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Abstract

In the polar ocean regions, the Earth's climate system is characterised by many different in-
teraction processes between atmosphere, ocean, and sea ice. Especially between late autumn
and spring, the sea ice cover plays a very important role in this system due to its mainly insu-
lating effect, which minimises the exchange of energy between the ocean and the atmosphere.
Nonetheless, also in the cold season with large sea ice cover, a strong turbulent transport of
heat and moisture is possible between the relatively warm ocean and the cold atmosphere, for
example, through elongated open-water channels in sea ice, which are called leads. The convec-
tive atmospheric transport over leads is driven mainly by large spatial temperature differences
causing plumes with enhanced turbulent transport, which strongly affect the characteristics of
the atmospheric boundary layer (ABL) depending on both lead geometry and meteorological
forcing. Understanding and quantifying these rather small-scale physical processes is crucial for
improving model results also on larger scales and for obtaining accurate projections of the future
climate.

The focus of this thesis lies on a detailed investigation of the atmospheric processes related
to the flow over leads, predominantly by means of small-scale numerical modelling. The applied
model uses grid sizes so that the convective plume but not the single turbulent eddies are
resolved, which requires turbulence parametrization and validation of the corresponding results.
The central part of this thesis is the derivation of an improved parametrization to describe
the turbulent fluxes over leads of different width. The new parametrization follows a non-local
approach and it is derived based on an already existing closure, but, as a new feature, the lead
width is included as a parameter.

Small-scale model results obtained with the new parametrization as well as with already
existing approaches are evaluated in this thesis for different idealised and observed situations. As
a first step, for the idealised cases, the corresponding model results are compared with new time-
averaged large eddy simulation results. It is shown that an improved representation of several
ABL patterns is obtained when using the new approach for situations of a lead-perpendicular
flow in a neutrally stratified ABL below a strong capping inversion.

As a second step, small-scale model results are validated using airborne observations. As
compared with the idealised cases, also stable inflow conditions and shallower boundary layers
are considered. A basic representation of the observed patterns is obtained by the model also
for these situations, but some effects remain underestimated. Therefore, further modifications
of the new parametrization are introduced, which cause an improved agreement between model
results and observations.

Besides the new parametrization, also model results obtained with a local turbulence clo-
sure are evaluated for the idealised and observed cases. Several drawbacks are shown in the
corresponding results, especially for the idealised cases, whereas some of the observed ABL
characteristics can be basically reproduced also with this closure type. However, the advantage
of applying a non-local approach is clearly shown by the physically most reasonable representa-



tion of atmospheric processes, especially in regions of both upward heat transport in neutral or
even slightly stable conditions (counter-gradient transport) and vertical entrainment.

Finally, a preliminary study is carried out to point at potential implications of small-scale
lead-generated atmospheric effects on larger scales. The small-scale model is applied to simulate
the flow over different spatial distributions of sea ice and leads and over a region of continuous
fractional sea ice cover representing a few grid cells of a regional climate model with the same
sea ice concentration in each cell. It is shown by comparison of domain-averaged profiles that
the distribution of leads and their geometry has a profound impact on ABL characteristics
also on a larger scale. Moreover, differences are obtained depending on the applied turbulence
parametrization. Although at the moment this result cannot be validated by observations, it
points clearly to the necessity of an improved treatment of leads in large-scale models.



Zusammenfassung

Im Nord- und Siidpolarmeer ist das Klimasystem der Erde durch viele unterschiedliche Wech-
selwirkungsprozesse zwischen Atmosphare, Ozean und Meereis gepragt. Die Meereisbedeckung
spielt dabei in diesem System durch ihren isolierenden Effekt und dem folglich minimierten Aus-
tausch zwischen Ozean und Atmosphére eine wichtige Rolle, speziell zwischen Spatherbst und
Friihling. Nichtsdestotrotz, auch in der kalten Jahreszeit mit grokflachiger Meereisbedeckung ist
ein starker turbulenter Transport von Warme und Feuchte zwischen dem relativ warmen Ozean
hinein in die kalte Atmosphare moglich, zum Beispiel durch langliche Offnungen (Rinnen) im
Meereis. Der konvektive atmospharische Transport tiber Rinnen wird durch starke Temperatur-
unterschiede verursacht, was zu konvektiven Plumes mit verstarktem turbulenten Transport
fiihrt. Die Plumes haben einen starken Einfluss auf die Charakteristika der atmospharischen
Grenzschicht, welcher wiederum von der Rinnengeometrie und den meteorologischen Bedingun-
gen abhangt. Das Verstandnis und die Quantifizierung dieser eher kleinskaligen Prozesse ist
entscheidend, um Modellergebnisse zu verbessern, was auch die Ergebnisse grolskaliger Modelle
sowie genaue Projektionen des zukiinftigen Klimas mit einschlielt.

In dieser Dissertation wird eine detaillierte Untersuchung von Prozessen durchgefiihrt, die
der atmospharischen Stromung iiber Rinnen zuzuordnen sind, vornehmlich mithilfe von kleinska-
liger numerischer Modellierung. Durch die im Modell verwendete GittergroBe konnen konvektive
Plumes aufgelost werden, nicht jedoch einzelne turbulente Wirbel, sodass eine Parametrisierung
turbulenter Fliisse sowie eine Validierung der zugehorigen Ergebnisse vonnoten sind. Haupt-
sachlich geht es in dieser Arbeit um die Herleitung einer verbesserten Parametrisierung der
turbulenten Fliisse tiber Rinnen mit verschiedener Breite. Die neue Parametrisierung folgt ei-
nem nicht-lokalen Ansatz und sie basiert auf einer bereits vorhandenen SchlieBung. Jedoch ist
als eine der zentralen Neuerungen die Rinnenbreite als Parameter in dem neuen Ansatz mit
beriicksichtigt.

Die Ergebnisse, die mit dem kleinskaligen Modell unter Verwendung der neuen sowie bereits
existierender SchlieBungen erzielt wurden, werden in dieser Arbeit fiir verschiedene idealisierte
und beobachtete Situationen evaluiert. Der erste Schritt besteht aus einem Vergleich der zuge-
horigen Ergebnisse mit neuen, zeitlich gemittelten Ergebnissen eines Grobstrukturmodells (LES
Modell, "large eddy simulation model") fiir die idealisierten Falle. Fiir rinnensenkrechte Stro-
mungen in einer neutral geschichteten Grenzschicht, die von einer starken abgehobenen Inversion
nach oben begrenzt ist, zeigt sich, dass eine verbesserte Darstellung von verschiedenen Struk-
turen der Grenzschicht erzielt werden kann, wenn die neue SchlieBung verwendet wird.

Der zweite Schritt ist dann eine Validierung von weiteren Ergebnissen des kleinskaligen
Modells mithilfe von flugzeuggestiitzten Beobachtungen. Verglichen mit den idealisierten Fallen
werden in den beobachteten Fillen auch Effekte durch eine stabile Schichtung im Einstrombe-
reich sowie durch flachere Grenzschichten beriicksichtigt. Die beobachteten Muster und Struk-
turen werden vom Modell grundlegend wiedergegeben, jedoch werden manche beobachteten
Effekte unterschatzt. Folglich werden weitere Modifikationen der neuen Parametrisierung vor-



gestellt, mit denen eine verbesserte Ubereinstimmung zwischen beobachteten und simulierten
Strukturen erzielt wird.

Neben der neuen Parametrisierung werden auch Modellergebnisse evaluiert, die mit einem
lokalen SchlieBungsansatz erzielt wurden. In den zugehorigen Modellergebnissen zeigen sich ei-
nige Nachteile, speziell fiir die idealisierten Falle, wohingegen manche von den beobachteten
Grenzschichtcharakteristika auch mit dieser SchlieBung vom Modell grundlegend wiedergegeben
werden konnen. Jedoch zeigen sich die Vorteile eines nicht-lokalen Ansatzes deutlich, namlich
durch die physikalisch betrachtet verniinftigste Darstellung atmospharischer Prozesse, speziell in
Regionen mit zwar neutraler oder sogar leicht stabiler Schichtung bei gleichzeitig immer noch auf-
warts gerichteten Fliissen (den Gradienten entgegengerichtetem Transport, "counter-gradient
transport") und in Regionen mit vertikalem Einmischen warmerer Luft aus der abgehobenen
Inversion in die Grenzschicht ("entrainment").

SchlieBlich wird noch eine vorlaufige Studie durchgefiihrt, mit der mégliche Auswirkungen
von kleinskaligen, rinnengenerierten atmospharischen Prozessen auf groleren Skalen gezeigt wer-
den sollen. Das kleinskalige Modell wird dabei dafiir verwendet, die Stromung iiber verschiedenen
Rinnenkonfigurationen sowie iiber einer Region mit kontinuierlicher, mosaikartiger Meereisbede-
ckung zu simulieren, wobei letztere eine kleine Anzahl von Gitterzellen eines regionalen Klima-
modells mit derselben Meereiskonzentration in jeder Zelle reprasentiert. Anhand eines Vergleichs
von gebietsgemittelten Vertikalprofilen wird gezeigt, dass sowohl die Rinnen selbst als auch ihre
Geometrie auch auf der groleren Skala umfassende Auswirkungen auf Grenzschichtcharakteris-
tika haben. Des Weiteren zeigen sich Unterschiede je nach verwendeter Parametrisierung. Auch
wenn diese Ergebnisse momentan nicht mit Messungen validiert werden konnen, wird hierdurch
sehr deutlich aufgezeigt, dass groliskalige Modelle im Hinblick auf kleinskalige Prozesse iiber
Rinnen verbessert werden miussen.
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1 Introduction

The Earth’s climate system is characterised by many different complex interaction processes and
feedback mechanisms among its components. The understanding of at least the most important
processes is a key factor to project future stages of the climate system. On the one hand, many
interactions are at least conceptually well-understood, for example, the surface albedo feedback
(Budyko, 1969; Sellers, 1969). In polar sea ice regions, it is a positive feedback mechanism
since an increase in surface temperature leads to enhanced sea ice melt, causing a lowered
surface albedo and, in turn, further increasing surface temperatures due to a higher amount
of absorbed solar radiation. In present-day coupled Earth system models, which are used for
projections of the future state of the climate system assuming different scenarios, this feedback
mechanism is approximately included and improved parametrizations of the detailed physics
more and more help to improve model results. Hence, for example, according to the latest
report of the Intergovernmental Panel of Climate Change (IPCC), an improved representation
of the observed September minimum sea ice extent was obtained with the latest generation
of such models (Flato et al., 2013). On the other hand, there are plenty of other processes,
for which an improved understanding is needed and whose impact on climate-relevant scales
is yet to be quantified. Furthermore, starting with the industrial revolution, Earth is facing
substantial modifications due to the huge anthropogenic emissions of greenhouse gases (IPCC,
2013). At first glance, this might become visible only in terms of a fundamental change in the
atmospheric composition and a corresponding increase of the global mean surface temperature
due to the anthropogenically increased greenhouse effect (IPCC, 2013). Currently, the global
mean surface temperature has increased by about +1.1 K compared to pre-industrial levels?,
which is a warming rate most probably unprecedented at least in the past 2000 years (e.g.,
IPCC, 2014; Neukom et al., 2019).

At the second glance, there are also fundamental changes concerning the other climate
system components, such as sea level rise, ocean acidification, or rapidly decreasing sea ice
concentration (SIC), as also shown, for example, in the latest IPCC report (IPCC, 2013).
The polar regions, especially the Arctic, face an amplified warming exceeding the global mean
temperature increase by a factor of two to three since the late 20th century, the so-called
Arctic Amplification (see, for example, Serreze & Francis, 2006; Serreze et al., 2009; Serreze
& Barry, 2011; Wendisch et al., 2017). Thus, there is also growing evidence of a practically
ice-free Arctic ocean at the time of the annual minimum sea ice extent by the mid of the 21st
century (e.g., SIMIP Community, 2020). However, there are various uncertainties related to
such projections since many processes are described only inadequately in climate models (Flato
et al., 2013). For example, physical processes over inhomogeneous surfaces, such as surface
fluxes from different sea ice patterns, seem to play a crucial role for the polar climate system
(see, for example, the review by Vihma et al., 2014). In turn, to correctly consider those fluxes

Lthe annual global mean surface temperature of the years 2015-2019 compared to the corresponding mean value
of the baseline period 1850-1900, data from GISTEMP Team (2020)
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in climate models, it is important to understand the underlying physical background and the
mathematical relations of the determining quantities. Moreover, since it already marks quite an
expensive task for models to obtain a well-represented picture of all mechanisms in the Earth's
climate system (e.g., the seasonal cycle of the sea ice extension, which is now well-represented
by the latest model generation, see Flato et al., 2013), it is most likely even more difficult when
aiming at projecting implications due to a warming climate, such as the declining sea ice cover.

The important role of sea ice in the climate system is mainly expressed by its strong and also
highly variable influence on the energy budget in the polar ocean regions. Especially in winter,
sea ice is an important component for the energy exchange between ocean and atmosphere.
During that season, the near-surface air temperature over sea ice can reach values below —40°C
(e.g., Lindsay & Rothrock, 1994) leading to a strong temperature difference as compared to
the warm ocean below with its near-surface temperature close to the freezing point. Following
the laws of thermodynamics, this would result in a strong upward heat transport in the order of
102 to 103Wm™2 and, thus, net heat loss of the ocean. However, the sea ice cover minimises
this transport due to its insulating effect and the upward heat transport through sea ice is then
limited to molecular diffusion. Nonetheless, even in winter and even in the central polar ocean
regions, openings in the sea ice cover are formed, so-called polynyas and leads, which enable a
direct transfer of heat, moisture, and momentum between ocean and atmosphere, followed by a
strong impact not only on the surface energy budget but also on the energy budget of the polar
atmosphere. They represent highly inhomogeneous areas accompanied with processes acting
on rather small meteorological scales, but with a high relevance also for the polar climate. This
thesis deals with a detailed investigation of the physical atmospheric processes connected with
leads in the polar sea ice regions with a focus on modelling and parametrization.

1.1 Lead characteristics and their role for the polar atmosphere

Leads are defined as elongated, predominantly linearly shaped open-water channels in sea ice,
which are formed due to divergent sea ice drift as a result of inhomogeneous forcing by ocean
currents and wind (Smith et al., 1990). They are either ice-free or covered with thin, new ice
(see Figure 1.1). Unlike polynyas, which typically "occur quasi-continuously in the same region",
leads do not have fixed locations (Smith et al., 1990). The length of leads ranges from hundreds
of meters to hundreds of kilometres and their width from a few meters to a few kilometres,
as shown by in situ observations and remote sensing (e.g., Andreas et al., 1979; Lindsay &
Rothrock, 1995; Miles & Barry, 1998; Tetzlaff et al., 2015, henceforth abbreviated by T15).
As shown by, for example, Lindsay and Rothrock (1995); Marcq and Weiss (2012); Wernecke
and Kaleschke (2015) based on different remote sensing data sets, the lead width distribution
follows a power law. Such a distribution was also found for the leads observed during the aircraft
campaign STABLE in 2013 (SpringtTime Atmospheric Boundary Layer Experiment, see T15).

Open-water areas in the polar sea ice regions including leads are important in many aspects.
From a biological perspective, leads provide areas with access to oxygen for marine mammals
and for polar bears to hunt seals, especially near shorelines (e.g., Massom, 1988; Stirling,
1997). Leads also facilitate navigation for vessels and submarines in pack ice regions (Smith
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(b) ()

Figure 1.1: Photographs, which were taken from a research aircraft, showing three different leads ob-
served in the marginal sea ice zone Northwest of Svalbard on April 8, 2019. (a) shows an ice-free lead,
(b) a lead covered with thin, new ice (nilas), and (c) a lead consisting of both ice-free and nilas-covered
regions. In (c), some sea smoke is shown above the ice-free regions.

et al., 1990). Skyllingstad and Denbo (2001) showed that plumes of higher-salinity water form
beneath leads in sea ice. Results from Kort et al. (2012) indicate a correlation of lead areas
and emissions of methane in polar ocean regions. Refreezing leads are also a major driver of
the production of new ice in winter (Maykut, 1982). These are only a few examples how leads
affect the polar environment, where in this thesis the focus is mainly on their atmospheric impact
described in the following in more detail.

1.1.1 Convective heat transport and turbulence over leads

Leads strongly affect the polar atmosphere on various spatial scales, especially in wintertime due
to the large temperature contrast between the lead surface and the near-surface atmospheric
flow (Smith et al., 1990). Combined with a step change in surface roughness, the abrupt
change in surface temperature causes a strong vertical heat transport over leads (e.g., Andreas
& Murphy, 1986). This so-called convective heat transport reduces the temperature difference.
While its horizontal component is mainly due to advection of air masses with the mean flow,
its vertical component is dominated by diffusion due to atmospheric turbulence, which, in turn,
represents a chaotic or an irregular fluctuation superimposed on the mean flow (Stull, 1988).
Mathematically spoken, for an arbitrary quantity ¢, this relation is given by ¢ = ¢ + ¢, where
¢ represents the mean value and ¢’ the turbulent fluctuations of ¢ (e.g., Kraus, 2008).

Turbulent motion is often visualised by eddies of different time and length scales (Stull,
1988). The eddies reach from O(1073) m with a lifespan of a few second to O(103) m, where
these can persist for hours (Stull, 1988). Turbulent transport is predominantly found in the
lowest part of the troposphere, the atmospheric boundary layer (ABL), which marks the layer
directly affected by the presence of the Earth’s surface (Stull, 1988; Garratt, 1994). The lowest
10 % of the ABL mark the surface layer (Stull, 1988). At the top of a surface-heated convective
ABL (mixed layer), often a layer of strongly increasing temperature with height is found, the
capping inversion, which separates the ABL from the layer above (Stull, 1988). Above the
inversion, in the free atmosphere, turbulent transport becomes less important (Stull, 1988).
Thus, the vertical extent of the largest turbulent eddies in the ABL is typically in the range of
the thickness of the ABL (Stull, 1988).

Turbulence in the ABL is generated mechanically (wind-shear) and thermally (buoyancy)
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(e.g., Garratt, 1994). For a flow over a lead with a certain background wind > Oms~! and
in a neutrally stratified ABL, turbulent motion is already present upwind of the lead only due
to vertical wind-shear caused by the frictional drag on the flow over sea ice (see, for example,
Vihma et al., 2014). Above the lead, rising thermals of warm air (positive buoyancy) enhance
turbulent mixing (Figure 1.2). The resulting upward turbulent heat transport is typically O(10°%—
10%)Wm~2 and it can exceed the molecular heat transport through the surrounding thick sea
ice by two orders of magnitude (Badgley, 1966; Maykut, 1978).

1.1.2 Convective plumes over leads and their overall impact

The area dominated by the enhanced turbulence developing over a lead is described as a con-
vective plume (see Figure 1.2). This term is often used in literature to describe both dry and
moist lead-generated convection as, for example, by Glendening and Burk (1992); Pinto et al.
(1995); Burk et al. (1997); Zulauf and Krueger (2003b), or Liipkes, Gryanik, et al. (2008,
henceforth abbreviated by L08). For leads covered with thin, new ice, those plumes mostly do
not become visible since then the latent heat flux becomes very small (see also Liipkes et al.,
2012). Due to the low humidity, almost no condensation occurs. The lead-generated plumes
can also be understood as the area of a convective internal boundary layer (IBL) developing
over the lead. Especially for lead-perpendicular inflow conditions, the IBL grows with increasing
distance over the lead (fetch) and strongly influences ABL characteristics, such as temperature,
wind, and flux profiles, depending on the meteorological conditions (e.g., Alam & Curry, 1995;
Pinto et al., 1995; Zulauf & Krueger, 2003a, 2003b, L08, T15). The plume may also interact
with the capping inversion at the top of the convective ABL (e.g., T15). In the central Arctic
Ocean (> 80 °N), capping inversions occur at altitudes of a few hundred meters or even below
100m (Wetzel & Briimmer, 2011). Hence, the convective ABL in the Arctic is often much
shallower as a comparable ABL in mid- or low-latitudes. Both the strong depth and the large
strength of polar capping inversions often lead to a decoupling between the ABL and the free
atmosphere (Esau & Sorokina, 2010). Thus, although very wide leads might cause plumes
which rise even up to 4 km height (see Schnell et al., 1989), the strong convection generated
over leads predominantly affects the ABL.

1.1.3 Local effects of leads on the near-surface atmosphere

Studies of lead-generated effects on the ABL started in the 1970's. Among others, the "Arctic
Ice Joint Dynamics Experiment" (AIDJEX; Paulson & Smith, 1974; Andreas et al., 1979) was
an important study addressing the quantification of near-surface processes, namely, surface heat
fluxes over natural and artificial leads. Results of this campaign clearly showed an influence of
lead-generated heat transport on the near-surface temperature and wind downstream of leads.
Other important campaigns were "Arctic Leads Experiment" (LEADEX; Ruffieux et al., 1995;
Persson et al., 1997) and "Surface Heat Budget of the Arctic Ocean" (SHEBA; Overland et al.,
2000; Persson et al., 2002; Pinto et al., 2003), where the corresponding data served as a basis
for quantifying mainly near-surface ABL characteristics over leads. Regarding the derivation of
surface heat fluxes, several studies showed the importance of the lead geometry, namely, the
lead width (e.g., Alam & Curry, 1997; Andreas & Cash, 1999; Marcq & Weiss, 2012).
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Figure 1.2: Sketch of the turbulent atmospheric boundary layer (ABL) for a lead-perpendicular flow over
a lead in sea ice and of the corresponding effects on the ABL by enhanced turbulence due to strong
upward convective heat transport over the lead, such as the formation of a convective internal boundary
layer (IBL), also referred to as convective plume. The upwind ABL is capped by a strong inversion and
penetrating convection may cause downward transport of heat through this layer (vertical entrainment).
Modified after L0O8, Vihma et al. (2014), T15, and Michaelis et al. (2020).

1.1.4 Local effects of leads on the entire turbulent ABL

Besides the cited studies addressing the near-surface effects of leads, several studies were carried
out dealing with an investigation of the whole turbulent ABL. These objectives were also the
main focus of the campaign STABLE, which was a German campaign coordinated by C. Liipkes
from the Alfred-Wegener-Institute (AWI) in 2013. Airborne observations were performed in the
whole turbulent ABL over four different leads providing a data set well-suited for the evaluation of
model results (T15). For example, the corresponding observations showed the existence of weak
low-level jets (LLJ) upwind of the leads, which had been destroyed due to lead-generated plumes,
and also a strong interaction between the plume and the capping inversion was observed causing
vertical entrainment (see T15). Apart from those observations, most studies of the ABL flow
over leads used numerical models, typically either large eddy simulation (LES, e.g., Glendening
& Burk, 1992; Glendening, 1994; Weinbrecht & Raasch, 2001; Esau, 2007; Witha, 2013, and
L08), or plume- but non-eddy-resolving small-scale models, mostly Reynolds-Averaged Navier-
Stokes (RANS) models for the meteorological micro- or mesoscale (e.g., Alam & Curry, 1995;
Pinto et al., 1995; Dare & Atkinson, 1999, 2000; Zulauf & Krueger, 2003a, 2003b; Mauritsen
et al., 2005; Wenta & Herman, 2018; Li et al., 2020, and L08).

Typically, with both model types, simulations of idealised or observed situations are inves-
tigated to describe the lead-generated effects. To this aim, first an area of interest is selected,
which defines the model domain (e.g., Frohlich, 2006; Pielke Sr., 2013). This area is then
discretised on a numerical grid, which is characterised by finite spatial and temporal differences
(Pielke Sr., 2013). Both domain and grid size are selected with respect to the modelled phe-
nomena. For the turbulent flow over a polar lead, this concerns the meteorological microscale,
which summarises phenomena with a horizontal extension of less than approximately 1 km (e.g.,
Orlanski, 1975).

In this thesis, simulations of both an LES and a microscale RANS model are analysed.
In principle, with both models, the Navier-Stokes equations (see Appendix A) are numerically
solved, where the fundamental difference between LES and RANS is the filtering technique;
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hence, the way how the turbulent fluctuations ¢’ are treated (Frohlich, 2006). Unlike LES, a
RANS model uses filtered equations obtained by averaging via integration in time and space
(Pielke Sr., 2013). Thus, all turbulent deviations from the mean ABL flow, so the entire
turbulent scale, is not explicitly resolved (see Figure 1.3). For modelling the convective flow over
leads with microscale RANS models, typically, horizontal grid sizes of Ay, = Ay, = O(10%) m
and vertical grid sizes of A, = O(10') m are used (see, for example, Zulauf & Krueger, 2003b;
Mauritsen et al., 2005, L08). Hence, also with the RANS model applied in this thesis, the
integrated effects of the convective plumes over leads can be resolved, but not the single
turbulent eddies.

In LES, the filtering technique is to separate the turbulent scale into a large and a small
scale, where the energy-contributing eddies in the production range ("large eddies") are directly
resolved (e.g., Stull, 1988; Frohlich, 2006, and see also Figure 1.3, here). This allows a detailed
and instantaneous representation of the turbulent flow. To obtain such a high resolution of the
turbulent flow over leads, the corresponding LES models are typically operated using grid sizes
of O(10%) m or even O(10~1)m in all three directions (see, for example, Glendening & Burk,
1992; Weinbrecht & Raasch, 2001; Esau, 2007; Witha, 2013).

1.1.5 Modelling of the ABL over leads and turbulence parametrizations

In both RANS and LES models, processes that are not resolved (subgrid-scale phenomena) are
parametrized (i.e., approximated) to close the system of the governing equations (Pielke Sr.,
2013). These processes include turbulence, radiation, or cloud microphysics, depending on the
complexity of the model and the phenomena to be modelled, where in this thesis, the focus
is on turbulence. Unlike in RANS models, only the dissipation range and parts of the inertial
subrange of the turbulent scales are parametrized in LES models (Figure 1.3). Since on this
range turbulence can be regarded as isotropic, universal turbulence laws are valid and model
results are less sensitive to the applied parametrization (Blackadar, 2012). In RANS models,
the entire turbulence spectrum is not explicitly resolved due to the applied filtering technique
(Figure 1.3). Furthermore, due to the often anisotropic characteristics of the turbulence in
the production range (Stull, 1988; Blackadar, 2012), the model results strongly depend on the
applied parametrization. Thus, with LES, many more processes are directly resolved than with
RANS, but this also causes much higher computational costs (e.g., Frohlich, 2006).

For both RANS and LES modelling of the effects of leads on the turbulent ABL, the sim-
ulations are typically performed until quasi-stationary conditions are reached (e.g., Glendening
& Burk, 1992). The corresponding results obtained with RANS then already allow a derivation
of the integrated effects by leads on the ABL, provided the applied parametrization represents
a suitable approximation of the subgrid-scale processes, which also depends on the used closure
type (see below). Thus, RANS applications are commonly used to investigate relationships
among physical quantities and to develop and improve parametrizations, which are then vali-
dated either with observations or (quasi-stationary) time-averaged LES results (e.g., Liipkes &
Schliinzen, 1996, L08).

Turbulent fluxes of heat, moisture, and momentum (see appendix A) occur in all spatial
directions. Here, the focus lies on their vertical components since they dominate in the con-
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Figure 1.3: Sketch of the spectral energy distribution of turbulence in the atmospheric boundary layer
against wavenumber or frequency (logarithmic scales), of the corresponding ranges (production range,
inertial subrange, and dissipation range), and of the ranges typically resolved and parametrized with LES
and microscale RANS models. Modified based on Stull (1988), Frohlich (2006), Kraus (2008), and
Witha (2013).

vective ABL (Garratt, 1994). The vertical transport terms can be expressed using covariances
of the vertical wind component w and the transported quantity, namely, w’é’ for temperature
transport, w’q], for humidity transport, and w’uv’ and w/v/ for momentum transport. These
terms result from filtering the Navier-Stokes equations (e.g., Kraus, 2008). In microscale and
mesoscale RANS models, different closure types are applied to parametrize the transport terms,
depending on the order of the moment to be approximated. At least, first-order closures are
needed, where prognostic equations for the first moments ¢ are made; hence, the turbulent
transport terms (second moments) are diagnostically determined via parametrizations using the
resolved model quantities (Stull, 1988). The nature of first-order closures is explained in more
detail below. Besides this closure type, for modelling the turbulent flow over leads, also 1.5-order
closures (e.g., Dare & Atkinson, 1999, 2000; Wenta & Herman, 2018; Li et al., 2020) or even
higher-order closures (e.g., Alam & Curry, 1995; Pinto et al., 1995; Zulauf & Krueger, 2003a,
2003b; Mauritsen et al., 2005) had already been used. The higher the order of the closure, the
larger is also the number of unknown quantities in the equation system (see Stull, 1988), which
increases the required computer resources.

1.1.5.1 Local approach for first-order closures

The turbulence parametrizations discussed in this thesis follow first-order closures, in which the
turbulent fluxes are related to the gradients of mean quantities using K-theory (see Stull, 1988).
For example, for w’é’, such a closure is given by

w'o' = —Kj (1.1)

ox3’

where 88 /0x3 is the vertical potential temperature gradient and K}, is the eddy diffusivity for heat.

Equation 1.1 represents a local approach for w’é’ since the subgrid-scale flux is connected with
the local gradient. Following this approach, K} can be obtained, for example, using a mixing-
length approach (e.g., Herbert & Kramm, 1985). A mixing-length closure represent a suitable
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approach for parametrizing the eddy diffusivities in a statically neutral environment wherein
turbulence is generated mechanically (Stull, 1988). However, this approach is accompanied
by some drawbacks if applied to strongly convective regimes of the homogeneously surface-
heated boundary layer dominated by thermals and plumes since, mainly in the upper half of the
ABL, upward heat fluxes are present in regions with neutral or even slightly positive vertical
potential temperature gradient (Deardorff, 1972; Stull, 1988; Holtslag & Moeng, 1991; Liipkes
& Schliinzen, 1996). L08 show that this holds also for the horizontally strongly inhomogeneous
convective ABL over leads in a neutral or slightly stable environment.

1.1.5.2 Non-local approach for first-order closures

A method to overcome the drawbacks accompanied with local closures when aiming at parametriz-
ing turbulent fluxes in the convective ABL over leads is to consider a non-local approach, where
still K-theory is considered, but with a gradient correction. For w’6’, such an approach is

W = —K, <69 - r> , (1.2)

with the gradient correction term . LO8 used Equation 1.2 to formulate a corresponding

expressed by

parametrization for K, and ' for the inhomogeneous convection over leads based on the ap-
proach by Liipkes and Schliinzen (1996), which had been derived for the homogeneous convective
ABL. However, unlike for horizontally homogeneous conditions, L08 considered the distance
to the leads and, thus, proposed a fetch-dependent parametrization. They showed that mi-
croscale model results obtained with their approach agree well with comparable time-averaged
LES results for a lead of 1 km width, an ABL height of 300 m, and for a certain range of me-
teorological forcing. Furthermore, they stated that especially the downstream stratification as
obtained with a local closure does not agree with their LES results. Moreover, the observations
from STABLE, where the turbulent fluxes were calculated with the eddy covariance method
using high-frequent atmospheric measurements, showed indications for the existence of these
non-gradient or counter-gradient fluxes (T15). Since L08 focused on a single lead width, they
stressed that their closure can be regarded as a basis for further refinements, where especially
the lead width should be taken into account for a further development.

1.1.6 Regional and large-scale relevance of ABL processes over leads

Besides the above-mentioned local atmospheric impact of leads, also regional and large-scale
effects were found in many studies. Averaged over a certain region, the upward heat transport
over leads can be balanced by downward heat fluxes over sea ice, where this balance mainly
occurs by the effect of leads on atmospheric temperature (see Overland et al., 2000; Liipkes,
Vihma, et al., 2008). As Liipkes, Vihma, et al. (2008) also show, this temperature effect, which
is due to a change in SIC, can amount to 3.5 K for concentrations larger than 95 % in clear-sky
conditions during polar night. A large sensitivity of air temperature on the SIC was also found by
Valkonen et al. (2008). Moreover, Liipkes, Vihma, et al. (2008) and also Chechin et al. (2019)
show that leads can increase the atmospheric stability over sea ice, mainly at low wind speeds
during polar night (see also Grachev et al., 2005). In addition, also the near-surface relative
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humidity over sea ice is probably influenced by the presence of leads in the entire Arctic sea ice
region (Andreas et al., 2002).

An effect of leads on atmospheric conditions can be found even several hundred kilometres
away from the ice edge as shown by Batrak and Miiller (2018). Furthermore, they outline that
such an effect is in the range of 12 hr weather forecast accuracy (see also Miiller et al., 2017).
In addition, also Grotzner et al. (1996), Flato and Ramsden (1997), and Wenta and Herman
(2018) suppose that the spatial distribution of open-water and sea ice surfaces might have an
effect on large-scale model results. All this clearly shows the importance of the rather small-scale
physical processes induced by leads on much larger atmospheric scales.

1.2 Scope and structure of the thesis

Compared to the above-mentioned regional and large-scale effects due to multiple leads, the
effects caused by single leads on, for example, temperature might be relatively small (Vihma et
al., 2014). However, the strong lead-generated convection considerably modifies the structure of
the polar ABL, and there is a certain demand on the complexity of turbulence parametrizations to
properly simulate the integrated lead-generated effects (e.g., L08). Furthermore, an insufficient
representation of the microscale atmospheric effects due to a single lead might cause drawbacks
also for large-scale studies of ensembles of leads, for example, when the conditions upstream
of an individual lead are affected by upwind neighbouring leads. Since computer resources are
continuously increasing, it is to be expected that leads and their atmospheric effects will be
resolved explicitly also in operational numerical weather prediction and climate models any time
soon. Namely, for the explicit resolution of leads in sea ice models, some attempts already
exist (e.g., Wang et al., 2016; Hutter et al., 2018). Considering Arctic Amplification and its
related implications, which might also affect the climate of the mid-latitudes (Cohen et al.,
2014), certainly there is an increasing demand on quantifying small-scale atmospheric processes
in the polar regions, such as those over leads, to improve their representation in large-scale
models (Vihma et al., 2014; Vihma, 2014; Wendisch et al., 2017; Taylor et al., 2018). All
this clearly calls for a detailed investigation of lead-generated convection and its effects on the
polar atmosphere, which is the main goal of this thesis. Both idealised and observed situations
of the convective flow over leads will be investigated to quantify their impact on the ABL. A
small-scale atmospheric RANS model is applied, for which different turbulence parametrizations
are used, and the corresponding model results are validated with high-resolved, time-averaged
LES results and airborne observations.

The main goal of the investigation shown in chapter 2 is, as the first step, to arrive at
an improved parametrization of turbulent fluxes over leads in sea ice for non-eddy-resolving,
microscale models. Derived based on the non-local parametrization by L08, the main improve-
ment of the new non-local approach is that it considers the geometry of the lead, namely, the
lead width. Furthermore, new time-averaged LES results are used to validate the results of the
RANS model and they also serve as a basis for deriving the adjustable parameters of the new
parametrization. The LES results also give detailed information on the general characteristics of
the turbulent flow over leads of different width for different meteorological forcing in a neutrally
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stratified ABL capped by a strong inversion. The main part of chapter 2 (sections 2.1 to 2.7)
was published as Michaelis et al. (2020) in Journal of Geophysical Research: Atmospheres. An
examination of further processes that would further improve the new parametrization in future
will be addressed in the remaining section.

In a second step (chapter 3), a modelling study is carried out to investigate the convection
over leads for which aircraft measurements had been obtained. This concerns three observed
cases from the aircraft campaign STABLE (see T15) and another case with observations ob-
tained by an unmanned aerial system over an Antarctic lead (see Lampert et al., 2020). First,
the analysis in chapter 3 aims at discussing the quality of microscale model results using a local
closure or the new non-local parametrization derived in chapter 2 when applied to the observed
cases. Second, possible modifications of the non-local parametrization are discussed to better
reproduce effects by stable stratification and by the interaction between the convective plume
and the capping inversion. The main part of this chapter (sections 3.1 to 3.7) was submitted
under the title "Modelling and parametrization of the convective flow over leads in sea ice and
comparison with airborne observations" to Quarterly Journal of the Royal Meteorological So-
ciety. The analysis in the remaining section of chapter 3 is an extended investigation of my
contribution as a co-author in Lampert et al. (2020) published in MDPI: Atmospheres.

In chapter 4, the microscale model is applied to investigate the atmospheric impact due to
a series of leads rather than by a single lead. It is considered as a preliminary study to point at
potential effects of lead ensembles, and potential implications for large-scale, non-convection-
resolving models are also going to be discussed based on microscale model results. First, in
section 4.1, the quality of microscale model results for the flow over two consecutive leads is
evaluated using LES. Second, section 4.2 consists of a sensitivity study on convection over
different configurations of leads in a large-scale domain, which is in the typical range of a small
number of grid cells of a present-day regional climate model. This study will help to quantify
potential effects of leads and their geometry on results obtained by large-scale models.

Finally, chapter 5 provides a summary of the main results, conclusions, and an outlook.?

Three key research questions should be addressed in this thesis:

1. What kind of approach is useful to arrive at an improved turbulence parametrization for
the inhomogeneous convection over leads dependent on the lead geometry?

2. How well are observed ABL structures over leads represented by microscale model simula-
tions using different turbulence parametrizations and how important is the complexity of
the parametrization?

3. What are the mean atmospheric effects of different configurations of lead ensembles and
which implications can be derived for large-scale models?

2The chapters 2 and 3 consist of the above-mentioned papers compiled together with my co-authors. The content

of those papers is almost unaltered compared with the original content, where more detailed explanations on
the chapters’ contents including differences to the original publication/submitted version are provided at the
beginning of both chapters. The individual contribution of all co-authors for each of the papers embedded in
this thesis is shown in the section "Publications within this thesis" starting on page 137. Moreover, some minor
changes were made regarding formatting and the spelling in chapter 2 was changed from American to British
English.
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2 ldealised lead scenarios: Modelling and
derivation of a new turbulence
parametrization !

Abstract: A new turbulence parametrization is developed for a non-eddy-resolving, microscale
model to study the effects of leads (elongated open-water channels in sea ice) of different width
on the polar atmospheric boundary layer (ABL). Lead-dominated sea ice regions are charac-
terised by large horizontal inhomogeneities of the surface temperature causing strong convection.
Therefore, the new parametrization is based on a previous formulation where inhomogeneous
conditions of dry convection over leads and non-local effects on heat fluxes had already been
taken into account for a fixed lead width. A non-local, lead-width-dependent approach is ap-
plied now for both heat fluxes and momentum fluxes in the convective region. Microscale model
results obtained with the new, the previous non-local, and a local parametrization are shown,
where 10 idealised cases of a lead-perpendicular, near-neutral ABL flow below a strong capping
inversion are considered. Furthermore, time-averaged large eddy simulation (LES) results of
those cases are considered for analysing the integrated effects of the dry convection on ABL
characteristics. Microscale model results obtained with the new non-local parametrization agree
well with the LES for variable lead widths and different atmospheric forcing although there
is room for further improvement. Furthermore, several features obtained with a local closure
clearly disagree with LES. Thus, the microscale study also points to difficulties that might occur
in mesoscale studies over regions where leads dominate the flow regime when local closures are
applied.

The sections 2.1 to 2.7 consist of the publication with the title Influence of lead width on the turbulent flow over
sea ice leads: Modeling and parametrization as published in Journal of Geophysical research: Atmospheres by
Michaelis et al. (2020) as an open-access article. Also the content of Appendix B is part of the publication, where
the appendices B.1-B.3 correspond with the appendices A-C of the publication, and the content of Appendix
B.4 was published as supporting information. A difference to the publication is found here in section 2.6, where
Figure 2.14 was added with a short description for reasons of better comprehensibility. Section 2.8 is an additional
contribution for this thesis.
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2 ldealised lead scenarios: Modelling and derivation of a new turbulence parametrization

2.1 Introduction

Polar sea ice forms an important component of the Earth's climate system. It reduces the
release of heat from the relatively warm ocean into the cold atmosphere, especially between
late autumn and spring. However, even in the central polar regions there are always openings of
different shape in the closed sea ice cover, so-called polynyas and leads, mainly due to divergent
sea ice drift (e.g., Smith et al., 1990; Andreas & Cash, 1999, and T15). Leads are open-water
channels, which are either ice free or covered by thin, new ice. Their shape is often linear,
but they can also be curved. As can be seen from in situ observations and satellite images,
both their length and width is extremely variable. The length can range from several hundred
meters to several hundred kilometres, and the width varies between several meters and a few
kilometres (e.g., Andreas et al., 1979; Miles & Barry, 1998; Lindsay & Rothrock, 1995, and
T15). Mainly during winter, when the differences between the near-surface atmospheric flow
and the lead surface can amount up to 40 K, the release of heat from leads is around two orders
of magnitude larger than the molecular heat transport through the surrounding sea ice (Badgley,
1966; Maykut, 1978). Thus, with a lead coverage of 1% in a certain region, roughly half of the
heat transport from the ocean to the atmosphere must then occur through leads (Thorndike
et al., 1975). Furthermore, based on data from the SHEBA campaign (e.g., Overland et al.,
2000; Pinto et al., 2003), Overland et al. (2000) found that upward heat fluxes over leads are
balanced by downward heat fluxes over sea ice. This was also shown by Liipkes, Vihma, et al.
(2008) and Chechin et al. (2019) using a 1-D coupled air-ice box model and prescribing a surface
consisting of 95 % sea ice and 5 % slightly refrozen leads. They found for sea ice concentrations
> 95 % that changing the concentration by 1% causes a mixed layer atmospheric temperature
change of up to 3.5 K. Batrak and Miiller (2018) show that an explicit consideration of leads in
kilometre-scale atmospheric models can even have an impact on atmospheric conditions several
hundred kilometres away from the ice edge in the range of 12 hr weather forecast accuracy (see
also Miiller et al., 2017).

Focusing more on the local effects of leads, the large temperature difference between the
near-surface air and the open water causes strong turbulent convection (convective plumes).
An IBL develops, which significantly modifies the structure of the polar ABL depending on
the meteorological forcing (wind speed and direction, temperature, and stratification) in the
lead environment (T15). Furthermore, also the geometry of the leads plays an important role,
especially the lead width (L). During the campaign AIDJEX (Paulson & Smith, 1974; Andreas
et al., 1979) measurements were conducted upwind and downwind of several Arctic leads of
different width, based on which Andreas and Cash (1999) found that the heat transport over
small leads (L < 100 m) is more efficient than over larger ones.

Based on the AIDJEX data and on data obtained over a polynya in the Canadian Archipelago
(see Smith et al., 1983), Alam and Curry (1997) developed a fetch-dependent parametrization
of the integral (lead-averaged) sensible heat fluxes from leads and they found those fluxes to
be strongly dependent on L. Also Andreas and Cash (1999) found an L-dependence for heat
fluxes over small leads, and they proposed a corresponding parametrization of near-surface heat
fluxes. Besides the observations used in Alam and Curry (1997), Andreas and Cash (1999) also
used data obtained over a refrozen polynya at drifting station North Pole 23 (see Makshtas &
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Nikolaev, 1991). Using both parametrizations, for the flux calculation of an observed distribution
of leads near 80°N, 108°W in 1996, Marcq and Weiss (2012) found up to 55 % larger fluxes
than with a parametrization ignoring the L-dependence. The surface flux dependence found in
all those studies shows that L is an important parameter for the quantification of lead-generated
effects.

Besides the cited observational and modelling studies focusing on surface fluxes over leads,
several modelling studies of the whole turbulent ABL over leads have been performed, for
example using LES models (e.g., Glendening & Burk, 1992; Glendening, 1994; Weinbrecht &
Raasch, 2001; Esau, 2007). With LES, large turbulent eddies can be resolved which gives
detailed information on the turbulence structure. Glendening and Burk (1992) simulated the
lead-perpendicular ABL flow over a 200 m wide lead with a temperature difference of 27 K
between water and sea ice surface. Upstream of the lead they prescribed stable stratification
and weak wind (< 2.5 msfl). They proposed an L-dependent equation for the plume penetration
height zs, with zp,, oc L?/3. Zulauf and Krueger (2003b) transferred that equation to other lead
widths and they found rather z, o L1/2. Overall, results of both studies show the importance
of L also for the quantitative analysis of the convective IBL over leads.

Extensions of the study of Glendening and Burk (1992) were performed by Glendening
(1994) regarding the inflow direction and by Weinbrecht and Raasch (2001), who found that
the model resolution strongly influences the results, especially in high wind regimes. Esau (2007)
investigated leads with different widths for zero geostrophic wind.

Besides pure LES applications, several modelling studies on lead effects using microscale
and mesoscale atmosphere models have been carried out as, for example, by Alam and Curry
(1995); Dare and Atkinson (2000); Mauritsen et al. (2005); L08; Wenta and Herman (2018);
Li et al. (2020). Such types of numerical models are used to determine the integral lead effect
on the ABL flow, but the structure of single turbulent eddies is not resolved as with LES. Due
to grid sizes of usually 102 m horizontally and 10' m vertically, parametrizations of the turbulent
processes are required to close the system of the governing equations. Alam and Curry (1995),
Dare and Atkinson (2000), Mauritsen et al. (2005), Wenta and Herman (2018), and Li et al.
(2020) use local closures (1.5-, 2-, or 2.5-order turbulent kinetic energy (TKE) schemes, or
a first-order Smagorinsky scheme), where the turbulent fluxes are related to the gradients of
mean quantities using K-theory (see Stull, 1988). However, especially in the upper half of a
homogeneously surface-heated convective ABL, upward heat fluxes are present in regions with
neutral or even slightly positive vertical potential temperature gradient (Holtslag & Moeng,
1991). L0O8 show based on LES results that this holds also for the convective ABL over leads
for a near-perpendicular flow in typical springtime conditions. Indications for the existence of
these non-gradient or counter-gradient fluxes were also found in the aircraft-based measurement
study STABLE over the marginal ice zone (MIZ) North of Svalbard in 2013 by T15. To account
for such phenomena, L08 derived a parametrization for the turbulent sensible heat flux, Fp, over
leads using K-theory, but with a gradient correction scheme based on the parametrization of
Liipkes and Schliinzen (1996), which was derived for horizontally homogeneous conditions. L08
account for the horizontal inhomogeneities over leads by considering the distance to the lead’s
upstream edge in their approach and by distinguishing different convective regimes in the plume’s
core and at its boundaries. They investigated 10 idealised scenarios with L = 1km, an ABL
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height of 300m, and different meteorological forcing in a microscale modelling study, where
the results obtained with their non-local parametrization agreed well with time-averaged LES
results.

L0O8 concluded that their findings could be the basis for studies investigating the impact
of lead ensembles in much larger domains by saving computational time with respect to a
comparable study using LES. However, they stress that especially L should be taken into account
for further improvements of their parametrization. Moreover, since climate models consider
rather a fractional sea ice cover than a clear differentiation between open-water and ice surfaces,
a detailed investigation on the effects of lead width on the polar ABL seems necessary. This
might also help to develop an improved surface flux parametrization over leads for those models,
which seems necessary to improve model results not only for the polar regions but also for mid-
latitudes (Vihma et al., 2014).

Therefore, in this chapter, we present a modified version of the parametrization of L08,
which includes the lead width as a parameter to be used in small-scale atmosphere models.
Results will be compared with new time-averaged LES for 10 different scenarios of a lead-
perpendicular flow in the ABL differing by L, wind, and temperature, and we will use those LES
results to determine the unknown parameters of the modified closure (henceforth called new
closure or new parametrization). Thus, the main goal of our study is to derive, based on LES,
an improved parametrization of turbulent fluxes over leads in compact sea ice for non-eddy
resolving microscale models. We also aim to investigate drawbacks related to local closures
applied on this scale.

The new parametrization is designed for idealised conditions. It represents another step
towards turbulence closures designed for small-scale atmospheric models for convective processes
in strongly inhomogeneous conditions, after the first step was made by L08. However, further
development is necessary in the future, for example, to include moisture transport. We also
show that the reproduction of detailed flow structures related to leads requires, independent on
the used closure, horizontal grid sizes not larger than L/5 to obtain a reasonable agreement
with LES.

2.2 Models

As L08, we use two different atmospheric model types, an LES model and a non-eddy-resolving
small-scale model. For the non-eddy-resolving model, a parametrization of the subgrid-scale
turbulence is required to quantify the integral effects of the turbulent eddies. The LES model
allows a much more detailed analysis of the turbulent flow over leads since the individual eddies
on all relevant turbulent scales are resolved. With both models, scenarios of a lead-perpendicular
flow in the ABL are simulated, where the upstream ABL is capped by a strong inversion of height
zi = 300 m. A sketch of such a flow regime over a lead of width L is shown in Figure 2.1.

2.2.1 LES model

For LES, we use the PArallelized Large Eddy Simulation Model PALM (Raasch & Schréter,
2001; Maronga et al., 2015) with revision number 2864 in its dry version. PALM has already
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Figure 2.1: Sketch of a convective plume developing in an ABL of height z over a polar lead of width L
during a lead-perpendicular flow (here: from left to right). Stratification of the incoming flow, where U
is the vertically averaged horizontal wind speed, is neutral, and the lead causes stabilisation of the ABL in
the downstream region. The convective plume area is defined as the region between the upper and lower
boundaries of the internal boundary layer (IBL), 6(y) and d4(y), where y is the distance to the lead’s
upstream edge. P to P4 represent arbitrary points in different regimes of the ABL flow: Py is upstream
of the convective plume, P> and P3 are inside the plume at 0 < y < [ and y > L, respectively, and Py,
is downstream of the plume. The dotted vertical black line marks the downstream lead edge. Modified
after LO8 and T15.

been used to study polar boundary layers over heterogeneous sea ice distributions (Weinbrecht
& Raasch, 2001), small-scale processes above leads (L08), and large-scale processes concerning
the impact of sea ice heterogeneities on the downstream ABL in cold-air outbreaks (Gryschka
et al., 2008, 2014; De Roode et al., 2019). PALM is based on the non-hydrostatic Boussinesq-
approximated Reynolds equations with a 1.5-order subgrid-scale closure according to Deardorff
and Peterson (1980), in which a prognostic equation of the subgrid-scale TKE is solved. The
Poisson equation for pressure is solved with the multi-grid method and for the advection terms
the 5th-order Wicker-Skamarock scheme is used. For time integration, the 3rd-order Runge-
Kutta scheme is applied.

At the lead-perpendicular lateral boundaries, cyclic boundary conditions are applied. At the
lead-parallel inflow boundary, fixed vertical profiles of wind and temperature are prescribed. At
the corresponding outflow, a zero gradient is prescribed for temperature, while for the wind
components a radiation boundary condition is set. The latter condition assumes that wind com-
ponents are advected with a transport velocity, which includes wave propagation and advection
by the wind itself (see Orlanski, 1976).

To guarantee that resolved turbulent structures reach the upstream edge of the lead, a
so-called turbulence recycling method after Lund et al. (1998) and Kataoka and Mizuno (2002)
was applied. In a certain distance downstream of the inflow (here: 5km), deviations of the
velocity components from their lateral mean are taken as turbulent signals and superimposed on
the inflow profiles at each time step. This method was not applied in L08. For more details on
the implementation of the boundary conditions and turbulence recycling method, see Maronga
et al. (2015).

Compared to the LES in L08, we chose a smaller grid spacing of 5m (instead of 10 m) in
all directions due to increased computational capacity in the last years. Therefore, in contrast
to L08, also the shallow convection in the first half of the leads is resolved. To prove this, we
compared vertical cross sections of the resolved and subgrid-scale TKE as well as of the resolved
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and subgrid-scale heat flux (not shown). Furthermore, for case L5c-U5 (see Table 2.1 in section
2.2.3), we tested the reliability of the model resolution by performing additional simulations with
10 m and 2.5m grid spacing, where we found that results do not differ significantly between 5 m
and 2.5m grid spacing (not shown). The vertical grid spacing is equidistant up to z = 300 m
and smoothly stretched above. The model's top is at z = 3014 m. In lead-parallel direction,
the model domain of PALM has an extension of 640 m, so more than 2z;, to capture also the
larger convective structures that contribute to the turbulent fluxes.

Since with the applied spatial resolution the detailed structure of the turbulent eddies is
simulated, wind and temperature are strongly variable both spatially and temporally. Therefore,
to ensure comparability with the 2-D non-eddy-resolving model results, LES results are averaged
in lead-parallel direction and time (see Zhou & Gryschka, 2019, for the data).

2.2.2 Microscale model

2.2.2.1 Model description

We follow the methods of LO8 and use the non-hydrostatic atmospheric model METRAS
(MEsoscale Transport and Stream Model; Schliinzen, Bungert, et al., 2012; Schliinzen, Flagg, et
al., 2012) in a dry and 2-D version for microscale simulations of lead scenarios. The Boussinesg-
approximated model equations are solved on a staggered ARAKAWA-C grid and for all considered
cases with L > 1km grid spacing is similar to L08 (200 m horizontally and at least 20 m in ver-
tical direction). For another scenario with L = 500 m, the horizontal grid spacing is 100m. A
sensitivity study regarding the horizontal grid spacing shows that the grid size should not be
larger than L /5 for an appropriate resolution of the lead-generated convection (see Appendix
B.3). Moreover, we aim to avoid an overlap of resolved and subgrid-scale transport as far
as possible. Thus, we assume that the turbulent transport in METRAS is completely due to
subgrid-scale processes in the convective region, which is why we did not consider horizontal grid
sizes < 100 m. We also tested model simulations with 10 m vertical grid spacing, but results of
those simulations were disturbed by resolved but unrealistic gravity waves (not shown). Unlike
L08, we use an equidistant vertical grid spacing for the entire ABL which results in 15 instead
of 10 layers below z = 300 m. Above z = 300 m, the model consists of another 50 layers, and
the model's top is at about 9600 m ensuring that gravity waves are damped towards the model’s
top. Following the strategy of L08, we also do not consider radiation explicitly or condensation
processes.

As in the LES model, we prescribe fixed values for temperature at the inflow boundary. For
the outflow boundary, we apply a zero gradient condition. For the wind components, boundary
conditions are the same at inflow and outflow boundary. Boundary-parallel wind components
are calculated from zero gradient boundary condition and boundary-normal wind components
are calculated directly as far as possible (see Schliinzen, Flagg, et al., 2012).

2.2.2.2 Local and non-local turbulence parametrizations in METRAS

Since we focus on simulations of a dry atmosphere, we will use the term heat flux for sensible
heat fluxes, unless stated otherwise. For the parametrization of both heat and momentum
fluxes, local and non-local approaches are considered.
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2.2.2.2.1 Local mixing-length closure

The local closure schemes are based on flux-gradient relationships
— o0
w'o = —Kp—

ot (2.1)

for temperature, where 8@/82 is the vertical potential temperature gradient and K}, is the eddy
diffusivity for heat, and

@
oz’

wu = —Kp, wv = —Kp, (2.2)

5.
for momentum, where d1i/0z and Ov/0z are the vertical gradients of the x;- and x,-components
of the wind vector and K, is the eddy diffusivity for momentum. In the surface layer (first grid
cell above the surface) both K, and K}, are calculated according to Monin-Obukhov similarity
theory using Businger-Dyer functions (Businger et al., 1971; Dyer, 1974). Above the surface
layer, a mixing-length approach by Herbert and Kramm (1985) is applied to calculate K, and
Ky in Equations 2.1 and 2.2:

121941 (1 - 5Ri)? for 0 < Ri < Ri,
M7\ 2% (1—16Ri)Y? for Ri <0 (2.3)
n az _
K for 0 < Ri < Rj
Kn = " ~\1/4 DD (2.4)
Km (1 —16Ri) for Ri <0

where R/ is the Richardson number, Ric is the critical Richardson number, for which 0.199 is used
instead of 0.2 to avoid zero diffusion, vy, /0z is the vertical gradient of the horizontal wind, and
In = Kkz/(1+ Kkz/Imax) is the mixing length for neutral stratification with Kérman's constant .
For the determination of /,, as in L08, we set the maximum mixing length /. = 0.15z.
Originally, this relation was derived by Brown (1996) based on LES. At grid points where
Ri > Ric, both K., and K}, are calculated with Ri = Ri.. This choice guarantees matching
with the surface layer when Businger-Dyer functions are used in case of stable stratification.
Equations 2.3 and 2.4 guarantee continuity of the fluxes at the first grid level. Note that,
for example, Grachev et al. (2013) found that a critical Richardson number probably does not
exist in nature and an alternative closure is proposed for stable stratification. However, here we
do not consider the related implications since in the surface layer the stratification is far from
the critical value in all model simulations (not shown).
2.2.2.2.2 Non-local closure of L08
Based on their LES results, L08 found that counter-gradient heat fluxes occur in the convective
plume region (Figure 2.1). Those fluxes do not depend on local gradients and have to be
parametrized with non-local parameters. Thus, L0O8 formulated their parametrization based on

wo = —Kj, (az — r) , (2.5)

with the counter-gradient correction I'. Equation 2.5 was first proposed by Priestley and Swin-
bank (1947) and theoretically derived by Deardorff (1972) and Holtslag and Moeng (1991). The
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latter formulated Equation 2.5 for horizontally homogeneous conditions, where K, and [ are
given as functions of z/z;, with the ABL height z;, the convective velocity scale w, (also called
Deardorff's convective velocity scale, e.g., Deardorff, 1970), and the convective temperature
scale 68¢. The latter two quantities are written as follows:

we = (Bsz)*?, (2.6)

with the surface buoyancy flux Bs, where

BS:%W|S:—

g
— U0y, 2.7
o (2.7)

where g is the gravitational acceleration, 8y is the surface layer temperature, u, is the friction
velocity, 6y is the scaling value for temperature, and w’€’|s is the kinematic surface heat flux,

and
/9/
o, = Wls (2.8)

Wi

Following Holtslag and Moeng (1991), Liipkes and Schliinzen (1996) derived K}, and I in a way
which ensures continuous fluxes at the top of the surface layer. In those equations, w, acts as
scaling velocity, which is defined in Equation 2.6 for convection over a horizontally homogeneous
surface and a horizontally homogeneous ABL height z;. To account for the non-homogeneous
flow regime over leads, L08 adjusted the non-local closure of Liipkes and Schliinzen (1996). We
will briefly describe their principles and use Figure 2.1 to illustrate the respective steps.

L08 assume that heat transport inside the convective plume (e.g., at P, and P3) is domi-
nated by non-local effects while outside (e.g., at P1; and P4) mixing is local. As switching lines
between the two closures they consider the upper and the lower plume boundaries d(y) and d4(y)
(also called upper and lower IBL height), where y is the distance to the lead’s upstream edge.
Furthermore, the functional relations of Ky and I remain the same as over a homogeneous
surface, but z; is replaced by the fetch-dependent IBL height §(y). Moreover, L08 state that
the heat flux at any position inside the convective plume is determined by the lead-averaged
surface buoyancy flux B; (same as Bs, but with the index / for the lead’s surface). Thus, also at
P3, which is downstream of the lead but still inside the plume, the characteristics are dominated
by the convection generated over the lead. Besides B,, the dominating parameters inside the
plume are the vertically averaged horizontal wind speed in the ABL at the lead’s upstream edge
(U) and the upstream ABL height z;. Moreover, z; is set constant because L08 consider only
cases with neutral stratification in a shallow ABL capped by a strong inversion.

To match the non-local and local closures, L08 propose a new formulation of the convective
velocity scale (called w; to avoid confusion). They assume that for the region above the lead
(0 <y < L, Figure 2.1) w; can be expressed by (B6(y))*/3, which is similar to Equation 2.6,
but with 6(y) instead of z;. However, to take into account lateral entrainment and dissipation
for y > L, which cause decaying convection, an exponential decay of w; is assumed. Moreover,
L08 focused on narrow leads (L ~ 1km) where the horizontal extension of the plume into the
lead's downstream region can exceed L by several kilometres (L < D, where D is a decay length
scale specified below). Thus, they neglected L as a governing parameter and applied their decay
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function already at y = 0:

wi(y) = ¢ (Bi3(y))*exp (—y/D), (2.9)

with ¢ as an adjustable parameter and with D gained from an equation for 6(y). The latter is
derived by integrating
dd _ we(y) _ aeWmax(y) _ aeamwi(y)

which follows Monin and Yaglom (1971) and Turner (1986), where w, is the entrainment
velocity, wmax is the velocity of the strongest eddies, and a. and a,, are parameters connecting
We, Wmax, and w;. By integrating Equation 2.10, L0O8 obtained

5(y) = Omax (1 — exp (—y/D))*? = z: (1 — exp (—y/D))*?, (2.11)

where dmax = z; is the maximum upper IBL height for a neutral environment, wherein convective
turbulence always penetrates up to the inversion. Since

3/2
2a BY3D
6max = <3 IU ) , (2.12)
with a = acamc, D can be written as
3 U3 1/3
D= (B/> 7?3, (2.13)

For the determination of d4(y), LO8 assume that this switching 