhancing solar absorption
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Figure 1.1: Schematic of important feedback mechanisms impacting Arctic Amplification and their interactions. Yellow
arrows depict the solar (shortwave) radiation, and red arrows depict the terrestrial (longwave) radiation. Adapted from
Goosse et al. (2018) and Wendisch et al. (2023).

(Dickinson et al., 1987; Perovich et al., 2007). The ocean warms by the absorbed radiation
and emitsmore longwave radiation upward, warming the near-surface air and reinforcing the
sea-icemelt (Manabe andWetherald, 1975; Sellers, 1969; Budyko, 1969). Apart from this di-
rect feedback loop during polar day, the surface albedo feedback has an additional delayed
effect in autumn. The solar energy warms the upper ocean layers (ocean heat uptake), con-
tinuously heating the near-surface air and delaying refreezing in autumn. Once the sea-ice
cover reforms, it acts as an insulating lid and limits further ocean heat loss to the atmosphere
(e.g., Screen and Simmonds, 2010a,b; Boeke and Taylor, 2018; Dai and Deng, 2021).

1.1.2 Lapse-Rate Feedback

The lapse-rate feedback arises from the vertical structure of atmospheric warming and its
radiative effects (e.g., Manabe and Wetherald, 1975; Hansen et al., 1997; Colman, 2003).
While tropical moist convection enhances upper-tropospheric warming and produces a neg-
ative lapse-rate feedback that increases outgoing longwave radiation (e.g., Bony et al., 2006;
Lambert and Taylor, 2014), the Arctic is characterised by stable stratification and frequent
near-surface temperature inversions. These lead to bottom-heavy warming, which weakens
the increase in outgoing longwave radiation and generates a positive lapse-rate feedback (Bin-
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tanja et al., 2011; Pithan and Mauritsen, 2014; Lauer et al., 2020). The Arctic lapse-rate
feedback is shaped by both local processes, such as sea-ice loss and boundary layer warm-
ing, and remote influences from poleward atmospheric energy transport (Feldl et al., 2020).
Across the CMIP6 models, differences in the strength of the Arctic lapse-rate feedback are
strongly correlated with the magnitude of AA, with models exhibiting stronger near-surface
inversions and weaker poleward atmospheric energy transport tending to produce stronger
lapse-rate feedback and larger high-latitude warming (Linke et al., 2023).

1.1.3 Planck Feedback

The Earth can be considered as a black body radiating thermal radiation based on its tem-
perature (Planck, 1914). With rising temperatures, the thermal radiative flux also increases,
radiating away more energy and therefore stabilising the Earth’s temperature. This is called
Planck feedback, and is the strongest baseline constraint limiting climate change (Cronin and
Dutta, 2023; Feng et al., 2023). The radiative response to temperature increases is non-linear,
with more heat being radiated away for larger temperatures; therefore, the Planck feedback
is not as effective in limiting the effects of climate forcings in the colder polar regions than
in the warmer tropics. This leads to an increase in the difference between warming in the
Tropics and the Arctic and thus contributes to AA (Henry and Merlis, 2019; Previdi et al.,
2020).

1.1.4 Water Vapour and Cloud Feedback

The rising sea-surface temperatures due to radiative heating of the ocean surface and mixed
layer enhance evaporation and cause larger water vapour concentrations in the atmosphere.
In addition, according to the Clausius-Clapeyron relationship (Clapeyron, 1834; Clausius,
1856), a warmer atmosphere can hold substantially more water vapour (roughly 6 % to 7%
per 1K warming), thereby preventing rapid saturation and allowing atmospheric moisture
concentrations to rise (O’Gorman and Muller, 2010). Without this thermodynamic con-
straint, increased evaporation would quickly lead to saturation and precipitation rather than
sustained increases in atmospheric humidity. The additional water vapour acts as a green-
house gas, intensifying the downward longwave radiative fluxes and leading to a positive feed-
back that enhances the near-surface air temperatures (Francis andHunter, 2007; Ghatak and
Miller, 2013; Patel and Kuttippurath, 2023). In addition, the reduced sea-ice cover desta-
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bilises the boundary layer and enhances the moisture availability, promoting the formation
of clouds, which are often mixed-phase in the Arctic (Jenkins and Dai, 2021; Gierens et al.,
2020). Observations suggest that the Arctic boundary layer often alternates between two
preferred regimes: a radiatively clear state and an opaque cloudy state associated with persis-
tent mixed-phase clouds (Stramler et al., 2011). The cloud cover in the warming Arctic has
increased, particularly during fall and winter (e.g., Vavrus, 2004; Kay and Gettelman, 2009;
Vavrus et al., 2009;Wu and Lee, 2012; Philipp et al., 2020). These low-level clouds emit sub-
stantial downwelling longwave radiation, thereby enhancing surface warming. This effect
is especially relevant during the polar night, when no incoming solar radiation is reflected,
and associated cooling effects are absent (Taylor et al., 2013; Cao et al., 2017; Arouf et al.,
2024; Tao et al., 2025). During polar day, the clouds’ high albedo can reduce incoming so-
lar radiation and cool the surface. However, this cooling effect is comparatively weak over
sea-ice-covered regions because snow and sea-ice already exhibit a high albedo (Intrieri et al.,
2002; Shupe and Intrieri, 2004; Wendisch et al., 2023). The net radiative impact of these
clouds strongly depends on their phase composition, as liquid and ice have distinct radia-
tive properties (Tan and Storelvmo, 2019) (see Section 1.3). Although global climate models
generally simulate a net positive cloud feedback, uncertainties remain large (Bony et al., 2006;
Zelinka et al., 2020; Sherwood et al., 2020; Lutsko et al., 2022). Especially in the Arctic, the
sign andmagnitude of the cloud feedback remain insufficiently constrained due to uncertain-
ties in cloud-radiation interactions and the representation of mixed-phase cloud processes in
models (Nakanishi and Michibata, 2025). Therefore, the interactions between the cloud
feedback and other AA mechanisms, and in contrast to the tropical cloud feedback, remain
incompletely understood. Consequently, the overall contribution of cloud feedback to AA
is still uncertain (Previdi et al., 2020). Nevertheless, evidence consistently highlights the cen-
tral role of low-level mixed-phase clouds in shaping the Arctic climate system (Zhang et al.,
2018; Tan and Storelvmo, 2019; Huang et al., 2021).

1.1.5 Meridional Energy Transport

Transport processes between the Arctic and the lower latitudes respond to external radiative
forcings and are coupled to the local-feedbacks governing AA (e.g., Previdi et al., 2021; Pi-
than et al., 2018;Wendisch et al., 2023). In a warming climate, atmospheric poleward energy
transport changes in both magnitude and partitioning. While AA tends to weaken the dry-
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static transport by reducing the tropospheric meridional temperature gradient, latent energy
transport often increases as the atmosphere moistens (see Section 1.1.4; Hwang et al., 2011;
Graversen andLangen, 2019; Feldl et al., 2020;Russotto andBiasutti, 2020). However, pole-
ward transport of heat and moisture is not a steady flux. It occurs mainly through episodic
air mass exchanges between the mid-latitudes and the Arctic region (Pithan et al., 2018; Pa-
pritz, 2020; Murto et al., 2022).

The main pathways for these exchanges involve warm andmoist air intrusions (WAIs) enter-
ing the Arctic and cold air outbreaks moving from the Arctic toward lower latitudes (Pithan
et al., 2018; Wendisch et al., 2023, 2025). These processes facilitate the redistribution of en-
ergy and moisture between the two regions.

During WAIs, mid-latitude air masses bring large amounts of heat and moisture into the
Arctic (e.g.,Woods andCaballero, 2016; Binder et al., 2017; Lauer et al., 2023;Walbröl et al.,
2024). As these air masses cool and interact with clouds and the surface, rapid radiative and
microphysical changes occur. Such events strongly modify the Arctic surface energy balance
(Persson et al., 2017;Murto et al., 2023; Papritz et al., 2023) through increased water vapour
and cloud cover, enhancing the downward longwave radiation and promoting surface warm-
ing and sea-icemelt (see Section 1.1.4 Tjernström et al., 2015; Yang andMagnusdottir, 2017;
Johansson et al., 2017). In these events, blocking patterns and cyclones channel warm, hu-
mid air into the Arctic basin through preferred pathways (Fearon et al., 2021; Murto et al.,
2022; Lauer et al., 2023).

The complementary branch of this exchange occurs during cold air outbreaks. When cold
and dry Arctic air flows over comparatively warm ocean and land surfaces, intense sensible
and latent heat fluxes rapidly warm andmoisten the lower atmosphere (Fletcher et al., 2016a;
Papritz et al., 2019; Papritz, 2020). In particular, Marine cold air outbreaks over the open
ocean lead to deepening boundary layers and the development of organised convection, such
as cloud streets (e.g., Müller et al., 1999; Renfrew and Moore, 1999; Fletcher et al., 2016b).
Through these rapid air mass transformations, MCAOs transfer heat andmoisture from the
ocean to the atmosphere, contributing to cloud formation and precipitation and are found
to be responsible for a substantial fraction of wintertime ocean heat loss in the Nordic Seas
(Papritz and Spengler, 2017; Stoll et al., 2018; Terpstra et al., 2021; Svingen et al., 2023). A
more in-depth discussion of the processes in MCAOs will be given in Section 1.2.
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Taken together, these episodic exchanges illustrate that meridional energy transport cannot
be interpreted solely as a large-scale diffusive transport. Instead, it must be understood in
terms of dynamically driven air mass transformations that interact with regional feedback
processes (Papritz, 2020; Pithan et al., 2018; Wendisch et al., 2025). Enhanced poleward
moisture transport was found to increase Arctic cloudiness and greenhouse forcing, mod-
ify lapse-rate feedbacks, and accelerate sea-ice decline, thereby reinforcing AA (Woods and
Caballero, 2016; Mortin et al., 2016; Yang and Magnusdottir, 2017; Johansson et al., 2017;
Feldl et al., 2020).

1.2 Marine Cold Air Outbreaks

MCAOs, as introduced in Section 1.1.5, can quickly shift the atmospheric boundary layer
(ABL) from stable to convective within a short downstream distance from the sea-ice edge
(Brümmer, 1996; Michaelis et al., 2022; Kirbus et al., 2024). With increasing distance to
the sea-ice edge, the ABL deepens, warms, and moistens; its depth is controlled primarily
by the air-sea temperature contrast, inversion strength and large-scale subsidence, with wind
shear and synoptic flow influencing the convective organisation and evolution (Fletcher et al.,
2016b; Murray-Watson et al., 2023; Schirmacher et al., 2024).

Figure 1.2: Schematic of the ABLs development and organised convection during MCAOs. The boundary layer top is
indicated as a dashed line.
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A defining feature of MCAOs is the development of organised turbulent structures in the
marine boundary layer. Convection develops in organised mesoscale patterns, initially as
roll convection aligned with the mean wind (e.g., Brümmer and Pohlmann, 2000; Gryschka
and Raasch, 2005; Gryschka et al., 2008; Wu and Ovchinnikov, 2022; Murray-Watson and
Gryspeerdt, 2024; Klingebiel et al., 2025). These rolls contribute to the vertical turbulent
transport, thereby modulating the boundary layer growth (Gryschka et al., 2014). As the
distance to the sea-ice increases and the ABL stability decreases, these organised patterns can
shift to cellular convection, reflecting a changing balance between surface fluxes and entrain-
ment at the boundary layer top, impacting the static stability (Brümmer, 1999; Brümmer
and Pohlmann, 2000;McCoy et al., 2017; Tornow et al., 2021). A schematic overview of the
relevant processes in MCAO development is given in Figure 1.2.

MCAOs are multiscale phenomena and result from the coupling of multiple processes, like
surface fluxes, cloud microphysics and boundary layer turbulence (Wu and Ovchinnikov,
2022; Murray-Watson and Gryspeerdt, 2024; Juliano et al., 2024; Wu et al., 2025). The ver-
tical distribution of heat and moisture is largely governed by small-scale turbulent mixing,
while the cloud fields are organised by mesoscale activity (Gryschka et al., 2014; de Roode
et al., 2019; Juliano et al., 2024). Larger-scale circulations largely impact the outbreak’s
structure and duration (Kolstad et al., 2009; Dahlke et al., 2022). The interactions of these
scales present a significant challenge for atmospheric models, which must accurately repre-
sent key processes such as entrainment, cloud formation, and organised convection (Klein
et al., 2009; Tomassini et al., 2017). Therefore, the combination of comprehensive observa-
tions and process-resolvingmodelling approaches, including large eddy simulations (LES), is
essential for advancing theunderstanding and representationofMCAOdynamics (Gryschka
and Raasch, 2005; de Roode et al., 2019; Michaelis et al., 2022; Juliano et al., 2024, 2026).

1.2.1 Large-Scale Circulation

Synoptic-scale circulation patterns govern the development of MCAOs by facilitating the
southward transport ofArctic airmasses. These events frequently coincidewith extratropical
cyclones and often develop in the wake of associated cold fronts (Fletcher et al., 2016a; Terp-
stra et al., 2021). In the Fram Strait between Svalbard and Greenland, intense MCAOs have
been linked to dipole-like sea-level pressure patterns, with lowpressure over theBarents Sea or
eastern Arctic and high pressure near Greenland (Dahlke et al., 2022; Walbröl et al., 2024).
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After their initiation, the evolution of MCAOs has been found to be further modulated by
large-scale dynamical processes (Brümmer, 1996; Wendisch et al., 2025). The main driver of
their evolution is the air-sea temperature contrast, as discussed in Section 1.2, but factors such
as mesoscale subsidence and the stability aloft may influence the development of the bound-
ary layer and the longevity of outbreaks. Several studies indicate that variations in subsidence
can suppress cloud growth and alter the early evolution of outbreaks, under similar thermo-
dynamic forcing (Brümmer, 1997;McCoy et al., 2017; Young et al., 2018; Schirmacher et al.,
2024).

In the presence of global warming and AA, changes in sea-ice distribution and associated
shifts in meridional temperature gradients may modify the large-scale circulation, including
the position and strength of storm tracks, frontal zones, and the jet stream, which in turn
might alter the frequency, pathways, and intensity of MCAOs; however, these responses re-
main uncertain and regionally variable (Kolstad and Bracegirdle, 2008; Pedersen et al., 2016;
Screen, 2017; Dahlke et al., 2022).

1.2.2 Atmospheric Boundary Layer Deepening

During the initial stage of an MCAO over sea-ice, air masses are typically very cold, dry,
and stably stratified, and are characterised by shallow boundary layers and often strong tem-
perature inversions (Wu and Ovchinnikov, 2022; Kirbus et al., 2024). Upon reaching the
marginal sea-ice zone (MIZ), extremely strong sensible and latent heat fluxes destabilise the
boundary layer, causing rapidnear-surface diabatic heating andmoistening, at rates exceeding
6K h−1 and 0.3 g kg−1 h−1, respectively, shortly after crossing theMIZ (Fletcher et al., 2016a;
Kirbus et al., 2024). Consequently, static stability is quickly reduced, initiating shallow con-
vection and subsequent cloud formation (Brümmer, 1996).

The boundary layer subsequently deepens rapidlywith increasing downstreamdistance from
the sea-ice edge. Brümmer (1996) reported an ABL growth from initially about 100m to
300m to 900m to 2200m after approximately 300 km off the sea-ice edge. Similarly, Schir-
macher et al. (2024) observed cloud formation and deepening after about 15 km over the
open ocean, transitioning to a near-continuous cloud cover after about 20 km.

This evolution is broadly consistent with classical convective boundary layer theory, inwhich
the surface buoyancy flux is expected to drive the turbulent growth of themixed layer (Mahrt
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and Lenschow, 1976; Stevens, 2007). In an idealised framework, the boundary layer depth
then scales as zi ∝ t

1
2 , reflecting a balance between surface-driven turbulence and cloud-top

entrainment across the inversion (Mahrt and Lenschow, 1976). Observational studies of
MCAOs typically record this rapid initial deepening, but deviations from the idealised scal-
ing occur due to spatial variations in surface fluxes, changing inversion strength, and broader
dynamical factors such as subsidence and mesoscale divergence (Brümmer, 1996; Wu and
Ovchinnikov, 2022; Schirmacher et al., 2024).

1.3 Clouds inMarine Cold Air Outbreaks

During MCAOs extensive fields of boundary layer stratocumulus clouds are generated.
These clouds are typically not randomly distributedbut exhibit a highdegree of spatial organ-
isation, meaning that convection arranges into coherent mesoscale patterns with character-
istic structures, scales, and orientations (Brümmer and Pohlmann, 2000). As the MCAO
propagates downstream, a distinct transformation between different organised structures
emerges, which will be discussed below.

1.3.1 Roll Cloud Formation

The initial convection of anMCAO often forms roll vortices aligned with the mean bound-
ary layerwind, creating cloud streets (Renfrew andMoore, 1999;Gryschka et al., 2008). This
represents the direct convective response of the initially stable airmass after crossing theMIZ,
where it is rapidly destabilised from below (Murray-Watson et al., 2023). Roll clouds emerge
from the interaction of buoyancy-driven turbulence and low-level wind shear (Atkinson and
Wu Zhang, 1996; Weckwerth et al., 1997; Gryschka and Raasch, 2005). Their intensity and
coherence depend on the outbreak strength and local conditions (Wu and Ovchinnikov,
2022). The MIZ is highly variable; local differences in ice concentration and edge geome-
try can strongly influence where rolls form and how organised they become (Liu et al., 2006;
Gryschka et al., 2008). Roll circulations have been found to contribute significantly to the
vertical transport of heat and moisture and can thereby modulate the boundary layer depth
and airmass transformation (Gryschka et al., 2014). In this near-ice-edge regime, cloud streets
have been observed to extend more than a hundred kilometres downwind (Wu et al., 2025).
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1.3.2 Roll-to-Cell Transition

Organised rolls often evolve into cellular convection after a few hundred kilometres down-
stream of the ice edge, although the transition distance varies substantially by case (Raasch,
1990; Müller and Chlond, 1996; Gryschka and Raasch, 2005;Wu andOvchinnikov, 2022).
As the boundary layer deepens with increasing distance from the sea-ice edge, buoyancy-
driven turbulence often becomes increasingly important relative to low-level shear, which
weakens roll organisation and favours broader cellular patterns with cloud top heights typi-
cally between 1 km and 3 km (Gryschka et al., 2008;McCoy et al., 2017; Kirbus et al., 2023a;
Mages et al., 2023).

Recent studies have linked the roll-to-cell transition in MCAOs to a weakening of the cou-
pling between the surface mixed layer and the cloud layer, often associated with increasingly
layered thermodynamic profiles of temperature and humidity. These studies suggest that
mixed-phase microphysical processes, especially riming and precipitation, promote evapora-
tion or sublimation below clouds, which cools and stabilises the subcloud layer, enhances
stratification, and reduces vertical mixing (Abel et al., 2017; Murray-Watson et al., 2023;
Murray-Watson and Gryspeerdt, 2024; Wu et al., 2025). As a result, roll circulations are
less efficiently maintained and the cloud field transitions toward cellular convection (Juliano
et al., 2026). Similar processes have been identified in subtropical stratocumulus transitions,
where decoupling is associated with a layered boundary layer structure, diagnosed by the de-
velopment of negative buoyancy flux w′θv ′ below cloud base (Bretherton andWyant, 1997;
Sandu and Stevens, 2011; van der Dussen et al., 2013).

InMCAOs, cellular convection often occurs in an open-cellular form, while closed cells tend
to arise under more stable boundary layer conditions and weaker air-sea temperature con-
trasts (McCoy et al., 2017). Closed cells are characterised by a relatively continuous cloud
coverwithin the cellular pattern,whereas open cells exhibit relatively clear centres surrounded
by cloudy cell walls and have been associated with stronger precipitation (Agee, 1987; Atkin-
son andWu Zhang, 1996; Abel et al., 2017; McCoy et al., 2017).

1.3.3 Microphysical Processes

The evolution of these clouds is largely influenced bymicrophysical processes between cloud
hydrometeors (Morrison et al., 2012, 2020). Compared with warm liquid clouds, aerosol-
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cloud interactions in mixed-phase clouds involve both droplet activation and ice formation,
leading to complex interactions among liquid droplets, ice crystals, and precipitation par-
ticles. The following section is largely based on Pruppacher and Klett (2012) and Morri-
son et al. (2020) and introduces warm-cloud, ice, and mixed-phase microphysical processes,
which are specifically relevant for MPCs, in more detail.

WarmCloudMicrophysics

Warm clouds consist of hydrometeors in the liquid phase, i.e., cloud droplets and potentially
rain. Similar processes also occur in mixed-phase clouds among supercooled liquid droplets.

Cloud droplets form in air masses that are supersaturated with respect to liquid
water, when aerosol particles take up water vapour and, upon reaching a critical
supersaturation, become activated and grow freely into macroscopic droplets,
thereby acting as cloud condensation nuclei (CCN). Their activation depends
on the particle size and composition, with typical activated concentrations
ranging from about 50 cm−3 to 100 cm−3 in clean maritime or pristine air to
about 1000 cm−3 in continental air masses (Bigg et al., 1996; Stohl et al., 2006;
Garrett et al., 2010).

Once activated, droplets grow by condensation, depleting water vapour and lim-
iting supersaturation. This process is most efficient for small droplets and slows
with increasing droplet radius.

Ice andMixed-Phase CloudMicrophysics

In MPCs, additional ice processes occur, as well as interactions between liquid and frozen
hydrometeors.

At warmer temperatures (between 0 °C and about−38 °C), ice formation occurs
primarily via heterogeneous nucleation on ice nucleating particless (INPs). INP
activation strongly depends on temperature and aerosol properties, and their
concentrations are typically orders of magnitude lower than those of CCN,
ranging from about 10−5 cm−3 near −10 °C to at about 10−2 cm−3 at about
−25 °C (DeMott et al., 2025).
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Ice formation can occur under supersaturation with respect to ice or through
heterogeneous freezing pathways such as immersion freezing, in which an INP
within a droplet triggers freezing as temperature decreases.

Additionally, supercooled droplets can collide with INPs, triggering contact
freezing. Due to the scarcity of INPs, supercooled liquid droplets can persist in
MPCs.

Similar to the condensational growth of liquid droplets, ice particles can
grow by vapour deposition when the air is supersaturated with respect to
ice.

A key process in MPCs is the Wegener-Bergeron-Findeisen process (WBF):
because the saturation vapour pressure over liquid water is higher than over ice, a
cloud that is near liquid saturation is supersaturated with respect to ice. Vapour
therefore diffuses from evaporating droplets toward growing ice crystals. The
efficiency of this process depends on ice number concentration, liquid water
content, and spatial inhomogeneities.

Ice particles formed through these processes may initially be pristine crystals
and can grow into snowflakes if they become large enough to precipitate. When
falling through the cloud, they may collide with supercooled droplets, which
freeze upon contact in a process known as riming. This can produce rimed
ice particles or snowflakes, and under strong riming conditions, dense graupel
particles.

Collisions between ice crystals can also lead to aggregation, where particles stick
together to form larger snowflakes. This process is most efficient for large,
branched crystals and typically produces low-density aggregates.

Secondary ice production can increase the ice number concentrationwithout additional INP
activation. Proposed mechanisms include fragmentation during droplet freezing and splin-
tering during riming, although their relative importance remains subject to ongoing research
(e.g., Zhao et al., 2021; Zhao and Liu, 2022; Seidel et al., 2024; Wallentin et al., 2025).
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1.3.4 Aerosol-Cloud Interactions

Acting as CCN and INPs, aerosol populations play an important role in shaping the micro-
physical structure and evolution of Arctic MPCs, by affecting the phase partitioning, pre-
cipitation pathways, and cloud longevity (Lance et al., 2011; Eirund et al., 2019; Wex et al.,
2019; Wu et al., 2025).

The Twomey effect describes how increased CCN lead to more numerous but smaller
droplets, whereas lower CCN concentrations favour fewer and larger droplets (Twomey,
1974). These differences in droplet size distributions directly influence collision-coalescence
processes and warm-rain formation, with higher CCN concentrations generally suppress-
ing precipitation and promoting liquid water retention (Stevens and Feingold, 2009; Chen
et al., 2021; Barrett and Hoose, 2023). In MPCs, however, these liquid-phase responses are
tightly coupled to ice processes initiated by INPs, such as particle growth via the WBF pro-
cess (Young et al., 2018; Eirund et al., 2019; Wex et al., 2019).

In Arctic MPCs, aerosol effects therefore emerge from the coupled influences of CCN and
INPs on both liquid and ice microphysics. LES studies demonstrate that CCN perturba-
tions can modify droplet size and liquid water content, which in turn can influence rim-
ing efficiency, while INP concentrations directly regulate ice nucleation rates (Eirund et al.,
2019; Barrett and Hoose, 2023; Chylik et al., 2023). These interactions are strongly interde-
pendent: smaller droplets associated with high CCN can suppress riming, whereas increased
INPs can accelerate glaciation, deplete liquid water, and enhance precipitation (Lance et al.,
2011; Eirund et al., 2019; Barrett and Hoose, 2023). As a result, aerosol perturbations can
shift the balance between liquid retention and ice formation, with important consequences
for cloud persistence, radiative properties, and precipitation (Wex et al., 2019; Tornow et al.,
2021; Wu et al., 2025).

However, aerosol-cloud-precipitation interactions in Arctic MPCs are often buffered by
compensating feedbacks and regime-dependent responses (Eirund et al., 2019; Tornow et al.,
2021; Chylik et al., 2023). For example, enhanced ice formation associated with increased
INPs can rapidly reduce liquid water through the WBF process, while CCN-induced in-
creases in liquid water may be offset by enhanced precipitation or ice production (Eirund
et al., 2019). The magnitude and persistence of aerosol-cloud effects depend strongly on
environmental conditions such as surface type, thermodynamic structure, and aerosol avail-
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ability (Chylik et al., 2023; Wu et al., 2025). For instance, Eirund et al. (2019) showed that
CCN-induced increases in liquid water pathmay be transient over the open ocean due to en-
hanced precipitation, but more persistent over sea-ice. Observational and modelling studies
further suggest that aerosol perturbations, through bothCCN and INP pathways, can influ-
ence boundary layer structure via radiative and dynamical feedbacks, including entrainment,
inversion strength, and turbulence (Chylik et al., 2023; Tornow et al., 2021; Sterzinger and
Igel, 2024).

1.3.5 Radiative Impacts

The radiative effect of low-level MPCs inMCAOs depends strongly on cloud phase and liq-
uid water content (Shupe and Intrieri, 2004). Liquid-containing low clouds are highly emis-
sive in the longwave and can enhance downwelling infrared radiation enough to warm the
surface (Intrieri et al., 2002;Morrison et al., 2011, 2012). Meanwhile, they cool the cloud top
through strong radiative emission. This cloud-top cooling reduces the static stability of the
cloud layer and encourages buoyancy-driven turbulence, which helps maintain near-cloud-
top saturation, supports ongoing condensational growth (see Section 1.3.3) and can offset,
though not eliminate, losses from ice growth and precipitation (Morrison et al., 2012; Shupe
et al., 2013; Rauterkus andAnsorge, 2020;Neggers et al., 2025). As a result, these clouds can
persist as resilient boundary layer features, sustained by coupled interactions among radia-
tion, turbulence, entrainment, microphysics, and often surface fluxes (Morrison et al., 2012;
Neggers et al., 2019).

MCAOs in theArctic are strongly seasonal and occurmainly during the cold season (autumn
to spring), with the highest frequency and intensity found in winter (Fletcher et al., 2016a;
Dahlke et al., 2022). During these cold-season months, MPCs play an important role in the
surface energy budget. In the absence of solar radiation, their radiative impact is dominated
by longwave processes, with low-levelMPCs enhancing downwelling longwave radiation and
thereby warming the surface (Shupe and Intrieri, 2004; Bennartz et al., 2013).

Because Arctic cloud radiative forcing depends strongly on phase partitioning, mixed-phase
cloud regimes that oftendevelopduringMCAOscanbe effective at promoting surfacewarm-
ing under low-sun or polar night conditions andmay contribute to a positive cloud feedback
(Section 1.1.4; Shupe and Intrieri, 2004; Kapsch et al., 2016).
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1.3.6 Challenges for Numerical Representation

The representation ofMCAOs in atmosphericmodels poses challenges due to themultitude
of interacting processes at different scales. Global and regional models often underresolve
mesoscale organisation and turbulent transport, while high-resolution process models typi-
cally rely on prescribed or idealised large-scale forcing, making MCAO simulations sensitive
to how key processes are represented (Field et al., 2014; Tomassini et al., 2017).

An important modelling difficulty for MCAOs is that clouds and precipitation not only
respond to surface forcings but also feed back to the evolving air mass. Precipitation devel-
opment can alter the cloud structure by removing condensate, modifying sub-cloud thermo-
dynamics and vertical mixing, and helping to promote transitions between overcast, broken,
and cellular cloud regimes (Lebo et al., 2008; Tornow et al., 2021; Juliano et al., 2024; Wu
et al., 2025). Thus, small errors in representing precipitation, cloud-top cooling, or cloud
fraction can result in large deviations in simulatedMCAO evolution (Tomassini et al., 2017;
de Roode et al., 2019).

The presence of Arctic mixed-phase stratocumulus clouds inMCAOs complicates the mod-
elling further. Accurately modelling their persistence requires careful representation of mi-
crophysical processes, radiative cooling, and mixing (Morrison et al., 2005; Lebo et al., 2008;
Solomon et al., 2011; de Boer et al., 2011;Morrison et al., 2011). Bulkmicrophysical schemes
are widely used, but simulated cloud phase and lifetime remain highly sensitive to uncertain-
ties in ice nucleation, depositional growth, sedimentation, secondary ice production, and ice
habit; small errors can therefore lead to unrealistic glaciation and radiative biases (Fridlind
et al., 2007; Klein et al., 2009; Morrison et al., 2011, 2020; Das et al., 2025).

As discussed in Section 1.2.1, differences in large-scale subsidence have been shown to influ-
ence the initial development of MCAOs (Brümmer, 1997; McCoy et al., 2017; Young et al.,
2018; Schirmacher et al., 2024). During such air mass transformations, subsidence acts as
a large-scale dynamical forcing that can modulate the evolving boundary layer, but has been
found to produce contrasting effects on cloud evolution depending on the cloud and bound-
ary layer state. In some surface-coupled mixed-phase layers, it can strengthen the capping
inversion and enhance cloud-top radiative cooling and overturning, supporting cloud per-
sistence and precipitation formation, whereas in stronger cases, sudden subsidence can force
the inversion downward faster than the cloud layer can adjust, leading to rapid cloud dissipa-
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tion and reduced surface downwelling longwave radiation (Young et al., 2018; Neggers et al.,
2019).

Idealised and high-resolution simulations indicate that subsidence can control mixed-phase
cloud lifetime and glaciation susceptibility by modifying boundary layer depth and thermo-
dynamic conditions for ice formation, with stronger subsidence reducing the ice-nuclei con-
centrations required for cloud dissipation (Das et al., 2025). Because these interactions span
scales from mesoscale forcings to turbulence and microphysics, and because subsidence re-
mains difficult to constrain observationally, it represents an important source of uncertainty
in numerical simulations (Wendisch et al., 2024).

1.4 Scope of this Thesis

The challenges outlined in section 1.3.6 highlight the importance of mesoscale subsidence
in representing MCAOs in LES. While subsidence is known to influence Arctic MPCs, its
role in MCAO development remains insufficiently understood and poorly constrained due
to limited observations, particularly in high-latitude regions. This thesis aims to address these
gaps by combining observational estimates of subsidence from dropsonde measurements
with LES, using observation-based subsidence profiles as large-scale forcing and systemati-
cally varying the subsidence forcing to isolate its effects.

1.4.1 ResearchObjectives

As highlighted in Section 1.3.6, subsidence plays an important role in shaping the thermo-
dynamic structure of the Arctic atmosphere, influencing boundary layer stability, humidity,
and cloud evolution. Despite its importance, subsidence remains difficult to observe directly
due to its small magnitude and strong variability. This difficulty has led to the development
of indirect estimation methods, established in subtropical studies, that rely on divergence
measurements.

Therefore, the first research question of this study is:

How can atmospheric subsidence be quantified in the
Arctic using observations?
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This question is addressed inChapter 4, through analysing airbornemeasurements obtained
during the HALO-(AC)3 campaign (High Altitude and Long Range Aircraft (HALO);
Arctic Amplification: Climate Relevant Atmospheric and Surface Processes and Feedback
Mechanisms ((AC)3); further introduced in Section 3.1). Using dropsonde observations
along mesoscale flight patterns, vertical profiles of horizontal divergence and, consequently,
subsidence are derived frommass continuity. The analysis further evaluates the applicability
and robustness of these methods under Arctic conditions. By assessing methodological
uncertainties and sensitivities, this study offers a framework for constraining subsidence in
the Arctic by observations and establishes a basis for its use in LES applications.

Building on these observations, the second research question explores its dynamical implica-
tions for LES modelling:

Can a Lagrangian large eddy simulation, constrained
with observation-derived large-scale forcings such as

subsidence, realistically reproduce an observed
marine cold air outbreak?

To address this, in Chapter 5, a Lagrangian LES is conducted along the observed air mass
trajectory, initialised and constrained using the extensive dataset obtained during HALO-
(AC)3. The simulations incorporate observation-derived large-scale forcings, including
subsidence established from the first research question, enabling a consistent representation
of the evolving large-scale environment. The model performance is evaluated against
independent airborne and remote-sensing observations, focusing on key characteristics of
the MCAO, including the thermodynamic boundary layer structure, cloud evolution, and
integrated water paths.

Following the successful evaluation of the Lagrangian LES, the third research question
focuses on the process-level impacts of subsidence on cloud and boundary layer dynamics:

What is the impact of atmospheric subsidence on cloud
glaciation and boundary layer decoupling during

Arctic marine cold air outbreaks?
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A series of sensitivity experiments is conducted, systematically varying the magnitude of
observation-derived subsidence while retaining its temporal and vertical structure. This
isolates the influence of mesoscale vertical motion on the coupled evolution of the atmo-
spheric boundary layer and mixed-phase cloud properties along the air mass trajectory. The
analysis focuses on how variations in subsidence affect the development of the atmospheric
boundary layer, the onset and progression of decoupling, and the associated changes in
cloud structure and phase composition along the air mass trajectory.

After assessing subsidence effects on the boundary layer evolution, the final research ques-
tion extends the analysis to include aerosol-cloud interactions and their relative importance:

How does the influence of subsidence on cloud
evolution compare to the effects of the

concentration of cloud condensation nuclei?

The Lagrangian LES are extended in Chapter 6, by incorporating sensitivity experiments
using different CCN concentrations, representing conditions from pristine to continental
air masses. These simulations are combined with the previously analysed subsidence con-
figurations, enabling a systematic comparison between dynamical forcing and aerosol-driven
microphysical effects. This setup examines how large-scale subsidence interacts with CCN-
drivenmicrophysical processes along the airmass trajectory and focuses on changes in droplet
numbers and sizes, effects on precipitation formation, and phase partitioning due to aerosol
concentrations, and how these interact with the dynamical constraints imposed by subsi-
dence.

Before addressing these research questions, the methods used in this study are introduced
in more detail. Chapter 2 outlines the conceptual and technical foundations of modelling
MCAOs, and Section 3.2 introduces the research campaign, describes theMCAO case stud-
ied in this thesis, and presents the observationalmethod to observe subsidence used through-
out this work. Subsequently, the research questions are addressed in dedicated chapters:
question one in Chapter 4, questions two and three in Chapter 5, and question four in
Chapter 6. The concluding chapter Chapter 7 synthesises the main findings and provides
an outlook on the implications of this thesis for future research.
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2
Modelling Marine Cold Air Outbreaks

As described in Section 1.2,MCAO are characterised by strong instability in the ABL due to
the pronounced temperature contrast between relatively warm open ocean and near-surface
Arctic air. This contrast drives intense sensible and latent heat fluxes, strong turbulent mix-
ing, and rapid boundary layer growth (Renfrew and Moore, 1999; Li et al., 2023; Dahlke
et al., 2022). The resulting motions span scales from small-scale turbulence to mesoscale
structures such as rolls and cellular convection (Etling and Brown, 1993; Gryschka and
Raasch, 2005). Owing to this multiscale and transient, Lagrangian nature, disentangling the
interactions between dynamical, thermodynamical, andmicrophysical processes from obser-
vations alone remains challenging (Papritz and Grams, 2018; Dahlke et al., 2022; Wendisch
et al., 2024).

Atmospheric modelling has therefore been central in advancing the understanding of
MCAOs by enabling controlled investigations of coupled processes. Early studies using ide-
alised, mesoscale, and large eddy models established the foundations of boundary layer dy-
namics and organised convection, including roll convection and cloud streets (e.g., Mason,
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1985; Shapiro et al., 1987b; Huang and Raman, 1991; Raasch, 1990). Later work clarified
roll dynamics and their evolution into cellular convection (e.g., Etling and Brown, 1993;
Müller and Chlond, 1996; Müller et al., 1999), highlighting the importance of turbulent
transport and surface heterogeneity such as sea-ice (e.g., Liu et al., 2006). With advances in
LES, studies increasingly resolved turbulence and mesoscale organisation, showing that roll
convection naturally emerges in strongly forced marine boundary layers and plays a key role
in vertical transport (e.g., Gryschka andRaasch, 2005;Gryschka et al., 2008; Skyllingstad and
Edson, 2009; Gryschka et al., 2014).

More recent work has expanded simulation setups to include MPCs and precipitation feed-
backs (e.g., Abel et al., 2017; Tornow et al., 2021; Wu et al., 2025). Studies further empha-
sise the roles of model resolution, process coupling, and microphysical complexity, as coher-
ent turbulent structures and mesoscale organisation strongly affect vertical exchange pro-
cesses (Brilouet et al., 2020) and grey-zone modelling highlights representation challenges
(Tomassini et al., 2017; deRoode et al., 2019;Honnert et al., 2020). Model comparisonswith
observations and intercomparison studies reveal strong sensitivities to large-scale forcing and
uncertainties in turbulence closure, cloud structure, and the representation of microphysics
(Li et al., 2021, 2023; Juliano et al., 2024; Wendisch et al., 2025; Juliano et al., 2026).

The following chapter introduces the governing equations onwhich atmosphericmodels are
based (Section 2.1). It then provides a brief overview of atmospheric turbulence (Section 2.2)
and outlines different approaches to atmospheric modelling (Section 2.3). Building on this
foundation, the techniques used in LES are discussed in greater detail (Section 2.4). Subse-
quently, Lagrangian LES are introduced (Section 2.5), followed by a description of the spe-
cific atmospheric model employed in this thesis (Section 2.6).

2.1 Govering Equations

To describe fluidmotion, atmospheric models solve a set of fundamental conservation equa-
tions of dynamics and thermodynamics. These equations express the conservation of mass,
momentum, and energy and provide the physical basis for representing atmospheric flows
across scales. The following section summarises the governing equations relevant for this
study and is largely based on Stull (1988) and van Heerwaarden et al. (2017).
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Since atmospheric variability is generally stronger in the vertical than in the horizontal, verti-
cal motion, which is largely driven by bouyancy, plays a central role in atmospheric dynam-
ics and modelling. To isolate the dynamically relevant, buoyancy-driven motions from fast
acoustic disturbances, the governing equations canbe formulated under the anelastic approx-
imation (Ogura and Phillips, 1962). Therefore, density ϱ, pressure p, and thermodynamic
variables, such as the virtual potential temperature θv, are represented as small perturbations
of a hydrostatic reference state that depends only on height z, such as

ϱ = ϱ0(z) + ϱ′, p = p0(z) + p′, θv = θv0(z) + θv
′ . (2.1)

The anelastic formulation retains the vertical variation of the reference density, while ex-
cluding sound-wave modes. A frequently used special case is the Boussinesq approxima-
tion, which is recovered when the reference density is assumed constant with height (Boussi-
nesq, 1897). In this limit, the anelastic equations simplify to the incompressible form while
buoyancy remains represented through density or virtual potential temperature perturba-
tions (Randall, 2013).

2.1.1 Ideal Gas Law

The atmosphere can be approximated as an ideal gas composed of particles that move ran-
domly and interact primarily through elastic collisions. Under this assumption, pressure,
density, and temperature are related by the ideal gas law

p = ϱRTv . (2.2)

Here, R = 287 J K−1 kg−1 is the gas constant for dry air, and Tv is the virtual temperature
accounting for the lower density of moist air compared to dry air.

Using the anelastic approximation, with a scaling height for the densityHϱ, based on a refer-
ence density profile ϱ0

Hϱ ≡
(

1

ϱ0

dϱ0
dz

)−1

, (2.3)
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and the definition of the virtual potential temperature

θv = Tv

(
p0
p

)R
cp

, (2.4)

the ideal gas law can be expressed as

θv
′

θv0
=

p′

ϱ0gHϱ

− ϱ′

ϱ0
. (2.5)

2.1.2 Continuity Equation

In classical physics, mass cannot be created or destroyed; therefore, it must be conserved. In
fluid dynamics, this principle is expressed by the continuity equation. In the following, the
Einstein summation convention is used, where indices i, j, k ∈ {1, 2, 3} are summed over
whenever they appear twice. The continuity equation then reads

dϱ
dt

+ ϱ
∂ui

∂xi

= 0 , (2.6)

with the three dimentional wind components ui. The continuity equation thus states that
all mass needs to be either transported in and out of a parcel of air or alter its density.

Under the anelastic approximation, density perturbations are neglected in the continuity
equation, but the vertical variation of the reference density is retained. Mass conservation,
therefore, becomes

∂(ϱ0ui)

∂xi

= 0 . (2.7)

2.1.3 Navier-Stokes Equations

Themotion of an air parcel is governed by theNavier-Stokes equations, originally formulated
byNavier (1821, 1827) and Stokes (1845) by applyingNewton’s second law to fluidmotion.
The resulting momentum equation is given by

∂ui

∂t
+ uj

∂ui

∂xj

= −δi3g − 2ϵijkΩjuk −
1

ϱ

∂p

∂xi

+
1

ϱ

∂τ ij
∂xj

. (2.8)
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The first term ∂ui

∂t
describes the inertia of the air parcel, while the second term uj

∂ui

∂xj
rep-

resents nonlinear advection. The term −δi3g accounts for the gravitational acceleration,
where δij denotes the Kronecker-Delta (for the definition see page 152). The Coriolis ac-
celeration arising from Earth’s rotation is given by −2ϵijkΩjuk, with ϵijk, the Levi-Civita
Symbol (for the definition see page 152). The pressure-gradient force is expressed by−1

ϱ
∂p
∂xi

and drives the flow toward dynamical equilibrium. The final term 1
ϱ

∂τ ij
∂xj

represents viscous
stresses caused by molecular momentum transfer. Assuming an incompressible Newtonian
fluid, the viscous stress tensor reduces to ν ∂2ui

∂xj

2
, where ν denotes the kinematic viscosity.

Under the anelastic approximation, and assuming that the reference state satisfies the hydro-
static balance,

dp0
dz

= −ϱ0g , (2.9)

together with the continuity equation Equation (2.7), the momentum equation becomes

∂ui

∂t
= − 1

ϱ0

∂(ϱ0uiuj)

∂xj

− ∂

∂xi

(
p′

ϱ0

)
+ δi3g

θv
′

θv0
− 2ϵijkΩjuk + ν

∂2ui

∂x2
j

. (2.10)

2.1.4 First Law of Thermodynamics

The first law of thermodynamics states that energy is conserved during thermodynamic pro-
cesses. In atmospheric flows, it governs the evolution of sensible and latent heat through
advection, diffusion, radiation, and phase changes. Using potential temperature θ as a prog-
nostic thermodynamic variable, the conservation equation can be written as

∂θ

∂t
+ ui

∂θ

∂xi

= νθ
∂2θ

∂x2
i

+ Sθ , (2.11)

where Sθ represents diabatic sources and sinks of heat, including radiative heating and latent
heat release. The term on the left-hand side describes the local tendency and advection
of potential temperature, while the diffusion term on the right-hand side accounts for
molecular heat transport.
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Under the anelastic approximation, the thermodynamic equation becomes

∂θ

∂t
= − 1

ϱ0

∂ (ϱ0uiθ)

∂xi

+ κθ
∂2θ

∂x2
i

+
θ0

ϱ0cpT 0

Q . (2.12)

Here, κθ denotes the thermal diffusivity, andQ represents external sources and sinks of heat.

2.1.5 Conservation Equation for Scalars

Analogous to the conservation of potential temperature expressed by the first law of ther-
modynamics, other atmospheric quantities, such as humidity and trace gas concentrations,
obey scalar conservation equations. An arbitrary atmospheric scalar with a concentration of
ξ evolves according to

∂ξ

∂t
+ ui

∂ξ

∂xi

= νξ
∂2ξ

∂x2
i

+ Sξ . (2.13)

The first term represents temporal storage, while ui
∂ξ
∂xi

describes advection by the flow.
Molecular diffusion is represented by νξ

∂2ξ
∂x2

i
, where νξ denotes the scalar diffusivity. The

source-sink term Sξ accounts for all remaining processes affecting the scalar, such as chemi-
cal reactions, emissions, deposition or phase transitions.

2.2 Atmospheric Turbulence

Turbulent flows are characterisedby irregular, randomfluctuations in velocity andother flow
properties over a wide range of spatial and temporal scales. Despite this apparent disorder,
turbulent flows exhibit reproducible statistical behaviour, allowing them to be described in a
probabilistic sense. A key feature of turbulence is the presence of motions of multiple scales,
from large energy-containing structures influenced by geometry and boundary conditions to
small dissipative motions governed primarily by viscosity. These multiscale interactions are
responsible for the enhanced transport andmixing ofmomentum, heat, and scalar quantities
observed in turbulent flows (Pope, 2001).

2.2.1 KolmogorovHypothesis

Turbulence consists of eddies of different sizes, with energy entering at the largest scales and
cascading to progressively smaller eddies until it is dissipated by viscous effects at the small-
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Figure 2.1: Schematic of the kinetic energy spectrumE(k) as a function of the wave number k with the integral range
describing large eddies, the inertial rangewith the characteristic scaling indicated as a dashed line and the dissipative range
where the energy is transferred to heat (indicated in red).

est scales and converts into heat. These processes of turbulent kinetic energy transfer across
different scales of turbulent motion are described by the Kolmogorov theory. A schematic
of the corresponding energy spectrumE(k) is shown as a function of the wave number k in
Figure 2.1.

The largest eddies in the integral range at length scales comparable to the characteristic flow
dimension containmost of the turbulent kinetic energy. They are strongly influenced by the
flow geometry and boundary conditions. The Kolmogorov hypothesis states that small-scale
turbulentmotions become approximately statistically isotropic at sufficiently highReynolds
numbers, even if the large-scale flow is anisotropic. This occurs because the cascade process
transfers energy through many stages of eddy interactions, gradually removing directional
biases introduced by the large scales. As a result, the smallest turbulent motions lose infor-
mation about the specific geometry of the flow and exhibit universal statistical behaviour.

The small-scale statistics, therefore, become independent of the large-scale geometry and
boundary conditions. The range of scales where viscosity has negligible influence and en-
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ergy is transferred between scales at an approximately constant rate equal to the dissipation
rate ϵ is called the inertial subrange. Using dimensional analysis, Kolmogorov argues that the
characteristic scaling relation for eddies of wave number k in this region is

E(k) ∝ ϵ
2
3k− 5

3 . (2.14)

For turbulence modelling, this universality of small-scale turbulence allows the unresolved
small scales to be represented through appropriate modelling approaches, where the tur-
bulence spectrum is effectively separated into resolved large energy-containing motions and
smaller scales whose influence is incorporated through models based on their assumed uni-
versal behaviour.

2.3 Approaches to AtmosphericModelling

Due to the turbulent nature of the atmospheric flows, exhibiting a wide range of interacting
spatial and temporal scales, it is generally not feasible to resolve all relevant scales explicitly
in computational models. Instead, different modelling approaches have been developed that
trade off physical fidelity and computational cost by either resolving or parameterising tur-
bulent processes (Pope, 2001). These approaches range from highly idealised, fully resolved
simulations to coarse-resolution models used for weather prediction and climate studies.

Direct numerical simulation

Direct numerical simulations (DNS) directly solves the governing equations (Section 2.1)
without introducing turbulence parameterisations. All turbulent scales are resolved, from
large eddies down to the smallest dissipative motions where kinetic energy is converted into
heat. DNS therefore provides a detailed representation of turbulence but quickly becomes
extremely computationally expensive. Since the required computational effort increases
rapidlywithReynolds number, DNS is generally limited to small domains and relatively low-
Reynolds-number flows (Pope, 2001; Mellado, 2012).

General circulation model

General circulation models (GCMs) simulate the large-scale atmospheric dynamics with
coarser spatial resolution. The governing equations are solved on grids that are much larger

29



than the dominant turbulent eddies of the ABL. Consequently, turbulent motions are not
explicitly resolved but represented through tuned parameterisations of specific subgrid-scale
processes, such as cloud formation (Kochkov et al., 2024). Due to their low resolution,
GCMs can perform simulations over large areas and long periods of time with comparatively
little computational effort and are well suited to long-term climate simulations and opera-
tional weather forecasting (Holton and Hakim, 2013).

Large eddy simulation

Large eddy simulations bridge the gap between DNS and GCM approaches. They explic-
itly resolve the large, energy-containing turbulent motions in the ABL while parametrising
smaller eddies. Due to the fact that most turbulent kinetic energy resides in large-scale struc-
tures influenced by boundary conditions, while smaller eddies exhibit a more universal be-
haviour, LES is designed to capture the essential turbulent dynamics at substantially reduced
computational cost compared to DNS, while also reducing the impact of turbulence clo-
sure compared to GCMs. LES provides three-dimensional, time-dependent flow fields and
is therefore widely used to study ABL processes and cloud dynamics and can be used to de-
velop and evaluate parameterisations for large-scale atmospheric models (Pope, 2001).

Therefore, LES is adopted in this thesis because it resolves the dominant turbulent struc-
tures in MCAOs while remaining computationally feasible, allowing a physically consistent
representation of boundary layer evolution under prescribed large-scale conditions. A com-
prehensive description of its formulation is given in Section 2.4.

2.4 Large Eddy Equations

The LES approach is based on a scale separation achieved through spatial filtering of the gov-
erning equations. This filtering operation decomposes the flow into resolved large-scale mo-
tions and unresolved subgrid-scale contributions. While the resolved scales are computed ex-
plicitly, the effect of the unresolved motions appears as additional terms in the filtered equa-
tions and must be parameterised. The following section will introduce the most important
principles and parametrisations and is largely based on (Pope, 2001) and (Heus et al., 2010),
unless stated otherwise.
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2.4.1 Filtering

The filtering operation was introduced by Leonard (1975) and is performed by convolving
an arbitrary scalar field ξ with a filter functionG(r⃗, x⃗)

ξ̃ (x⃗, t) =

∫
G(r⃗, x⃗)ξ(x⃗− r⃗, t) dr⃗ , (2.15)

under the condition that the filter function satisfies the normalisation condition∫
G(r⃗, x⃗) dr⃗ = 1 . (2.16)

The filter width is typically related to the grid spacing and therefore determines the smallest
scales that can be explicitly resolved within the LES. The true field of ξ can then be decom-
posed into a resolved component ξ̃ and a residual component ξr according to

ξ = ξ̃ + ξr . (2.17)

In contrast to Reynolds decomposition, both contributions represent instantaneous flow
fields associated with different turbulent length scales rather than mean and fluctuating
quantities. The resolved field containsmotions larger than the filter width, while the residual
field represents the unresolved subgrid-scale motions. A schematic example of a filtered
spectrum is shown in Figure 2.2.

Figure 2.2: Schematic of filtering in LES (blue) for the energy spectrumE(k) (grey; adapted from (Pope, 2001); a) and for
a filtered (blue) horizontal wind field u(t) (grey; b).

31



2.4.2 Filtered Governing Equations

Considering spatially uniform filters, spatial derivatives commute with the filtering opera-
tion, such that

∂̃ξ

∂xi

=
∂ξ̃

∂ξ
,

∂̃2ξ

∂x2
i

=
∂2ξ̃

∂x2
i

. (2.18)

The filtered continuity equation Equation (2.7) is

∂ϱ̃0ui

∂xi

= 0 . (2.19)

Applying the filter to the momentum equation Equation (2.10) gives

∂ũi

∂t
= − 1

ϱ0

∂(ϱ0ũiuj)

∂xj

− ∂

∂xi

(
p̃′

ϱ0

)
+ δi3g

θ̃v
θv0

− 2ϵijkΩjũk +
∂2ũi

∂x2
j

. (2.20)

The nonlinear advection term introduces correlations between resolved and unresolved
scales. To represent these subgrid contributions, a residual stress tensor is defined as

τRij ≡ ũiuj − ũiũj . (2.21)

This tensor can be decomposed into an isotropic τRii and an anisotropic τ rij component. The
residual kinetic energy is defined by

e =
1

2
τRii . (2.22)

The remaining anisotropic residual stress tensor is then given by

τ rij ≡ τRij −
2

3
δije . (2.23)

Substituting this decomposition into Equation (2.20) results in tne momentum equation

∂ũi

∂t
= − 1

ϱ0

∂(ϱ0ũiũj)

∂xj

− ∂

∂xi

(
p̃′

ϱ0

)
+δi3g

θ̃v
θv0

−2ϵijkΩjũk+
∂2ũi

∂x2
j

− 1

ϱ0

∂(ϱ0τ
r
ij)

∂xj

. (2.24)
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Finally, applying the filtering operation to the scalar conservation equation and defining the
residual scalar flux

Rui,ξ ≡ ũiξ + ũiξ̃ , (2.25)

yields
∂ξ̃

∂t
+

∂ũiξ̃

∂xi

= −∂Rui,ξ

∂xi

+ νξ
∂2ξ̃

∂xi

+ Sξ . (2.26)

The anisotropic residual stress tensor τ rij and the residual scalar fluxes Rui,ξ remain unre-
solved within the LES formulation and must therefore be parametrised.

2.4.3 Subfilter-Scale Closure

The closure of the residual stress tensor τ rij and scalar fluxesRui,ξ can be modelled through
an eddy-diffusivity approach as described by Heus et al. (2010), whose notation is followed
throughout this section. The deviatoric subfilter stress and scalar flux are written as

τ rij = −Km

(
∂ũi

∂xj

+
∂ũj

∂xi

)
and Rui,ξ = −Kh

∂ξ̃

∂xj

, (2.27)

with the eddy viscosity coefficient Km and the eddy diffusivity coefficient Kh (Heus et al.,
2010).
According to Smagorinsky (1963) and laterLES formulations (Wyngaard, 2004; Pope, 2001),
the eddy viscosity can be modelled algebraically using the Smagorinsky closure,

Km = c2sλ
2(2SijSij)

1
2 , (2.28)

where cs denotes the Smagorinsky constant, λ a mixing length, and the resolved strain-rate
tensor is defined as

Sij =
1

2

(
∂ũj

∂xi

+
∂ũi

∂xj

)
. (2.29)

In this algebraic closure, the subgrid turbulence is obtained from the local strain rate,
such that the modelled subfilter dissipation depends solely on resolved velocity gradi-
ents (Pope, 2001). In contrast, the prognostic subfilter-scale turbulent kinetic energy
(SFS-TKE) model by Deardorff (1972) determines the mixing coefficients from a
transport equation for the subfilter energy e rather than from the instantaneous strain rate.
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As a result, the turbulence intensity evolves dynamically and reflects transport effects. The
eddy viscosity and eddy diffusivity are then defined as

Km = cmλe
1/2 and Kh = chλe

1/2, (2.30)

where cm and ch are constants and λ denotes the mixing length (Heus et al., 2010). In con-
trast to the Smagorinsky closure, this formulation introduces an additional prognostic equa-
tion for e,

∂e

∂t
= −∂ũje

∂xj

− τ ij
∂ũi

∂xj

+
g

θ
Rw,θv −

∂Ruj ,e

∂xj

− 1

ϱ

∂Ruj ,π

∂xj

− ϵ , (2.31)

with ϵ the SFS-TKE dissipation rate (Heus et al., 2010). The additional buoyancy-
production term explicitly represents the generation of turbulence by vertical heat fluxes,
making the Deardorff closure particularly suitable for atmospheric boundary layer simula-
tions where convection is important.

2.4.4 SurfaceModel

Atmospheric turbulence is strongly influenced by the lower boundary conditions. However,
the viscous surface fluxes are not resolved in LES and need to be parametrised as boundary
fluxes into the surface layer. Following Heus et al. (2010), the subfilter-scale surface flux of
an arbitrary variable ξ is written as

Fsξ = w̃ξ − w̃ξ̃, (2.32)

representing the unresolved turbulent exchange between the surface and the atmosphere
(Heus et al., 2010). The theoretical basis of most atmospheric surface flux parameterisations
isMonin–Obukhov similarity theory (MOST), introduced byMonin andObukhov (1954),
who consider horizontally homogeneous flow over a rough surface and assume a constant-
flux surface layer, where the turbulent momentum flux (stress) is defined as

τ = −ϱ, u′w′, (2.33)

34



with u′ andw′ denoting fluctuations of horizontal and vertical wind components. From this
stress, a friction velocity is introduced

u⋆ =

√
τ

ϱ
, (2.34)

which provides the characteristic velocity scale governing turbulence in the surface layer
(Monin and Obukhov, 1954).

A central result of MOST is that nondimensional turbulence statistics depend only on the
stability parameter

ζ =
z

L
, (2.35)

where z is the height above the surface andL is the Obukhov length

L = − u⋆
3θv

κg(w′θv ′)s
, (2.36)

where w′θv ′s is the surface buoyancy flux and κ is the von Kármán constant; this length ex-
presses the relative importance of shear and buoyancy forcing (Monin and Obukhov, 1954;
Heus et al., 2010). Under neutral stratification, the similarity arguments lead to a logarithmic
wind profile (Monin and Obukhov, 1954).

Building on these similarity relations, Louis (1979) formulates a bulk transfer schemeby inte-
grating theMOST flux-profile relations between the roughness length and the lowest model
level. In modern LES implementations (e.g., Heus et al., 2010), these integrated similarity
relations are expressed through drag coefficients,

Cξ =
u⋆0ξ⋆0

⟨u1⟩⟨ξ̃1 − ξ0⟩
, (2.37)

with u1 being the magnitude of the horizontal wind speed at the first model level, which
yields local surface fluxes

Fsξ = −Cξ⟨u1⟩(ξ̃1 − ξ0). (2.38)
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These fluxes act as a subfilter-scale boundarymodel, ensuring that horizontally averaged flux-
gradient relationships remain consistent with MOST while coupling the resolved LES flow
to the unresolved surface layer (Heus et al., 2010).

2.4.5 Parametrisation ofMicrophysics

The representation of cloud microphysics in LES is essential for simulating cloud processes
and precipitation. These processes occur at very small spatial scales, far smaller than the typ-
ical modelling grid. Therefore, the creation and evolution of hydrometeors, such as cloud
droplets and ice crystals, need to be parametrised. Generally, there are two main approaches
for microphysical parametrisations to represent particle populations. Bin-microphysics
schemes explicitly resolve the particle size distribution by dividing it into bins and predicting
the mass or number of particles in each bin. This approach provides a detailed representa-
tion of hydrometeors and processes, but is computationally expensive. Alternatively, models
use bulk schemes that represent the particle size distribution using a limited set of statistical
moments, such as the mass and number densities of hydrometeors, to reduce computational
costs (Morrison et al., 2020).

A commonly used microphysical model was developed by Seifert and Beheng (2006); a two-
moment bulk scheme to represent the mass and number densities of five hydrometeors:
cloud liquid, rain, cloud ice, snow and graupel. The following section is based on this scheme
and follows the corresponding paper by Seifert and Beheng (2006).

In this two-moment parameterisation, the hydrometeor size distribution f(x) is a function
of the particle mass x and is characterised by its moments

Mk
ξ =

∫
xkfξ(x) dx , (2.39)

which corresponds to the number density for k = 0 and to the mass density for k = 1 for
each hydrometeor class ξ of cloud droplets, rain, ice crystals, snow and graupel. The time
evolution of each moment follows a transport equation of scalars (Equation (2.13)).

For liquid hydrometeors, droplet formation through activation of CCN is represented as a
function of supersaturation and aerosol properties, consistent with the processes outlined in
Section 1.3.3. Subsequent condensational growth is treated using a saturation-adjustment
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approach, ensuring that excess water vapour is instantaneously converted into liquid water
while keeping the droplet number constant. Thedroplet population is partitioned into cloud
droplets and raindrops using a critical size threshold, reflecting the transition from diffusion-
dominated growth to collision-driven processes. The formation of precipitation is parame-
terised through autoconversion, describing the initial growth of droplets into raindrops, and
accretion, which represents the continued growth of raindrops by collecting smaller droplets.
Interactions within and between hydrometeor classes are further accounted for through self-
collection, which reduces particle number while conserving mass, and collisional breakup,
which redistributes mass toward smaller sizes. The removal of liquid water from the cloud is
represented by sedimentation via size-dependent fall velocities or evaporation.

For frozen hydrometeors, the parametrisation is extended to include cloud ice, snow, and
graupel, whose evolution is likewise described by their number and mass moments. Ice
formation is represented by adjusting the ice particle number concentration towards the
available ice nuclei as a function of temperature and supersaturation, as introduced in Sec-
tion 1.3.3, and by including freezing processes of supercooled droplets. The subsequent
growth of ice particles occurs through vapour deposition and through collection processes
that govern interactions between different hydrometeor types. These include aggregation
between ice particles, leading to snow formation, and riming, inwhich ice particles collect su-
percooled droplets and may be converted into graupel depending on the accumulated rime
mass. Collisions between rain and ice are also considered, contributing to mixed-phase in-
teractions and phase transitions. The parametrisation further accounts for the melting of
ice particles in warmer conditions and for their sedimentation using species-dependent fall
velocities.

2.5 Lagrangian Large Eddy Simulation

The atmosphere can be modelled within different reference frames. In an Eulerian frame
(Figure 2.3 a), the model domain is fixed in space while the atmospheric flowmoves through
it. Thus in such LES, air masses pass through a stationary computational domain and up-
stream influencesmust be represented through boundary conditions and large-scale forcings.

When studying air mass transformations, it can be advantageous to adopt a Lagrangian
perspective (Figure 2.3 b), which allows following the evolution of an air mass over longer
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Figure 2.3: Schematic of different modelling approaches for LES, Eulerian frame fixed in space (a) and Lagrangian frame
following an air parcel along the trajectory (b).

periods without requiring a substantial increase in domain size. Furthermore, the strong
dependence of air mass transformations on the upstream history of the air mass can be rep-
resented more consistently.

In a Lagrangian LES, the simulation domain follows the movement of an air mass along its
trajectory. The model domain effectively moves with the mean flow, allowing the internal
processes within the air mass to evolve continuously along its path. In this configuration, the
large-scale forcings are prescribed relative to the moving frame of reference. Consequently,
the horizontal wind within the simulation domain is approximately zero at the trajectory
height, while the corresponding Eulerian wind represents the propagation speed of the air
mass trajectory. This approachmakes Lagrangian sampling particularlywell-suited for study-
ing MCAOs, where the thermodynamic and dynamical evolution of an air mass strongly
depends on its history along the trajectory. An introduction to the calculation of these tra-
jectories will be given in Section 3.3.1.

2.6 The Dutch Atmospheric Large Eddy SimulationModel

To perform the LES experiments in this thesis, the Dutch Atmospheric Large Eddy Simula-
tion (DALES) model is used. DALES is a turbulence-resolving model developed for studies
of the atmospheric boundary layer. It was introduced byHeus et al. (2010), based on amodel
developed by Nieuwstadt and Brost (1986).

38



DALES solves the prognostic equations (see Section 2.1) for the three wind components ui,
the liquidwater potential temperature θl and the subfilter-scale turbulent kinetic energy e, as
well as the total humidity qt, the CCN concentration and the number and mass densities of
five hydrometeor species. It uses a SFS-TKE model by (Deardorff, 1972) (see Section 2.4.3)
and applies MOST to calculate fluxes and gradients at the surface boundary. The model is
run on an Arakawa C-grid (Arakawa and Lamb, 1977), with scalars defined at the cell centre
and velocity components at cell faces (Heus et al., 2010).

For the representation of mixed-phase cloud in the Arctic, DALES has been extended be-
yond its original warm-cloud formulation to a mixed-phase double-moment bulk micro-
physics scheme based on Seifert and Beheng (2006) (see Section 2.4.5), predicting the mass
and number concentrations of cloud droplets, rain, cloud ice, snow and graupel, adapted
for high Arctic clouds (Chylik et al., 2023; Schnierstein et al., 2024). DALES can be applied
in a Lagrangian framework, as demonstrated for Arctic conditions by Neggers et al. (2019),
making it well suited for investigating Arctic air mass transformations such as MCAOs.
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3
Observing Marine Cold Air Outbreaks

Marine cold air outbreaks in the Arctic often occur in remote regions, where sparse observa-
tions complicate the collection of high-quality measurement data characterising these events
(Geerts et al., 2022). Observations of MCAOs ideally require coordinated measurements of
surface fluxes, cloud properties, andmicrophysics frommultiple platforms rather than single
instruments (Renfrew andMoore, 1999; Geerts et al., 2022).

Early observational work focused primarily on turbulent convection and the roll structure
of cloud streets during MCAOs. Aircraft observations made it possible to directly sample
MCAOs using in-situ and remote sensing measurements and obtain vertical profiles from
the deployment of dropsondes. Early research campaigns analysed roll vortices and bound-
ary layer stability using observations from towers and aircraft, and combined aircraft and ship
observations to investigate boundary layer development and organised convection (LeMone,
1973; Hein and Brown, 1988; Kellner et al., 1987). Further aircraft campaigns increasingly
couple aircraft measurements with satellite observations to connect cloud structures to the
evolving boundary layer (Hartmann et al., 1997; Brümmer, 1996, 1997;Renfrew andMoore,
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1999). However, most early aircraft studies relied on localised transects and were therefore
only able to cover small areas of MCAOs.

More recent campaigns increasingly rely on coordinated multi-platform observations com-
bining aircraft, ground-based remote sensing, ships, and balloons. For example, the Cold
air Outbreaks in the Marine Boundary Layer Experiment (COMBLE) provided sustained
ground-based remote sensing observations of MCAO clouds in northern Scandinavia, en-
abling detailed studies of shallow convective clouds and boundary layer structure (Mages
et al., 2023; Geerts et al., 2022; Wu et al., 2025; Juliano et al., 2024; Lackner et al., 2023).
Observations from the Multidisciplinary drifting Observatory for the Study of Arctic Cli-
mate (MOSAiC) expedition have been combined with COMBLE measurements to analyse
transport processes (Kirbus et al., 2023a; DeMott et al., 2025). Multiple aircraft campaigns
have provided further observations ofArctic clouds andboundary layer processes during cold
air outbreak conditions (e.g. Solomon et al., 2009; Verlinde et al., 2007; Knudsen et al., 2018;
Seethala et al., 2021; Tornow et al., 2021;Michaelis et al., 2022; Tornow et al., 2023). Recent
campaigns increasingly aim to follow the air masses along their path. For example, the Cold-
Air outbreak Experiment in the Sub-ARctic (CAESAR), aimed to sampleMCAOs from the
sea-ice edge along the downstream flow in the North Atlantic (Zuidema et al., 2026). The
HALO-(AC)3 campaign, which this thesis is based on, utilised multiple research aircraft at
different altitudes to investigate air mass transformations duringMCAOs andWAIs, includ-
ing observations in the high Arctic above sea-ice (see Section 3.1; Klingebiel et al., 2025; Kir-
bus et al., 2024; Wendisch et al., 2024; Schirmacher et al., 2024; Walbröl et al., 2024). This
setup is an ideal basis to study the evolution of MCAOs, providing upstream information
and comprehensive remote-sensing and in-situ observations. The campaign setup is intro-
duced further in the following Section 3.1.

3.1 HALO-(AC)3 Campaign

The HALO-(AC)3 campaign aimed to improve the understanding and representation of
air mass transformation processes occurring duringmeridional transport between the Arctic
and the mid-latitudes (Wendisch et al., 2021). The campaign was conducted in March and
April 2022 and focused on the FramStrait region and the adjacentNorwegian andGreenland
Seas. Particular emphasis was placed on the investigation of northwardWAIs and southward
MCAOs, as outlined in the comprehensive campaign overview presented byWendisch et al.
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(2024). A detailed description of the instrument configuration and resulting datasets is pro-
vided by Ehrlich et al. (2025).

To observe both the large-scale evolution of air masses and small-scale boundary layer pro-
cesses, three coordinated research aircraft were deployed and operated in partially co-located
flight patterns at different altitudes. TheHALO aircraft, operated by theGermanAerospace
Center (DLR), has a range of approximately 9000 kmand amaximumflight altitude of about
15 km. It operated from Kiruna, Sweden (67.85 °N, 20.22 °E), and performed 17 research
flights covering theNorwegian Sea, Greenland Sea, Fram Strait, and the central ArcticOcean
(Wendisch et al., 2024).

HALOwas equipped with a suite of active and passive remote sensing instruments designed
to observe the vertical structure of the troposphere, including clouds, water vapour, aerosols,
precipitation, and surface properties (Wendisch et al., 2024). From this suite, this thesis in-
corporates observations from the Airborne Vertical Atmospheric Profiling System (AVAPS)
system, which deploys Vaisala RD-41 dropsondes to obtain high-resolution vertical profiles
of temperature, humidity, pressure, and horizontal wind. Furthermore, measurements from
the HALO Microwave Package (HAMP) Ka-band Doppler cloud radar were used to ob-
serve cloud structures and precipitation profiles, while the accompanying multi-channel mi-
crowave radiometer retrieved atmospheric temperature, humidity, and liquid water content
from measured microwave emissions (Mech et al., 2014). Additionally, the Video airbornE
Longwave Observations within siX channels (VELOX) thermal infrared camera system was
employed and is used in this thesis to constrain the surface boundary conditions in LES;more
information on this instrument is presented in Section 3.3.3.

In addition, the Polar 5 (P5) and Polar 6 (P6) aircraft, operated by the Alfred-Wegener-
Institut (AWI), were based in Longyearbyen on Svalbard (78.24 °N, 15.49 °E). These aircraft
typically flew at lower altitudes with a range of approximately 2300 km and a maximum alti-
tude of around 6 km.

P5 primarily conducted active and passive remote sensing observations of clouds, precipita-
tion, aerosols, and surface properties (Mech et al., 2019; Schirmacher et al., 2023). It was also
equippedwith anAVAPS dropsonde system (Vaisala, 2023). In this thesis, observations from
theMicrowave Radar/Radiometer for Arctic Clouds (MiRAC) microwave cloud radar and
radiometer system were used to retrieve cloud properties (Mech et al., 2019). Additionally,
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theAirborneMobileAerosol Lidar (AMALi), amulti-wavelength lidar system, provided ver-
tical profiles of clouds and aerosols by detecting laser backscatter from atmospheric particles
(Stachlewska et al., 2010). The P6 aircraft was primarily dedicated to in-situ measurements
of aerosols, cloud microphysics, and trace gases in the lower troposphere. However, these
observations are not utilised in this thesis.

3.1.1 Quasi-Lagrangian Observations

Previous studies of Arctic air mass transformations primarily relied on Eulerian observations
obtained at fixed locations, such as ground-based stations or ships, sometimes complemented
by aircraft or satellitemeasurements (Uttal et al., 2002; Shupe et al., 2022;Kirbus et al., 2023a;
Svensson et al., 2023). However, they cannot directly capture the temporal evolution of in-
dividual air masses. To overcome this limitation, the HALO-(AC)3 campaign implemented
a quasi-Lagrangian observation strategy that repeatedly sampled the same moving air mass
along its trajectory in order to quantify transformationprocesses during transport (Wendisch
et al., 2024).

Figure 3.1: Schematic of HALO‐(AC)3 quasi‐lagrangian flight strategy, with mesoscale dropsonde observations at loca‐
tions IC of RF10 and C01, C02 and C03 of RF11, adapted from Wendisch et al. (2024).
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Within the quasi-Lagrangian framework, air masses were first identified using trajectory cal-
culations derived from atmospheric forecasts. The aircraft then sampled the air mass at an
initial location, indicated as Column 1 in Figure 3.1, and attempted to intercept it again
later along its predicted trajectory. However, the column air mass is not transported uni-
formly, as the trajectories may vary with height. Subsequent observations thus can only cap-
ture specific layers of the originally sampled air mass (illustrated by the blue boxes in Fig-
ure 3.1). The flight planning was supported by trajectory calculations using the Lagrangian
Analysis Tool (LAGRANTO) (Sprenger andWernli, 2015), driven by European Centre for
Medium-Range Weather Forecasts (ECMWF) IFS Cy43r1 forecasts. For the subsequent
analysis of the air mass trajectories, the ECMWF Reanalysis v5 (ERA5) reanalysis was used
(Hersbach et al., 2020).

For the specific case analysed in this thesis, HALO performed circular flight patterns, indi-
cated as circles in Figure 3.1. The initial circle IC was observed during research flight RF10
on 29thMarch 2022 (flight pattern shown in Figure 3.2), capturing the initial state t1 of the
observedMCAO through the release of dropsondes. On the following day, the same airmass
was intercepted again by HALO at time t2 in Column 2 using the second circle leg C02 of
the flight pattern during RF11.

Two additional circular patterns (C01 and C03) were flown along the predicted trajectory.
However, these did not sample the same air mass, due to the slow propagation speed of the
air mass relative to the aircraft’s flight speed. Additional observations in Column 2 at lower
altitudes were obtained by the P5 aircraft, which sampled the air mass shortly after it had
passed the location (see Figure 3.1).

3.1.2 Additional Observations

Parallel to the HALO-(AC)3 campaign, several other field campaigns were conducted in
the same region. One of these was the Isotopic Links to Atmospheric Water’s Sources (IS-
LAS2022) field campaign (ISLAS2022, 2023), which utilised controlled meteorological bal-
loon (CMET) balloons. These balloons use a reversible lift-gas compression technique to
regulate their altitude, allowing them to travel with an air mass along its trajectory for sev-
eral days (Voss et al., 2010). In this thesis, observations of temperature and humidity from
these platforms are used to verify the simulation setup with an independent dataset. The
instruments and data are introduced in more detail in Chapter 5.
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3.2 Case Description

This thesis is based on an MCAO observed on 29th March 2022 (RF10) and 30th March
2022 (RF11) over the Fram Strait. During this event, cold Arctic air originating over the sea-
ice-covered central Arctic was advected southward across the MIZ and over the open ocean.
The synoptic-scale circulation during this case was characterised by a high-pressure system
located near eastern Greenland and a low-pressure system over the Barents Sea. The pressure
gradient between the two systems generated a persistent northerly flow in this region, which
favoured cold advection from the Arctic Ocean to the Fram Strait, with near-surface wind
speeds of approximately 6m s−1 to 10m s−1. The synoptic situation is shown in Figure 3.2.

Figure 3.2: Maps of geopotential height at 500hPa (shading) and mean sea level pressure (black contour lines; a) and
wind speed at 10m (shading) and wind direction (arrows) on 30th March 2022at 12:00 UTC during HALO‐(AC)3 from
ERA5 (b). Flight paths of HALO flights RF10 and RF11 and P5 on 30th March 2022, together with CMET, Dropsonde (DS)
locations (▼) and the sea‐ice concentration retrieved from satellite observations (Spreen et al., 2008) indicated in grey and
white (c).

As described in Section 3.1.1, HALO followed a quasi-lagrangian sampling strategy observ-
ing the evolution of an air mass along its southward trajectory. During RF10 on 29thMarch
2022 and RF11 on 30th March 2022 circular mesoscale flight patterns with a diameter of
about 150 km were flown while releasing several dropsondes along the circle (Figure 3.2 c).
These dropsondes provided vertical profiles of thermodynamic and dynamical variables and
allowed the derivation of divergence and subsidence from horizontal wind gradients (Sec-
tion 3.3.4). Additional independent observations were taken with the P5 aircraft and the
CMET balloon. These have been used as independent validation in this thesis.
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MCAO Index

The thermodynamic instability of an MCAO can be quantified using the MCAO Index,
which is defined as the difference in potential temperature θ between the sea surface and
800 hPa (Papritz and Spengler, 2017; Dahlke et al., 2022),

M = θSKT − θ800 hPa . (3.1)

This index provides ameasure of the lower-tropospheric instability associatedwithMCAOs.
Positive values indicate lower-tropospheric instability, favouring convective overturning and
cloud formation, whereas negative values correspond to stable stratification. Figure 3.3 a
shows theMCAOindex fromdropsondeobservations and aLagrangianLES (Ctrl; seeChap-
ter 5). At the initial stage, when the air mass moves over the open ocean, M ranges be-
tween two and four, classifying the event as aweakMCAOaccording to Papritz and Spengler
(2017). With increasing distance to the sea-ice edge,M decreases, as the ABL grows and de-
couples (Figure 5.12).

Figure 3.3: Latitude dependence of theMCAO IndexM (a) and the stability parameter zi
L (b) from a 45h semi‐Lagrangian

DALES simulation (Ctrl), along the trajectory of an MCAO observed on 30th March 2022, compared with dropsonde
observations (▼). Dashed lines indicate the locations of dropsonde circles, similarly published in Paulus et al. (2026) and
revisited in Chapter 5.

Stability Parameter

The atmospheric stability during the event is further characterised by the stability parame-
ter − zi

L , where zi denotes the boundary layer height and L is the Obukhov length, which
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characterises the role of buoyancy in turbulent flows. − zi
L therefore provides a measure of

the degree of convective instability relative to the depth of the boundary layer (Stull, 1988).
Following Klingebiel et al. (2025), zi

L
can be calculated from dropsonde observations based

on a method developed by Brümmer (1999):

−zi
L

= zi
κg

θ0

CH∆θa,su90

(CDu2
90)

3/2
, (3.2)

with u90 the 90m wind speed, ∆θa,s the potential temperature difference between the air
in 90m height and the water surface and CD, CH the dimensionless drag and heat transfer
coefficients, which are assumed to be CD = CH = 1.3 · 10−3 (same as Brümmer, 1999).
In Figure 3.3 b, the stability parameter from the LES (Ctrl; see Chapter 5), together with
dropsonde observations. As the air mass travels southward over open water, the surface heat
fluxes increase and the boundary layer becomes progressivelymore unstable, similar to obser-
vations by previous studies for otherMCAOs (e.g. Klingebiel et al., 2025). Thus, the studied
case represents a comparatively weakMCAO event with moderate northerly winds and rela-
tively small thermodynamic instability compared to more intense outbreaks (Fletcher et al.,
2016a).

3.3 Setup of Lagrangian Large Eddy Simulation

In order to realistically represent the atmospheric state in a Lagrangian LES, it is beneficial
to include observed variables as input in the initialisation, boundary conditions and larger-
scale forcings of themodel. Lagrangianmodels follow a predefined trajectory of an air parcel,
which can be generated from a global model or reanalysis. The following section will discuss
examples of how such simulations canbe initialised and run almost entirelywith observations
from an aircraft campaign such asHALO-(AC)3, amore detailed description of the concrete
setup used in this thesis will be given in Chapter 5.
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3.3.1 Trajectory Calculation

The trajectory of an air parcel can be estimated from the evolution of the three-dimensional
wind field from a model or reanalysis output by numerically solving the trajectory equation
(Wernli and Davies, 1997; Sprenger andWernli, 2015):

Dx⃗

Dt
= u⃗(x) , (3.3)

where the position of an air parcel in geographical coordinates is x⃗ and u⃗ is the 3-D wind
vector. Tools like LAGRANTO take a three dimensional wind field from amodel or reanal-
ysis output and track air parcels from a defined three-dimensional starting point at a specific
location and height level and integrate them forward or backward along the wind direction
to find the location and height of the air mass in the next time step, interpolating the wind
between the grid points and time steps (Sprenger and Wernli, 2015). This gives the trajec-
tory of the mean flow an air parcel follows, with the resolution of the input model data, not
resolving turbulence (Kirbus et al., 2024), and can be used as a simulation trajectory for a
Lagrangian LES.

3.3.2 Initialisation

Figure 3.4: Dropsonde profiles recorded during HALO‐(AC)3 RF10 in the area of IC used to initialise the Lagrangian
LES. Shaded profiles show individual dropsonde measurements, while opaque lines indicate the averaged profiles over
five dropsondes released in the initialisation area for temperature T (a), specific humidity q (b), and pressure p (c).
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At the start of the trajectory, the simulation needs to be initialised by describing the atmo-
spheric state. In this thesis, themodel domain is assumed to be horizontally homogeneous at
the start of the simulation and is therefore initialised with averaged vertical profiles of pres-
sure p, temperature T , and humidity q observed during the HALO-(AC)3 research flight
RF10. The initial dropsonde profiles used in this thesis are shown in Figure 3.4. While the
pressure and temperature profiles show very little variation across different recordings, the
humidity profiles exhibit noticeable variability between individual dropsondes, thus averag-
ing over the five available soundings accounts for local features and ensures consistency with
the assumption of horizontal homogeneity in the model domain.

3.3.3 Boundary Conditions

DALES uses periodic horizontal boundary conditions, feeding the outgoing flow back into
the domain on the opposite side. The surface boundary conditionsmust be prescribed along
the trajectory of the model, in particular the skin temperature Tskin and the sea-ice fraction.
These quantities can be retrieved from the VELOX airborne thermal infrared imager on
board HALO. VELOX measures thermal infrared radiation emitted by clouds, sea-ice, and
ocean in several wavelength channels between 7.7 and 12 µm (Schäfer et al., 2022). From
these measurements, cloud-top temperatures as well as surface temperatures over cloud-free
regions can be derived. In addition, the thermal contrast between ocean and sea-ice allows the
retrieval of sea-ice cover at high spatial resolution. The instrument provides two-dimensional
thermal images with a spatial resolution of approximately 10m× 10m at a target distance of
10 km (Müller et al., 2025). For this study, images obtained during the circular flight legs
of the RF10 and RF11 HALO flights are longitudinally averaged and interpolated along
the simulation trajectory. A more detailed explanation and visualisation of this procedure
is given in Section 5.3.3. Additional surface parameters required by the model, such as the
surface albedo, the aerodynamic roughness length for momentum, and the thermal rough-
ness length for heat, could not be observed directly during the campaign. These quantities
were therefore obtained from the ERA5 reanalysis (Hersbach et al., 2020).

3.3.4 Large-Scale Forcings fromObservations

Large-scale forcings are a critical component of LES because they provide the environmen-
tal constraints that drive the evolution of ABL structures. Observing mesoscale gradients
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required for the derivation of these forcings is difficult; therefore, observational datasets suf-
ficient to run LESwith observationally derived forcings in the Arctic are rare. However, they
can provide valuable insights into the development of airmasses during their transformation.
As discussed in Chapter 1, mesoscale gradients in the atmosphere, particularly horizontal
divergence and subsidence, play a fundamental role in the development of Arctic MCAOs
(e.g. Schirmacher et al., 2024). In LESmodels, the specification of large-scale vertical motion
strongly controls the thermodynamic structure of the ABL and was found to significantly
influence simulated cloud cover and boundary layer evolution (e.g., van der Dussen et al.,
2016).

To derive large-scale forcings such as advection and subsidence, horizontal gradients of hu-
midity, temperature, and wind must be observed. Early approaches relied on ground-based
radiosonde networks, where simultaneous soundings at multiple stations were used to es-
timate horizontal gradients between vertical profiles at different locations (e.g., Mapes et al.,
2003). To improve the temporal coverage of wind observations,Mapes and Lin (2005) intro-
ducedDoppler radar techniques to derive temporally continuouswind and divergence fields.
However, these methods remain geographically limited to accessible regions. To overcome
these spatial limitations and enable observations in remote regions, Lenschow et al. (1999)
estimated horizontal wind divergenceD from aircraft measurements of the horizontal wind
v⃗h along a closed circular flight track of areaA using

D =
1

A

∮
∂A

v⃗h · n⃗, dl . (3.4)

Alternatively, the divergence can be defined from the horizontal wind vector as

D = ∇ · v⃗h . (3.5)

To solve this, Lenschow et al. (2007) established a regression-based approach, calcu-
lating horizontal gradients from airborne measurements over a mesoscale area. This
method was further developed by Bony and Stevens (2019), who used dropsonde re-
leases along aircraft flight patterns together with a linear regression method to esti-
mate vertical profiles of gradients across the mesoscale field between the observed pro-
files. This approach has been applied during measurement campaigns in the sub-
tropics and midlatitudes (George et al., 2021; Li et al., 2021; Dorff et al., 2024).

50



These studies estimate the horizontal wind v⃗h using a first-order Taylor expansion around
the centre point of the flight pattern:

v⃗h = v⃗h0 +
∂v⃗h
∂x

∆x+
∂v⃗h
∂y

∆y +
∂v⃗h
∂t

∆t+O(v⃗h
′′) , (3.6)

where (x, y, z) are Cartesian coordinates, ∆x is the eastward distance, ∆y the northward
distance from the centre of the flight circle, and v⃗h0 is the mean wind averaged over all drop-
sondes. Bony and Stevens (2019) assumed a stationary flow, neglecting the time dependence
and ignoring higher-order terms, reducing the expression

v⃗h = v⃗h0 +
∂v⃗h
∂x

∆x+
∂v⃗h
∂y

∆y , (3.7)

which represents an overdetermined linear system of equations. A least-squares solution
can therefore be obtained for the horizontal gradients ∂v⃗h

∂x
and ∂v⃗h

∂y
through linear regression.

Figure 3.5: Schematic of Cartesian and spherical coordinate
systems used to describe locations in the atmosphere.

In previous studies conducted in the sub-
tropics, the geographic coordinate system
(latitude and longitude) was approximated
as locally equidistant, allowingCartesian co-
ordinates (x, y, z) to represent horizontal
gradients with sufficient accuracy. How-
ever, at high latitudes, the horizontal dis-
tances between longitudes become increas-
ingly distorted, which can lead to significant
errors in gradient calculations. Therefore,
the regression method can instead be trans-
formed to spherical coordinates with radial
distance r from Earth’s centre, polar angle
ϑ, and azimuthal angle ϕ. This formulation
naturally accounts for Earth’s curvature and allows more accurate gradient estimation in po-
lar regions.
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The relationship between Cartesian and spherical coordinates (illustrated in Figure 3.5) is

x = r cos(ϕ) ϑ (3.8)

y = rϕ (3.9)

z = r −REarth , (3.10)

and the corresponding differentials are

dx = r cos(ϕ)dϑ (3.11)

dy = rdϕ (3.12)

dz = dr . (3.13)

Following Equation (3.7) and assuming stationarity, any variable ξ ∈ [u, v, q, T , p] can be
approximated as

ξ = ξ0 +
∂ξ

∂ϑ
∆ϑ+

∂ξ

∂ϕ
∆ϕ . (3.14)

The horizontal advection of ξ can be calculated from the horizontal gradients as

− v⃗h · ∇ξ = −
[
u
∂ξ

∂x
+ v

∂ξ

∂y

]
= −

[
u
1

r

∂ξ

∂ϑ
+ v

1

r sinϑ
∂ξ

∂ϕ

]
. (3.15)

The horizontal divergence is given by

D = ∇ · v⃗h =
∂u

∂x
+

∂v

∂y
=

1

r sinϑ

[
∂u

∂ϕ
+

∂ sin ∂ϑv
∂ϑ

]
. (3.16)

Using the continuity equation (Equation (2.6)) and neglecting density fluctuations, the hor-
izontal divergence can be related to the vertical velocityw:

D = −∂w

∂z
= −∂w

∂r
. (3.17)
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Since the radial coordinate r and the Cartesian height z are linearly related, vertical gradients
can be expressed either in z or in r without further conversion. Integrating from the surface
yields the vertical velocity

w = w(0)−
∫ z

0

D dz = −
∫ z

0

D dz , (3.18)

with the vertical velocity being zero at the surface by definition (w(0)=0). Depending on the
LES model input and vertical coordinates, the vertical velocity can be expressed in pressure
coordinates as

ω =
dp
dt

. (3.19)

Using the chain rule, this can be related to the vertical velocity in height coordinates as

ω =
∂p

∂z

dz
dt

=
∂p

∂z
w . (3.20)

Under the hydrostatic approximation, valid for large-scale flows with negligible vertical ac-
celeration, the vertical pressure gradient balances gravity:

∂p

∂z
= −ϱg . (3.21)

The relationship between ω andw becomes

ω = −ϱgw . (3.22)

The horizontal pressure gradients are prescribed in LES through the geostrophic wind. The
geostrophic wind represents the large-scale pressure gradient force balanced by the Coriolis
force and can be written as

v⃗g = − 1

ϱ2Ω sinϕ
∇p = − 1

ϱ2Ω sinϕ

(
∂p
∂y
∂p
∂x

)
= − 1

ϱ2Ω sinϕ

(
1
r
∂p
∂ϕ

1
r cosϕ

∂p
∂ϑ

.

)
(3.23)

Together, the derived horizontal advection, geostrophic wind, and subsidence represent the
large-scale flow, which influences the evolution of the simulated boundary layer and cloud
field and provides a complete set of large-scale forcings required to drive Lagrangian LES.
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To evaluate the robustness of the methodology under Arctic conditions, independent esti-
mates of horizontal divergence were calculated using the two approaches introduced above:
the line-integral method (Equation (3.4)) and the regression method (Equation (3.5)). This
thesis uses the measurements from dropsondes, which were released from two different re-
search aircraft (HALO and P5), to provide independent observational datasets. The com-
parison between both datasets allows an assessment of the consistency and uncertainty in the
derived large-scale forcings, with the results presented in detail in Chapter 4.
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4
AirborneMeasurements of Mesoscale
Divergence at High Latitudes during

HALO-(AC)3

The following chapter addresses the first research question:

How can atmospheric subsidence be quantified in the
Arctic using observations?

Using airborne dropsonde measurements from HALO-(AC)3, subsidence is derived from
horizontal divergence based on mass continuity, and the robustness of this approach under
Arctic conditions is assessed.
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Airborne Measurements of Meso-
scale Divergence atHigh Latitudes
duringHALO-(AC)3

Abstract

Boundary layer cloud transformations at high latitudes play a key role for the Arctic climate
and are partially controlled by large-scale dynamics such as subsidence. While measuring
large- and mesoscale divergence on spatial scales on the order of 100 km has proven noto-
riously difficult, recent airborne campaigns in the subtropics have successfully applied mea-
surement techniques using multiple dropsonde releases in circular flight patterns. In this
paper it is shown that this method can also be effectively applied at high latitudes, in spite of
the considerable differences in atmospheric dynamics compared to the subtropics. To show
the applicability, data collected during the airborne HALO-(AC)3 field campaign near Sval-
bard in Spring 2022were analysed,where several flight patterns involvingmultiple dropsonde
launches were realised by two aircraft. This study presents a first overview of the results. We
find that themethod indeed yields reliable estimates ofmesoscale gradients in theArctic, pro-
ducing robust vertical profiles of horizontal divergence and consequently, subsidence. Sen-
sitivity to aspects of the method is investigated, including dependence on sampling area and
the divergence calculation.

Significance Statement

The aim of this work is to report encouraging results with a recently proposed aircraft-based
method formeasuringmesoscale verticalmotions at high latitudes. Dropsonde data from the
recent HALO-(AC)3 campaign is used to this purpose. The method has so far mainly been
applied at subtropical to mid-latitudes, but not in the Arctic, where the weather and climate
conditions are very different. Gaining insight is significant because vertical winds play a key
role in the Arctic climate system, including air mass transformations and the behaviour of
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clouds and precipitation. The results motivate use of the measured vertical winds in follow-
up studies with process models.

4.1 Introduction

The accurate representation of vertical motion, including divergence and subsidence, is es-
sential for model studies, particularly to represent the boundary layer and study clouds. Di-
vergence and related vertical motions (including subsidence) change the vertical structure
of the atmosphere, influencing thermal stability and relative humidity, which in turn affect
radiation and cloud dynamics. Neggers et al. (2019) established a direct link between subsi-
dence and the life cycle of low-level clouds in theArctic, where strong and sudden subsidence
events were responsible for cloud collapses. This discovery, based on Lagrangian large eddy
simulation (LES) experiments of transitioningwarm airmass intrusions into the highArctic,
holds significant implications for the local energy budgets in the Arctic.

Therefore, the study of subsidence is of premiere importance. However, measuring subsi-
dence presents a classic challenge in meteorology. The small signal and considerable fluctua-
tion of vertical motion pose obstacles to direct obaservation. This challenge has led to the de-
velopment of various methods to estimate and quantify subsidence. Lenschow et al. (1999)
pioneered methods to quantify horizontal divergence through aircraft-based measurements,
while Mapes and Lin (2005) developed a method to derive divergence, and thereby subsi-
dence, using ground-based Doppler-radar observations. These methods rely on mass con-
servation for deriving the divergence. While surface-based methods have been used widely
to measure subsidence (Mapes et al., 2003; Mapes and Lin, 2005; Li et al., 2018), they can
be challenging to apply in the Arctic, particularly in the central Arctic region. The remote
and harsh conditions of the Arctic, along with limited accessibility, imply serious difficulties
for deploying and maintaining land-based measurement systems. As a result, aircraft-based
methods offer a viable alternative for obtaining subsidence information in these challenging
environments.

Recent advancements in atmospheric research have introduced a new technique for mea-
suring vertical motion, through dropsondes released along horizontal, circular flight pat-
terns by aircraft (Bony and Stevens, 2019), inspired by techniques based on Lenschow et al.
(2007). Notably, campaigns like theNextGenerationRemote Sensing for Validation Studies

58



(NARVAL2) (Bony and Stevens, 2019) and Elucidating the role of clouds-circulation cou-
pling in climate (EUREC4A) (Stevens et al., 2021) have leveraged the High Altitude and
LongRangeAircraft (HALO) to execute these horizontal circles in the subtropics. While the
method has already shown promise in subtropical regions (Bony and Stevens, 2019; George
et al., 2021) and cold air outbreaks in the western North Atlantic Ocean (Li et al., 2021),
its applicability to the Arctic cannot be assumed a priori. The theoretical suitability of this
method for Arctic studies opens novel pathways to probe the complexities of vertical mo-
tion and its implications. The distinct atmospheric conditions in the Arctic, however, pose
unique challenges that differ from those encountered in subtropical areas. The Rossby ra-
dius and time scale of deformation decreases with latitude, causing the dynamical features
in the Arctic to be more transient and spatially constrained. This calls into question the
soundness of the stationarity assumption necessary for this observational framework, as well
as the representativity of the column measurements for the general divergence fields, which
was previously established for the subtropics (Bony and Stevens, 2019). Therefore, explor-
ing the viability of this method in the Arctic context is of paramount importance, as it holds
the potential to unravel crucial insights into subsidence dynamics and their implications in
high-latitude regions.

TheHighAltitude and LongRangeAircraft - Trans-regional CollaborativeResearchCenter
TRR 172 - Arctic Amplification: Climate Relevant Atmospheric and Surface Processes and
Feedback Mechanisms (HALO-(AC)3) campaign in March and April 2022, was partly de-
signed to evaluate the method within the Arctic context. The central goals of the campaign
include the investigation of key aspects of atmospheric circulation such as air mass transfor-
mations, and their implications for climate dynamics in theArctic through quasi-Lagrangian
observations (Wendisch et al., 2021). One of the primary objectives was to study the trans-
formations of air masses during warm air intrusions and cold air outbreaks in the Arctic re-
gion. A key focus of the campaign involved flying mesoscale (O(100 km,1 h)) horizontal cir-
cles with HALO, during which dropsondes are released at regular intervals along the circle.
These circles can capture the area-averaged atmospheric divergence and subsidence, allowing
further investigations on air mass dynamics.

This study undertakes a dual-pronged investigation with the primary goals of determining
the effectiveness of the horizontal circle method and comprehensively substantiating the fea-
sibility of employing dropsondes for measuring the vertical profile of mass divergence and

59



vertical motion in the Arctic. By integrating these objectives, the study aims to document
the circle method’s applicability in the Arctic environment.

Section 4.2 delves into the methodology, outlining how the vertical profiles of divergence
and vertical velocity can be derived from horizontal wind measurements. Additionally, the
airborne field campaign is introduced, along with the flight strategy adopted to test the tech-
nique. Section 4.3 offers the resulting vertical profiles and discusses the credibility of them
along with an error analysis. Lastly, Section 4.4 provides a forward-looking perspective on
the implications of these measurements for future airborne campaigns.

4.2 Data andMethods

4.2.1 HALO-(AC)3 Campaign

The HALO-(AC)3 campaign inMarch and April 2022 in the Norwegian sector of the Arc-
tic was a joint effort by two collaborative programs: (i) the Trans-regional Collaborative Re-
search Center TRR 172 - Arctic Amplification: Climate Relevant Atmospheric and Surface
Processes and Feedback Mechanisms ((AC)3) (Wendisch et al., 2023), and (ii) the Priority
Program 1294 for the Atmospheric and Earth SystemResearch programwith theHigh Alti-
tude andLongRangeAircraft (HALO). Both programs are funded by theGermanResearch
Foundation. Three airborne platforms were used to probe and understand transforming air
masses in the region. A Lagrangian sampling approach was adopted to track and sample air
masses as efficiently and frequently as possible during their transformation (Wendisch et al.,
2024). The campaign leveraged the unique capabilities of multiple distinct aircraft. This
study relies on the dropsonde measurements launched by:

• HALO: A long-range research aircraft operated by the German Aerospace Center
(DLR), operating from Kiruna, Sweden as a remote sensing platform (Stevens et al.,
2019). HALOconductedmultiple circular flight patterns (150 km in diameter) at dif-
ferent locations releasing 5 to 10 dropsondes with even spacing along the flight path
(Figure 4.1). All circular flight pattern took between 35min to 45min. The platform
has an Airborne Vertical Atmospheric Profiling System (AVAPS) dropsonde system
(NSFNCAREarth Observing Laboratory, 1993; Hock and Franklin, 1999) and uses
Vaisala RD-41 sondes (Black et al., 2017).
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• Polar 5 Aircraft (P5): A low-flying aircraft operated by the Alfred-Wegener-Institut
(AWI), based in Longyearbyen, Svalbard (Wesche et al., 2016), also operated as a re-
mote sensing platform. This aircraft conducted active andpassive remote sensingmea-
surements, focusing on investigating smaller-scale processes in the lower troposphere
(at altitudes below 3 to 5 km). The platform operates an AVAPS Lite dropsonde sys-
tem (Michaelis et al., 2022) also using Vaisala RD-41 dropsondes (Vaisala, 2023).

Vaisala RD-41 dropsondes measured temperature with a resolution of 0.01 °C, humidity
with a resolution of 0.1 %RH and pressure with a resolution of 0.01 hPa (Vaisala, 2023).
The horizontal wind velocity was derived from theGlobal Positioning System (GPS) with an
estimated accuracy of 0.1m s−1 (Hock and Franklin, 1999; Wang et al., 2015).

Figure 4.1: HALO‐(AC)3 flight track patterns for three HALO flights (RF10, RF11 and RF18, blue) and Polar 5 (P5, red)
with the locations of the dropsonde launches (▼). Satellite image at the time of RF11 30thMarch 2022 from Terra MODIS
(NASA, 2022) in the background, adapted in modified form from Fig.17a in Wendisch et al. (2024).

This study is based on three HALO-(AC)3 Research Flights (RFs) of HALO, conducted
on 29th March 2022 (RF10), 30th March 2022 (RF11) and 12th April 2022 (RF18). On
all three days, mesoscale circles (150 km diameter) were flown west of Svalbard. Figure 4.1
shows their locations and a satellite image of the day of RF11 for reference. RF10 included a
mesoscale horizontal circle close to the North Pole but was subject to strict air space restric-
tions, by which only five dropsondes could be released. On the next day during RF11, three
circles were flown (C01 north of Svalbard, C02 west of Svalbard and C03), each situated
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to match the most estimated southbound Lagrangian trajectories of the air masses sampled
during RF10. A total of eight dropsondes were deployed along the perimeter of each cir-
cle, and two additional sondes were released in their interior. The third flight with a circular
flight pattern investigated here (RF18), featured a single circle with 10 sondes launched on
its perimeter. Each HALO-(AC)3 flight pattern was conducted at a height of ∼ 8 km and
took up to 45min time.

Notably on 30th March 2022, the Polar 5 executed a gridded flight pattern with regularly
spaced dropsonde releases, co-located with HALO RF11’s second mesoscale circle (RF11
C02) (Figure 4.1, green) at a height of ∼ 2.5 km. This strategic spatial co-location of flight
patterns had the aim of obtaining two independent sets of soundings for the same area, en-
abling a critical assessment of the divergence calculations. For operational reasons, P5 con-
ducted its pattern 45min after the co-locatedRF11, and the pattern took 3 h in total, because
of a more complex flight pattern, but all dropsondes on the outer edge of the pattern were
dropped within 2 h. To avoid confusion, with different numbering of the Research flights
of both aircraft, this flight will not be referred to by its flight number, but by the platform
name (P5).

4.2.2 Line-IntegralMethod

Given the dropsonde data, the first method for calculating divergence relies on a line inte-
gral. Vertical wind velocity in the atmosphere is related to horizontal wind divergence using
the continuity equation under the incompressibility assumption. In practice, estimating the
mean divergence D, and thus subsidence, of an area A, is achieved by measuring the inte-
grated horizontal velocity v⃗h at its boundary ∂A, where ∂A is a closed curve surroundingA,
according to the Gauss theorem:

D =
1

A

∮
∂A

v⃗h · n⃗ dl . (4.1)

This is the conceptual basis behind the Line-Integral Method, which utilizes
the perimeter’s closed nature of measuring horizontal wind either at flight level
(Lenschow et al., 1999, 2007) or with sounding profiles (Bony and Stevens, 2019).
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The number of observations attainable along the flight pattern is finite, therefore, it is more
appropriate to write Equation (4.1) in the form of a sum:

D =
1

A

∑
N

v δl , (4.2)

where,N is the number of dropsondes considered,A is the area enclosed by the flight track
and v is the radial component to the curve. δl represents the length element computed as
L/N whereL is the length of the perimeter, assuming the sounding points are approximately
uniformly distributed along the curve. The horizontal displacement of the dropsondes from
the mean coordinates of their corresponding profiles during their descent is small and the
sondes drift in the same direction, causing only small deformations of the pattern (see Fig-
ure 4.6). We estimate that taking the deformation of the pattern in the vertical into account
would lead to relative changes smaller than 1% and 10% in the divergence and pressure veloc-
ity signal respectively (Figure 4.7). For simplicity of the method, we decided to disregard the
horizontal displacement of the dropsondes from themean coordinate of their corresponding
profiles for this analysis. Vertical motion, expressed from now on in terms of pressure veloc-
ity ω= dp

dt , with the pressure p, can then be derived through the vertical integration of theD
profiles over the column and accounting for the change in air density ϱ

ω = −gϱ

∫ z

0

D dz , (4.3)

where g=9.81m s−1 is the gravitational acceleration.

4.2.3 RegressionMethod

An alternative method for calculating mesoscale divergenceD makes use of its dependence
on the spatial gradients in the horizontal wind field v⃗h=(u, v),

D = ∇ · v⃗h =
∂u

∂x
+

∂v

∂y
. (4.4)

Under the assumption that wind fluctuations in both longitude and latitude follow a
linear pattern at every vertical level z, the wind at any point at the circumference can be
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approximated by a first-order Taylor expansion from the centre point of the flight pattern
(Lenschow et al., 2007):

v⃗h = v⃗h,0 +
∂v⃗h
∂x

∆x+
∂v⃗h
∂y

∆y +
∂v⃗h
∂t

∆t+O(v⃗′′h ) , (4.5)

with the mean wind velocity over all dropsondes being v⃗h,0, the eastward displacement∆x

and the northward displacement∆y from the centre of the circle. We can justify omitting the
time dependence (stationarity) in Equation (4.5) by the significant difference in aircraft speed
compared to wind speed, making the sampling time scale much smaller than the advective
time scale. Employing stationarity also resolves concerns arising from the non-independence
of the aircraft’s time and space sampling (Bony and Stevens, 2019).

Insertingmeasureddata fromdeployeddropsondes intoEquation (4.5), after removing time-
derivatives and higher-order terms, yields an over-determined linear system of equations, for
which the least squares solution can be found through linear regression. Unlike the Line-
Integral Method, this method does not require a closed flight path, it can utilise all drop-
sondes deployed in a constrained area during a time frame, where stationarity is justifiable
(Lenschow et al., 2007).

Most previous efforts using the Regression Method to calculate mesoscale divergence from
sonde patterns were conducted in subtropical regions (NARVAL2, EUREC4A) and twice
in the mid-latitudes during the Aerosol Cloud Meteorology Interactions over the Western
Atlantic Experiment (ACTIVATE) (Li et al., 2021). At those locations, the geographical co-
ordinate system (latitude, longitude) can be approximated equidistant andCartesian coordi-
nates (x,y,z) are appropriate to express horizontal gradients. In contrast, the HALO-(AC)3

campaign target area is much closer to the North Pole, where horizontal distances associ-
atedwithCartesian coordinates from latitudes and longitudes become increasingly distorted,
which would introduce substantial errors in gradient calculations.

To effectively address this problem, we introduce the RegressionMethod in a spherical coor-
dinate system, with the distance r from the Earth’s centre, the polar angle ϑ and the azimuth
angle ϕ. This enables more accurate calculations by inherently accommodating for the cur-
vature of the Earth.
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By applying a coordinate transformation from Cartesian to spherical coordinates (Bron-
shtein et al., 2007), the RegressionMethod can then be written as:

v⃗h = v⃗h,0 +
∂v⃗h
∂ϑ

∆ϑ+
∂v⃗h
∂ϕ

∆ϕ (4.6)

D = ∇ · v⃗h =
1

r sin(ϑ)
·
(
∂u

∂ϕ
+

∂ sin(ϑ)v
∂ϑ

)
. (4.7)

4.3 Results

Figure 4.2: Vertical profiles of wind divergenceD obtained by the Regression Method from HALO pattern flights RF10 (5
sondes) (a), RF11 C01 (10 sondes), (b) RF11 C02 (10 sondes) (c), RF11 C03 (10 sondes) (d) and RF18 (10 sondes) (e) with
estimated error (shaded).

For all available circular flight patterns of HALO (Figure 4.1), we calculated divergence as a
function of altitude z up to a height of 8 km using the Regression Method, see Figure 4.2.
Of all five circles, the three central ones were flown on the same day, sampling the low-level
air mass at multiple locations. The profile of RF10 (Figure 4.2 a) showcases the largest ranges
of the estimated error, which we obtained through Gaussian Error Propagation of the stan-
dard errors of the wind direction and distance from the centre of the flight pattern, obtained
through the regression analysis (Section 4.5.3). This can be attributed to the reduced num-
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ber of dropsonde launches for this specific circle (only 5 due to airspace restrictions). Con-
sequently, the reduced sample size contributes to the higher error range, highlighting the
potential impact of limited data on the precision of observed fluctuations.

The divergence profiles fluctuate with height around zero. Compared to the divergence
profiles, sampled in the subtropics during NARVAL2 and the mid-latitudes during ACTI-
VATE, we find a narrower range of variation; (−25 · 10−6 s−1 to 25 · 10−6 s−1) compared
to up to (−40 · 10−6 s−1 to 40 · 10−6 s−1) in the previous campaigns (Bony and Stevens,
2019; Li et al., 2021). A second characteristic is the lack of coherent features in horizon-
tal divergence profiles in the lower layers compared to the subtropics (George et al., 2023).
The divergence and convergence layers are much thinner than in the subtropics, where Bony
and Stevens (2019) find layers of about 2 km, while the observed profiles in the Arctic show
smaller layers below 1 km in depth. Combined with the generally lower values of D, this
could be due to the more stable atmosphere compared to the subtropics. More pronounced
features in the lowest levels visible in RF11 C02, RF11 C03 and especially RF18 coincide
with deeper boundary layers of 0.43 km, 1.04 km and 0.39 km respectively, while the bound-
ary layer height of RF10 and RF11 C01, which were both over sea-ice, is very close to the
ground with 0.065 km.

To test the robustness of the horizontal circle method, and to compare the two alternatives
for calculating horizontal divergence as described in Section 4.2.2, we subsequently focus on
RF11 C02, before coming back to all HALO-flights to study the dependence of the signif-
icance of the measurements on the number of dropsondes. The results are shown in Fig-
ure 4.3, covering a shallower vertical range up to 2.5 km, slightly below the flight height of
the P5 aircraft. Zooming in on this range highlights the existence of a well-defined layer with
a marked positive divergence, peaking at about 600m height, and allows for a more detailed
comparison between the profiles from the two aircraft. Also shown are the associated verti-
cal profiles of the pressure velocity ω, peaking at about 1300m height. For reference, mean
profiles from the ERA5 Reanalysis from the European Centre for Medium-Range Weather
Forecasts (ECMWF) (Hersbach et al., 2020), averaged over all grid points inside the sam-
pling area (Figure 4.8 a and b) are also shown, at 11:00 UTC (closest time to RF11 C02)
and 14:00 UTC (time central within P5 flight), together with the boundary layer height cal-
culated from the Bulk-Richardson Number for both flights (Section 4.5.5). It needs to be
noted, that the dropsondes used in this study were assimilated in the ERA5 reanalysis and
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Figure 4.3: Vertical profiles of the mean temperature T mean and specific humidity qmean, averaged over all dropsonde
measurements deployed during each flight (a), mass divergenceD (b) and pressure velocityω (c) obtained from dropsonde
measurements from co‐located flight of HALO(RF11 C02) (blue) and P5 (red) aircraft on 30th March 2022. Regression
Method using all sondes (R,all) (semitransparent), Line‐IntegralMethod (dashed), and RegressionMethod using only sondes
which can be included in the Line‐Integral Method (R,edge) (solid), mean DivergenceD and pressure velocityω from ERA5
reanalysis (Hersbach et al., 2020) on 30th March 2022 at 11:00 UTC (approx. time of RF11 C02) and 14:00 UTC (approx.
time of P5), averaged over the flight areas (Figure 4.8 (a) and (b)) and height of the boundary layer zBL=0.43 km obtained
from both flights (Section 4.5.5).

therefore this comparison is not representative of the performance of divergence and subsi-
dence in the Arctic but is only shown as a reference to a widely used reanalysis dataset for
modelling applications.

The presence of the well-defined low-levelD anomaly facilitates (i) comparing the two cal-
culation methods and (ii) assessing the robustness of the divergence measurements. It has
been shown with subtropical sounding data that the Line-Integral Method and Regression
Method yield similar results (Bony and Stevens, 2019). To revisit this question for the Arc-
tic, we applied both methods to the co-located measurements collected by HALO and P5
on 30th March 2022. Note that the Line-Integral Method can only be applied to sondes
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on the outer perimeter of the flight pattern (8 sondes for HALO and 10 sondes for P5). To
achieve a fair comparison at the same statistical level, the Regression Method was applied to
the same sondes used in the Line-Integral Method calculation. Comparing the profiles from
the Regression Method using all sondes to the Regression Method using a reduced number
of sondes shows slight differences inDivergence, which appear not to be accounted for when
using only perimeter sondes. This suggests that deploying sondes in the centre of a pattern
might be beneficial. Amore in depth analysis of the statistical significance of the results using
different numbers of sondes is performed later in this study.

A comparison between the results obtained from the two flight patterns (RF11 C02 and P5)
reveals satisfactory alignment in divergence measurements above 1 km. However, below this
level (around 500m), a notable disparity emerges in the profiles obtained from P5 measure-
ments, diverging significantly from those extracted from HALO data. This shift cannot be
seen in the ERA5profiles, which seems to not capture this variability in time, but only shows
a slight lifting of the divergence profile. The observed shift could be due to changes in the
horizontal wind field during the time between the flights, affected by the island of Svalbard in
the east of the measurement area, seen in the mean wind profiles of u and v (Figure 4.14). It
is possible that these differences could be linked to lee waves, as the flight area is within reach
of the observed lee waves (see Figure 4.1). The altitude of the differences in the profiles is sim-
ilar to that of the Svalbard mountains, which hints an influence of lee waves. Small changes
in the flow pattern could cause shifts in the lee waves, potentially explaining the differences.
However, this remains speculative, and we cannot confirm it based on our current data.

Only minor discrepancies are apparent in the divergence profiles derived from the Line-
Integral and the Regression Methods with both sonde samples, indicating the potential for
equal applicability of both methods. This finding confirms the results of Bony and Stevens
(2019), who concluded from the similarity, that the divergence measurements are not in-
fluenced by sampling errors from small-scale velocity fluctuations, but are reflective of the
mesoscale wind.

The pressure velocity profiles diverge with growing height as a result of the upward integra-
tionof divergenceprofiles including small differences. At higher altitudes, the profiles diverge
even more, causing differences in the vertical velocity profiles of 0.05 Pa s−1 to 0.1 Pa s−1 be-
tween 3 km and 8 km for the RF11 C02 profile. Van der Dussen et al. (2016) have shown
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that subsidence variations of similar order have a potential impact on simulated atmospheric
boundary layer and cloud properties with LES of stratocumulus transitions, and cannot be
neglected. The divergence profiles derived from different aircraft data and methods tend to
align reasonably well with the average divergence from ERA5, but the profiles at the individ-
ual grid points show a high variability (Figure 4.8). All dropsondes deployed during HALO
RF11 (32) have been assimilated into ERA5, making a direct comparison difficult and an
evaluation of ERA5 based on these results impossible. When compared to data from the
ACTIVATE campaign, ERA5 profiles show less agreement and significant temporal varia-
tions in the divergence profile (Li et al., 2021), which is in linewith a comparison for the other
flights (Figure 4.9, Figure 4.10, Figure 4.12 and Figure 4.13), during which less dropsondes
have been deployed and not all have been assimilated (10 out of 18 for RF10 and 5 out of 20
for RF18). However, compared to the EUREC4A campaign, ERA5 and the observations
for all flights showed good agreement (George et al., 2021).

To further characterise the agreement on divergence amplitude and vertical structure be-
tween independent datasets, a correlation analysis is performed. HALO data is binned by
height and correlated against P5 data for this location (Figure 4.4). As the previous analy-
sis shows similar results for the Regression- and the Line-Integral Methods, the Regression
Method will be used for the remainder of the study, as it can utilise all dropsondes and works
for varying numbers of dropsondes that do not have to be arranged along a closed line. The
data are classified into height bins of 50m (about 10 data points per bin). The associated cor-
relation coefficient is 0.734. The correlation fit is slightly tilted compared to the one-to-one
line, which could be caused by small changes in the wind flow in between measurements or
originate from a longer flight time of the P5 aircraft, but lies within the errors of the mea-
surements and the fit.

As described in Section 4.2.1 we performed different flight patterns with different numbers
of sondes. In accordance with the outcomes of preliminary model analyses conducted in
advance of the campaign, a decision was made to employ 10 sondes for each circular flight
pattern, except for RF10 for reasons of operational limitations. In the case of the rectangular
flight pattern executed by P5, the strategic decisionwasmade to launch 15 sondes to enhance
spatial coverage and comprehensiveness. In Figure 4.5, we present the estimated errors result-
ing from the linear regression across varying quantities of sondes. This exercise aims to ex-
amine the relationship between the number of sondes and the corresponding uncertainty to
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Figure 4.4: Correlation between divergence profiles fromHALO (RF11C02) and P5measurements on co‐located flights for
different heights (binned into bins of 50m) (colour scale) on 30thMarch 2022 obtained via RegressionMethod, correlation
coefficient r= 0.734 and correlation fitDP5 =(0.662 ± 0.008)·DHALO+(7.826 · 10−7 ± 6.55 · 10−13) s−1 (grey
line), both excluding 4 outliers at 500m(shaded).

obtain the optimal number of sondes required for the method with the potential to stream-
line costs byminimizing the number of deployed sondes while maintaining sufficiently good
results for forthcoming campaigns. For each distinct flight pattern, divergence profiles were
computed for every feasible combination of sondes, with a minimum threshold of five son-
des. Themean vertical estimated error of all profiles sharing the same sonde count is depicted
using a boxplot representation. Given the substantial similarity in results, the data from all
three circles of RF11 were combined in one boxplot. Analysing the P5 measurements, we
identified a power-law relationship governing the dependence of the estimated error on the
number of sondesN :

Err(D) = a ·N−b + c . (4.8)

The corresponding fit parameters are shown in Table 4.1. The displacement of the power-
law curve appears to correlate with the synoptic conditions, which were different between
RF18 andRF11, with a weak cold air outbreak present during RF10 andRF11, and a strong
inversion above the surface in the lowest 500m and Arctic cirrus on RF18. The estimated
error derived from both the P5 and HALO measurements on these specific dates exhibited
a notable degree of similarity. The first derivative of the fit functions for all cases reduces by
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80%betweenN=5 andN=10 and even 85−90% forN=12 sondes, showing a significant
convergence in the estimated error of the divergence measurement. Based on the results of
this analysis, we recommend using 10-12 sondes per pattern to estimate divergence on a scale
of 150 km for Arctic research campaigns. This takes into account the possibility of sonde
failures and aligns with the suggestions made by Bony and Stevens (2019) for subtropical
regions.

Figure 4.5: Vertically averaged estimated error of divergence Err(D) for all possible combinations of sondesN (min. 5
sondes) from Regression Method (boxplots, outliers not shown, RF11 and RF18 displaced for better visualisation), data
from all circles of RF11 combined in one boxplot for better readability. Mean estimated error of all combinations (x),
estimated error for maximum number of sondes (bold marker) and power law fit Err(D) = a ·N−b+c for RF11 C01
(dotted), RF11 C02 (dashed), RF11 C03 (dash‐dotted), RF08, and RF18, see Table 4.1 for fit parameters.

4.4 Conclusions

In this study data from dropsondes launched in mesoscale synoptic situations during multi-
ple flights of theHALO-(AC)3 campaign in theNorwegian sector of the Arctic were used to
calculate divergence profiles and derivemesoscale vertical velocity (subsidence). The twofold
objective is to test the robustness of this method at high latitudes and to compare alternative
calculation methods. The Regression Method and the Line-Integral Method have demon-
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strated an almost equivalent effectiveness at high latitudes, similar to findings from previous
campaigns in the subtropics. We conclude a remarkable agreement observed in both ampli-
tude and vertical structure of mesoscale divergence as obtained from disparate and indepen-
dent sonde datasets collected by different aircraft over the same target area. Minor differences
in divergence between the two datasets are likely caused by small changes in the flow between
the sampling time of the two flights (approx. 45min).

An error analysis confirms a non-linear decrease in the estimated error Err(D) with increas-
ing dropsonde numbers explained well by a power-law relationship, similar to results from
previous studies in the subtropics. Based on these results, we recommend an optimal range
of ten to twelve dropsondes per mesoscale pattern, striking a balance between statistical sig-
nificance and cost-efficiency, while also accounting for potential sonde failures. This number
could be useful for planning future airborne campaigns for measuring mesoscale divergence.

The importance of subsidence as a forcing factor for LES and single column model (SCM)
(Mirocha andKosović, 2010; Neggers, 2015; Young et al., 2018; van der Linden et al., 2019),
makes this dataset relevant for futuremodeling activities. LES and SCMs are frequently used
to test or develop physical parameterization schemes while requiring the prescription of a
reliable representation of the mesoscale dynamics. Information about the subsidence con-
ditions is fed into these models in the form of divergence or vertical velocity profiles that are
either constructed in an idealizedmanner, or, more frequently simply acquired from reanaly-
sis products, at times in combinationwith crude estimates from in situ observations. Models
tend to be highly sensitive to small changes in the imposed subsidence conditions (Mirocha
and Kosović, 2010; van der Dussen et al., 2016; Young et al., 2018) which calls for a more
carefully considered source for this kind of forcing information. Even though the ERA5 di-
vergence vertical profile in the area of the collocated patterns is in overall agreement with its
observationally constrained counterpart - which in itself could be the result of the assimila-
tion of the abundant dropsonde profiles available for that time period - this is not always the
case. Therefore, the use of reanalysis products for forcing SCM or LES models is less than
optimal. The dataset presented in this study offers amore realistic depiction of themesoscale
vertical motion, while the use of different derivation methods, flight patterns and amounts
of dropsondes provides a meaningful uncertainty range, within which the sensitivity of the
models could be transparently investigated.
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The results obtained in this studymotivate various future research efforts. While the general
circulation during the selected flights was relatively stable and slow-changing, the encourag-
ing results obtained for these conditions invite exploring differentweather regimes in theArc-
tic further. Investigating different flight patterns and assessing the impact of non-uniformly
spaced dropsondes could further facilitate the broader application of this method for flights
with more diverse research objectives. Finally, expanding our knowledge on vertical motion
at high latitudes furthers our general understanding of the Arctic’s atmospheric dynamics
and climate, could guide the coordination of future airborne campaigns in the region, and
contributes to the advancement of atmospheric science in general.

4.5 Appendices

4.5.1 Appendix A - Horizontal Displacement of Dropsondes

Figure 4.6 shows vertical profiles of the horizontal displacement of the dropsondes from the
location of their release, to quantify the drift.

Figure 4.6: Vertical profiles of horizontal displacement of dropsondes from the location of release at t0 in Latitude lat−
lat(t0) (a) and Longitude lon−lon(t0) (b), maximum horizontal displacement (c).
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4.5.2 Appendix B - Variability in the Line-IntegralMethod

Figure 4.7 shows the relative frequency distribution of the absolute differences in the diver-
gence and pressure velocity profiles calculatedwith the line-integralmethod, when disregard-
ing or accounting for potential deformation of the patterns with height.

Figure 4.7: Relative frequency distribution of the absolute differences in the divergence (left panel) and pressure velocity
(right panel) profiles calculated with the line‐integral method, when disregarding or accounting for potential pattern de‐
formation with height (D, ω and Dvar, ωvar respectively). For the RF11 C02 flight (blue), pattern deformation includes
changes in both the circle radius and relative dropsonde distances; for P5 (orange) only changes in the area enclosed by
the flight track are considered.

4.5.3 Appendix C - Error Estimation

The error ofDivergenceErr(D) andvertical velocityErr(ω) is obtained throughGaussianEr-
ror Propagation (Bronshtein et al., 2007) of the standard error of the velocity measurements
and the distance from the centre of the flight pattern:

Err (ξ(z)) =

√∑NSondes
k=1 (ξ(z, k)− ξ(z))2

NSondes
(4.9)

for ξ∈{u, v}. The error estimation of the horizontal gradient (χ∈{ϑ, ϕ}) is then given by

Err
(
∂ξ

∂χ

)
=

Err(ξ)√∑NSondes
k=1 (χ− χ)2

(4.10)
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and the error on divergence Err(D) is calculated as

Err(D) =
1

sin(ϑ)

√(
Err
(
∂u

∂ϕ

))2

+

(
Err
(
∂v

∂ϑ

))2

(4.11)

and vertical velocity Err(ω) for each height zi is calculated as

Err(ω(zi)) = −gϱ

∫ zi

0

Err(D(z)) dz (4.12)

with g=9.81m s−1 and the mean air density ϱ.
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4.5.4 Appendix D - Profiles From Regression Method and Line-Integral
Methodwith ERA5 For All Grid Boxes

Figure 4.8-4.13 show a comparison of vertical profiles of temperature and specific humidity,
divergence, and pressure velocity of ERA5 to the observations with the line-integral method
and the regression method for all flights.

Figure 4.8: Dropsonde locations of RF11 C02 (a) and P5 (b) and corresponding grid points of ERA5 (29th March 2022
11:00 UTC (a) and 30th March 2022 14:00 UTC (b)) inside the sampling area, vertical profiles of divergenceD from RF11
C02 (c) and P5 (d) and pressure velocity ω from RF11 C02 (e) and P5 (f) at all grid points of ERA5 within the sampling
area (light grey), averaged over all ERA5 grid points within the sampling area (black) and from dropsondes obtained with
Regression Method using all dropsondes (solid (R,all)) and Line‐Integral Method (dashed (L)).
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Figure 4.9: Vertical profiles of temperatureT and specific humidity q (a), vertical profiles of divergenceD (b) and pressure
velocity ω (c) at all grid points of ERA5 within the sampling area (light grey), averaged over all ERA5 grid points within
the sampling area (black) and from dropsondes obtained with Regression Method (blue) and Line‐Integral Method (blue,
dashed), Dropsonde locations of RF10 and grid points of ERA5 (29th March 2022 14:00 UTC) inside the sampling area (d).

Figure 4.10: Vertical profiles of temperatureT and specific humidity q (a), vertical profiles of divergenceD (b) and pressure
velocity ω (c) at all grid points of ERA5 within the sampling area (light grey), averaged over all ERA5 grid points within
the sampling area (black) and from dropsondes obtained with Regression Method (blue) and Line‐Integral Method (blue,
dashed), Dropsonde locations of RF11 C01 and grid points of ERA5 (30th March 2022 10:00 UTC) inside the sampling
area (d).
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Figure 4.11: Vertical profiles of temperatureT and specific humidity q (a), vertical profiles of divergenceD (b) and pressure
velocity ω (c) at all grid points of ERA5 within the sampling area (light grey), averaged over all ERA5 grid points within
the sampling area (black) and from dropsondes obtained with Regression Method (blue) and Line‐Integral Method (blue,
dashed), Dropsonde locations of RF11 C02 and grid points of ERA5 (30th March 2022 11:00 UTC) inside the sampling
area (d).

Figure 4.12: Vertical profiles of temperatureT and specific humidity q (a), vertical profiles of divergenceD (b) and pressure
velocity ω (c) at all grid points of ERA5 within the sampling area (light grey), averaged over all ERA5 grid points within
the sampling area (black) and from dropsondes obtained with Regression Method (blue) and Line‐Integral Method (blue,
dashed), Dropsonde locations of RF11 C03 and grid points of ERA5 (30th March 2022 12:00 UTC) inside the sampling
area (d).
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Figure 4.13: Vertical profiles of temperatureT and specific humidity q (a), vertical profiles of divergenceD (b) and pressure
velocity ω (c) at all grid points of ERA5 within the sampling area (light grey), averaged over all ERA5 grid points within
the sampling area (black) and from dropsondes obtained with Regression Method (blue) and Line‐Integral Method (blue,
dashed), Dropsonde locations of RF18 and grid points of ERA5 (12th April 2022 10:00 UTC) inside the sampling area (d).

4.5.5 Appendix E - Boundary Layer Height Calculation

The boundary layer height zBL is calculated as the height, where the Bulk-RichardsonNum-
ber Rib exceeds a critical threshold of Rib,crit = 0.25 following the implementation in IFS
Cy43r1 (ECMWF, 2016). The moist static energy sv is calculated for each level n as

sv,n = cp Tn(1 + ε qn) + g zn (4.13)

with the specific heat capacity of air cp=1003 J g−1 K−1, the temperature at each level T n in
K, the specific humidity at each level qn, the gravitational constant g=9.81m s−2, the height
of each level zn in m and ε = 0.61. Together with the squared wind velocity v⃗ = (u, v) at
each level

|v⃗n|2 = u2
n + v2n (4.14)

the Bulk-Richardson NumberRib is calculated.

Rib,n = zn
2 g (sv,n − sv,0)

(sn + s0 − g(zn + z0))|v⃗|2
(4.15)

The boundary layer height is then zBL=z (Rib,n=Rib,crit).
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4.5.6 Appendix F - Mean Profiles of HorizontalWind

Figure 4.14 shows vertical profiles of the horizontal wind velocities and hodographs for the
colocated flights.

Figure 4.14: Vertical profiles of horizontal wind velocities u (a) and v (b), hodograph (c) for co‐located flights RF11 C02
and P5 and windrose plots for RF11 C02 (d) and P5 (e).

4.5.7 Appendix G - Fit Parameters of Error Statistics

Table 4.1 shows fit parameters of error statistics for RF11 C01, RF11 C02, RF11 C03, P5,
and RF18.
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Table 4.1: Fit parameters of error statistics for RF11 C01, RF11 C02, RF11 C03, P5 and RF18 (see Figure 4.5), fitted to a
power law function for the estimated error of DivergenceD: Err(D) = a · 1

Nb + c, whereN is the number of sondes
and a, b, and c are the fit parameters.

Flight a [10−6s−1] b c [10−6s−1]
RF11 C01 74.64± 1673.96 1.30± 0.29 1.21± 8.84
RF11 C02 59.15± 680.22 1.29± 0.19 0.98± 3.72
RF11 C03 69.37± 994.72 1.30± 0.20 1.15± 5.16
P5 139.08± 385.05 1.74± 0.01 2.35± 0.08
RF18 105.75± 6536.18 1.32± 0.55 1.88± 30.32
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5
Impacts of Mesoscale Atmospheric

Subsidence on Cloud Glaciation and
Decoupling in Arctic Marine Cold Air

Outbreaks

The first part of this chapter will adress the second research question:

Can a Lagrangian large eddy simulation, constrained
with observation-derived large-scale forcings such as

subsidence, realistically reproduce an observed
marine cold air outbreak?

A Lagrangian large eddy simulation is initialised and constrained with surface observations
and observation-derived large-scale forcings, including subsidence, obtained in the previous
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chapter. The simulation is subsequently evaluated against independent airborne remote-
sensing observations.

Afterwards, the third research question is addressed:

What is the impact of atmospheric subsidence on cloud
glaciation and boundary layer decoupling during

Arctic marine cold air outbreaks?

Building on the validated modelling framework, a series of sensitivity experiments is con-
ducted to isolate the role of atmospheric subsidence in Arctic MCAOs.

This work is currently under revision with the Journal of Atmospheric Chemistry and
Physics of the EuropeanGeosciencesUnion (EGU),where it has beenpublished as a preprint
under the Creative Commons Attribution 4.0 International license. The format has been
changed to match this thesis.

Paulus, F., Müller, J. J., Kirbus, B., Sodemann, H., van Gelder, L., Walbröl, A., Wendisch
M., Neggers R. A. J.: Impacts of mesoscale atmospheric subsidence on cloud glacia-
tion and decoupling in Arctic marine cold air outbreaks, EGUsphere [preprint], https:
//doi.org/10.5194/egusphere-2026-554, 2026.
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vapour and liquid water path retrieved from HAMP are available at Walbröl et al. (2026a)
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and Walbröl et al. (2026b), respecitvely. The MiRAC observations will be published to the
Pangaea repository soon and will be openly available until acceptance of the manuscript, at
the latest; until then, the data can be obtained from the corresponding author upon request.
Radar reflectivities fromMiRACused for the retrieval of ice water path are available atMech
et al. (2024) and can be accessed via the ac3airborne tool (Mech et al., 2022). VELOX two-
dimensional cloud-top and surface brightness temperatures with 1Hz temporal resolution,
derived at flight altitude, are available from Schäfer et al. (2022). The CMET data is also
being prepared for publication and will be publicly available on the Pangaea repository un-
til acceptance of this manuscript. The model code, input and configuration files, generated
forcing files, and selected model output are provided in Paulus (2026b). The forcing files are
compatible with typical single column model (SCM) forcings, as DALES is run with hor-
izontally homogeneous initial and boundary conditions. The DALES version used in this
study is 4.3 with an extension formixed-phasemicrophysics; the specific version applied here
is included in Paulus (2026b), while the official DALES repository is available at Arabas et al.
(2021). ERA5 datasets were retrieved from the Copernicus Climate Change Service (C3S)
Climate Data Store (CDS) at https://cds.climate.copernicus.eu/.
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Impacts of Mesoscale Atmospheric
Subsidence on Cloud Glaciation
and Decoupling in Arctic Marine
Cold Air Outbreaks

Abstract

The impact ofmesoscale vertical motion on the thermodynamic, microphysical, and convec-
tive transformations of marine cold air outbreaks (MCAOs) is still largely unknown, partly
due to scarce high-resolution observations in upstream Arctic regions. Therefore, this study
investigates the effects of mesoscale subsidence on the evolution of the atmospheric bound-
ary layer (ABL), cloud phase, and precipitation for a case study of a shallowMCAOobserved
in the Fram Strait in March 2022 during the HALO-(AC)3 campaign. Quasi-Lagrangian
large eddy simulations (LESs) are conductedwith observational initialisation and larger-scale
forcing, based on airborne in-situ and remote-sensingmeasurements. The LES control simu-
lation accurately reproduces the measured thermodynamic ABL structure and the temporal
evolutionof the observed airmassmoving over theArctic sea-ice onto the openocean. Specif-
ically, the measured ABL height, integrated water vapour, and cloud water paths are well
represented by the LES. Sensitivity experiments using the LES with prescribed subsidence
reveal that weaker subsidence substantially alters the evolution of cloud phase during the
MCAO, featuring a deeper ABL and an earlier onset of cloud glaciation. This study shows
that ABL internal decoupling plays a key role in this process. Decoupling occurs sooner un-
der weaker mesoscale subsidence, triggering convective graupel formation that subsequently
intensively converts liquid water droplets. This strong link between glaciation and decou-
pling arguably explains the typical evolution of the cloud liquid water path observed inmany
MCAOs. These results provide a process-based framework for interpreting the role of large-
scale vertical motion in Arctic air mass transformations.
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5.1 Introduction

During marine cold air outbreaks, cold and dry Arctic air masses move southward over the
cold sea-ice surface towards thewarmer openocean,where theyheat up andpickuphumidity
from below. These MCAOs are an essential phenomenon in the Arctic climate system that
frequently occurs over extended marine regions at northern high latitudes (Fletcher et al.,
2016a). Additionally, as these air masses cross the sea-ice edge andmove over open ocean, the
strong near-surface temperature contrast between the warmer open ocean surface and the
overlaying colder air generates intense turbulent and convective mixing, producing large sen-
sible heat fluxes (Shapiro et al., 1987a; Renfrew andMoore, 1999; Papritz et al., 2015; Kirbus
et al., 2023a). This vertical turbulent exchange rapidly transforms the air mass from below,
deepening the atmospheric boundary layer (ABL) through convection. As a result, spatially
organised cloud structures evolve in the ABL that initially appear as cloud streets (Atkin-
son andWu Zhang, 1996; Lenschow and Agee, 1976; Etling and Brown, 1993; Kirbus et al.,
2024; Klingebiel et al., 2025). As the air mass continues to respond to the warm open ocean
surface, lower-level warming andmoistening, together with persistent vertical surface energy
flows, precipitation, and cloudmicrophysical processes such as riming and secondary ice pro-
duction, may cause a transition from cloud streets to deeper, broken cloud fields (Tornow
et al., 2021; Murray-Watson et al., 2023; Schirmacher et al., 2024). These evolving cloud
and ABL characteristics modulate cloud-radiative interactions, determine precipitation for-
mation, increase surface winds, and can generate polar lows (Kolstad, 2017; Terpstra et al.,
2021;Mateling et al., 2023). Through this ocean-atmosphere coupling,MCAOs can also in-
fluence atmospheric and oceanic circulations (Rasmussen et al., 1992; Isachsen et al., 2013;
Papritz and Spengler, 2017;Marcheggiani and Spengler, 2025), which are linked to feedback
mechanisms of Arctic amplification. The air mass transports during MCAOs and the cor-
responding transformation processes may also contribute to heat andmoisture exchange be-
tween the Arctic and mid-latitudes (Pithan et al., 2018).

Despite extensive prior studies, key aspects of MCAO evolution remain poorly understood,
particularly the onset of ABL decoupling in the subcloud layer, which accelerates stratocu-
mulus breakup and promotes transitions between cloud regimes (Bretherton and Wyant,
1997; McCoy et al., 2017; Lloyd et al., 2018; Zhou et al., 2015). Furthermore, precipita-
tion and cloud microphysical developments that are influenced by riming and secondary ice
production, reducing vertical mixing and altering ABL energy budgets, are not well repre-
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sented in models (Abel et al., 2017; Karalis et al., 2022; Wu et al., 2025). Persistent observa-
tional gaps, particularly in remote upstream regions of MCAO pathways, continue to limit
our understanding of these processes and their role in organisingMCAO transitions. Conse-
quently, major questions remain regarding how dynamical and microphysical processes sup-
port the transition to open-cell convection and how these should be represented in numerical
models (Tomassini et al., 2017; de Roode et al., 2019).

The role of mesoscale vertical motion in MCAO evolution, and mixed-phase clouds in par-
ticular, is complex and not yet fully understood. Previous studies have shown that subsi-
dence in surface-coupled convective layers strengthens the capping temperature inversion by
counteracting top entrainment, thus increasing ice and liquid water path below. In return,
enhanced cloud-top radiative cooling and convective overturning under stronger subsidence
can increase precipitation production in both rain and snow, stabilising stratiform cloud lay-
ers by suppressing cloud-top ascent and prolonging cloud persistence (Young et al., 2018).
In contrast, Neggers et al. (2019) found that strong subsidence can cause mixed-phase cloud
layers over the central Arctic sea-ice to collapse, shifting thermal-infrared radiative cooling to
the surface and hindering cloud reformation. These findings highlight that mesoscale sub-
sidence can strongly modulate mixed-phase cloud layers, but it remains unknown how this
modulation depends on the ABL structure. The involved interactions span a wide range of
spatial scales, from mesoscale to synoptic subsidence. It covers processes such as turbulent
entrainment, microphysical processes, and aerosol particle evolution (Tornow et al., 2021,
2023). A prime cause for our lack of insight into the impact of mesoscale subsidence on
mixed-phase clouds is the distinct observational data gap on this variable at high latitudes.
Measuring large-scale vertical motion or horizontal divergence remains difficult, as small er-
rors in horizontal wind gradients lead to large uncertainties when using mass conservation.
A more robust method applies regression to dropsonde data released in mesoscale patterns
by fast aircraft, pioneered during two aircraft campaigns in the subtropical trades (Bony and
Stevens, 2019; Stevens et al., 2021; George et al., 2021). The application of this method to
the coherent flow of an Arctic MCAO, can help to narrow this data gap and enhance our
understanding of the impacts of subsidence on the development of mixed-phase clouds in
growing boundary layers.

The Fram Strait is a hotspot for MCAOs. It is relatively easy to access, making it a fre-
quent target area for atmospheric observational and modelling studies. Although many re-
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cent Fram Strait studies are model-based, several field campaigns have filled key data gaps
of MCAO processes. For example, the Cold air Outbreaks in the Marine Boundary Layer
Experiment (COMBLE) campaign in 2019 and 2020 observed several MCAOs with two
permanent observational sites that provided continuous measurements in the Fram Strait
region (Geerts et al., 2022), and the Springtime Atmospheric Boundary Layer Experiment
(STABLE) campaign inMarch 2013 provided airborne observations with a research aircraft
in the Fram Strait (Michaelis et al., 2022). The HALO-(AC)3 campaign in 2022 sampled
numerousMCAOswithmultiple co-located aircraft, probing upstream and downstream re-
gions (Walbröl et al., 2024;Wendisch et al., 2024; Ehrlich et al., 2025;Wendisch et al., 2025).
During HALO-(AC)3, the mesoscale dropsonde pattern technique was applied to sample
subsidence at multiple points along a MCAO trajectory for two consecutive days, produc-
ing the first robust high-latitude subsidence dataset of its kind (Paulus et al., 2024). This
unique dataset creates new opportunities for investigating the role of subsidence in MCAO
evolution.

The main objective of this study is to use quasi-Lagrangian large eddy simulation (LES),
driven by HALO-(AC)3 observational data, to gain insight into the impacts of mesoscale
subsidence on MCAOs. For a particular case study, the LES follows an observed MCAO
along its two-day southbound trajectory, initialised with in-situ dropsonde profiles from the
High Altitude and Long Range Aircraft (HALO) in the far north. The simulated air mass
evolves freely, with large-scale forcings, including vertical motion, geostrophic wind, and
advection tendencies, derived from circular dropsonde pattern observations and prescribed
along the trajectory (Paulus et al., 2024). The simulated ABL and cloud properties are com-
pared against independent downstream aircraft observations.

Given this observationally constrained setup,we askhowwell theLagrangianLES reproduces
the independently observed cloud development. After evaluating the model performance,
we conduct perturbation experiments on themesoscale subsidence to assess the sensitivity of
the MCAO, focusing on the evolution of the ABL structure, cloud mass, thermodynamic
phase, and surface precipitation. This study aims to discuss how microphysical and dynam-
ical properties and processes interact in their response to perturbed larger-scale subsidence
forcing within the simulatedMCAO system.
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5.2 Observations

5.2.1 TheHALO-(AC)3 Campaign

The HALO-(AC)3 field campaign took place fromMarch to April 2022 in the Arctic west
of Norway and the Fram Strait. The main objective of this campaign was to understand the
transformation of air masses between the Arctic and the mid-latitudes and to investigate the
influence of these interactions on ABL processes and cloud formation. To this end, a quasi-
Lagrangian sampling strategy was applied during the campaign, in which the transformation
of individual air parcels of an air mass was tracked along their trajectories using three research
aircraft flying at different altitudes (HALO, Polar 5 (P5) and Polar 6 (P6)) (Wendisch et al.,
2024). An overview of the synoptic situation during the HALO-(AC)3 campaign is pro-
vided byWalbröl et al. (2024).

This study focuses on a case study analysing twoHALOResearch Flights (RF10 and RF11)
conducted on the two days of 29th March 2022 and 30th March 2022 respectively (Fig-
ure 5.1). On these two days, a weak MCAO with an MCAO index of four was investigated
(Papritz and Spengler, 2017; Walbröl et al., 2024) (Section 5.7.1). Both days were charac-
terised by a persistent, steady, and relatively slow northerly wind of about 3 to 10m s−1 mea-
sured at 10m altitude by dropsonde observations. These MCAO characteristics define a
weak MCAO compared to climatological MCAO values from the Fram Strait (Slättberg
et al., 2025)). The slowly moving air mass was in the range of HALO during the investi-
gated period of two days. The observedMCAO case occurred during a cold period between
two intervals of strongMCAOs from 21–26 st March 2022 and 1–2 st April 2022 (Walbröl
et al., 2024).

The synoptic situation in the Fram Strait was characterised by a high-pressure system with
its centre located at the east coast of Greenland and a low-pressure area in the Barents Sea.
The cloud field was dominated by shallow convective mixed-phase clouds, with clearly de-
fined street features near the sea-ice edge. These streets broke up further downstream of the
flow in the area of C03 (Figure 5.1), where the cloud cover increased significantly. A notable
cloud-free areawas located on thewest coast of Svalbard (Figure 5.2), which can be attributed
to the foehn effect during easterly flow over Svalbard, similarly observed during other field
campaigns (e.g., Shestakova et al., 2022).
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The HALO flight plans on these two days were created by tracking the location of an air
mass sampled on the first day at a location in the high north using trajectory estimates based
on forecast data. At four locations along the trajectory, the air mass was sampled using a cir-
cular mesoscale dropsonde pattern, each time with a diameter of 150 km. This technique is
inspired byLenschow et al. (2007) and has previously been applied in theNorthAtlantic and
subtropical region by Stevens et al. (2019, 2021) to measure mesoscale divergence and subsi-
dence profiles. The centre of the initial circle (IC) (Figure 5.1) on the first day at 14:00 UTC
was located at (84.4 °N, 13.6 °E) and featured only five dropsondes, a number limited by
airspace restrictions. On the second day, three further circles were flown along the predicted
southern trajectory of the air mass. The circles sampled during the two subsequent days each
featured eight evenly distributed dropsondes, with two additional dropsondes launched in
their inner areas. Only one of the day-two circles, (C02) at (78.6 °N, 4.0 °E, at 11:30 UTC),
was located at the exact predicted location of the air mass as sampled on the previous day at
the IC location. As shown in Figure 5.1, this circle was situated over open ocean. Two fur-
ther circles were flown on day two, one (C01) further upstream over sea-ice (80.8 °N, 10.7 °E,
at 10:30 UTC), and another (C03) was flown at a downstream location at a similar distance
(76.3 °N, 3.3 °E, at 12:30 UTC). The P5 aircraft took additional measurements in the C02
area, shortly after the departure of the HALO aircraft from this area (at 12:00 UTC), using
a rectangular flight pattern with three cross-flow legs. Additional measurements were con-
ducted by a controlled meteorological balloon (CMET) launched fromNy-Ålesund, as part
of the ISLAS2022 field experiment, which took place at the same time as the HALO-(AC)3

campaign.

5.2.2 Observational Datasets

This study uses a combination of in-situ and remote sensing observations from the HALO-
(AC)3 campaign to constrain the LES experiments and evaluate the model performance. A
comprehensive overview of the measurements collected during HALO-(AC)3 is described
by Ehrlich et al. (2025), and a summary of the datasets used is presented in Table 5.1, includ-
ing the variable names, associated instruments, and references to more detailed technical and
scientific descriptions.

The deployed Vaisala RD-41 dropsondes provide vertical profile measurements of the ther-
modynamic state, including air temperature at a resolution of 0.01K, air humidity at a
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Figure 5.1: Map of the simulation trajectory for the Lagrangian LES (bold line) initiated in the centre of the circular flight
leg on 29th March 2022 of the HALO‐(AC)3 campaign, together with the flight paths of the HALO and P5 aircraft on
30th March 2022 and the trajectory of the CMET. Locations where dropsondes were released in IC on 29th March 2022
and in C01, C02 and C03 of 30th March 2022 from HALO are indicated by▼. The sea‐ice concentration retrieved from
satellite observations (Spreen et al., 2008) is indicated in grey and white, and the colour bar denotes the time (UTC) along
the trajectory and flight paths.

resolution of 0.1 % and air pressure at a resolution of 0.01 hPa at frequencies between 2 and
4Hz and descend at speeds between 10 and 20m s−1 (Vaisala, 2023). The measured pro-
files are interpolated to a uniform vertical grid of 5m spacing. The horizontal wind speed
profiles were determined from GPS data with an estimated accuracy of 0.1m s−1 (Hock and
Franklin, 1999; Wang et al., 2015). These observations were used to derive vertical profiles
of subsidence (Figure 5.3), geostrophic wind, and advective tendencies of temperature, hu-
midity, and wind through a regression algorithm applied to the dropsondes deployed in each
circle. A comprehensive description of the calculation technique is provided by Paulus et al.
(2024).

To constrain the surface skin temperature Tskin, airborne measurements of the thermal in-
frared imager on board HALO VELOX (Video airbornE Longwave Observations within
siX channels; Schäfer et al. (2022)) were used, which records two-dimensional fields
(640 pixel×512 pixel) of the thermal infrared brightness temperature. At typical HALO
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flight altitudes, this corresponds to a horizontal resolution of 10m with a temporal resolu-
tion of 1Hz for a field-of-view of 6.4 km×5.1 km. From these brightness temperature im-
ages, we retrieve Tskin and sea-ice concentration along the circular flight legs of HALO with
accuracies of 1.2 K and 5%, respectively (Müller et al., 2025). For partly cloudy open-ocean
segments in C02 and C03, we apply a cloudmask and classify pixels whose retrieved Tskin ex-
ceeds−1.8 °C above the surrounding (cloudy) background as open ocean. The final surface
skin temperature is the horizontal mean of each masked 2D-field at a 1Hz time resolution.

The observational datasets collected during the HALO-(AC)3 campaign provide all atmo-
spheric state variables required to run Lagrangian LES experiments following the air mass as
it moves south. A small number of surface parameters, specifically surface albedo, the aero-
dynamic roughness length formomentum, and the thermal roughness length for heat, could
not be observed, but are needed to prescribe the (latitude-dependent) surface boundary con-
dition in the LES experiments. Therefore, these data were retrieved from the EuropeanCen-
tre for Medium-Range Weather Forecasts (ECMWF) reanalysis product version 5 (ERA5;
Hersbach et al. (2020)). By combining the dropsonde and VELOX observations with the
surface values from ERA5, a complete set of forcing fields for the Lagrangian LES has been
compiled.

Formodel validation, independent datasets also obtained from theHALO-(AC)3 campaign
are used. TheAirborneMobile Aerosol Lidar (AMALi) on the P5 aircraft providesmeasure-
ments of cloud top height, which are compared to the simulated cloud top heights (Stach-
lewska et al., 2010). The liquid water and ice water paths are derived from the Microwave
Radar/Radiometer for Arctic Clouds (MiRAC) on board P5 (Mech et al., 2019). The ice
water path is derived from the 94GHz-radar reflectivity using the Ze-IWC relationship of
Hogan et al. (2006). We additionally include integratedwater vapour IWV and liquidwater
path LWP data retrieved from the HALO Microwave Package (HAMP) over open ocean
(not available over sea-ice) (Mech et al., 2014). The additional data allows a direct compari-
son with the quantities computed by the LES.

Further thermodynamic observations were performed using Lagrangian CMET soundings
(Voss et al. (2010); Løklingholm et al. (2026), manuscript to be submitted). The balloonwas
equipped with an air temperature sensor that operates over a range of −40 °C to 105 °Cwith
an interchangeability of±0.5 °C and measured relative humidity with respect to water with
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an accuracy of 1.5 %. Due to the cold, dry conditions, and the absence of active ventilation of
the sensor package on the CMET, actual measurement errors would be substantially larger
than the sensor interchangability, in particular during daytime when the balloon was drift-
ing horizontally, creating an overall warm and dry bias (Løklingholm et al., 2026). This par-
ticular CMET-04 was launched in Ny-Ålesund on 30th March 2022 following a trajectory
parallel to the simulated trajectory (Figure 5.1), complementing the dropsonde observations
and providing additional in-situ validation data within the lower ABL.

5.3 Model Configuration

5.3.1 The Dutch Atmospheric Large Eddy Simulation

The simulations were performed using the Dutch Atmospheric Large Eddy Simu-
lation (DALES) (Heus et al., 2010), which is an open-source model available at
https://github.com/dalesteam/dales. DALES has been used extensively in pre-
vious scientific studies of ABL turbulence and clouds in various regions of the Earth (van der
Dussen et al., 2013; Corbetta et al., 2015; Roode et al., 2016; Laar et al., 2019; Reilly et al.,
2020), including the Arctic (Neggers et al., 2019; de Roode et al., 2019; Egerer et al., 2021;
Chylik et al., 2023; Schnierstein et al., 2024).

To represent Arctic mixed-phase clouds, the DALES code was equipped with the double-
moment microphysics scheme of Seifert and Beheng (2006), which is predictive of both the
mass and number concentrations of five hydrometeor types (cloud water, cloud ice, rain,
snow, and graupel) (Neggers et al., 2019; Chylik et al., 2023). The number concentration of
cloud condensation nuclei (CCN) is prognostic, initialised with a constant vertical profile of
100 cm−3 within the range observed during the HALO-(AC)3 campaign in the Fram Strait
(Wendisch et al., 2024) and in the high Arctic duringMOSAiC (Ansmann et al., 2023). The
number concentration of ice nucleating particless (INPs) is prescribed at a value of
1 · 10−3 cm−3, following Hartmann et al. (2019). Heterogeneous freezing pro-
cesses are limited to temperatures below −15 °C, and the maximum number of
ice particles resulting from deposition nucleation is restricted to 200 /L, while
homogeneous freezing and secondary ice formation via the Hallett-Mossop pro-
cess remain unchanged as represented in the Seifert and Beheng (2006) model.
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This microphysical model setup was thoroughly tested by Schnierstein et al. (2024) against
a year of in-situ measurements of Arctic clouds in the central Arctic during the MOSAiC
expedition.

Further model settings follow the setup described by Schnierstein et al. (2024). They in-
clude a radiative transfer scheme interactive with liquid and ice hydrometeors applying a
four-stream radiative transfer solver in combination with Monte Carlo spectral integration
(Pincus and Stevens, 2009). The optical properties of ice particles are based on the phys-
ical properties of the ice crystals derived from the microphysics scheme (McFarquhar and
Heymsfield, 1998; Fu and Liou, 1993; Baran, 2005; Schnierstein et al., 2024). Resolved ad-
vection is calculated using a fifth-order central difference numerical scheme for momentum
and aκ-limiter scheme for the other prognostic scalar variables. Subgrid-scale transport uses a
prognostic turbulent kinetic energy SFS-TKE scheme (Deardorff, 1980; Hundsdorfer et al.,
1995). The simulation uses a sponge layer in the upper 25 % to dampen disruptive gravity
waves. The surface-fluxes of heat, moisture, andmomentum are calculated based onMonin-
Obukhov theory using Arctic stability functions derived by Grachev et al. (2007). Horizon-
tally periodic boundary conditions are applied, while large-scale forcings are prescribed as
time-dependent tendency profiles to account for advection, subsidence, and horizontal pres-
sure gradients (geostrophic wind vector v⃗g).

5.3.2 Trajectory Calculation

To set up a Lagrangian LES experiment, the trajectories (pathways) of the air parcels forming
the air mass need to be estimated. As described in Section 5.2.1, trajectories for the low-
level air parcels were calculated during flight planning using the Lagrangian Analysis Tool
(LAGRANTO) (Sprenger andWernli, 2015) andbasedon IFS forecastwinds. For this study,
this was repeated using three-dimensional wind fields of the ERA5 reanalysis. Air parcels
were identified, and their trajectories were calculated starting every 3 km lat/lon within the
IC on 29thMarch 2022 andmatching the circle locations on 30thMarch 2022 (Kirbus et al.,
2024). The best match of the trajectories was found at 870 hPa in the initiation region. For
the simulations, a mean trajectory was calculated by averaging all trajectories initiated within
the first circle at 870 hPa. Each trajectory is included for every circle region it intersects, but
is excluded from further analysis once it exits a circle region without entering the subsequent
one. This procedure is illustrated in Figure 5.14.
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5.3.3 Observational Forcing and Boundary Conditions

The lower boundary condition consists of a prescribed surface skin temperature Tskin based
on VELOX measurements (Section 5.2.2). These observations are averaged longitudinally
and interpolated along the simulation trajectory and constrain the surface boundary of the
LES (Figure 5.2). The lower boundary condition for atmospheric specific humiditywas com-
puted as the saturation humidity based on the surface skin temperature and the correspond-
ing sea-ice fraction within the LES model.

Figure 5.2: VELOX observations of surface skin temperature (Tskin) and sea‐ice concentration sic on the circular flight legs
of the HALO flights on 29th March 2022 and 30th March 2022 during HALO‐(AC)3 (circles), together with interpolated
Tskin and sic along the LES trajectory used as urface boundary conditions (bold line).

The prescribed large-scale forcing profiles are time-dependent and they are obtained by in-
terpolation along the trajectory between the sonde data at the four circle locations. A re-
gression algorithm is used to estimate horizontal gradients within each circle area, following
the method of Bony and Stevens (2019). The horizontal wind divergence and the associated
subsidence ω are calculated as described by Paulus et al. (2024). At high latitudes, Carte-
sian latitude-longitude coordinates distort horizontal distances. To address this issue, Paulus
et al. (2024) introduced a regressionmethod in spherical coordinates [r, ϕ, ϑ]. Assuming lin-
ear fluctuations of any variable ξ∈ [u, v, q, T , p]within the dropsonde area, ξ at the centre of
the pattern can then be approximated at every vertical level by a first-order Taylor expansion:

ξ = ξ0 +
∂ξ

∂ϑ
∆ϑ+

∂ξ

∂ϕ
∆ϕ . (5.1)
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Here, ξ0 denotes the mean of all dropsonde measurements, and ϑ and ϕ are the polar and
azimuth angles, respectively. This approach is applied in this study to estimate divergence:

D = ∇⃗ · v⃗h =
1

r · sinϑ

[
∂u

∂ϕ
+

∂ sinϑ v

∂ϑ

]
. (5.2)

This allows for the estimation of the associated subsidence at height z by vertical integration
from the surface:

ω = −g · ϱ
∫ z

0

D dz . (5.3)

Figure 5.3 shows the resulting subsidence profiles in the four circles, provided in pressure
and height units for reference, with key characteristics summarised in Table 5.2. In IC and
C02, subsidence dominates the lowest 3 km, with mean downward motions of −0.74 and
−0.60 cm s−1, respectively, while C03 exhibits weaker subsidence throughout the profile. In
contrast, C01 shows a mean upward motion over the 8 km profile. Uncertainties were esti-
mated following Paulus et al. (2024) and reach up to 0.025 cm s−1 (0.002 Pa s−1) below 3 km
across all circles, which cannot be resolved in the figure and are therefore not shown. The sub-
sidence magnitudes are consistent with reanalysis-based estimates of ArcticMCAOs (Paulus
et al., 2024; Tornow et al., 2023), but are approximately an order of magnitude lower than
those reported for the tropical Atlantic, possibly due to the specificweather conditions of the
sampled case (Bony and Stevens, 2019; George et al., 2021).
The same regression approach using spherical coordinates can be applied to calculate the hor-
izontal advective tendencies in the circular areas,

− v⃗h · ∇⃗ξ = −
[
u
1

r

∂ξ

∂ϑ
+

1

r · sinϑ
∂ξ

∂ϕ

]
, (5.4)

and similarly, the horizontal pressure gradient force, here expressed as the geostrophic wind
vector v⃗g,

v⃗g =
1

ϱ · f
·

(
∂p
∂ϕ
1

cosϕ
∂p
∂ϑ

)
. (5.5)

These profiles, which extendup toHALO’s flight altitude at about 8 km, are linearly interpo-
lated between the four circles and kept constant south of the last circle along the simulation
trajectory (Figure 5.4). What stands out in the interpolated mesoscale vertical pressure ve-
locity field ω(t, z) is the distinct maximum at C02 below 4 km, which indicates a relatively
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Figure 5.3: Subsidence profiles obtained through regression from a dropsonde pattern in pressure (ω, solid line) and height
(w, dashed line) coordinate for all dropsonde patterns on 29thMarch 2022 and 30thMarch 2022 of the Airborne Research
Campaign in the Arctic in March and April 2022 (HALO‐(AC)3) campaign. Associated uncertainty estimates cannot be
resolved in the figure and are discussed in the main text.

strong signal in the prescribed subsidence that will play a crucial role in this study. Concern-
ing the advective tendencies, the temperature advection−v⃗h · ∇⃗T is dominated by cooling at
low altitudes, below 1 km. The specific humidity exhibits low-level drying before the sea-ice
edge, transitioning tomoistening south of C02. The horizontal wind components show low
signals, except for a slight positive tendency of the meridional wind in the deepening ABL
south of C01. These likely reflect Ekman-layer effects of Reynolds stresses, inducing a devia-
tion of the wind from the geostrophic wind direction. The geostrophic wind (|v⃗g|) expresses
an eastward zonal pressure gradient force throughout the lower levels, consistent with the
general synoptic situation during the two days. It should be noted that at a trajectory height
of 870 hPa corresponding to heights between 1.34 km and 1.38 km, advective tendencies are,
by definition, zero, as the air mass speed is subtracted from the wind in the Lagrangian forc-
ing method.

Above 8 km altitude, which is well above the simulated ABL height (max 2 km), the sonde
data are extended by ERA5 fields. The main objective of this procedure is to allow radia-
tive flux density (irradiance) calculations above the model domain in which turbulence is
resolved, which has a ceiling far below HALO’s flight altitude (described in Section 5.3.4).
As a result, it is concluded that the use of ERA5 fields above this height has no discernible
impact on the model results.
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Figure 5.4: Simulation forcing of subsidenceω (Ctrl) (a), horizontal temperature advection−v⃗h·∇T (b), horizontal humidity
advection−v⃗h ·∇q (c), horizontal advection of the zonal and meridional wind components−v⃗h ·∇u (d),−v⃗h ·∇v (e),
and the geostrophic wind magnitude |v⃗g| (f). All fields are interpolated between dropsonde observation locations IC, C01,
C02 and C03 (dashed blue lines). The surface cover is indicated at the bottom of each subfigure as sea‐ice (sic > 0.9,
light blue), marginal sea‐ice zone (0<sic≤0.9, hatched), and open ocean (sic=0, dark blue).
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5.3.4 Experimental Setup

Apart from the control setup, four additional LES experiments are conducted using DALES
to investigate the sensitivity of ABL evolution to the mesoscale subsidence forcing. The ex-
perimental setup includes (i) the control simulation (Ctrl) that employs the observed subsi-
dence (Section 5.3.3), (ii) a simulation without subsidence (NoSub) to isolate the effects of
entrainment on ABL development, and (iii) further experiments in which observed subsi-
dence was scaled by 10% (Sub10), 50 % (Sub50) and 200% (Sub200). These scaling factors
correspond to a range of subsidence rates covering weaker values (−0.12 cm s−1) comparable
to those used in LES studies ofmixed-phaseArctic clouds (Solomon et al., 2018; Young et al.,
2018), up to stronger rates of approximately −2.3 cm s−1, and consistent with observations
during the EUREC4A campaign in the tropics (Poujol and Bony, 2024). In all sensitivity ex-
periments, the temporal and vertical structure of the observed subsidencewas retained, while
only its magnitude was modified.

Themodel domain spans 12.8 km× 12.8 kmwith 50m horizontal resolution and 191 verti-
cal levels, starting at 10m with 20m spacing up to 2.1 km and increasing resolution aloft to
a ceiling height of 6.8 kmwith maximum grid spacing of 177m. Periodic horizontal bound-
aries are applied, and large-scale forcings are horizontally homogeneous but variable in time
and height along the trajectory. The prescribed subsidence acts on the evolving model pro-
file. ContinuousNewtonian nudging towards the observed profiles of {T , q, u, v} is applied
above the ABL, determined by the strongest inversion in liquid water potential temperature,
with a buffer layer of 100mwhere the nudging time scale increases linearly up to 3 h. Nudg-
ing increases in the upper quarter of the domain to suppress gravity waves, while below the
ABL, the flow evolved freely. Each experiment is 45 h long, reaching theMIZ approximately
15 h after initialisation.

5.4 Results I: Evaluation of the Control Simulation

In this section, we evaluate the performance of the control (Ctrl) LES in reproducing key
characteristics of the MCAO observed on 29th March 2022 and 30th March 2022 during
the HALO-(AC)3 campaign. We analyse the evolution of cloud liquid and ice water con-
tents and paths, the vertical structure and evolution of the ABL height, air temperature and
humidity profiles along the simulation trajectory, and the associated turbulent heat energy
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fluxes. As outlined in Section 5.2, observations from dropsondes, lidars, and radiometers are
used to assess the model’s ability to capture the spatial and temporal variability of the atmo-
sphere, and the representation of turbulent and thermodynamic processes.

5.4.1 Atmospheric Boundary Layer and Cloud Evolution

First, we examine the evolution of the ABL and clouds, focusing on the temporal develop-
ment of cloud liquid and ice water contents as well as the deepening of the ABL along the
simulation trajectory of the MCAO, expressed as a function of latitude in Figure 5.5. The
initial atmospheric column at circle IC includes a shallow ABL of 65m, which remains low
over the sea-ice in the simulation. The ABL begins to deepen once it reaches theMIZ where
warmer surface conditions trigger enhanced vertical latent and sensible heat fluxes. Convec-
tive updrafts form a thin mixed-phase cloud between C01 and C02, with ice reaching to the
surface and a shallow liquid layer existing near the cloud top during the initial phase of the
growing ABL. As the air mass moves over the open ocean, the ABL continues to deepen,
reaching values of liquid water content ql up to 0.35 g kg−1. At the end of the 45 h simula-
tion, the ABL has grown to approximately 1.5 km.

To evaluate the Ctrl simulation with respect to the ABL structure, several independent mea-
surements of ABL height are compared with the simulation output. The ABL height was
determined from dropsonde profiles using the Bulk Richardson numberRib, which quanti-
fies the balance between buoyancy and shear (Stull, 1988). A critical thresholdRib

crit=0.25

was used to define the height of theABL zi, consistentwith the diagnostics of the IFSCy43r1
model and the ERA5 reanalysis (ECMWF, 2016; Seidel et al., 2012). Lidar measurements
from the P5 aircraft (AMALi) provide cloud topheight (ztc), which is comparable to theABL
height inMCAO cases due to the strong coupling of ABL growth to cloud development. Fi-
nally, the simulation diagnoses the height of the ABL from the minimum flux of total liquid
water potential temperature (Stevens et al., 2001), w′θ′l, within the lowest 3 km of the do-
main. AMALi measured a mean cloud top height of 0.63±0.11 km at location C02, yield-
ing an RMSE of 0.12 km compared to the simulation ABL height. The ABL height derived
from the dropsondes was 0.07 km at C01, 0.43 km at C02, and 1.04 km at C03, resulting
in an overall root mean square error (RMSE) of 0.14 km compared to the simulation. The
conclusion from this evaluation against the three datasets is that the model reproduces the
observed ABL height within 150m throughout the simulation. The temporarily reduced
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deepening rate between C02 and C03 in the simulation is supported by the measured data,
which is an interesting feature that could be related to the low-level maximum in subsidence
during that period (Figure 5.4a).

Figure 5.5: Latitudinal evolution of cloud liquid (grey contour lines) and ice (red filled contours) along the MCAO trajec‐
tory. Results from the 45h semi‐Lagrangian DALES simulation Ctrl are shown, including model ABL height (red dashed),
compared to dropsonde ABL heights (▼) and cloud‐top heights from AMALi lidar aboard the P5 aircraft (light blue boxplot,
outliers not shown for better visibility). Dashed vertical lines indicate dropsonde circle locations.

5.4.2 Temperature andHumidity Profiles

The vertical structure of virtual potential temperature θv and specific humidity q in the Ctrl
experiment is evaluated against in-situ observations from HALO dropsondes, closest to the
simulation trajectory; the variability of all soundings in each circle is indicated as blue shad-
ing in Figure 5.6. This comparison reveals possible systematic biases in the thermodynamic
state. Figure 5.6 focuses on the lowest 3 km of the atmosphere to highlight the ABL proper-
ties. Above 3 km altitude, the simulation matches the observations of θv with an agreement
of more than 99% (Equation (5.14)) at all three locations, following a logarithmic profile.
Profiles of q above 3 km are reproduced with an agreement of more than 67% at C01, C02
and C03, with the larger differences resulting from observed humidity layers not captured in
the smoother simulated humidity structure.
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In the region of C01 (Figure 5.6 a and d), located above sea-ice near its edge, an inversion
in θv is detected near the surface at 30m in the simulation, and at 20m in the dropsonde
profiles, with a thermodynamic wind profile above it. The simulated near surface values of
θv of −25.6 °C agree within the standard deviation with the dropsonde observations with a
measured value of−24.2 °C. The general agreement of the temperature profiles below3 km is
99.7 %. In contrast, themeasured humidity profiles exhibit a larger spread among the sondes;
however, the closest profile agrees well with the slightly smoother simulated profile, indicat-
ing good overall consistency. In contrast, the humidity profiles differ in their variability, as
the dropsondes resolve several humid layers that are not captured by the modelled profile.
The near-surface value of q at C01 was 0.5 g kg−1 in the simulation and 0.54 g kg−1 in the ob-
servations, and the overall profiles agree by 81% below 3 km. The good agreement at C01
reflects the continuous nudging that is active above the ABL top, which is still very low at
this stage.

As the air mass moved over theMIZ and the open ocean to the location of C02 (Figure 5.6 b
and e), surface warming caused an increase in the near surface air temperature θv0 in the sim-
ulation of+14.5K to −11.1 °C, while observed warming was even stronger with a measured
increase in ϑv,0 of +15.6K to −8.6 °C. The inversion height was approximately 590m in
both profiles, but the simulated inversion was less steep. The profile below the inversion
shows a cold deviation of 3.3 K, but the shape of the curvematches themeasured profile, cor-
responding to an agreement of 98 %below the thermal inversion. The increase in evaporation
over the open ocean led to an increase in humidity with surface moisture q0 of 1.5 g kg−1 in
the simulation and 1.6 g kg−1 in the observations. Both show apronounced drop in humidity
near 590m, with the observed jumpbeing stronger and sharper than the simulation, induced
by the prescribed advection of qt (shown in Figure 5.4c). Within themixed layer, where tem-
perature and humidity are uniform with height, the model underestimates the humidity by
an average of 0.2 g kg−1 with an agreement of 88 % below the temperature inversion. Due to
observed moisture layers above the temperature inversion, which did not appear in the sim-
ulation, the agreement in the overall profile of q is 82 % below 3 km.

Further south, over the open ocean atC03 (Figure 5.6 c and f), theABLhas deepened further
and θv has continued to increase, with a simulated surface value of θv0 of −7.5 °C and an ob-
served value of −4.6 °C representing an underestimation of near-surface warming by 2.9K.
The modelled inversion base is at 830m, compared to 1000m in the observations, with the
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simulated inversion being less steep. Below the temperature inversion, the model underes-
timates θv by approximately 2 K although the agreement of the entire shown profile is still
99.6 %. Therefore, there is a consistent cold bias of −2K to −3K across all circles, a tendency
also found by (Wendisch et al., 2025) in the limited-area configuration of the ICONmodel
for all observedMCAO cases of HALO-(AC)3. The humidity in the boundary layer at C03
has also increased further, reaching 1.7 g kg−1 in the simulation and 2 g kg−1 in the observa-
tions, with themodel underestimating the surface layer of strong humidity directly above the
ocean. Also, in humidity, the simulated jump is weaker. Below the temperature inversion,
themodel underestimates q by 0.2 g kg−1, which corresponds to an agreement of 90 % below,
while above the inversion, the absence of observed moisture layers reduces the agreement to
33%. A consistent moisture deviation of −0.15 g kg−1 to −0.22 g kg−1 was found in all three
profiles.

Additional measurements taken with the CMET sonde drifting south along a similar tra-
jectory further support these results. At the same latitude as C01, the CMET flew at an
altitude of 340m at a distance of 225 km to the simulated trajectory. The CMET reached
the latitude of interest about 2.5 h later than the simulated air parcel. Here, θv = −8.8 °C
and q = 0.52 g kg−1 were measured, which largely corresponds to the simulation in terms
of humidity (difference of only 0.02 g kg−1), but with θv being 5.7 K warmer, which may
be due to the proximity to Svalbard and the associated local warming effects. As the trajec-
tory of CMET was closer to Svalbard and travelled through the cloud-free region associated
with lee-effects, likely causing a warming of the lower layers. The CMET reached the lati-
tude of C02 7.5 h later at a distance of 132 km from the simulated trajectory. The CMET
measured at 902m above sea level a temperature of θv=−1.8 °C and q=0.25 g kg−1, which
is 3.7 K warmer and 0.2 g kg−1 drier than the simulation. At C03, the CMET was 2 h later
and 149 km away from the simulation at an altitude of 1780m. A virtual potential temper-
ature θv of 2.7 °C was measured, 1.8 K warmer than in the model and q= 0.78 g kg−1, only
0.06 g kg−1 more humid. As the CMET moved south and the influence of Svalbard dimin-
ished, the measured air mass increasingly resembled that observed by the dropsondes, with
the humidity in all three circles corresponding very closely to the simulated q valuesmeasured
by the dropsondes.

The overall conclusion from these results is that the LESmodel reproduces the observed evo-
lution in the vertical thermodynamic structure after C01 to a reasonable degree. This is not
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trivial, as the nudging takes place above the temperature inversion only, and below it, the
simulated ABL is free to evolve. A slight cold and dry bias is evident within the ABL, and the
inversions at its topheight appear less pronounced thanobserved. These differencesmay arise
from (i) uncertainties in the surface boundary condition Tskin, and (ii) shortcomings in the
bulk flux parametrisation at the surface. Nevertheless, the overall correspondence between
simulation and observation indicates that the model adequately reproduces the thermody-
namic structure of the observedMCAO, providing a robust basis for further analysis.

Figure 5.6: Vertical profiles of virtual potential temperature (θv ) and specific humidity (q). Dropsonde profile (blue) of the
dropsonde closest to the simulation trajectory and spread between values measured by 10 sondes per circle (shading);
simulation profiles are shown in red. CMET measurements are indicated as blue dots.
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5.4.3 IntegratedWater Paths

The model performance in representing various column-integrated quantities is assessed
next. In ?? a, the simulated integrated water vapour (IWV ) is evaluated against observa-
tions from two sources. The first source are the data from the HAMP radiometer on board
HALO which measured along the flight trajectory, and the second is the IWV determined
from the dropsonde humidity profiles, averaged over the ten sondes in each circular pattern.
The simulation accurately replicated the observed IWV at C01 of 1.9 kgm−2 with a small
difference of 0.1 kgm−2. At C02, the dropsondes measured 2.7 kgm−2 IWV , reproduced
with +0.04 kgm−2 in the simulation. At C03, the observed IWV was 4.4 kgm−2, which
the simulationwas slightly overestimated by+0.3 kgm−2. This temporal evolution of IWV

closely follows the HAMP observations, with an RMSE of 0.2 kgm−2 compared to the sim-
ulation. These results suggest that the net input of humidity into the deepening ABL is well
captured by the model.

Figure 5.7 b compares the simulated liquidwater pathLWP against twomeasurements. The
LWP retrieved fromHAMP onboardHALO exhibits a much higher short-term variability
than in the simulation, resulting in an RMSE of 30 gm−2. Despite this, the overall tempo-
ral evolution aligns with the simulated LWP , with liquid water appearing as soon as the
MIZ is reached. The MiRAC instrument on P5 showed even higher variability due to its
high spatial resolution and low flight altitude above the clouds. When averaged,MiRACob-
servations yield a mean LWP of 0.01 gm−2, which appears much lower than the simulated
LWP of 12 gm−2, but the simulation value lies within the spread of theLWP observed by
MiRAC. These results suggest that, while the observed LWP fluctuates more strongly due
to higher resolution, capturing individual cloud streets, than the smoother, domain-average
model output, the simulation captures the general trend and magnitude of the evolution of
liquid water throughout the event.

The simulated ice water path of all frozen hydrometeors IWP shown in Figure 5.7 c is only
compared to MiRAC measurements aboard P5. The IWP retrievals by HALO were ex-
cluded due to large uncertainties for this case. The average observed IWP from MiRAC
was 0.6 gm−2, but similar to the LWP observations, the variability due to the high resolu-
tion of individual clouds is large and values range up to 6.2 gm−2. This high variability may
also result from the substantial uncertainties associated with IWP retrievals. TheZe-IWC
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relationship of (Hogan et al., 2006) exhibits uncertainties around a factor of 2, caused by the
strong temperature dependence of ice particle size distributions and densities. At warmer
temperatures, the ice water content IWC tends to be overestimated, whereas at colder tem-
peratures it is generally underestimated. This temperature sensitivity is particularly relevant
for 94GHz radar, where Mie-scattering further increases the retrieval uncertainty. Com-
pared to the simulated IWP in the location of the P5measurements of 2.58 gm−2, anRMSE
of 73.34 gm−2 is found. It should also be noted that the P5 observations donot coincidewith
the airmass trajectory butwere collected at a later time, limiting the comparability of the data
(Figure 5.1). A notable feature of the latitudinal evolution of the simulated IWP is the local
maximum reached in the simulation just before C02; the realism cannot be verified due to
the absence of reliable IWP measurements along the whole trajectory.

5.4.4 Surface Heat Fluxes

The surface heat fluxes are key drivers of ABL evolution in MCAOs. To evaluate the simu-
lated sensible (H) and latent (E) heat fluxes, we estimate these data from dropsonde obser-
vations following the thermodynamic method suggested by Hartmann et al. (1997). This
method assumes steady-state conditions, negligible radiative divergence and cross-flow ad-
vection, and minimal entrainment above the mixed layer. Then, the sensible and latent heat
energy fluxes can be calculated as

HDS = ϱ · cp · uML

∫ 0

zi

∆θ

−∆y
dz −HC, (5.6)

EDS = ϱ · Lv · uML

∫ 0

zi

∆q

−∆y
dz +HC, (5.7)

where ϱ represents the air density, cp the specific heat capacity, Lv the latent heat of evapo-
ration, uML the mean horizontal wind speed within the mixed layer and zi the height of the
ABL. ∆y is the horizontal distance between two profiles. The contribution of condensa-
tional heating within the cloud layer is represented by the following formulas:

HC = ϱ · Lv · uML

∫ zbc

zi

∆l

−∆y
dz, (5.8)
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where zb represents the height of the cloud base, defined as the lowest altitude at which the
relative humidity reaches saturationwith respect to the ice or liquid. Meanwhile,∆l refers to
the difference in ql between the profiles, which is approximated as the upper limit of qlwithin
the cloud layer. This is estimated as the difference of qt within the cloud and the average qt,BC
below the cloud layer, following (Hartmann et al., 1997). In themodel, the surface heat fluxes
can be sampled continuously as

HCtrl = ϱ · cp · w′ · θ′, (5.9)

ECtrl = ϱ · Lv · w′ · q′, (5.10)

withw′θ′ andw′q′ representing the turbulent kinematic fluxes of temperature andmoisture
at the surface.

The simulation produced HCtrl values up to 830Wm−2 and ECtrl values up to 102Wm−2

over the openocean. In particular, the sensible heat flux is substantially higher than the clima-
tological mean sensible flux of about 200Wm−2 duringMCAOs, while the latent heat flux is
comparable to the climatological mean latent heat flux of 100Wm−2 reported by Papritz and
Spengler (2017) forMCAOs in the region west of Svalbard. The difference in potential tem-
perature between the near-surface atmosphere and the ocean surface causes a direct response
in the sensible heat flux, while the latent heat flux is limited by the saturation specific humid-
ity at the sea surface temperature (Papritz et al., 2015; Papritz and Spengler, 2017). In the
observed region,H was generally more efficient thanE in extracting energy from the ocean
surface, but the relative importance ofE increased as the air is mass advected away from the
sea-ice edge over warmer waters. South of 75 °N, the mean values of HCtrl and ECtrl were
69Wm−2 and 17Wm−2, respectively, consistent with the findings of Brümmer (1997).

Dropsonde-derived HDS values considerably underestimate simulated surface sensible heat
fluxes by 564Wm−2 between C01 and C02 and 306Wm−2 between C02 and C03. We
speculate that this offset is mostly due to numerous assumptions in the method of deriving
them from observed profiles. To improve comparability between model and measurements
and gain insight, the same diagnostic technique is now applied to the simulated profiles (Fig-
ure 5.6), which yields much better agreement. The associated RMSE is 95Wm−2 between
HDS and HCtrl, Prof, due to a large underestimation of HCtrl, Prof between C02 and C03 of
only 21Wm−2, while DS=170Wm−2. Note that the dropsonde-derived DS in the marginal
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sea-ice zone (C01-C02) is very small (2.6Wm−2) compared to the simulated fluxes that ex-
ceeded 100Wm−2, but increased to 16Wm−2 betweenC02 andC03, closer to the simulated
values. The RMSE of 8.9Wm−2 betweenEDS andECtrl, Prof indicates that although the ob-
servational profile-based method struggles to fully capture the true flux magnitudes in the
early MCAO phase, it reproduces their relative variability well when applied consistently.

Figure 5.7: Latitudinal evolution of various bulk properties of the simulated MCAO in the Ctrl experiment. Integrated
water vapour IWV simulation (red line) compared to longitudinally averaged observations from HALO (blue line) and
estimates based on dropsonde data (▼; a). Simulated liquid water path LWP (b) and ice water path IWP (red lines)
compared to HALO (dark blue line) and P5 (light blue boxplot, outliers not shown for better visibility) observations (c).
Simulated surface latent (E , red line) and sensible (H , yellow line) heat fluxes compared to estimates based on dropsonde
data following the method of Hartmann et al. (1997) (▼; d). The same method applied to model profiles is also shown, for
reference (×). In all figures, the vertical dashed lines mark the location of the dropsonde circles. The coloured bar at the
bottom indicates sea‐ice (sic>0.9, light blue), marginal sea‐ice zone (0<sic≤0.9, hatched), and open ocean (sic=0,
dark blue).
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5.5 Results II: Subsidence Impacts

The results discussed so far indicate that the Ctrl simulation reproduces the temporal evolu-
tion of the ABLwell, including various water paths and surface energy fluxes. Therefore, the
Ctrl experiment represents a robust and realistic foundation for subsequent Lagrangian LES
sensitivity experiments, as applied in this section to investigate the impact of mesoscale sub-
sidence on the ABL and cloud evolution. In total, five experiments with differing mesoscale
subsidence are performed and analysed. As described in Section 5.3.4, four additional experi-
mentswere conductedwith theCtrl subsidence fieldmultiplied by a factor {0, 0.1, 0.5, 2.0},
respectively.

5.5.1 Sensitivity Analysis

Figure 5.8 shows the evolution of ql and qi along theMCAO trajectory. In the no-subsidence
(NoSub) setup, the cloudy ABL deepens the fastest, approaching a parabolic deepening rate
(∼ t1/2) after the air mass moves over the open ocean (Stevens, 2007). In this setup, the
cloud mass is the largest, both in liquid and frozen form. The higher the prescribed subsi-
dence forcing, the more the ABL deepening driven by turbulent/convective entrainment is
suppressed by subsidence. This in particular applies during the time period between C02
andC03, where the observed low-level subsidence has its maximum (Figure 5.4a). This leads
to the development of thinner clouds and less ql and qi. In the Sub200 case, only a very thin,
shallow mixed-phase cloud is observed.
To gain more insight into the spatial structure of the cloud field, Figure 5.8 presents
horizontal cross-sections of ql and qi through the centre of the simulated domain for all five
simulations. These locations are sampled at regular intervals along the trajectory, beginning
at C01 near the sea-ice edge and extending southward to 73.25 °N at the end of the simula-
tion period. The grey shading highlights regions in which the cloud layer is decoupled from
the surface, following the criterion of Jones et al. (2011). This diagnostic is defined by the
thresholds∆qt=qt,bot−qt,top>0.5 g kg−1, based on the layer-mean total-water mixing ratio
in the upper and lower 25 % of the boundary layer, and∆θl=θl,top−θl,bot>0.5K, calculated
analogously for the layer-mean liquid-water potential temperature. These metrics have been
associated with the onset of boundary layer decoupling and the subsequent transition from
roll convection to open-cell structures in MCAOs (Karalis et al., 2022; Abel et al., 2017).
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Figure 5.8: Latitudinal evolution of cloud liquid (grey) and ice (red) along the MCAO trajectory for all sensitivity experi‐
ments. Dashed horizontal lines indicate dropsonde circle locations. Boundary layer height zi and cloud base zbc are indi‐
cated by grey dashed and dot‐dashed lines, respectively. The markers × and ▼ indicate decoupling points and heights
with respect to w′θv ′ and∆qt and∆θl respectively (Section 5.5.2 for definition). The coloured bar at the bottom in‐
dicates sea‐ice (sic > 0.9, light blue), marginal sea‐ice zone (0< sic≤ 0.9, hatched), and open ocean (sic= 0, dark
blue).
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What stands out during the decoupled phase is the presence of liquid-phase shallow cumulus
clouds, rising into the capping mixed-phase cloud layer.

Across the simulations, the onset of decoupling exhibits a systematic dependence on the
prescribed subsidence: in cases with reduced subsidence, the decoupling occurs closer
to the sea-ice edge and is accompanied by overall larger maxima in both liquid and ice
water content. While all simulations show the initial formation of a thin ice cloud at C01,
substantial differences arise beginning at C01, most notably in cloud-top height and the
vertical distribution of liquid and ice. The Sub200 simulation produces only a shallow ice
cloud capped by a thin liquid layer, with little variation in cloud-top altitude throughout the
trajectory. In contrast, the simulations with weaker subsidence develop considerably deeper
clouds, characterised by more complex internal structure and enhanced condensate mass.

The impact of subsidence on the developing ABL is characterised by various bulk quantities,
as shown in Figure 5.10. The integrated water vapour IWV (Figure 5.10 a) is similar in all
simulations, but the boundary layer (Figure 5.10 d) in the NoSub case reaches substantially
greater depths (2 km), following a parabolic deepening rate due to unimpeded entrainment
at the ABL top. All simulations exhibit a similar strong initial boundary layer growth within
the MIZ and immediately downstream of the sea-ice edge (up to C02), driven primarily by
intense surface heat fluxes in this region (Figure 5.7). However, after this initial phase, the
Sub200 simulation boundary layer actually becomes shallower, with the strong subsidence
keeping zi below 1 km. In contrast, the Ctrl, Sub50, and Sub10 simulations all maintain
continued ABL deepening, though zi remains below the parabolic limit visible in NoSub.

The liquid water path LWP (Figure 5.10 c) exhibits an initial peak near the sea-ice in all
simulations, coinciding with the region of strong boundary layer growth at approximately
80 °N on average. The RMSE in the location of the peak between the simulations is 0.01 °N,
and the strength of the peak decreases with increasing subsidence by 18 gm−2, with an overall
RMSE of 4.9 gm−2. A second, more pronounced LWP maximum occurs later at 76.3 °N
in NoSub, with a maximum value of 173 gm−2. For Sub50 and Ctrl, this secondary peak
shifts to lower latitudes and reducedmagnitudes, occurring at 76 °N (167 gm−2) and 74.4 °N
(133 gm−2), respectively. In Sub200, the liquid water path does not recover after the initial
maximum and shows only a gradual increase later in the simulation, beyond 74 °N.
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Figure 5.9: Horizontal cross‐sections of cloud liquid water (ql) and cloud ice (qi) at the domain centre (y = 6.4 km), at
different locations along the trajectory and for different subsidence experiments. Cross‐sections of decoupled clouds
(∆qt>0.5 g kg−1 and∆θl>0.5 K) are highlighted in grey.
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The icewater path IWP (Figure 5.10 e), including all frozen hydrometeors, displays a similar
spatial evolution, with an initial peak forming in the MIZ around 79.4 °N, consistent in all
simulations. Subsequently, IWP increases over the open ocean following the sea-ice edge.
Compared toLWP the ice growth begins slightly earlier (also visible in Figure 5.9), which is
consistent with previous studies of Arctic MCAOs (Murray-Watson and Gryspeerdt, 2024;
Inoue et al., 2021). The peak IWP in NoSub occurs at 75.7 °N with 48 gm−2, whereas
for Sub50 and Ctrl it shifts to 75.7 °N and 73.8 °N respectively with reduced magnitudes
of 41 gm−2 and 31 gm−2 respectively. The Sub200 simulation exhibits no such shift or
comparable peak values, indicating a systematic suppression of ice growth under stronger
subsidence.

The ratio of ice to liquidwater, IWP
LWP

, calculated only for regionswith a significant liquid con-
tent (LWP >1 gm−2), highlights these differences more clearly (Figure 5.10 b). The initial
shallow cloud developing above the MIZ shows a similar structure among NoSub, Sub10,
Sub50, andCtrl, while Sub200 displays a slightly larger ice fraction in the initial cloud. How-
ever, because of the overall thinness of both liquid and ice layers, this difference cannot be
regarded statistically significant. In later stages, LWP in Sub200 falls below 1 gm−2, pro-
ducing a discontinuity in the IWP

LWP
ratio, while in the remaining cases a clear shift toward

later growth of IWP is evident.

Finally, the impact of subsidence on the total surface precipitation rate (Ptot) (Figure 5.10 f)
is broadly similar to the IWP . The NoSub simulation reaches precipitation rates up to
60mmh−1 toward the end of the simulation, compared with 25mmh−1 at the peak near
74 °N for Ctrl. In Sub200, precipitation remains confined to the initial shallow cloud phase,
with maximum rates of only 2.1mmh−1.

5.5.2 Glaciation andDecoupling

The results so far indicate that the behaviour of the cloud ice phase is particularly affected
by the strength of subsidence. To gain further insight, the relative contributions by the three
frozen hydrometeor classes in the LESmicrophysical scheme are investigated. The integrated
columnwater paths of cloud ice (CIWP ), snow (SIWP ), and graupel (GIWP ) are shown
in Figure 5.11. The behaviour of CIWP (Figure 5.11 a) closely follows that of the total ice
water path (IWP ), reflecting its dominant contribution to the total icemass. Themaximum
values ofCIWP reach 38 gm−2 at 73.4 °N forNoSub and 32 gm−2 at 73.7 °N forCtrl, with
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Figure 5.10: Integrated water vapour IWP (a), liquid water pathLWP (c), ice water path IWP (e), including all frozen
hydrometeors, together with its ratio IWP

LWP (b), the boundary layer height zi (d) and the total precipitation ratePtot (e) for
Lagrangian LES with different subsidence forcings. The locations of the dropsonde circles are shown as vertical dashed
lines, and the surface cover is indicated as sea‐ice (sic>0.9, light blue), marginal sea‐ice zone (0<sic≤0.9, hatched),
and open ocean (sic=0, dark blue).
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a systematic decrease in amplitude under stronger subsidence. The SIWP (Figure 5.11 c)
distribution exhibits a similar latitudinal progression, with peak values occurring later and
at reduced magnitudes as subsidence increases. However, unlike CIWP , SIWP does not
sharply decline after the peak but plateaus afterwards, reaching 9.6 gm−2 at 73.3 °N for No-
Sub and 5.5 gm−2 at 73.4 °N for Ctrl. The graupel pathGIWP (Figure 5.11 b) exhibits the
most distinct and localised peak. In NoSub the peak occurs at 76 °N with a magnitude of
8.4 gm−2, generally shifting southward with increasing subsidence to 74 °N for Ctrl, weak-
ening in amplitude to 2.7 gm−2. The Sub200 experiment does not develop graupel. In this
southward progression, the width of the graupel peak remains similar.

Figure 5.11: Integrated cloud ice water pathCIWP (a), integrated snow water path SIWP (c) and integrated graupel
water pathGIWP (b). The locations of the dropsonde circles are shown as vertical dashed lines, and the surface cover
is indicated as sea‐ice (sic> 0.9, light blue), marginal sea‐ice zone (0<sic≤ 0.9, hatched), and open ocean (sic= 0,
dark blue).
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Graupel is typically formed in convective updrafts, as it requires substantial vertical velocities.
Accordingly, the southward shift and progressive weakening of the peak in GIWP with
increasing subsidence probably reflects a similar shift in convective dynamics. This moti-
vates a deeper investigation of the behaviour of boundary layer internal decoupling. Previous
MCAOs studies have established that such decoupling plays a central role in the transition
from organised roll convection to open-cellular convection. Enhanced precipitation, often
driven by secondary ice production and riming, has been shown to promote evaporation and
sublimation below the cloud, thereby cooling and moistening the sub-cloud layer. This pre-
conditioning in water vapour at lower levels accelerates the breakup of stratocumulus decks
and favours the onset of cellular convection. As a result, the surface supply of moisture and
heat to the cloud layer is reduced, weakening roll structures and promoting the development
of cellular patterns (Abel et al., 2017;Tornowet al., 2021;Karalis et al., 2022;Wuet al., 2025).
A slightly different form of decoupling that does not involve precipitation has been proposed
earlier by Bretherton andWyant (1997), showing that during deepening marine subtropical
stratocumulus-topped ABLs a layer of negative buoyancy flux w′θv ′ can form below cloud
base, as a result of top-down and bottom-up drivenmixing becoming too far separated in the
vertical. This negative buoyancy flux layer then disrupts the ABL-deep circulation, inducing
decoupling.

Bothmechanisms of decoupling and the link to graupel formation are investigated next. The
buoyancy-based decoupling mechanism is assessed by defining a decoupling pointDw′θv ′

as
the time point at which w′θv ′ becomes negative below cloud base for the first time, and re-
mains so until the end of the simulation (indicated as▼ in Figure 5.8). The humidity-based
decoupling mechanism involving precipitation evaporation is assessed by defining a second
decoupling point, this time inferred from ∆qt and ∆θl denoted Dqt,θl , as discussed above
(Section 5.5.1). Comparing these two definitions gives insight into how exactly decoupling
works in MCAOs and how it affects the shifts in ice-phase hydrometeors.

Figure 5.12 compares the locations of the largest peaks in liquid water path (LWPmax), grau-
pelwater path (GIWPmax), and surface precipitation rate (Ptot,max)with the twodecoupling
points Dqt,θl and Dw′θv ′

, for all simulations except Sub200 (in which no graupel appears).
A key result that stands out is that buoyancy-based decoupling (vertical axis) structurally
happens first, in all simulations (also indicated in Figure 5.8). This is followed by the peak
in LWP , then integrated graupel, then surface precipitation, and finally the precipitation-
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based decoupling point. This sequence of events typically covers 1 degree of latitude in this
marine cold air outbreak (MCAO) case, and shifts southward with increasing prescribed
mesoscale subsidence. The order of appearance of the various maxima is consistent with the
idea that i) internal buoyancy-decoupling initiates events and causes stronger surface-driven
convection, ii) driving stronger precipitation formation (mainly in graupel form) that effi-
ciently depletes cloud liquidwatermass (as discussedbyAbel et al., 2017), iii) forming intense
graupel for a while, iv) associated with enhanced surface precipitation which then v) further
stabilises the lower boundary layer through evaporation below cloud base, suppressing verti-
calmixing and further enhancing decoupling (Wu et al., 2025). The last step is also suggested
by the slight lowering of liquid cloudbase height visible in Figure 5.8. This sequence of events
ultimately yields a fully decoupled structure with respect to∆qt and∆θl atDqt,θl .

Figure 5.12: Location of the largest peak in liquid water pathLWP max, graupel water pathGIWP max and precipitation
Ptot,max and the location of decoupling with respect to the qt and θl profiles Dqt,θl (following Jones et al. (2011)) in
relation to the location of decoupling with respect to the buoyancy fluxDw′θv ′ (following Bretherton andWyant (1997)).
The colours represent the different simulation experiments as in Figure 5.11. The grey dashed line indicates the identity.
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5.6 Conclusions

This study investigates the sensitivity of Arctic mixed-phase cloud evolution in developing
marine cold air outbreakswith respect tomesoscale subsidence, using aLagrangian large eddy
simulation framework constrained by HALO-(AC)3 observations. The control simulation
was evaluated against an extensive and independent set of airborne in-situ and remote-sensing
and meteorological balloon measurements. In the control run, the model reproduced the
vertical thermodynamic structure of the observed marine cold air outbreak reasonably well,
capturing the evolution of air temperature, humidity, and ABL height along the Lagrangian
trajectory. Compared to dropsonde, radiometer, and lidar data, the simulation accurately
represented the integrated water vapour and liquid water path, with a slight cold and dry
bias at lower levels. The general agreement demonstrates that the applied forcing and ini-
tialisation derived from the HALO-(AC)3 measurements provide a robust foundation for
reproducing the dynamics and properties of the Arctic atmospheric boundary layer, under-
scoring the importance of constraining simulations with detailed observations.

Sensitivity experiments with the tested model revealed that subsidence exerts a strong con-
trol on the depth of the atmospheric boundary layer, the height of the cloud top, and the
partitioning between the liquid and ice phases in clouds. Weak or absent subsidence enables
deeper growth of the atmospheric boundary layer, allowing it to approach the theoretical
parabolic deepening rate implied by standard bulk mixed-layer modelling. Reduced subsi-
dence also enhances convective overturning, promoting stronger mixed-phase cloud forma-
tion and an earlier onset of (also stronger) graupel formation. In contrast, strong subsidence
(Sub200) suppresses vertical development and convective activity, leading to thinner and
shorter-lived clouds. The earlier and more pronounced graupel peak in the weak-subsidence
cases, and an apparent time-correlation with the formation of a decoupled vertical structure
in the cloud field (Figure 5.9) indicates that graupel formation is tightly linked to the onset
of significant surface-driven convection featuring moist updrafts.

A deeper analysis of the decoupling process provides an additional perspective on these
dynamical-microphysical interactions. Two expressions of decoupling are investigated: (i)
one based on the buoyancy flux profile, and (ii) the other reflecting the internal vertical ther-
modynamic structure of the atmospheric boundary layer. A systematic dependence of the
onset of decoupling on the prescribed subsidence is identified, indicating an earlier convec-
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tive transition in cases with reduced subsidence. Buoyancy-based decoupling always hap-
pens first, closely followed by (i) a distinct maximum in the cloud liquid water path, (ii) a
peak in the graupel path, (iii) a peak in surface precipitation, and (iv) complete thermody-
namic decoupling. This robust order of events and its southward shift with increasing sub-
sidence further highlight the role of subsidence in the transformation of air masses during
marine cold air outbreaks. Its impact on the atmospheric boundary layer depth plays a cru-
cial role, promoting buoyancy decoupling below cloud base, which subsequently induces
precipitation-driven stabilisation at low levels by accelerating the depletion of the cloud liq-
uid water through graupel formation. This sequence of events eventually drives a transition
toward a fully decoupled structure and to open cellular convection later on. These results
underscore that subsidence not only constrains the atmospheric boundary layer and cloud
depth but also controls the mixed-phase partitioning and the timing of falling hydrometeor
formation during marine cold air outbreaks.

These results highlight the role of subsidence in shaping the structure and lifetime of Arc-
tic mixed-phase clouds, although they are based on a single case study. Their applicability
across different Arctic conditions, particularly during stronger marine cold air outbreaks,
has not yet been assessed. Accordingly, future work should extend this analysis to addi-
tional cases and explore how the sensitivity to subsidence compares to variations in other
factors, including aerosol and ice nucleating particles (INP) concentrations. Such investiga-
tions will help to disentangle the relative importance of dynamical versus microphysical con-
trols across scales on mixed-phase cloud evolution in the convective atmospheric boundary
layer at high latitudes.

5.7 Appendices

5.7.1 Appendix A - Cold Air Outbreak and Stability Indices

Following Papritz and Spengler (2017) and Dahlke et al. (2022), the MCAO IndexM is de-
fined as the difference between the sea surface potential temperature θSKT and the potential
temperature at 850 hPa ϑ850 hPa:

M = θSKT − θ850 hPa . (5.11)
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Figure 5.13: MCAO Index from Ctrl model output (red line) and from surface observations using VELOX and dropsonde
profiles (red triangles). Stability index− zi

L from Ctrl model output (yellow line) and from observations (yellow triangles)
along the simulation trajectory.

The Stability Index is expressed as the ratio zi
L , where zi is the boundary layer height, diag-

nosed from the model as the minimum local gradient of virtual potential temperature, and
calculated from the averaged dropsonde profiles as the level that reaches a critical value of the
bulk Richardson number Rib,crit > 0.25 (ECMWF, 2016; Troen and Mahrt, 1986). The
Obukhov lengthL characterises the role of buoyancy in turbulent flows:

L = − u⋆
3θv

κg(w′θv ′)s
, (5.12)

with frictional velocity u⋆, mean virtual potential temperature θv, surface virtual potential
temperature flux (w′θv ′)s and Kármán constant κ (Stull, 1988). L is included in the model
output and can be estimated from observations using a similar method by applying Monin-
Obukhov similarity theory and iteratively solving the stability functions for L using Rib as
an initial guess (Heus et al., 2010).
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5.7.2 Appendix B - Trajectory Calculation

Figure 5.14: Lagrangian trajectories initiated inside IC at 870hPa that were recaptured in C01, C02 and C03 (orange).
Trajectories that were not resampled in the subsequent circle were discarded (grey) from the calculation of the mean
trajectory used for the simulation (red). Dropsonde locations are marked with▼. Satellite image at the time of RF11 29th
March 2022 from Terra MODIS (NASA (2022), Worldview Snapshots) in the background.

5.7.3 Appendix C - Statistics of ObservedMesoscale Subsidence

Table 5.2: Summary of subsidence statistics derived from dropsonde observations for each circle. Mean values are
computed over the full 8 km profile, while ranges and uncertainty estimates refer to the lowest 3 km.

Circle Mean Range Mean error Error range
8 km 3 km 3 km 3 km

Unit Pa s−1 cm s−1 Pa s−1 cm s−1 Pa s−1 cm s−1 Pa s−1 cm s−1
Factor 10−2 10−2 10−3 10−3 10−3 10−3
IC 8 −0.74 0-11 −1.17-0 2 18 0-2 0-25
C01 −1 0.12 −8-1 −0.07-0.82 1 8 0-1 0-12
C02 7 −0.60 0-13 −1.16-0 1 6 0-1 0.001-9
C03 3 −0.26 0-8 −0.71-0 1 5 0-1 0-8
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5.7.4 Appendix D -Mean Absolute Percentage Error and Agreement

To calculate the agreement of the simulation with the observational data, this study uses the
mean absolute percentage error (MAPE)

MAPE =
100%
n

n∑
i=1

∣∣∣∣Si −Oi

Oi

∣∣∣∣ , (5.13)

with the simulation output Si and the observational dataOi. It follows:

Agreement = 100%−MAPE . (5.14)
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6
Impacts of Cloud Condensation Nuclei on
the Evolution of Clouds inMarine Cold Air

Outbreaks

Data Availability

The model code, input and configuration files, generated forcing files, and selected model
output are provided in Paulus (2026a). The forcing files are compatible with typical single
columnmodel forcings, as DALES is runwith horizontally homogeneous initial and bound-
ary conditions. The DALES version used in this study is 4.3 with an extension for mixed-
phase microphysics; the specific version applied here is included in Paulus (2026a), while the
official DALES repository is available at Arabas et al. (2021).
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6.1 Introduction

Following the analysis of mesoscale subsidence effects on MCAO cloud development in
Chapter 5, the following chapter will address the fourth research question:

How does the influence of subsidence on cloud
evolution compare to the effects of the

concentration of cloud condensation nuclei?

Therefore, this chapter investigates how aerosol-controlled processesmodify the evolution of
MCAOs and whether these sensitivities interact with the previously identified dependence
on large-scale subsidence forcing. The previous results demonstrate a link between liquid and
ice content, graupel precipitation and boundary layer decoupling, depending on the subsi-
dence forcing. As outlined in Section 1.3.3, these processes are strongly driven bymicrophys-
ical interactions among cloud hydrometeors, raising the question of whether perturbations
in CCNmodify these pathways and interact with subsidence forcing inMCAOs.

In the Arctic, cloud evolution may be particularly sensitive to aerosol perturbations because
background CCN concentrations are often very low and small changes can strongly alter
cloud liquid water, phase partitioning, and cloud persistence (e.g., Mauritsen et al., 2011;
Leaitch et al., 2016; Stevens et al., 2018; Eirund et al., 2019). Observational studies over the
central Arctic and the Fram Strait report that CCN concentrations are spatially variable, and
influenced by transport, marine emissions, and entrainment from the free troposphere (Bigg
et al., 2001; Koike et al., 2019; Sterzinger and Igel, 2024). InMCAOs, Williams et al. (2024)
observed a large spread of CCN concentrations around 100 cm−3. These conditions moti-
vate perturbation experiments spanning pristine to polluted CCN states to investigate the
sensitivity of CCN concentrations on the evolution of an MCAO, following the setup of
Chylik et al. (2023).

The interaction between aerosol sensitivities and subsidence remains largely unresolved. Re-
cent MCAO studies emphasise the importance of mixed-phase processes, aerosol depletion,
and ice-related preconditioning for cloud breakup and downstream transitions. For example,
Tornow et al. (2021) showed that riming-related processes can precondition MCAO clouds
by reducing cloud liquid water, depleting CCN, and cooling and moistening the subcloud
layer prior to substantial rain formation,whileWuet al. (2025) highlighted the role of ice pro-
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cesses in accelerating cloud breakup through precipitation evaporation and boundary layer
stabilisation. Young et al. (2018) demonstrated that variations in droplet number concentra-
tion, which relates to CCN concentrations, exert a relatively weak influence on bulk cloud
properties such as liquid and icewater path, butmodulate precipitation processes, with lower
droplet concentrations enhancing rain formation and showed that theseCCN-drivenmicro-
physical responseswere amplified under stronger large-scale subsidence, acting to regulate the
overall sensitivity of the cloud system to aerosol perturbations.

Against this background, the present chapter investigates the sensitivity of different cloud hy-
drometeors and the ABL development to prescribedCCNperturbations during anMCAO,
to identify how aerosol-induced microphysical changes project onto the previously analysed
subsidence control on cloud development and ABL decoupling.

6.2 Model Configuration

Following the setup described in Section 5.3, Lagrangian LES were conducted with the
DALESmodel (Heus et al., 2010) and sensitivity experiments were performed to investigate
the influence of CCN concentrations on the ABL evolution and its interaction with
subsidence. The experiments were based on the observationally forced control simula-
tion (Ctrl), a simulation without large-scale subsidence (NoSub), and a simulation with
reduced subsidence at 50 % of the observed value (Sub50), which are described further in
Section 5.3.4.

In the default simulations (Ctrl, NoSub, Sub50), the CCN concentration was initialised
with a constant vertical profile of 100 cm−3 (see Section 5.3). To study the aerosol sensi-
tivity, additional simulations were conducted with CCN concentrations of 10 cm−3 and
1000 cm−3, following the setup of Chylik et al. (2023). To further investigate the CCN
sensitivity, two additional simulations were performed for the Ctrl setup with intermediate
CCN concentrations of 50 cm−3 and 500 cm−3.

Consistent with the simulations discussed in Chapter 5, the model domain covers 12.8 km
by 12.8 km, with a horizontal resolution of 50m. In the vertical, the simulation resolves 191
levels starting at 10m altitude, with a resolution of 20m, gradually increasing above 2.1 km.
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The large-scale forcings and surface boundary conditions were observationally derived, fol-
lowing the setup of the Ctrl simulation described in Section 5.3.3. Each simulation is
run for 45 hours, with the simulated air mass reaching the MIZ approximately 15 hours
after the initialisation.

6.3 Results

6.3.1 CCN Effects across Subsidence Regimes

The impact of varying CCN concentrations on the boundary layer structure for different
subsidence rates is presented in Figure 6.1, including the sensitivity of liquid water path
LWP , ice water path IWP , total precipitation Ptot, and boundary layer height zi to vari-
ations in CCN concentration across the different subsidence regimes (Ctrl, NoSub and
Sub50). In all simulations, the ABL height zi shows only minor sensitivity to CCN con-
centrations. For each subsidence configuration, zi remains close to the respective default
simulations, suggesting that large-scale dynamical control dominates over microphysical per-
turbations (Figure 6.1 j,k,l). These results are in agreement with Young et al. (2018) who
found little change in inversion height when varying droplet number concentrations (used
as a proxy for CCN) under different subsidence conditions in Arctic mixed-phase marine
stratocumulus during anMCAO case. In contrast, Chylik et al. (2023) reported that higher
CCN concentrations can deepen the ABL and strengthen the inversion in mixed-phase con-
vective clouds over the open ocean in the Fram Strait.

The strongest sensitivity to CCN is found in the LWP (Figure 6.1 a,b,c). In all subsi-
dence configurations, LWP increases for both lower and higher CCN concentrations. In
the NoSub case (Figure 6.1 b), reducing CCN (CCN10) leads to a pronounced increase of
80 gm−2 to 100 gm−2 after C03, while increasing CCN (CCN1000) results in a more mod-
erate enhancement of 30 gm−2 to 50 gm−2. Similar but weaker responses are found in Sub50
andCtrl (Figure 6.1 a and c, respectively). After the trajectory initially passes the sea-ice edge,
prior to C03, the LWP evolves similarly for all CCN simulations and increases until reach-
ing the peak observed in the default case. However, themagnitude of this peak is enhanced in
the perturbed simulations. After the peak, the temporal evolution ofLWP follows a similar
shape for all cases but remains offset relative to the default simulation.
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Figure 6.1: Liquid water path (LWP ; panels a, b, c), ice water path (IWP ; panels d, e, f), total precipitation rate (Ptot;
panels g, h, i), and boundary layer height (zi; panels j, k, l) for Lagrangian LES with different subsidence forcings: Ctrl (left
column), NoSub (center column), and Sub50 (right column). Simulations are performed with initial CCN concentrations
of 100 cm−3 (Default), 10 cm−3 (CCN10), and 1000 cm−3 (CCN1000). The locations of the dropsondes are indicated by
vertical dashed lines. Surface conditions along the trajectory are indicated as sea‐ice (sic > 0.9, light blue), marginal
sea‐ice zone (0<sic≤0.9, hatched), and open ocean (sic=0, dark blue).
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This non-linear response reflects competing microphysical pathways. According to the
Twomey-Effect (see Section 1.3.4; Twomey, 1974), lower CCN leads to fewer but larger
droplets, which can enhance collision-coalescence and promote earlier rain formation
(Stevens and Feingold, 2009; Young et al., 2018; Barrett and Hoose, 2023). This accelerates
liquid-phase precipitation and partially removes condensate before glaciation. At the same
time, larger droplets are more likely to undergo heterogeneous freezing and riming processes
(Lance et al., 2011; Chylik et al., 2023).

In contrast, higher CCN produce more numerous, but smaller droplets. This suppresses
autoconversion and accretion rates in the Seifert and Beheng (2006) scheme, weakens rim-
ing efficiency, and delays precipitation formation. As a result, liquid water is retained longer
in the cloud. The ice-water path shows a qualitatively different behaviour (Figure 6.1 d,e,f).
Over theMIZ, IWP evolves similarly across all simulations. AfterC03, however, clear differ-
ences emerge. LowerCCNleads to a slower increase in IWP , with values 5 gm−2 to 10 gm−2

lower than in the default simulations. Higher CCN delays the onset of IWP increase, but
this condition eventually reaches comparable values.

The evolution of total precipitation closely follows the development of IWP (Fig-
ure 6.1 g,h,i). In the default simulations, precipitation increases rapidly after C03 and ex-
hibits a pronounced peak. In contrast, low-CCN simulations show an earlier butmore grad-
ual onset, resulting in a broader and flatter precipitation curve. This pattern reflects an earlier
shift of mass into rain and graupel, reducing the later buildup of suspended ice. High-CCN
simulations showdelayed precipitation onset, consistentwith suppressed rain formation and
weaker riming. These simulations reach a plateau without a pronounced peak.

Overall, the response is non-linear, indicating a transition between at least two distinct
regimes: (i) a low-CCN regime with enhanced warm-rain and riming, and (ii) a high-CCN
regime marked by reduced precipitation efficiency and delayed ice development. The tran-
sition between these regimes occurs gradually as CCN increases, with changes in amplitude
rather than structure across different subsidence configurations. Consequently, the follow-
ing analysis focuses on the control simulation (Ctrl) to explore these regime transitions in
greater detail within a controlled environment.

Figure 6.2 refines this picture by including intermediate CCN concentrations (CCN50 and
CCN500). These simulations try to bridge the gap between the CCN10 and CCN1000
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Figure 6.2: Liquid water path (LWP ; a), ice water path (IWP ; b) and total precipitation rate (Ptot; c) for Lagrangian
LES with initial CCN concentrations of 100 cm−3 (Default), 10 cm−3 (CCN10), 50 cm−3 (CCN50), 500 cm−3 (CCN500) and
1000 cm−3 (CCN1000) in the Ctrl subsidence setup. The lower panels indicate the differences inLWP (d), IWP (e) and
Ptot (f) between the sensitivity studies and the Default simulation. The evolution is shown starting at the marginal sea‐ice
zone (location of C01), locations of the dropsondes are indicated by vertical dashed lines. Surface conditions along the
trajectory are indicated as sea‐ice (sic>0.9, light blue), marginal sea‐ice zone (0<sic≤0.9, hatched), and open ocean
(sic=0, dark blue).

simulations to better understand responses to increasing and decreasing CCN. The inter-
mediate cases demonstrate that the strong enhancement inLWP (Figure 6.2 a,d) is primar-
ily associated with the low-CCN regime consistently increasing with lower CCN, whereas
the high-CCN regime seems to approach saturation. Once droplets are sufficiently small
at CCN500, further increases in CCN concentration to CCN1000 do not significantly al-
ter the liquid water path. Similar results are found in the IWP response (Figure 6.2 b and
e). Lower CCN results in progressively delayed and reduced peaks, while higher CCN pro-
duces only slightly less IWP than the default, with no differences between theCCN500 and
CCN1000 simulations.

The precipitation response reflects the combined evolution of liquid and ice phases (Fig-
ure 6.2 c,f). In the low-CCN simulations (CCN10 and CCN50), precipitation onset oc-
curs earlier, with rates exceeding the default by approximately 5mmh−1 between 76 °N and
74 °N. However, peak precipitation is reduced relative to the default simulation, by about
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7mmh−1 for CCN10 and 2.5mmh−1 for CCN50. Consequently, the total accumulated
precipitation remains comparable to the default case but is redistributed over time, with a
more gradual onset. In contrast, the high-CCN simulations (CCN500 and CCN1000) ex-
hibit later and lower precipitation throughout, with negligible difference between the two.

6.3.2 Ice-Phase Partitioning andHydrometeor Response

Figure 6.3: Cloud ice water path (CIWP ; a), graupel water path (GIWP ; b) and snow water path (SIWP ; c) for
Lagrangian LES with initial CCN concentrations of 100 cm−3 (Default), 10 cm−3 (CCN10), 50 cm−3 (CCN50), 500 cm−3

(CCN500) and 1000 cm−3 (CCN1000) in the Ctrl subsidence setup. The lower panels indicate the differences inCIWP
(d), GIWP (e) and SIWP (f) between the Default configuration and the sensitivity studies. The evolution is shown
starting at the marginal sea‐ice zone (location of C01), locations of the dropsondes are indicated by vertical dashed
lines. Surface conditions along the trajectory are indicated as sea‐ice (sic > 0.9, light blue), marginal sea‐ice zone
(0<sic≤0.9, hatched), and open ocean (sic=0, dark blue).

The response of individual ice hydrometeor species is shown in Figure 6.3. The behaviour of
cloud ice CIWP (Figure 6.3 a,d) largely mirrors that of the total ice water path, indicating
that cloud ice is the dominant contributor to the IWP signal in these simulations; a simi-
lar behaviour was observed in Section 5.5.2 for the subsidence sensitivity. For lower CCN
concentrations (CCN10 and CCN50), cloud ice formation begins slightly earlier, resulting
in a modest increase in CIWP of approximately 2 gm−2 between 76 °N and 75 °N. This
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indicates a faster glaciation of larger droplets. However, the subsequent growth of CIWP

is slower compared to the default simulation. As a result, the peak is delayed and not reached
within the simulation period. At the time corresponding to the peak in the default simula-
tion,CIWP is reduced by approximately 10 gm−2 forCCN10 and 6 gm−2 forCCN50. For
higherCCNconcentrations (CCN500 andCCN1000), the peakCIWP is slightly reduced
by approximately 3 gm−2, with no significant differences between the two simulations. This
is again consistent with the behaviour observed in the total IWP and indicates less efficient
glaciation for smaller droplets.

The graupel water path GIWP exhibits a different sensitivity to CCN (Figure 6.2 b,e). In
the high-CCN simulations (CCN500 and CCN1000), graupel formation is entirely sup-
pressed throughout the simulation period. In contrast, for lower CCN concentrations
(CCN10 and CCN50), graupel production begins slightly earlier, with similar onset tim-
ing for both cases, and reaches higher peak values. The magnitude ofGIWP increases with
decreasing CCN, resulting in an enhancement of approximately 2 gm−2 towards the end of
the simulation for CCN10 and CCN50 relative to the default case. Graupel growth oc-
curs through riming of supercooled droplets, which appears to be more efficient for larger
droplets; similar to the results of Chylik et al. (2023).

The snow water path SIWP shows an opposing response (Figure 6.3 c,f). For lower CCN
concentrations, snow formation is delayed and less pronounced. This results in a reductionof
SIWP by approximately 3 gm−2 forCCN50andabout 4 gm−2 forCCN10at the endof the
simulation compared to the default case. In contrast, higherCCNconcentrations (CCN500
and CCN1000) lead to an increase in SIWP . Both simulations show nearly identical be-
haviour, with snow initiating at approximately the same time as in the default simulation but
resulting in an enhancement of about 2.5 gm−2 in SIWP . The microphysics parametrisa-
tion by Seifert and Beheng (2006) efficiently converted snow to graupel under strong rim-
ing conditions, while snow can develop when riming growth does not exceed depositional
growth of the partially rimed snowflakes, with smaller droplet sizes and reduced collisions
between ice particles and cloud droplets.

Figure 6.4 illustrates the evolutionof the profiles of the five hydrometeor species along the tra-
jectory for all CCN simulations. As expected from theLWP , cloud liquidwater ql is slightly
enhanced in the high-CCN cases, although this increase is subtle in the vertical profiles.
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Figure 6.4: Latitudinal evolution five hydrometeor species (rain qr, cloud liquid ql, cloud ice qi, snow qs and graupel qg)
along the MCAO trajectory for all sensitivity experiments. Dashed horizontal lines indicate dropsonde circle locations.
The markers× and▼ indicate decoupling points and heights with respect tow′θv

′ and∆qt and∆θl respectively (see
Section 5.5.2). The coloured bar at the bottom indicates sea‐ice (sic>0.9, light blue), marginal sea‐ice zone (0<sic≤
0.9, hatched), and open ocean (sic=0, dark blue).

The additional liquid water is primarily located near the cloud top, reflecting the absence
of efficient rain and graupel formation and thus reduced removal of liquid water from the
upper cloud layer. Cloud ice shows a maximum around 74 °N at about 1 km in all simu-
lations, with reduced magnitude for both low and high CCN, which indicates an optimal
droplet number and size for the production of cloud ice in the default CCN case.

Low-CCN simulations exhibit strong rain productionwith amaximum at about 1 km in the
CCN10, CCN50 and a weak maximum in the default CCN case, which seems to evaporate
below the cloud, not reaching the surface. This indicates enhanced self-collection processes
leading to faster droplet growth and conversion of cloud droplets to liquid precipitation. En-
hanced graupel formation and precipitation indicate efficient riming processes.
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Snow production shows a clear dependence on CCN, increasing with higher aerosol con-
centrations. In the high-CCN simulations (CCN500 and CCN1000), snow formation be-
comes more pronounced towards the end of the simulation, consistent with the increase in
snow water path. In contrast, the low-CCN simulations produce less snow overall. Graupel
production displays the opposite behaviour: it is strongest in the CCN50 case and also pro-
nounced in CCN10, while it is weaker in the default simulation and entirely absent in the
high-CCN simulations.

6.3.3 Boundary Layer Decoupling

The evolution of boundary layer decoupling (introduced in Section 5.5.2) shows a notable
dependence on CCN. The decoupling point diagnosed from the buoyancy flux remains lo-
cated in a similar region for all simulations, between approximately 76 °N and 75 °N. How-
ever, thermodynamic decoupling, as defined by vertical gradients in moisture and liquid wa-
ter potential temperature, is delayed in the low-CCN simulations (CCN10 and CCN50),
such that it is not detected until the end of the simulation (see Figure 6.4). In contrast, for the
default and high-CCN simulations (CCN500 and CCN1000), decoupling occurs slightly
earlier with increasing CCN concentration.

In the vertical evolution of hydrometeors shown in Figure 6.4, low-CCN simulations ex-
hibit enhanced rain and graupel production, associated with efficient riming and a more dis-
tributed precipitation signal. Despite the early onset of precipitation, the gradual removal of
condensate seems todelay the stabilisationof the subcloud layer, postponing thermodynamic
decoupling. In contrast, high-CCN simulations are characterised by reduced rain and grau-
pel formation, enhanced snow production, and increased liquid water retention near cloud
top, potentially strengthening the inversion and promoting earlier thermodynamic separa-
tion through snow precipitation.

In Chapter 5, thermodynamic decoupling follows a characteristic sequence in which
buoyancy-driven decoupling is followed by maxima in liquid water, graupel, and precipita-
tion, ultimately leading to a fully decoupled structure. The present results indicate that vari-
ations in CCNmodify both the timing and the phase composition of this sequence. While
precipitation remains a key driver of the transition toward decoupling, thermodynamic sep-
aration can occur in the absence of graupel, with snow-dominated precipitation providing a
similar pathway.
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6.4 Summary andOutlook

This chapter investigated the sensitivities of cloud properties to variations in cloud conden-
sation nuclei concentrations during anMCAO and how these microphysical effects interact
with large-scale subsidence. Therefore, sensitivity experiments with CCN concentrations
representing pristine conditions (10 cm−3) and continental conditions (1000 cm−3) were per-
formed in addition to the default concentration of 100 cm−3 used for the subsidence sensitiv-
ity study in Chapter 5. These three simulations were conducted for three subsidence-forcing
strengths: the control simulationwith observed subsidence (Ctrl), a case without subsidence
(NoSub), and a reduced subsidence case with 50% of the observed forcing (Sub50).

A non-linear sensitivity of the liquid water path, ice water path, and total precipitation was
found consistently across all subsidence regimes. The LWP is enhanced for both increased
and decreased CCN concentrations, with the magnitude of the sensitivity increasing under
weaker subsidence. This amplifies the previously identified increase inLWP under reduced
subsidence conditions (Chapter 5). No significant sensitivity of the boundary layer height
to CCN was found in any subsidence regime, indicating that ABL height is primarily con-
trolled by large-scale forcing rather than aerosol-cloud interactions, consistent with Young
et al. (2018). The response to increasing CCN appears to saturate at concentrations be-
low 500 cm−3, as evidenced by the nearly indistinguishable results from the CCN500 and
CCN1000 simulations across all investigated variables. In contrast, the sensitivity increases
toward lower CCN concentrations, with a stronger response betweenCCN50 andCCN10,
consistent with the Twomey effect introduced in Section 1.3.4.

The diagnosed decoupling point based on buoyancy flux remains largely unchanged across
all CCN concentrations, indicating that the turbulence-driven boundary layer structure is
not strongly affected by microphysical perturbations. In contrast, thermodynamic decou-
pling shows a clear dependence on CCN. It is delayed in low-CCN simulations (CCN10,
CCN50), while in default andhigh-CCNcases (CCN500,CCN1000) it is shifted upstream.
This behaviour can be interpreted in the context of the decoupling sequence identified in
Chapter 5, where graupel formation efficiently deplets cloud liquid water and contributes to
the stabilisation of the lower boundary layer through precipitation. In the present study, low
CCN conditions favour efficient riming and enhanced graupel production, which would be
expected to accelerate precipitation-driven stabilisation. However, this process appears more
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spatially distributed and gradual, leading to a delayed onset of thermodynamic decoupling.
In contrast, highCCN suppresses riming and reduces graupel formation, shifting the system
toward snow-dominated precipitation and enhanced liquid water retention aloft. This alters
the vertical structure of latent heating and precipitation removal, enabling earlier thermody-
namic decoupling despite weaker graupel production.

To further understand the transition between microphysical regimes, additional analysis of
process rates, microphysical pathways, and radiative effects is required. The observed non-
linear, partially buffered responses of LWP and ABL structures differ from those reported
in previous studies, underscoring the importance of regime dependence, indicated by Stevens
and Feingold (2009), who emphasise that aerosol-cloud-precipitation interactions can be
buffered and strongly controlled by environmental conditions.

Future work might also investigate the role of ice nucleating particles in combination with
CCN, as both aerosol types jointly control phase partitioning and precipitation formation
in mixed-phase clouds. Previous studies demonstrate that INP perturbations can strongly
modify IWP and precipitation pathways, possibly opposingCCNeffects (e.g., Eirund et al.,
2019; Solomon et al., 2009; Wu et al., 2025; Tornow et al., 2021). Understanding the com-
bined influence ofCCNand INPswill therefore be essential to constrainmicrophysical path-
ways in MCAOs.
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7
Conclusions and Outlook

7.1 Summary and Conclusions

This thesis investigates the role of atmospheric subsidence in the evolution of marine cold
air outbreaks. To understand this process, four research questions were formulated and
addressed in three studies utilising dropsonde observations from a case study conducted
during the HALO-(AC)3 campaign.

The first research question

How can atmospheric subsidence be quantified in the
Arctic using observations?

was addressed in Chapter 4 by utilising dropsonde observations from multiple flights
and aircraft during the HALO-(AC)3 campaign to estimate mesoscale divergence. The
sondes were deployed in mesoscale patterns, providing vertically resolved profiles of hor-
izontal wind over an area of about 150 km in diameter. This enables the calculation of
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horizontal wind divergence and, through mass continuity, the derivation of mesoscale
vertical velocity.

Two methods were employed to calculate divergence: the regression method and the line-
integral method. Both approaches had previously been successfully applied in the subtropics
(e.g. Bony and Stevens, 2019) and show remarkable agreement in their divergence profiles
in this thesis. The application of these methods to independent observations from two
different aircraft over the same target area showed strong agreement, with minor differences
likely attributable to small flow changes during the 45min interval between samplings.
The observed divergence profiles generally fluctuate around zero with small magnitudes,
typically within−25 · 10−6 s−1 to 25 · 10−6 s−1, and exhibit vertically confined layers, which
are often less than 1 km deep. These characteristics reflect the comparatively stable Arctic
atmosphere and result in weak but dynamically significant subsidence signals.

An error analysis reveals a nonlinear decrease in divergence uncertainty with an increasing
number of dropsondes, following a power-law relationship. The greatest reduction in
uncertainty occurs when increasing the number of sondes between five and approximately
ten, after which improvements become more gradual. Consequently, an optimal range
of 10 to 12 dropsondes per pattern is identified to balance statistical robustness and cost
efficiency while accounting for potential sonde failures. Overall, these results demonstrate
that mesoscale divergence and associated subsidence in the Arctic can be robustly quantified
using dropsonde observations arranged in mesoscale sampling patterns, providing reliable
vertical profiles for subsequent process studies and modelling applications.

Based on these results, the second research question

Can a Lagrangian large eddy simulation, constrained
with observation-derived large-scale forcings such as

subsidence, realistically reproduce an observed
marine cold air outbreak?

is approached in the first part of chapter 5 using a Lagrangian large eddy simulation
following an observed air mass along its trajectory during a marine cold air outbreak
sampled during HALO-(AC)3. The simulation is initialised and continuously forced with
observation-derived large-scale forcings, including subsidence, horizontal advection, and
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geostrophic wind, obtained from dropsonde measurements via the regression method.
Surface boundary conditions are constrained by skin temperature and sea-ice fraction data
from airborne remote sensing observations, ensuring a realistic representation of air-sea
interactions. This constitutes the first almost entirely observation-driven Lagrangian large
eddy simulation in the Arctic, resulting in a tightly constrained framework that is largely
independent of uncertainties associated with reanalysis products.

This simulation is evaluated against independent observations and exhibits strong agree-
ment. The evolution of the atmospheric boundary layer height is reproduced within
approximately 150m of the dropsonde- and lidar-derived estimates. It captures both the
initial shallow boundary layer over sea-ice and its progressive deepening over the open
ocean. The thermodynamic structure is well represented; temperature profiles closely match
observations, and humidity profiles show good agreement below the inversion, although
some smoothing of observed layering is evident. A small cold and dry bias is present in the
atmospheric boundary layer, likely due to uncertainties in the boundary conditions.

The large eddy simulation also reproduces key integrated quantities along the air mass
trajectory. Simulated integrated water vapour closely matches both dropsonde and ra-
diometer observations, with minor deviations of approximately 0.1 kgm−2 to 0.3 kgm−2.
The evolution of the liquid water path is realistically captured, including the onset of cloud
formation near the marginal sea-ice zone and its downstream increase. The ice-water path
exhibits greater uncertainty due to observational limitations, but simulated values remain
within the observed range. The sensible heat fluxes exceed latent heat fluxes, consistent with
the strong temperature contrast during cold air outbreaks. Although direct comparisons
with observations reveal discrepancies due to methodological differences, applying the same
diagnostic method to model output and observations yields good agreement in the relative
variability of both heat fluxes. This indicates that the large eddy simulation realistically
captures the underlying surface-atmosphere exchange processes.

Overall, these results demonstrate that a Lagrangian large eddy simulation, constrained
by detailed observation-based forcing and boundary conditions, can realistically repro-
duce key dynamical, thermodynamic, and cloud-related features of a marine cold air
outbreak. This supports its suitability for process-level investigations and assessment of
sensitivities to large-scale forcings such as subsidence, as posed in the third research question:
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What is the impact of atmospheric subsidence on cloud
glaciation and boundary layer decoupling during

Arctic marine cold air outbreaks?

Building on the evaluated control setup, this question is addressed in the second part
of Chapter 5 through a series of sensitivity experiments, in which subsidence forcing is
systematically modified. In addition to the control simulation, experiments with reduced,
enhanced, and entirely removed subsidence are conducted while all other conditions remain
constant. This setup enables an isolated investigation of the role ofmesoscale vertical motion
in cloud and boundary layer structure. The results indicate that subsidence strongly controls
the development of the atmospheric boundary layer and cloud fields. Under weak or absent
subsidence, the boundary layer deepens more rapidly, exhibiting near-parabolic growth due
to enhanced turbulent entrainment. This results in deeper, more vigorous mixed-phase
clouds with higher liquid and ice water content.

Conversely, strong subsidence suppresses boundary layer growth, limits mixing, and pro-
duces shallower clouds with reduced condensate. Subsidence also significantly affects the
cloud glaciation, with reduced subsidence leading to earlier and stronger ice-phase processes,
particularly via enhanced graupel formation. The production of graupel is closely linked to
convective updrafts, which intensify under weak subsidence. As subsidence increases, these
updrafts weaken, delaying and reducing the graupel formation. In the strongest subsidence
scenario, graupel formation is nearly entirely suppressed.

A close relationship between cloud glaciation and boundary layer decoupling under varying
subsidence conditions was found. Two decoupling types were identified: buoyancy-driven
decoupling, indicated by a negative buoyancy flux below the cloud base, followed by
thermodynamic decoupling, characterised by vertical gradients in moisture and liquid water
potential temperature. Simulations consistently show buoyancy-driven decoupling precedes
a sequence of processes shown as a schematic in Figure 7.1. In the deepening boundary
layer of a marine cold air outbreak, buoyancy-driven decoupling was found to be followed
by a peak in liquid water path, enhanced graupel formation, increased precipitation, and
ultimately full thermodynamic decoupling. The timing and location of these processes
strongly depend on the subsidence strength. Weaker subsidence results in earlier decoupling
andmore intense convection and glaciation, whereas stronger subsidence delays andweakens
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Figure 7.1: Schematic of atmospheric boundary layer development during marine cold air outbreak with coupled (black
and grey) and decoupled (orange) profiles of liquid water potential temperature θl , total humidity qt and buoyancy flux
w′θv ′. The top of the boundary layer is indicated as a dashed line.

these transitions. Overall, subsidence influences both boundary layer depth and the internal
structure and evolution of the cloud system.

These findings demonstrate that atmospheric subsidence plays a central role in regulating
cloud glaciation and boundary layer decoupling. By controlling boundary layer depth,
convective activity, and timing of key processes, subsidence governs the transition from
coupled stratiform clouds to decoupled convective regimes, thereby shaping the overall
evolution of the air mass.

Building on the subsidence sensitivity study, the fourth research question is posed:

How does the influence of subsidence on cloud
evolution compare to the effects of the

concentration of cloud condensation nuclei?

This question is addressed in Chapter 6 by analysing simulations in which both subsidence
and cloud condensation nuclei concentrations are systematically varied. In addition to subsi-
dence sensitivity experiments, simulations were conducted with CCN concentrations rang-
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ing from pristine (10 cm−3) to polluted (1000 cm−3), while all other forcings remain con-
sistent. This approach enables a direct comparison of subsidence-driven, dynamical and
aerosol-driven, microphysical influences on the cloud evolution.

The results indicate that the CCN concentration in this case primarily affects cloud micro-
physics and precipitation processes, whereas subsidence dominates the atmospheric bound-
ary layer growth and overall evolution of the marine cold air outbreak. Variations in CCN
induce a nonlinear response in liquid water path, ice water path, and precipitation. Both
elevated and reduced CCN concentrations increase the liquid water path relative to the de-
fault case, particularly under weak subsidence. Conversely, the ice water path and total pre-
cipitation decrease for both low and high CCN, indicating a buffered, non-monotonic re-
sponse. The microphysical pathways likely forming these responses differ between high and
low CCN regimes. Low CCN concentrations produce fewer, larger droplets, enhancing
collision-coalescence and promoting earlier rain formation, which supports efficient rim-
ing and increased graupel production. High CCN concentrations generate many smaller
droplets, thus suppressing collision-coalescence and delaying precipitation. This increases
liquidwater retention and shifts the ice growth toward deposition, favouring snowover grau-
pel. Consequently, graupel formation is strongest at low CCN and absent at high CCN.
Despite these microphysical effects, CCN was found to exert a minimal influence on the
boundary layer height, indicating the dominance of large-scale forcing. Buoyancy-driven de-
coupling is largely unaffected; however, thermodynamic decoupling was found to be delayed
under low CCN conditions and occurred earlier under high CCN, reflecting differences in
precipitation phase and amount.

Overall, this thesis presents Lagrangian large eddy simulations of an Arctic
marine cold air outbreak, driven by observational boundary conditions and

large-scale forcings, using dropsonde-derived subsidence. This setup provides a
realistic and tightly constrained basis for controlled sensitivity studies, which
show that despite secondary influences of cloud condensation nuclei on the
phase-partitioning and precipitation, subsidence governs boundary layer
deepening, cloud development, and the timing of buoyancy-driven and

thermodynamic boundary layer decoupling.
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7.2 Outlook

In this context, upcoming field campaigns such as the COntrasting polar NIght and DAy
(CONIDA) campaigns (https://halo-research.de/science/future-missions/conidad
ay/ and https://halo-research.de/science/future-missions/conidanight/) offer a
valuable opportunity to build upon this work. Implementing targeted dropsonde strategies
to capture large-scale divergence and vertical motion combined with the long-range research
aircraftHALO in these campaigns enables repeated sampling of subsindence along the trajec-
tories of airmasses over long distances andmultiple days, whichwas shown to be essential for
a Lagrangianmodel setup. Applying the framework developed in this thesis to cases observed
during these campaigns could enhance the process-level understanding of the evolution of air
mass transformations and the interactions between mesoscale subsidence, turbulence, and
cloud microphysics across different synoptic and surface conditions.

To generalise the findings beyond a single case, it is essential to analyse multiple marine cold
air outbreaks of varying strength and structure. However, the currently available observa-
tional constraints for other cases often lack coordinated dropsonde strategies specifically de-
signed to quantify mesoscale divergence and subsidence, and might not provide continuous
sampling along Lagrangian air mass trajectories. Nevertheless, several cold air outbreaks were
observed during HALO-(AC)3 and in other recent campaigns such as Cold-Air outbreak
Experiment in the Sub-ARctic (CAESAR; Zuidema et al. (2026)), where dropsondes were
deployed in flight patterns that could, in principle, be reanalysed to estimate large-scale di-
vergence, even if not optimised for this purpose. In combination with limited-area models
such as ICOsahedral Nonhydrostatic model (ICON), which has been shown to reproduce
key characteristics of multiple air mass transformation cases duringHALO-(AC)3 at 2.5 km
resolutionduringHALO-(AC)3 (Wendisch et al., 2025), these observationsmay still provide
a basis for reconstructing large-scale forcing. Applying the methods developed in this thesis
to such cases would enable a systematic, regime-based analysis of marine cold air outbreaks,
distinguishing between different outbreak strengths, surface conditions, and temporal evo-
lutions. In particular, while the present results highlight the dominant role of subsidence, it
is plausible that in stronger cold air outbreaks with more intense surface-driven turbulence,
its relative influence may be altered. This could be addressed either through sensitivity stud-
ies based on the present case with systematically varied air-sea temperature contrasts or by
combining additional observed cases with a Lagrangian approach and subsidence sensitivity
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experiments. Despite the potential of such extensions, further targeted observations, specif-
ically designed to capture large-scale divergence and to follow air mass trajectories, remain
essential to robustly constrain subsidence in Lagrangian LES and ensure realistic representa-
tions of Arctic air mass transformation processes in model simulations.

Extending this framework beyond marine cold air outbreaks, warm air intrusions represent
a complementary pathway of Arctic air mass transformation, transporting substantial heat
andmoisture into theArctic (Lackner et al., 2023; Lauer et al., 2023). As discussed above, the
application of a Lagrangian large eddy simulation approach critically depends on sufficiently
comprehensive observational constraints, which are currently not available for existingwarm
air intrusions cases. Nevertheless, these datasetsmay still provide auseful basis for exploratory
studies by combining dropsonde-derived estimates, where feasible, with limited-area models
and reanalysis products to approximate the large-scale forcing. Lagrangian large eddy simu-
lations of such cases would allow first assessments of how the impacts of subsidence discov-
ered for marine cold air outbreak translate to warm air intrusions, which are characterised by
more complex vertical cloud structures and strong cloud-radiation interactions (Kirbus et al.,
2023b). While such approacheswould necessarily rely on larger-scalemodels to constrain the
forcings, they may help identify key sensitivities and guide future observational strategies.

Cold air outbreaks in the SouthernHemisphere differ systematically from their Arctic coun-
terparts: they tend to be smaller in spatial extent and intensity but occur more frequently as
individual events. They are strongly influenced by katabatic drainage flows and the complex
topographyof theAntarctic continent, which exerts a strong control on low-level circulation.
The Antarctic continent acts as a large reservoir of radiatively cooled air, with major export
pathways shaped by features such as the Ross Ice Shelf corridor and coastal orography. Con-
sequently, cold air outbreaks over the Southern Ocean are governed by interactions between
katabatic outflows, extratropical cyclones, and the distribution of sea-ice (Papritz et al., 2015;
Fletcher et al., 2016a; Smith and Sheridan, 2020). Despite their importance, these processes
remain poorly constrained due to the scarcity of observations in the Southern Ocean. Nev-
ertheless, performing controlled subsidence sensitivity studies with Lagrangian large eddy
simulations to Antarctic cases, in a more idealised form, could help to disentangle the rela-
tive importance of large-scale dynamics and surface-driven processes across hemispheres.

A robust representation of cloud processes in large eddy simulation across different regimes
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may require further improvements in the treatment of cloud microphysics, which remains a
major source of uncertainty in high-resolution models. Current bulk microphysics schemes
rely on simplifieddescriptions of hydrometeorpopulations basedon assumedparticle size dis-
tributions and empirical closures, and exhibit substantial uncertainties in key processes, par-
ticularly for poorly constrained ice-phase interactions such as riming, aggregation, breakup,
and secondary ice production (Morrison et al., 2020). In contrast, particle-based micro-
physics models such as presented by Brdar and Seifert (2018), explicitly simulate individual
ice particles and their interactions, without relying on prescribed distribution shapes or cate-
gory transitions. This allows for amore physically consistent representation ofmicrophysical
pathways and their coupling to dynamics, particularly in mixed-phase cloud regimes where
process interactions are highly nonlinear, although computationally expensive. However, it
would be valuable to revisit the case presented in this thesis using different microphysical pa-
rameterisations. Applying the sameLagrangian frameworkunder identical large-scale forcing
but systematically varying the microphysics parametriation would allow a direct assessment
of how robust the identified role of subsidence in cloud glaciation remain across different
representations of cloud microphysics.

Nevertheless, the sensitivity experiments conducted in this thesis demonstrate that subsi-
dence exerts systematic control over boundary layer depth and cloud properties. Extending
these experiments to ensembles spanning a range of large-scale forcing conditions representa-
tive of different dynamical regimes could enable the derivation of quantitative relationships
between variables resolved in general circulation models, such as subsidence and stability,
and subgrid-scale processes such as entrainment, cloud thickness, and the evolution of the
boundary layer depth. A better understanding of these relationships will help to improve the
representation of subgrid-scale processes in general circulation models, especially regarding
the coupling between large-scale vertical motion and cloud dynamics.
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List of Mathematical Symbols

− zi
L Stability parameter

A Measurement area of Line-Integral Method
CIWP Integrated water path of cloud ice
D Horizontal wind divergence
E Latent heat flux
Fs Surface flux
G(r⃗, x⃗) Filter function for large eddy simulations
GIWP Integrated water path of graupel
H Sensible heat flux
IWP Ice water path
IWV Integrated water vapour
Kh Eddy diffusivity coefficient
Km Eddy viscosity coefficient
LWP Liquid water path
Lv Latent heat of evaporation
M MCAO Index
Ptot Total surface precipitation rate
Q Net radiation
Rui,ξ Residual scalar fluxRui,ξ ≡ ũiξ − ũiξ̃ for an arbitrary variable ξ
Rib Bulk Richardson number
SIWP Integrated water path of snow
Tskin Surface skin temperature
Tv Virtual air temperature Tv =

T
1− e

p
(1−ϵ
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T Air temperature
α Surface albedo

δij Kronecker-Delta function δij =

1 ifi = j,

0 ifi ̸= j
for i, j ∈ 1, 2, 3

ϵijk Levi-Civita Symbol ϵijk =


+1 ifi, j, k ∈ {(1, 2, 3), (2, 3, 1), (3, 1, 2)}

−1 if i, j, k ∈ {(1, 3, 2), (3, 2, 1), (2, 1, 3)

0 ifi = j, j = kork = i}
κ Kármán constant κ ≈ 0.4

L Obukhov length
R Gas constant for dry airR = 287 JK−1kg−1

ν Kinematic viscosity
ω Vertical wind velocity in pressure coordinates
w′θ′l Flux of total liquid water potential temperature
ϕ Polar coordinate, azimuth angle
π Modified pressure π = p̃

ρ
− 2

3
e

τ rij Anisotropic residual stress tensor τ rij ≡ τRij − 2
3
δij e

τ Stress tensor
θl Liquid water potential temperature
θv Virtual potential temperature
θ Potential temperature of air - temperature an air parcel would attain if adi-

abatically brought to the level of reference pressure p0, θ = T
(

p0
p

)R
cp

ϱ Air density
ϑ Polar coordinate, polar angle
Ω⃗ Angular velocity vector of earth’s rotation
u⃗ Three dimensional wind vector u⃗ = (u, v, w)

v⃗g Horizontal geostrophic wind
v⃗h Horizontal wind vector (u, v)
ζ Stability parameter ζ = z

L

cp Specific heat capacity
e Residual kinetic energy after applying an LES filter e = 1

2
τRii

g Gravitational acceleration, g = 9.81 ms−1
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p Air pressure
qi Specific humidity with respect to ice
ql Specific humidity with respect to liquid water
q Specific humidity
r Distance from Earth’s centre
sic Sea-ice fraction
t Time
u⋆ Friction velocity
ug Zonal component of the geostrophic wind vector
u Zonal component of the horizontal wind vector
vg Meridional component of the geostrophic wind vector
v Meridional component of the horizontal wind vector
w Vertical wind velocity
z0 Roughness length for momentum
zi Height of the atmospheric boundary layer
z0,h Roughness length for heat
zbc Cloud base height
ztc Cloud top height
z Height above sea level
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List of Abbreviations

(AC)3 Arctic Amplification: Climate Relevant Atmospheric and Surface Pro-
cesses and FeedbackMechanisms

AA Arctic Amplification
ABL Atmospheric boundary layer
ACTIVATE AerosolCloudMeteorology Interactions over theWesternAtlantic Exper-

iment
AMALi AirborneMobile Aerosol Lidar
AMS AmericanMeteorological Society
AVAPS Airborne Vertical Atmospheric Profiling System
AWI Alfred-Wegener-Institut

C01 Circle Leg 1 of RF11 of HALO–(AC)3

C02 Circle Leg 2 of RF11 of HALO–(AC)3

C03 Circle Leg 3 of RF11 of HALO–(AC)3

CAESAR Cold-Air outbreak Experiment in the Sub-ARctic
CCN Cloud condensation nuclei
CCN10 Simulation with CCN concentration of 10 cm−3

CCN1000 Simulation with CCN concentration of 1000 cm−3

CCN50 Simulation with CCN concentration of 50 cm−3

CCN500 Simulation with CCN concentration of 500 cm−3

CMET Controlled meteorological balloon
CMIP6 CoupledModel Intercomparison Project Phase 6
COMBLE Cold air Outbreaks in the Marine Boundary Layer Experiment
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CONIDA COntrasting polar NIght and DAy
Ctrl Control simulation with observational subsidence

DALES Dutch Atmospheric Large Eddy Simulation
DLR German Aerospace Center
DNS Direct numerical simulation

ECMWF European Centre for Medium-RangeWeather Forecasts
ERA5 ECMWFReanalysis v5
EUREC4A Elucidating the role of clouds-circulation coupling in climate

GCM General circulation model
GPS Global Positioning System

HALO High Altitude and Long Range Aircraft
HALO-(AC)3 Airborne Research Campaign in the Arctic in March and April 2022
HAMP HALOMicrowave Package

IC Initial Circle of Rf10 of HALO–(AC)3

ICON ICOsahedral Nonhydrostatic model
IFS Cy43r1 ECMWFCycle 43r1 model
INP Ice nucleating particles
ISLAS2022 Isotopic Links to Atmospheric Water’s Sources

LAGRANTO Lagrangian Analysis Tool
LES Large eddy simulation

MCAO Marine cold air outbreak
MiRAC Microwave Radar/Radiometer for Arctic Clouds
MIZ Marginal sea-ice zone
MOSAiC Multidisciplinary drifting Observatory for the Study of Arctic Climate
MOST Monin–Obukhov similarity theory
MPC Mixed-phase cloud
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NARVAL2 Next Generation Remote Sensing for Validation Studies
NoSub Simulation with no subsidence

P5 Polar 5
P6 Polar 6

RF Research Flight
RF10 Research Flight 10 of HALO–(AC)3, 29thMarch 2022
RF11 Research Flight 11 of HALO–(AC)3, 30thMarch 2022
RF18 Research Flight 18 of HALO–(AC)3, 12th April 2022
RMSE Root mean square error

SCM Single columnmodel
SFS-TKE Subfilter-scale turbulent kinetic energy
STABLE Springtime Atmospheric Boundary Layer Experiment
Sub10 Simulation with 10 % of observed subsidence
Sub200 Simulation with 200 % of observed subsidence
Sub50 Simulation with 50 % of observed subsidence

TRR Trans-regional Collaborative Research Center

VELOX Video airbornE Longwave Observations within siX channels

WAI Warm air intrusion
WBF Wegener-Bergeron-Findeisen process
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