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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-
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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.
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Zusammenfassung

Im Nord- und Südpolarmeer ist das Klimasystem der Erde durch viele unterschiedliche Wech-
selwirkungsprozesse zwischen Atmosphäre, Ozean und Meereis geprägt. Die Meereisbedeckung
spielt dabei in diesem System durch ihren isolierenden Effekt und dem folglich minimierten Aus-
tausch zwischen Ozean und Atmosphäre eine wichtige Rolle, speziell zwischen Spätherbst und
Frühling. Nichtsdestotrotz, auch in der kalten Jahreszeit mit großflächiger Meereisbedeckung ist
ein starker turbulenter Transport von Wärme und Feuchte zwischen dem relativ warmen Ozean
hinein in die kalte Atmosphäre möglich, zum Beispiel durch längliche Öffnungen (Rinnen) im
Meereis. Der konvektive atmosphärische Transport über Rinnen wird durch starke Temperatur-
unterschiede verursacht, was zu konvektiven Plumes mit verstärktem turbulenten Transport
führt. Die Plumes haben einen starken Einfluss auf die Charakteristika der atmosphärischen
Grenzschicht, welcher wiederum von der Rinnengeometrie und den meteorologischen Bedingun-
gen abhängt. Das Verständnis und die Quantifizierung dieser eher kleinskaligen Prozesse ist
entscheidend, um Modellergebnisse zu verbessern, was auch die Ergebnisse großskaliger Modelle
sowie genaue Projektionen des zukünftigen Klimas mit einschließt.

In dieser Dissertation wird eine detaillierte Untersuchung von Prozessen durchgeführt, die
der atmosphärischen Strömung über Rinnen zuzuordnen sind, vornehmlich mithilfe von kleinska-
liger numerischer Modellierung. Durch die im Modell verwendete Gittergröße können konvektive
Plumes aufgelöst werden, nicht jedoch einzelne turbulente Wirbel, sodass eine Parametrisierung
turbulenter Flüsse sowie eine Validierung der zugehörigen Ergebnisse vonnöten sind. Haupt-
sächlich geht es in dieser Arbeit um die Herleitung einer verbesserten Parametrisierung der
turbulenten Flüsse über Rinnen mit verschiedener Breite. Die neue Parametrisierung folgt ei-
nem nicht-lokalen Ansatz und sie basiert auf einer bereits vorhandenen Schließung. Jedoch ist
als eine der zentralen Neuerungen die Rinnenbreite als Parameter in dem neuen Ansatz mit
berücksichtigt.

Die Ergebnisse, die mit dem kleinskaligen Modell unter Verwendung der neuen sowie bereits
existierender Schließungen erzielt wurden, werden in dieser Arbeit für verschiedene idealisierte
und beobachtete Situationen evaluiert. Der erste Schritt besteht aus einem Vergleich der zuge-
hörigen Ergebnisse mit neuen, zeitlich gemittelten Ergebnissen eines Grobstrukturmodells (LES
Modell, "large eddy simulation model") für die idealisierten Fälle. Für rinnensenkrechte Strö-
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 Schließung verwendet wird.

Der zweite Schritt ist dann eine Validierung von weiteren Ergebnissen des kleinskaligen
Modells mithilfe von flugzeuggestützten Beobachtungen. Verglichen mit den idealisierten Fällen
werden in den beobachteten Fällen auch Effekte durch eine stabile Schichtung im Einströmbe-
reich sowie durch flachere Grenzschichten berücksichtigt. Die beobachteten Muster und Struk-
turen werden vom Modell grundlegend wiedergegeben, jedoch werden manche beobachteten
Effekte unterschätzt. Folglich werden weitere Modifikationen der neuen Parametrisierung vor-
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gestellt, mit denen eine verbesserte Übereinstimmung zwischen beobachteten und simulierten
Strukturen erzielt wird.

Neben der neuen Parametrisierung werden auch Modellergebnisse evaluiert, die mit einem
lokalen Schließungsansatz erzielt wurden. In den zugehörigen Modellergebnissen zeigen sich ei-
nige Nachteile, speziell für die idealisierten Fälle, wohingegen manche von den beobachteten
Grenzschichtcharakteristika auch mit dieser Schließung vom Modell grundlegend wiedergegeben
werden können. Jedoch zeigen sich die Vorteile eines nicht-lokalen Ansatzes deutlich, nämlich
durch die physikalisch betrachtet vernünftigste Darstellung atmosphärischer Prozesse, speziell in
Regionen mit zwar neutraler oder sogar leicht stabiler Schichtung bei gleichzeitig immer noch auf-
wärts gerichteten Flüssen (den Gradienten entgegengerichtetem Transport, "counter-gradient
transport") und in Regionen mit vertikalem Einmischen wärmerer Luft aus der abgehobenen
Inversion in die Grenzschicht ("entrainment").

Schließlich wird noch eine vorläufige Studie durchgeführt, mit der mögliche Auswirkungen
von kleinskaligen, rinnengenerierten atmosphärischen Prozessen auf größeren Skalen gezeigt wer-
den sollen. Das kleinskalige Modell wird dabei dafür verwendet, die Strömung über verschiedenen
Rinnenkonfigurationen sowie über 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 repräsentiert. Anhand eines Vergleichs
von gebietsgemittelten Vertikalprofilen wird gezeigt, dass sowohl die Rinnen selbst als auch ihre
Geometrie auch auf der größeren 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 können, wird hierdurch
sehr deutlich aufgezeigt, dass großskalige Modelle im Hinblick auf kleinskalige Prozesse über
Rinnen verbessert werden müssen.
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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 levels1,
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

1the 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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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 φ, this relation is given by φ = φ + φ′, where
φ represents the mean value and φ′ the turbulent fluctuations of φ (e.g., Kraus, 2008).

Turbulent motion is often visualised by eddies of different time and length scales (Stull,
1988). The eddies reach from O(10−3)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 > 0 ms−1 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(102−
103)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 Lüpkes, 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 Lüpkes 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
100 m (Wetzel & Brümmer, 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 L08, 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. Lüpkes
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., Fröhlich, 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 φ′ are treated (Fröhlich, 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 ∆x1 = ∆x2 = O(102)m
and vertical grid sizes of ∆x3 = O(101)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; Fröhlich, 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(100)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., Fröhlich, 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., Lüpkes &
Schlünzen, 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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dissipation range

typical LES filter wavenumber or frequency
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Spectral energy  
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typical microscale RANS filter

resolved by LES
parametrized in LES
(subgrid scale)

parametrized in microscale
RANS model (subgrid scale)

resolved by
microscale
RANS

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), Fröhlich (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 ′θ′ for temperature
transport, w ′q′v for humidity transport, and w ′u′ 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 φ 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 ′θ′, such a closure is given by

w ′θ′ = −Kh
∂θ

∂x3
, (1.1)

where ∂θ/∂x3 is the vertical potential temperature gradient andKh is the eddy diffusivity for heat.
Equation 1.1 represents a local approach for w ′θ′ since the subgrid-scale flux is connected with
the local gradient. Following this approach, Kh 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; Lüpkes
& Schlünzen, 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 ′θ′, such an approach is
expressed by

w ′θ′ = −Kh
(︃
∂θ

∂x3
− Γ
)︃
, (1.2)

with the gradient correction term Γ. L08 used Equation 1.2 to formulate a corresponding
parametrization for Kh and Γ for the inhomogeneous convection over leads based on the ap-
proach by Lüpkes and Schlünzen (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; Lüpkes,
Vihma, et al., 2008). As Lüpkes, 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, Lüpkes, 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

8



1.2 Scope and structure of the thesis

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 Müller (2018). Furthermore, they outline that
such an effect is in the range of 12 hr weather forecast accuracy (see also Müller et al., 2017).
In addition, also Grötzner 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.2

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 Idealised lead scenarios: Modelling and
derivation of a new turbulence
parametrization 1

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.

1The 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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2.1 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 Lüpkes, 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 Müller (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 Müller 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 < 100m) 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 (< 2.5ms−1). They proposed an L-dependent equation for the plume penetration
height zhp with zhp ∝ L2/3. Zulauf and Krueger (2003b) transferred that equation to other lead
widths and they found rather zhp ∝ 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 102m horizontally and 101m 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). L08 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, Fh, over
leads using K-theory, but with a gradient correction scheme based on the parametrization of
Lüpkes and Schlünzen (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 = 1 km, an ABL
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height of 300 m, 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.

L08 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 = 300m. 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 & Schröter,
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 zi 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), δ(y) and δd(y), where y is the distance to the lead’s
upstream edge. P1 to P4 represent arbitrary points in different regimes of the ABL flow: P1 is upstream
of the convective plume, P2 and P3 are inside the plume at 0 ≤ y ≤ L and y > L, respectively, and P4
is downstream of the plume. The dotted vertical black line marks the downstream lead edge. Modified
after L08 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: 5 km), 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 5 m (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 2.5 m grid spacing, where we found that results do not differ significantly between 5 m
and 2.5 m grid spacing (not shown). The vertical grid spacing is equidistant up to z = 300m
and smoothly stretched above. The model’s top is at z = 3014m. In lead-parallel direction,
the model domain of PALM has an extension of 640 m, so more than 2zi , 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 L08 and use the non-hydrostatic atmospheric model METRAS
(MEsoscale Transport and Stream Model; Schlünzen, Bungert, et al., 2012; Schlünzen, Flagg, et
al., 2012) in a dry and 2-D version for microscale simulations of lead scenarios. The Boussinesq-
approximated model equations are solved on a staggered ARAKAWA-C grid and for all considered
cases with L ≥ 1 km grid spacing is similar to L08 (200 m horizontally and at least 20 m in ver-
tical direction). For another scenario with L = 500m, the horizontal grid spacing is 100 m. 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 < 100m. 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 = 300m. Above z = 300m, 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 Schlünzen, 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

w ′θ′ = −Kh
∂θ

∂z
, (2.1)

for temperature, where ∂θ/∂z is the vertical potential temperature gradient and Kh is the eddy
diffusivity for heat, and

w ′u′ = −Km
∂u

∂z
, w ′v ′ = −Km

∂v

∂z
, (2.2)

for momentum, where ∂u/∂z and ∂v/∂z are the vertical gradients of the x1- and x2-components
of the wind vector and Km is the eddy diffusivity for momentum. In the surface layer (first grid
cell above the surface) both Km and Kh 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 Km and
Kh in Equations 2.1 and 2.2:

Km =

{︄
l2n |
∂vh
∂z | (1− 5Ri)

2 for 0 ≤ Ri ≤ Ric
l2n |
∂vh
∂z | (1− 16Ri)

1/2 for Ri ≤ 0
, (2.3)

Kh =

{︄
Km for 0 ≤ Ri ≤ Ric
Km (1− 16Ri)1/4 for Ri ≤ 0

, (2.4)

where Ri is the Richardson number, Ric is the critical Richardson number, for which 0.199 is used
instead of 0.2 to avoid zero diffusion, ∂vh/∂z is the vertical gradient of the horizontal wind, and
ln = κz/(1+κz/lmax) is the mixing length for neutral stratification with Kármán’s constant κ.
For the determination of ln, as in L08, we set the maximum mixing length lmax = 0.15zi .
Originally, this relation was derived by Brown (1996) based on LES. At grid points where
Ri > Ric , both Km and Kh are calculated with Ri = Ric . 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, L08 formulated their parametrization based on

w ′θ′ = −Kh
(︃
∂θ

∂z
− Γ
)︃
, (2.5)

with the counter-gradient correction Γ. 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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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

latter formulated Equation 2.5 for horizontally homogeneous conditions, where Kh and Γ are
given as functions of z/zi , with the ABL height zi , the convective velocity scale w∗ (also called
Deardorff’s convective velocity scale, e.g., Deardorff, 1970), and the convective temperature
scale θf . The latter two quantities are written as follows:

w∗ = (Bszi)
1/3 , (2.6)

with the surface buoyancy flux Bs , where

Bs =
g

θ0
w ′θ′|s = −

g

θ0
u∗θ∗, (2.7)

where g is the gravitational acceleration, θ0 is the surface layer temperature, u∗ is the friction
velocity, θ∗ is the scaling value for temperature, and w ′θ′|s is the kinematic surface heat flux,
and

θf =
w ′θ′|s
w∗
. (2.8)

Following Holtslag and Moeng (1991), Lüpkes and Schlünzen (1996) derived Kh and Γ 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 zi . To account for the non-homogeneous
flow regime over leads, L08 adjusted the non-local closure of Lüpkes and Schlünzen (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 P2 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 δ(y) and δd(y)
(also called upper and lower IBL height), where y is the distance to the lead’s upstream edge.
Furthermore, the functional relations of Kh and Γ remain the same as over a homogeneous
surface, but zi is replaced by the fetch-dependent IBL height δ(y). Moreover, L08 state that
the heat flux at any position inside the convective plume is determined by the lead-averaged
surface buoyancy flux Bl (same as Bs , but with the index l 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 Bl , 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 zi . Moreover, zi 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 wl to avoid confusion). They assume that for the region above the lead
(0 < y < L, Figure 2.1) wl can be expressed by (Blδ(y))1/3, which is similar to Equation 2.6,
but with δ(y) instead of zi . However, to take into account lateral entrainment and dissipation
for y > L, which cause decaying convection, an exponential decay of wl is assumed. Moreover,
L08 focused on narrow leads (L ≈ 1 km) 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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2.2 Models

function already at y = 0:

wl(y) = c (Blδ(y))
1/3 exp (−y/D), (2.9)

with c as an adjustable parameter and with D gained from an equation for δ(y). The latter is
derived by integrating

dδ

dy
=
we(y)

U
=
aewmax(y)

U
=
aeamwl(y)

U
, (2.10)

which follows Monin and Yaglom (1971) and Turner (1986), where we is the entrainment
velocity, wmax is the velocity of the strongest eddies, and ae and am are parameters connecting
we , wmax , and wl . By integrating Equation 2.10, L08 obtained

δ(y) = δmax (1− exp (−y/D))3/2 = zi (1− exp (−y/D))3/2 , (2.11)

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

δmax =

(︄
2a

3

Bl
1/3D

U

)︄3/2
, (2.12)

with a = aeamc , D can be written as

D =
3

2a

(︃
U3

Bl

)︃1/3
zi
2/3. (2.13)

For the determination of δd(y), L08 assume that this switching line is located downstream of
the lead where the non-local heat flux is less than Fcr it = 2Wm−2. For the parameters, L08
define the following ranges: c ≈ 1.6±0.5, am = 3±1, and ae = 0.3±0.1 so that a is in a range
between 0.4 and 3.4. For all their cases, L08 applied a = 2.3 and c = 1.6. For the convective
temperature scale θf in the plume, which we call θl to avoid confusion with the usual definition,
L08 consider Equation 2.8 with wl(y) instead of w∗. Momentum fluxes are parametrized with
the local closure (Equations 2.2 and 2.3).

L08 reformulated the equations of Lüpkes and Schlünzen (1996) for Kh and Γ in a non-
dimensional form as a function of the stability parameter

S(y) = wl(y)/u∗,l , (2.14)

with u∗,l as the lead-averaged value for the friction velocity, and of the non-dimensional vertical
coordinate

Z(y) = z/δ(y) (2.15)

and obtained

Kh/Kp = Z

(︃
1 +
S

κ
Z1/3

)︃
(1− Z)2 , Zp ≤ Z ≤ 1, (2.16)
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

with the eddy diffusivity at the surface layer’s top zp

Kp =
u∗,lκzp
Φp

, (2.17)

where Φp = (Φh|zp + ΦΓ)Zp(1 + (S/κ)Zp1/3)(1 − Zp)2 with the Monin-Obukhov similarity
function for heat Φh and with ΦΓ = Γ|zpκzpu∗,l/w ′θ′|s .

For Γ, L08 obtained:

Γ/Γ0 = 0.63bS
[︂
(1− Z)3/2 + 0.593S3Z(1− 0.9Z)3/2

]︂−2/3
, (2.18)

with an adjustable parameter b and with Γ0 = (w ′θ′|s)/(u∗,l δ(y)) = Sθl/δ(y). L08 set b = 0.6,
which is much lower as in previous studies (e.g., Holtslag & Moeng, 1991; Lüpkes & Schlünzen,
1996).

2.2.3 Scenarios and setup of models

We discuss the results of 10 different idealised scenarios (Table 2.1). Nevertheless, our applied
model domains are chosen with respect to observations during several campaigns (REFLEX I
and II, ARTIST, ARKXIX/1, STABLE; Hartmann et al., 1992; Kottmeier et al., 1994; Hart-
mann et al., 1999; Lüpkes et al., 2004, T15) and the initialisation data for the simulations are
representative for typical springtime conditions in the polar regions.

We distinguish between the convection over wide and over narrow leads. We define wide
leads as those where the convection penetrates into the capping inversion already above the
leads. Here, this concerns four scenarios with L = 5 km and one with L = 10 km. For narrow
leads, where the convection reaches the inversion further downstream, we consider four scenarios
with L = 1 km similar to those in L08 and one scenario with L = 0.5 km. We focus on results
over one lead, but for the cases L1c-U3, L1c-U5, L1c-U7, and L1w-U10 (Table 2.1) as in L08,
we consider the results over a lead 10 km downwind of another lead to compare them with the
L08 results. This ensures that the effects caused by the first lead, such as slightly increased air
temperature and a slightly stable stratification upstream of the second lead, are included.

As L08, we focus on cases with sea ice surface temperatures prescribed to 250 K or 260 K.
Surface temperature of the leads is always prescribed to 270 K representing a lead covered by
thin, new ice, which is often observed at low air temperatures (Pinto et al., 2003). For both
surfaces, temperatures do not change throughout the model integration.

Four different wind regimes are investigated prescribing lead-orthogonal geostrophic wind
components ug upstream of the leads of 3 ms−1, 5 ms−1, 7 ms−1, and 10 ms−1, respectively.
The corresponding lead-parallel components, vg, (see Table 2.1) ensure a lead-perpendicular
flow in the ABL. Thus, all simulations can be regarded as quasi-2-D simulations, independent
of the lead-parallel component of the coordinate system. That is, we neglect a possible fetch
dependence of surface roughness and prescribe the roughness lengths for momentum to z0 =
10−3m over ice and z0 = 10−4m over water in both models. For both surfaces, the ratio
between the roughness lengths for momentum and heat is assumed as 10. The value of the
Coriolis parameter f refers to 79 ◦N.

20



2.3 LES results

Table 2.1: Summary of discussed casesa.
Wide leads

L5c-U3 L5c-U5 L5c-U7 L10c-U5 L5w-U5
L (km) 5 5 5 10 5
ug (ms−1) 3.0 5.0 7.0 5.0 5.0
vg (ms−1) 0.4 1.0 2.0 1.0 1.0
Ts,i (K) 250 250 250 250 260
F h,s (Wm−2) 144 195 245 196 85
F100,L (Wm−2) 119 163 197 169 75
F100,M (Wm−2) 127 168 205 169 68
F200,L (Wm−2) 74 102 113 103 49
F200,M (Wm−2) 73 95 115 94 39

Narrow leads

L1c-U3 L1c-U5 L1c-U7 L1w-U10 L0.5c-U5
L (km) 1 1 1 1 0.5
ug (ms−1) 3.0 5.0 7.0 10.0 5.0
vg (ms−1) 0.4 1.0 2.0 2.5 1.0
Ts,i (K) 250 250 250 260 250
F h,s (Wm−2) 125 163 200 131 166
F100,L (Wm−2) 83 103 117 21 51
F100,M (Wm−2) 103 96 91 27 48
F200,L (Wm−2) 34 41 41 4 15
F200,M (Wm−2) 60 43 40 11 21
a L is the lead width, ug and vg are the lead-orthogonal and lead-parallel geostrophic wind components, Ts,i is the
prescribed sea ice surface temperature, F h,s is the lead-averaged surface heat flux, F100,L and F200,L are the maximum
heat fluxes at 100 m and 200 m height as simulated with LES, and F100,M and F200,M are the corresponding values as
simulated by the microscale model using the new non-local turbulence parametrization (section 2.5.1). For the cases
with L = 1 km, results correspond to the second lead 10 km downstream of another lead.

As in L08, a neutrally stratified atmosphere with a strong capping inversion at zi = 300m is
prescribed initially in the whole domain of both models and as inflow temperature profile during
the whole time integration. The initial and inflow profile of wind in METRAS is determined with
the 1-D model version. In PALM, a 3-D LES pre-run with lateral cyclic boundary conditions
and smaller model domain than in the main run representative for the situation over ice was
performed. Thus, unlike L08, we use a 3-D instead of a 1-D pre-run to initialise the simulations
with a turbulent wind field. Hence, at the inflow boundary, the turbulence is produced already
at the beginning of each simulation due to the turbulence recycling method causing a faster
developing flow.

For both models, we prescribe at least 5 km distance for both in- and outflow boundary to
the corresponding lead edges to guarantee that results near the lead are not influenced by the
boundaries. In two-lead domains, we prescribe a gap of at least 10 km to the next lead to avoid
possible interactions of plumes from different leads.

The model simulations are performed until quasi-stationary conditions are reached with
respect to temperature, wind, and flux profiles in the ABL. For METRAS, quasi-stationarity is
reached after approximately 2 hrs integration time. With PALM also approximately 2 hrs are
required to reach quasi-stationarity, but the total simulation time is longer since the LES results
are then averaged over an hour.

2.3 LES results

Time-averaged LES results are presented for the heat flux, vertical potential temperature gra-
dient (Figure 2.2), horizontal wind speed, and momentum flux (Figure 2.3). Both figures show
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

results of the cases L5c-U3, L5c-U5, L5c-U7, and L10c-U5 (Table 2.1). Thus, in three cases,
the same lead width of 5 km and the same inflow temperature but different wind speeds are
used. In case L10c-U5 lead width L is doubled. The position of the lead in each plot is between
y = 0 km and the dashed vertical black line, where y is the distance from the upstream lead
edge. The flow is from left to right. For the heat flux, the sum of both resolved and subgrid-
scale fluxes is shown in Figure 2.2 (left column). Values of the vertical potential temperature
gradient are shown in Figure 2.2 (right column) in K per 100 m.

In three cases, the overall structure of the heat flux patterns seems to be similar (Figures
2.2a, 2.2c, and 2.2e). Above the lead, positive heat fluxes are simulated almost in the entire
ABL. At that distance where the convective plume reaches the capping inversion, entrainment
is generated with negative fluxes due to turbulence in the inversion layer. The horizontal distri-
bution of heat fluxes is highly inhomogeneous showing a clear maximum over the lead. In the
upper third of the mixed layer, the position of this maximum occurs where the plume starts to
penetrate into the inversion. Towards the lower part of the mixed layer, the position is shifted
slightly downstream. Especially for case L5c-U3, a region of almost horizontally homogeneous
heat fluxes is simulated downwind of the maximum, starting at approximately y = 3 km (Figure
2.2a). For all three cases, the plume extends also into the downwind region of the lead, followed
by a region of negative (downward) fluxes in the entire ABL.

Figures 2.2a, 2.2c, and 2.2e clearly demonstrate the influence of the upstream wind speed
on the spatial structure and strength of the lead-generated convection. The higher the wind
speed, the higher is the inclination angle of the plume, the stronger is the entrainment, and
the stronger is the lead-averaged surface heat flux (see also Table 2.1). Furthermore, with
increasing wind speed, the distances of the simulated maximum heat fluxes from the upstream
lead edge increase. However, the maximum is more pronounced for weak wind (Figure 2.2a)
than for strong wind (Figure 2.2e). The simulated heat flux distribution over the lead with
L = 10 km (Figure 2.2g) looks similar to the corresponding case with L = 5 km (Figure 2.2c)
until y ≈ 6 km. Also in the 10 km-case, a maximum is simulated at 2.5 < y < 3 km and the
entrainment fluxes in the inversion layer reach similar values. Furthermore, the positions of the
maximum entrainment fluxes with fetch denote an almost linear growth in ABL thickness for
4 km < y < L. Such an increase is also shown for case L5c-U5, but less strong (Figure 2.2c).
Obviously, an increase in lead width leads to a stronger increase in ABL thickness over the lead,
which has been studied also for other cases (not shown)

The vertical potential temperature gradient (Figure 2.2, right column) indicates the ABL
stratification near the lead. An almost neutrally stratified ABL up to z ≈ 270m at the lead’s
upstream edge is obtained in all cases. This means that the bottom of the inversion is lower
at the lead’s upstream edge after some simulation time than its initial position at z = 300m
at the inflow boundary. This subsidence is probably caused by a thermally-induced convergence
directly below the inversion near the lead’s upstream edge. Moreover, it is also shown in the
corresponding microscale model results (sections 2.4 and 2.5.2). Strong unstable stratification
occurs above the lead surface and a stabilisation is seen downwind over sea ice.

Comparing the vertical potential temperature gradient in the convective area with the
region of positive heat fluxes (dashed grey lines in Figure 2.2, right column), there is a clear
evidence for non-gradient heat fluxes. These fluxes roughly start at that distance where the
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Figure 2.2: LES results of sensible heat flux in Wm−2 (left column) and of vertical potential temperature
gradient in K per 100 m (right column) for the cases L5c-U3 (a, b), L5c-U5 (c, d), L5c-U7 (e, f), and
L10c-U5 (g, h). The position of the lead is between 0 km and the vertical dashed black line. The distance
between heat flux contour lines is 5 Wm−2 for negative fluxes. In the right column, the area inside the
dashed grey lines depicts the region of positive fluxes inside the convective plume. For the description of
the cases, see Table 2.1.

plume reaches the inversion and they dominate the heat flux pattern especially in the upper part
of the ABL near y = L and further downwind. The higher the wind speed, the further those
counter-gradient fluxes extend into the downstream region. These results for heat fluxes and
stratification agree well with those discussed by L08.

The general structure of the wind field (Figure 2.3, left column) seems to be independent on
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

the inflow wind speed. For example, in all cases, pronounced wind speed maxima are simulated
at the lead’s upstream edge with maximum values directly below the inversion. Although these
maxima exceed the mean wind speed by only about 10 %, we will call them in the following low-
level jet (LLJ). Due to lead-generated convection and, thus, enhanced vertical mixing, the LLJ
near the inversion is destroyed and another, slightly less pronounced wind maximum is simulated
between approximately 30 < z < 100m. The higher the upstream wind speed, the larger are the
distances of both maxima from the lead’s upstream edge due to increased plume inclination. In
the lead’s downstream region not directly influenced by the convection, there is some evidence
for a recovering LLJ.

Unlike L08, we also analyse vertical momentum fluxes, for which LES results are shown in
Figure 2.3 (right column). As for the previously discussed quantities, also the structure of the
simulated momentum flux distributions is, basically, similar in all cases, and strong horizontal
inhomogeneity is obvious. Moreover, two pronounced maxima are shown. The first maximum is
simulated in the unstable region over the lead close to the lead’s upstream edge and its magnitude
at 0.1zi increases with increasing wind speed. Another, slightly less pronounced maximum is
simulated near the lead’s downstream edge. This secondary maximum is especially pronounced
in the cases L5c-U3 and L10c-U5 (Figures 2.3b and 2.3h), and its centre is near 0.6zi . For those
two cases, heat fluxes are almost horizontally homogeneous in that part of the ABL (Figures
2.2a and 2.2g). The secondary maximum in the momentum fluxes is not simulated for the
case L5c-U7 (Figure 2.3f). In this case, the region of horizontally inhomogeneous heat fluxes
extends into the lead’s downwind region (Figure 2.2e). In contrast to the first maximum of the
momentum flux patterns, the magnitude of the secondary maximum decreases with increasing
upstream wind speed.

2.4 Microscale model results with different turbulence closures

In this section, we consider results for case L5c-U5 obtained with METRAS for the same
quantities as in section 2.3 using the turbulence closures described in section 2.2.2.2. Results
in Figure 2.4 (left column) were obtained with the local closure, those in Figure 2.4 (right
column) with the L08 closure. As already stated by L08 and as mentioned in the previous
sections, non-gradient heat fluxes occur in the convective environment over leads. Thus, it is
not surprising that both heat fluxes and stratification obtained with METRAS using the local
closure (Figures 2.4a and 2.4c) disagree with the corresponding LES results (Figures 2.2c and
2.2d). Especially, the stratification downstream of the lead is not represented correctly. No
entrainment is simulated, and positive heat fluxes occur over a wide region of several kilometres
width downstream of the lead. Also, the positions of maximum heat fluxes disagree with the
corresponding LES results.

The lead-generated effects on the wind field (Figure 2.4e) are partly represented with the
local closure. The maximum value and the position of the LLJ upstream of the lead agree well
with the corresponding LES results (Figure 2.3c) and also a destruction of the LLJ over the
lead is simulated. However, this destruction is not as effective as compared to LES.

In the momentum flux distribution obtained with the local closure (Figure 2.4g), the position
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Figure 2.3: LES results as in Figure 2.2, but horizontal wind speed in ms−1 (left column) and vertical
momentum flux in Nm−2 (right column) are shown.

of the main maximum near the upstream edge of the lead agrees with LES (Figure 2.3d), but
it is not as pronounced as in the LES. Another maximum is simulated near y = L, but it occurs
at z ≈ zi rather than at z ≈ 0.6zi as in the LES result. Moreover, this maximum seems to be
caused by processes that are not simulated with LES, namely, by an unstable stratification at
that location in combination with high vertical wind shear ∂vh/∂z near z = zi (see also Figure
B5 in Appendix B).

Not only an improvement but also a drawback is obvious when the L08 closure is used
(Figure 2.4b). A pronounced maximum of heat fluxes is simulated at y ≈ 2 km, but a strong
discontinuity occurs at y ≈ 4.5 km near the downstream lead edge. We found this discontinuity
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Figure 2.4: Results obtained with METRAS using the local mixing-length closure (left column) and using
the L08 parametrization (right column) for case L5c-U5 of heat flux in Wm−2 (a, b), vertical potential
temperature gradient in K per 100 m (c, d), horizontal wind speed in ms−1 (e, f), and vertical momentum
flux in Nm−2 (g, h). The position of the lead is between 0 km and the vertical dashed black line. The
distance between heat flux contour lines is 5 Wm−2 for negative fluxes. The solid grey lines in the right
column show the upper IBL height according to Equation 2.11. Corresponding LES results are shown in
Figures 2.2c, 2.2d, 2.3c, and 2.3d.

is sensitive to the applied value for lmax and to the matching of the local and non-local closures
at the plume’s downwind boundary, where the non-local heat flux (see Equation 2.18) is below
its assumed critical value Fcr it . For narrow leads (L≪ D), for which the L08 closure is derived,
Fcr it is reached downstream of the lead so that such a discontinuity was not simulated (see L08).
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Figure 2.5: Results of the non-local heat flux Fh,nl = ρ0cpKhΓ in Wm−2 (a) and vertical velocity variance
w ′2 (Equation 2.26) in m2s−2 (b) obtained with METRAS using the L08 closure for case L5c-U5. In
(a), the dashed-dotted black contour line denotes where Fh,nl = 0.1Wm−2 and coloured contour levels
start at Fh,nl = 2Wm−2. In (b), the solid grey line shows the upper IBL height following Equation 2.11.

For wide leads (e.g., L = 5 km), the non-local scheme is not used any more starting already at
y < L so that the results resemble those of the local scheme for the region downstream of the
lead. As Figure 2.5a shows, this holds also for a much smaller Fcr it than the value assumed
by L08, for example, Fcr it = 0.1Wm−2. Also the vertical velocity variances w ′2 (Equation
2.26) approach zero already at y < L (Figure 2.5b). Consequently, the simulated total heat
flux above the second half of the lead is mainly due to local effects when the L08 closure is
applied to wide leads. Furthermore, the convection does not penetrate into the inversion causing
less entrainment than with LES. This prevents the stabilisation of the downstream ABL and
stratification remains unstable (Figure 2.4d).

As expected, the patterns of horizontal wind speed and momentum fluxes are similar to
the patterns obtained with the local closure (Figures 2.4f and 2.4h) since L08 use a non-local
approach for heat but a local closure for momentum (section 2.2.2.2.2). Thus, although small
improvements are obvious with the L08 scheme, also these results show discrepancies to the
LES when L exceeds the lead width considered by L08 (see also Figure B5 in Appendix B).

2.5 New turbulence parametrization

2.5.1 Principles and derivation

The L08 parametrization was developed for narrow leads (L ≈ 1 km) and, thus, it is not surpris-
ing that the application outside of its range of applicability to the much wider lead (L = 5 km)
results in the discussed difficulties. Therefore, in the following, we present a modified version
of the L08 parametrization that will avoid the discussed drawbacks. It includes L as a param-
eter and is as robust against variations of the upstream wind speed U, ABL height zi , and
sea ice− lead surface temperature differences as the original closure. The basic ideas, namely,
the separation of the turbulence regimes inside and outside the plume regions and the assump-
tion of decaying turbulence downstream of the lead, remain unchanged. However, in the L08
parametrization, the decay of turbulence starts for simplicity already at the lead’s upstream
edge, while in our new version, we assume fully developed convection above the lead and apply
a decay function only over sea ice. Thus, we will adjust the convective velocity scale wl(y),
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

which has consequences also for the internal boundary layer height δ(y). For reasons that are
explained below, we modify also the convective temperature scale θl and the parametrization of
decaying convection on the lead’s downstream side. A similar approach has been proposed by
Gollnik (2008), but his determination of the parameters is based on rough estimations compared
to the methods described here (see below). Furthermore, based on an LES study of decaying
convection (Nieuwstadt & Brost, 1986), we consider two different decay length scales, one for
the decay of vertical wind fluctuations, Dw , and one for the decay of temperature fluctuations,
Dθ (see Appendix B.1). Unlike L08 and Gollnik (2008), we apply a non-local closure also for
the momentum fluxes.

The basic equations of the new parametrization are the same as in L08 (Equations 2.5, 2.16,
and 2.18). However, unlike L08, we account for the different behaviour above and downstream
of the lead by defining the vertical velocity scale as

wl(y) =

{︄
c (δ(y)Bl)

1/3 , 0 ≤ y ≤ L
c (δ(y)Bl)

1/3 exp (L−yDw ), y > L
, (2.19)

where Dw is the decay length scale for vertical wind fluctuations (similar to D in L08) and
where c is a parameter. By this definition, the decay of wl starts over the downstream lead
edge rather than over the upstream edge as in L08. Moreover, the determination of both Dw
and c differs from L08 (see below). Besides these differences, the second line of Equation 2.19
results in the limit L→ 0 in the same equation as in L08.

As L08, we consider Equation 2.10 to determine the upper IBL height δ(y) assuming
δ(y) = 0 at the lead’s upstream edge (y = 0) as lower boundary condition. To arrive at the
final equation for δ(y), we use Equation 2.10, but limit δ(y) to zi . We obtain after integration
of Equation 2.10 with Equation 2.19

δ(y) =

⎧⎪⎪⎨⎪⎪⎩
min

(︃
zi ,
(︂
2a
3
Bl
1/3

U y
)︂3/2)︃

, 0 ≤ y ≤ L

min

(︃
zi , δL

[︂
1 + DwL

{︂
1− exp

(︂
L−y
Dw

)︂}︂]︂3/2)︃
, y > L

, (2.20)

where δL is defined as

δL =

(︄
2a

3

Bl
1/3

U
L

)︄3/2
, (2.21)

with the parameter a defined as described below. This formulation guarantees continuity of
δ(y) at y = L. Here, the limit δ(y) ≥ zi is reached for y < L in all cases with L = 5 km and
L = 10 km (wide leads). Equation 2.20 is valid for any possible value of L. For L → 0, also
δ(y)→ 0. For L→∞, two cases have to be regarded. If δL < zi , δ(y)→ δL. If δL = zi , also
δ(y) = zi .

For parametrizing the decaying convection, unlike L08, we do not assume that δ(y) ap-
proaches zi for y →∞, if the limit δ(y) ≥ zi is not reached at y ≤ L. Not only for wide leads,
δ(y) reaches zi anyway already at y < L but also for narrow leads, the convection reaches zi in
almost all cases between approximately 1 < y < 8 km (see entrainment fluxes in LES results of
L08, their Figures 3 and 8). Thus, we cannot obtain the decay length scale Dw from Equation
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2.5 New turbulence parametrization

2.20 as in L08. Our modified approach for this parameter is explained in Appendix B.1, and we
obtain

Dw = dw · U
zi
2/3

Bl1/3
, (2.22)

where dw is a parameter (see Appendix B.1).
Unlike L08, we apply an exponential decay function also for the convective temperature

scale θl to account for the decay of temperature fluctuations at y > L. We obtain

θl(y) =

⎧⎨⎩
w ′θ′|s
wl (y)

, 0 ≤ y ≤ L
w ′θ′|s
wl (y)

exp
(︂
L−y
Dθ

)︂
, y > L

, (2.23)

where Dθ is the decay length scale for temperature with

Dθ = dθ · U
zi
2/3

Bl1/3
, (2.24)

where dθ is a parameter (see Appendix B.1). In Figure 2.6, we illustrate the necessity of using
Equation 2.23 instead of Equation 2.8 by showing the effect of both equations on the non-
local term Γ, exemplarily for case L5c-U5. The dashed lines in Figure 2.6 show that Γ would
increase for y > L especially in the upper part of the ABL if we did not consider the second
line of Equation 2.23. This would result in unrealistically increasing heat fluxes at y > L, which
contradicts also LES (Figure 2.2, left column).
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Figure 2.6: METRAS results of the non-local
term Γ (in 103 Km−1) in the new parametrization
(section 2.5.1) at different heights (coloured)
obtained with either Equation 2.8 (dashed) or
Equation 2.23 (solid) for the convective temper-
ature scale θl at y > L. Black: z = 20m,
red: z = 100m, brown: z = 200m, and blue:
z = 290m. Case is L5c-U5, and the lead is be-
tween 0 and 5 km distance.

Downstream of the lead, we adopt the
assumption of L08 that mixing far away from
the plume is dominated by local effects. Thus,
we also take δd(y) as switching line. Unlike
L08, we set Fcr it = 0.1Wm−2 since com-
pared with LES the simulated entrainment
was underestimated using the original value
(not shown). This new value was found by a
systematic variation of Fcr it in small steps and
comparing results for all cases with LES. The
modification of the closure has consequences
also for the values of the other unknown pa-
rameters.

Since the new closure assumes no decay
of turbulence over the lead, values obtained
for the convective velocity scale wl with this
closure are higher than with the corresponding
Equation 2.9 of the L08 closure. A higher
value of wl results in a smaller inclination of
the plume. Thus, the parameters c and finally
a, which also determine the plume inclination,

need to be lowered relative to the values c = 1.6 and a = 2.3 used by L08, when a similar quality
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

of agreement shall be reached as for the L08 closure. With our assumption that convection
over a lead is similar to convective conditions over homogeneous surfaces, we obtain wl = w∗
if the limit δ(y) = zi is reached above the lead (see Equations 2.6 and 2.19); hence, we set
c = 1. This value was confirmed by determining c with the help of LES results (see Appendix
B.2). c might depend on L, but a comparison with LES showed that this dependence can be
neglected and, thus, the value c = 1 is applicable for the cases considered here.

For ae and am, we apply the same ranges as determined by L08 (section 2.2.2.2). With
c = 1 and a = aeamc , we obtain a = 1 ± 0.6, which is also lower than in L08. Based on the
simulated plume inclinations, our results agree best with LES if we set a = 1.2 (see also Table
B1 and Figures B8 and B9 in Appendix B).

We change also b, which determines the magnitude of Γ (Equation 2.18). By applying
smaller values for c and a, results obtained with the value of L08 (b = 0.6) disagree with LES
(see Figure B6 in Appendix B), namely, due to an underestimated counter-gradient transport.
We obtain the best agreement with LES, if we set b = 2. This agrees perfectly with the value
proposed originally for b used in Γ by Holtslag and Moeng (1991) on the basis of LES for convec-
tion over homogeneous surfaces and whose approach forms the basis for our parametrization.
For dw and dθ, we obtain dw ≈ 1.7 and dθ ≈ 0.51 also based on LES (see Appendix B.1).

Regarding the momentum fluxes, we found that results obtained with a non-local instead
of a local approach for the eddy diffusivity Km agree better with LES. We obtain Km follow-
ing Lüpkes and Schlünzen (1996), where we apply the corresponding equation only inside the
convective plume:

Km = Kh

(︄
Φh|zp
Φm|zp

+ b
wl(y)u∗,lκzp

Φm|zpw ′2|zpδ(y)

)︄
, δd(y) < z ≤ δ(y) , (2.25)

where Φm is the Monin-Obukhov similarity function for momentum and w ′2 is the vertical
velocity variance, which is parametrized as in L08 via

w ′2 = 1.6u∗
2
[︂
(1− Z)3/2 + 0.593S3Z(1− 0.9Z)3/2

]︂2/3
. (2.26)

with S and Z calculated via Equations 2.14 and 2.15. Originally, Equation 2.26 was derived
by Holtslag and Moeng (1991) for horizontally homogeneous convection based on LES and
observations.

2.5.2 Results for wide leads

Simulation results of METRAS obtained with the new closure (section 2.5.1) are discussed in
the following, mainly for the same cases as in section 2.3.

2.5.2.1 Cold cases

Basically, the simulated patterns of both heat fluxes (Figure 2.7, left column) and ABL stratifica-
tion (Figure 2.7, right column) agree well with the corresponding LES results (Figure 2.2). Using
the new closure, the overall shapes of the convective plumes, the positions of the maximum heat
fluxes, and the magnitudes of the simulated entrainment fluxes do not differ considerably from
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2.5 New turbulence parametrization

the LES results. Also the maximum values of heat fluxes at z = 100m and z = 200m agree
well with the LES values (Table 2.1). Furthermore, the simulated plume boundaries downstream
of the lead are clearly visible, which was not the case in the METRAS results using the local
or the non-modified L08 closure (Figures 2.4a and 2.4b). Thus, in contrast to those results,
a slightly stable stratification is now simulated downstream of the lead for all cases in good
agreement with the LES results. Furthermore, similar effects as simulated with LES are shown
for increasing wind speed (Figures 2.7a, 2.7c, and 2.7e) and lead width (Figure 2.7g). Some
details are, however, not reproduced with METRAS using the new closure. For instance, an
increase in ABL thickness with increasing fetch over the lead is not as pronounced as with LES.
Furthermore, fetch-dependent positions of the maximum heat fluxes above the lead are not
simulated and entrainment is weaker.

In all four cases, an LLJ is simulated with its core in the upper third of the ABL near the
lead’s upstream edge (Figure 2.8, left column) and the core region is also inclined towards the
surface with increasing fetch. A clear weakening of the LLJ over the lead centre is shown in
all cases. Especially for case L5c-U3, a secondary maximum is simulated at z = 50m above
the second half of the lead (Figure 2.8a). Downwind of the convective plume, in most cases a
regeneration of the LLJ is shown. These simulated wind field structures agree well with the LES
results (Figure 2.3, left column). Note that similar effects have been measured by T15, which
supports both our LES results and considering non-local effects in the new parametrization
also for Km. Only for case L5c-U7 (Figure 2.8e) the destruction and regeneration of the LLJ
obtained with the new parametrization are not as pronounced as with LES.

Unlike L08, we consider also momentum fluxes (Figure 2.8, right column). Their gen-
eral pattern and the positions of their maxima near the upstream edges are simulated in fair
agreement with LES results (Figure 2.3, right column) if the new closure is used. However,
the maxima simulated with METRAS are slightly less pronounced than with LES. Furthermore,
except for case L5c-U3, the secondary maxima near the lead’s downstream edge are not repro-
duced and the downstream decay seems to be too weak as compared to LES.

2.5.2.2 Warm cases

In Figure 2.9, heat flux and stratification patterns from both models are shown for case L5w-U5.
Thus, we consider the effect of strongly increased inflow temperature. The LES results (Figures
2.9a and 2.9b) show that the smaller temperature difference in case L5w-U5 in comparison
to L5c-U5 (Figures 2.2c and 2.2d) has several effects on the flow characteristics over the
lead: weaker heat fluxes, increased plume inclination, and slightly less pronounced stratification
downstream of the lead. Basically, the corresponding METRAS results obtained with the new
parametrization (Figures 2.9c and 2.9d) agree well with the LES. This holds for both heat fluxes
and ABL stratification. Again, differences concern mainly the positions of the maximum heat
fluxes and the magnitude of the entrainment fluxes.

2.5.2.3 Variance of vertical velocity

Basically, also results of the vertical velocity variance w ′2 (Equation 2.26) obtained with the
new closure agree with LES (Figure 2.10). With LES, the highest values are simulated in the
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Figure 2.7: Heat flux (Wm−2) and vertical potential temperature gradient (K per 100 m) for the same
cases as for the LES results in Figure 2.2, but obtained with METRAS using the new parametrization
(section 2.5.1). The solid grey lines show the upper IBL height according to Equation 2.20.

centre of the convective regions for all cases and downstream of the lead w ′2 decreases (Figure
2.10, left column). This is well reproduced with METRAS using the new closure (Figure 2.10,
right column). Differences between the results of both models concern mainly the horizontal
inhomogeneity of w ′2 in the convective core regions, which is especially shown in the LES of
the cases L5c-U3 and L10c-U5 (Figures 2.10a and 2.10g), but not reproduced with the new
closure (Figure 2.10b and 2.10h). Furthermore, with LES, the maxima of w ′2 are up to 40 %
higher. Downstream of the lead, the decrease of w ′2 starts at y = L near the surface but
further downstream towards zi (Figure 2.10, left column), which is also not reproduced with
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Figure 2.8: Results obtained with METRAS using the new parametrization as in Figure 2.7, but horizontal
wind speed in ms−1 (left column) and vertical momentum flux in Nm−2 (right column) are shown. The
corresponding LES results are shown in Figure 2.3.

the new closure (Figure 2.10, right column). This result is related to the same disagreement in
the heat and momentum fluxes (Figure 2.7, left column; Figure 2.8, right column).

2.5.3 Results for narrow leads

Within the range of our applied wind regimes and temperature differences (see Table 2.1), the
convective plume over narrow leads does not penetrate into the inversion already above the
lead. Thus, in contrast to wide leads, for narrow leads the second line of Equation 2.20 is used
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Figure 2.9: (a, b) LES results as shown in Figures 2.2c and 2.2d and (c, d) results obtained with
METRAS using new parametrization (section 2.5.1) as shown in Figures 2.7c and 2.7d, but results
of heat flux in Wm−2 (left column) and vertical potential temperature gradient in K per 100 m (right
column) are shown for case L5w-U5 (see Table 2.1).

for δ(y). We performed L1c-U3, L1c-U5, L1c-U7, and L1w-U10 simulations as in L08 (their
Tables 1 and 2). To ensure comparability, we show heat flux patterns and potential temperature
distributions for a lead 10 km downstream of another lead (Figure 2.11). New LES results of
those scenarios are shown in Figure B7 in Appendix B. Furthermore, LES and METRAS results
with both non-local closures are presented for a scenario with L = 0.5 km in Figure 2.12 (case
L0.5c-U5, Table 2.1).

2.5.3.1 Lead width: 1 km

As Figure 2.11 shows, the simulated patterns of both heat fluxes and potential temperature
agree again well with our LES results (Figure B7 in Appendix B). The latter differ only slightly
from those shown by L08 (their Figures 3 and 8, lower row), but convection is already fully
resolved by the LES close to the upstream lead edge, which results in a more linear increase
of the IBL than in the L08 LES result using lower resolution. METRAS results for L = 1 km
obtained with the new closure agree also well with the results obtained with the original L08
closure (see Figures 6 and 9, lower row of L08), especially plume inclinations and heat flux
patterns. Also, the simulated maximum heat fluxes at z = 100m and z = 200m agree well
with the corresponding values from LES, except for case L1c-U3 where our results are about
25 Wm−2 higher (Table 2.1). A clear improvement is shown in our results concerning the
position of the entrainment fluxes as compared to the METRAS results obtained with the L08
closure (see L08, their Figures 6 and 9, left columns).
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Figure 2.10: Vertical velocity variance w ′2 (m2s−2) from LES (left column) and METRAS using the
new parametrization from section 2.5.1 (right column) for L5c-U3 (a, b), L5c-U5 (c, d), L5c-U7 (e, f),
and L10c-U5 (g, h). In the right column, the solid grey lines show the upper IBL height according to
Equation 2.20. For the cases, see Table 2.1.

2.5.3.2 Lead width: 0.5 km

According to Figure 2.12, also for leads of width L = 0.5 km results obtained with the new
parametrization (Figures 2.12e and 2.12f) agree well with LES (Figures 2.12a and 2.12b), mainly
concerning plume inclination and downstream stratification. The plume inclination agrees with
LES also if we use the closure of L08 (Figures 2.12c and 2.12d), but the magnitude of heat
fluxes downstream of the lead disagrees. This is due to an overestimation of the non-local heat
flux with the L08 closure (see Figure 2.14).
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Figure 2.11: METRAS results obtained with the new parametrization (section 2.5.1) of heat flux in
Wm−2 (left column) and of potential temperature in K (right column) for the cases L1c-U3 (a, b),
L1c-U5 (c, d), L1c-U7 (e, f), and L1w-U10 (g, h). The position of the lead is between 0 km distance
and the dashed, vertical black line. The spacing between heat flux contour lines is 5 Wm−2 for negative
fluxes. The solid grey lines show the upper IBL height according to Equation 2.20. Note the different
temperature scale in (h). Corresponding LES results are shown in Figure B7 in Appendix B and in L08
(their Figures 3 and 8, lower row). See Table 2.1 for a description of the cases.

2.5.4 Sensitivity studies

2.5.4.1 Variation of parameters

The sensitivity of our results was tested with additional simulations using alternative values for
the tunable parameters in the new parametrization. For b we considered simulations of case
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Figure 2.12: Heat flux in Wm−2 (left column) and vertical potential temperature gradient in K per
100 m (right column) of case L0.5c-U5 (see Table 2.1) obtained with LES (a, b), METRAS using the
L08 parametrization (c, d), and METRAS using the new parametrization from section 2.5.1 (e, f). The
position of the lead is between 0 km distance and the dashed, vertical black line. The spacing between
heat flux contour lines is 5 Wm−2 for negative fluxes. In (b), the area inside the dashed grey lines depicts
the region of positive fluxes inside the convective plume. In (c) and (b), the solid grey lines show the
upper IBL height according to Equation 2.11 and in (e) and (f) according to Equation 2.20.

L5c-U5 with the values applied by Lüpkes and Schlünzen (1996) (b = 3) and by L08 (b = 0.6),
respectively. With b = 3, maximum heat fluxes at z = 100m and z = 200m are overestimated
by about 25 Wm−2 with respect to LES and the stability especially in the upper part of the mixed
layer is overestimated, too (Figures B6c and B6d in Appendix B). With b = 0.6, the magnitude
of non-local heat fluxes especially in the upper part of the mixed layer is underestimated. At,
for example, z = 200m, the maximum heat flux is then more than 40 Wm−2 lower than with
LES and, in contrast to LES, the downstream ABL stratification is slightly unstable (Figures
B6a and B6b in Appendix B). Furthermore, with b = 0.6, positive fluxes are obtained in the
downwind mixed layer in contrast to strong negative fluxes with b = 3, which are even stronger
than with LES. This is caused by a redistribution of heat in the ABL by adjusting b, where an
increase of b causes lower temperatures near the surface and higher temperatures near the ABL
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

top (see also L08).
Due to our assumption wl = w∗ for convection that reaches zi already at y < L, we set

c = 1 (Equation 2.19), and we applied this also for narrow leads (section 2.5.1). Thus, c ̸= 1
would mean that we assumed convection over leads to be stronger or weaker as compared
to homogeneous conditions, on average. This would cause a drawback regarding our basic
assumption formulated in section 2.5.1. Furthermore, L08 showed that a variation of c by
±25% would have only small effects on the fluxes. For this reason and also because the
assumption c = 1 is supported by our LES results (Appendix B.2), we did not consider any
variations of c .

A variation of a has a strong effect on the plume inclination, whereas the effects on the
downstream ABL characteristics are negligible (not shown). Our results show that, especially
for weak wind, the plume inclinations are slightly underestimated with a = 1.2 for both wide
(Figure 2.7a compared to Figure 2.2a) and narrow leads (Figure 2.11a compared to Figure B7a
in Appendix B); hence, maximum heat fluxes at a certain height are overestimated (Table 2.1).
However, for example, with a = 1, plume inclinations for higher wind speeds would then be
overestimated (not shown). Therefore, our value for a can be seen as a compromise, where for
the majority of our scenarios plume inclinations obtained with the new closure agree with LES
(see also Appendix B.2).

2.5.4.2 Momentum transport

Our application of a non-local parametrization for Km (Equation 2.25) causes an improved
agreement with LES as can be seen by comparing the corresponding results in Figure 2.8
(METRAS with the new closure) and Figure 2.3 (LES). Obviously, when the local approach
is used for Km only (Figure 2.13a), the destruction of the LLJ with increasing fetch over the
lead is not as effective as compared to the simulation with non-local Km (Figure 2.8c) and to
LES (Figure 2.3c). Furthermore, momentum fluxes in the upper downstream half of the ABL
over the lead are smaller than with LES (Figure 2.13b).

Results of a simulation using a non-local approach for both Kh and Km but with a maximum
mixing length lmax lowered to 15 m instead of about 45 m resulting from lmax = 0.15zi are
shown in Figures 2.13c and 2.13d. With lmax = 15m, the LLJ position upstream of the lead
is at z ≈ 220m (Figure 2.13c), which is about 50 m lower than obtained with lmax = 0.15zi
(Figure 2.8c) and with LES (Figure 2.3c). Regarding the maximum momentum transport, the
value obtained with lmax = 15m agrees better with LES (Figure 2.3d) than the value obtained
with lmax = 0.15zi (Figure 2.8d). However, the position of that maximum is rather at 0.4zi
than at 0.1zi as in LES, and it is simulated further downstream than with LES.

2.6 Discussion

2.6.1 Importance of non-local closure and L as parameter

First, our results clearly show the importance of using fetch-dependent non-local turbulence
closures for non-eddy-resolving atmospheric models to simulate the characteristics of lead-
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Figure 2.13: Horizontal wind speed (ms−1) and vertical momentum flux (Nm−2) for case L5c-U5 (see
Table 2.1) obtained with METRAS using the new parametrization for heat transport as in Figures 2.8c
and 2.8d. For panels (a) and (b), a local closure is applied for the eddy diffusivity for momentum
(Equation 2.3 instead of the non-local parametrization in Equation 2.25 used for panels (c) and (d)). In
(c) and (d), the maximum mixing length lmax (see Equation 2.3) is set to 15 m instead of 0.15zi . See
Figures 2.3c and 2.3d for the corresponding LES results.

generated convection in the ABL, properly. Results and drawbacks obtained with the used
local closure can be considered as representative in the sense that also the use of a more so-
phisticated TKE-closure cannot improve results as long as the non-locality of heat fluxes is not
reproduced.

Second, we stress that with our modification of the L08 closure the simulated patterns
agree well with LES for different lead widths L. The non-local L08 closure was developed for
narrow leads and, indeed, we showed drawbacks, especially for wide leads. The main step for
an improvement of the L08 closure was to assume that the decay of turbulence starts at the
downstream lead edge and not over the lead as in L08. Compared with LES, this is still a
simplification because LES shows that the position of decay is height-dependent. Nevertheless,
our approach allowed the introduction of the lead width L as a parameter in our parametrization
and, despite the still simplified treatment of decay, results for wide leads improved considerably
as compared with LES. Furthermore, we showed that for L = 0.5 km results obtained with the
new parametrization agree also slightly better with LES than those with the non-modified L08.
As illustrated in Figure 2.14, the improvements for both wide leads and L = 0.5 km are mainly
achieved by an optimised representation of non-local heat transport due to the L-dependence
in the new closure.2 This shows the importance of L in the parametrization.

Closures describing counter-gradient transport were designed for an improved representation
of the temperature field. Thus, we show in Figure 2.15 the improvement achieved with the new

2This sentence and Figure 2.14 are not part of the original publication Michaelis et al. (2020).
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Figure 2.14: Non-local heat flux Fh,nl in Wm−2 obtained with METRAS using the L08 closure from
section 2.2.2.2 (left column) and the new parametrization from section 2.5.1 (right column). Cases are
L0.5c-U5 (a, b), L1c-U5 (c, d), L5c-U5 (e, f), and L10c-U5 (g, h). The position of the lead is between
0 km and the vertical, dashed black line. In the left column, the solid grey lines show the upper IBL height
according to Equation 2.11 and in the right column according to Equation 2.20. For the description of
the cases, see Table 2.1.

non-local closure compared to results obtained with a local closure in terms of temperature
deviations from the LES result. Note that we did not use the same contour lines and colour
scales in each case since ABL warming and, thus, the absolute temperature differences between
LES and METRAS are larger for wide leads than for narrow leads. As Figure 2.15 shows,
differences between LES and METRAS are smaller when the new non-local instead of the local
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Figure 2.15: Differences in potential temperature (K) between LES and METRAS using the new
parametrization from section 2.5.1 (left column) and the local closure from section 2.2.2.2 (right col-
umn). Cases are L0.5c-U5 (a, b), L1c-U5 (c, d), L5c-U5 (e, f), and L10c-U5 (g, h). The position of
the lead is between 0 km and the vertical dashed black line. Note the different colour scales. For the
description of the cases, see Table 2.1.

mixing-length closure is used. This holds independent on the value of L. Another interesting
point is that the results on the downstream side of the plume agree perfectly with LES in almost
all cases. For case L0.5c-U5 this concerns, for example, the region between y = L and y = 3L,
which means that our relatively rough approximation of the decay of turbulence is sufficient.

The approach proposed in section 2.2.2.2 for the maximum mixing length in the local closure
results in a much larger value compared with the often used value based on Blackadar (1962),
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

where lmax is proportional to the ratio of friction velocity and the Coriolis parameter. Basically,
with the smaller value, METRAS results are much worse than those shown in all figures for the
local closure. This causes also a larger temperature deviation from LES (Figure 2.16).

2.6.2 Methodological limitations
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Figure 2.16: Differences in potential temperature
(K) between LES and METRAS using the local clo-
sure as in Figure 2.15, but for the maximum mix-
ing length lmax = 0.007u∗/f is applied based on
Blackadar (1962) instead of lmax = 0.15zi as in Fig-
ure 2.15. Cases are L1c-U5 (a) and L5c-U5 (b).
Note the different colour scales.

Our assumption of two decay length scales to
describe the decaying convection downstream
of the lead is based on Nieuwstadt and Brost
(1986), and LES results of, for example, case
L5c-U5 support our approach (see Figure B1b
in Appendix B.2). Furthermore, Figure 2.10
shows that the decay rates for vertical velocity
fluctuations agree well with LES also for the
other cases with L ≥ 5 km. Thus, the value
we obtained for dw by linear regression can
be considered as reasonable. Similarly, results
of θ′2 for cases other than L5c-U5 might help
to evaluate our assumed ratio dθ/dw = 0.3.
Figure 2.10 (left column) also shows that the
decay of vertical velocity fluctuations near the
surface starts at y = L, but towards zi , this
decay starts further downstream. Moreover,
w ′2 seems to be highly inhomogeneous over
the lead in the centre of the ABL. Both fea-
tures are not captured by the new closure
since we had to assume horizontally homo-
geneous conditions for w ′2 to avoid a discon-
tinuity in w ′2 at y = L and, thus, also in the
fluxes. This would occur due to the necessary
assumption of y -independent u∗ for y > L in
Equation 2.19. Thus, any improvement with respect to the y -dependence of w ′2 does not
necessarily improve the other results. Nevertheless, our results for w ′2 with the new closure
represent a clear improvement compared to results obtained with the non-modified L08 closure
(see Figure 2.5b for case L5c-U5) and even more with the local closure.

Regarding the derivation of the parameters, especially for a, ae , and am, a more detailed
study of the relations between we , wmax , and wl for different wind regimes seems necessary.
Furthermore, as L08, we also neglected horizontal entrainment ue since we focus on plumes with
small inclination angles where U ≫ ue . However, particularly at low wind, ue becomes more
important (Deardorff & Peterson, 1980; Esau, 2007, L08). Thus, considering ue for deriving
δ(y) could lead to a better representation of the IBL growth over leads at small U.

Our LES results show that the penetrating convection plays a critical role regarding entrain-
ment and ABL thickness. In principle, the fetch-dependent increase in ABL thickness (Figures
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2.7 Conclusions on the derivation of the new non-local approach

2.2c and 2.2g) agrees with results of the modelling studies from Glendening and Burk (1992)
and Zulauf and Krueger (2003b), who found L-dependent relations for the plume penetration
height. In our microscale model results obtained with the new parametrization, both increase
in ABL thickness and entrainment are, however, partly underestimated as compared to LES.
Consequently, the downwind warming of the ABL obtained with the new parametrization is less
pronounced than with LES, mainly near the inversion and especially for wide leads (Figure 2.15,
left column). This drawback is mainly caused by assuming a fixed value for zi also for y > 0,
which causes less entrainment and prevents an increase in ABL thickness. Therefore, to better
capture the effects of penetrating lead-generated convection, considering a fetch-dependent zi
seems necessary. This is supported by observations from T15, who found different values for up-
and downstream ABL thickness in case of penetrating lead-generated convection. Moreover,
an explicit consideration of entrainment (e.g., Noh et al., 2003) could be implemented, which
is, however, challenging (see also section 2.8.1).

The downstream distribution of the turbulent momentum transport obtained with the new
parametrization shows two additional differences as compared to LES. Secondary maxima near
the lead’s downstream edge were not reproduced, and the downstream decay seems to be
underestimated, except for case L5c-U3. The reason could be another non-local component in
the momentum transport, which is not yet represented by the new closure.

Improvements might also be achieved with other approaches for the treatment of the
convection in the non-eddy-resolving model. As a promising alternative to the application of
Equation 2.5, the so-called eddy-diffusivity mass-flux scheme (EDMF, Siebesma et al., 2007)
could be applied. Following Equation 2.5, the small-scale fluxes and those generated by larger
convective structures depend on each other via Kh in both terms. The EDMF approach has the
advantage that these fluxes form separate contributions. Tetzlaff (2016), who compared both
approaches in a modelling study of cold-air outbreaks, shows not only some advantages but
also disadvantages of the EDMF approach. For example, modifications of the existing EDMF
schemes are necessary with respect to the matching of fluxes at the top of the surface layer,
especially for shallow boundary layers. Furthermore, we expect that the decay of turbulence
downstream of the lead would require modifications of the EDMF closure.

2.7 Conclusions on the derivation of the new non-local approach

Our main goal was to derive an improved parametrization of the turbulence over sea ice leads
for a microscale, non-eddy-resolving atmosphere model that accounts for the convection over
leads of variable width. As a side effect, the derivation of the parametrization and related
sensitivity studies helped to better understand the processes involved in the formation and decay
of convective plumes in a neutral or slightly stable environment. As a starting point, a previous
parametrization by L08 was used, who considered leads of only one particular width (1 km).
However, the new and modified parametrization should be more general by including the lead
width L as a parameter.

We considered 10 idealised scenarios of a lead-perpendicular flow in a neutrally stratified
ABL capped by a strong inversion, and, as in L08, time-averaged LES results were considered
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

for the detailed analysis of the overall lead impact on the ABL. Our LES results revealed that
the general characteristics of the flow over leads of different width remained similar to those of
the 1 km-lead. Namely, a strong plume was developing over the lead and rapidly decaying over
the downstream sea ice. This caused an increase of temperature combined with a stabilisation
downstream of the lead, but with still upward heat fluxes. Thus, the transport was clearly
of non-local nature. Hence, the basic ideas of L08, applying a non-local closure, assuming
a separation of turbulence regimes in- and outside the plume region, and assuming decaying
turbulence downstream of the lead, remained the same. Thus, also the new parametrization
accounts for the inhomogeneous conditions of convection over leads so that both eddy diffusivity
for heat and the non-local transport term depend on the distance to the upstream lead edge.

In our parametrization, we assumed fully developed convection above the lead and applied a
decay function only over sea ice at the downstream side of a lead. By this assumption, it became
possible to consider L as a parameter in the equations. This formulation had a consequence on
the parametric equation for the development of the upper IBL height δ(y), which is equivalent
to the top of the convective plume. Two regimes are distinguished in the new formulation, one
over the lead and another one downstream of the lead where the decay of turbulence starts.
Our assumption is based on the LES results for leads where the convection penetrates into the
inversion already above the lead, which we defined as wide leads. Nevertheless, we derived a
parametrization where also for narrow leads, where the convection reaches the inversion further
downwind, the same set of equations is used. The only difference of our parametrization between
wide and narrow leads concerns the development of δ(y) at y > L since for narrow leads the
limit δ(y) ≥ zi is not reached at y < L. In the limiting case of very narrow leads (L→ 0), the
new approach coincides with the δ(y)-formulation of L08.

We showed that results obtained with the new closure agree well with LES, mainly con-
cerning heat flux patterns, plume inclinations, and downstream stratification in the tested range
of zi = 300m, 3 < U < 10ms−1, and 85 < F h,s < 244Wm−2. Unlike L08, we also applied a
non-local closure for the eddy diffusivity for momentum. With this additional modification, also
the horizontal wind speed with a diminishing of a weak low-level jet over the lead and momentum
flux distributions in the convective region were basically reproduced. Furthermore, we showed
that also results obtained with our parametrization of higher order moments, such as the vertical
velocity variance, agree well with LES. The new parametrization contains six unknown param-
eters, which were derived using information from LES. We stress that the same set of values
for the parameters was used for all cases considered. Nevertheless, there is room for further
improvement of the new approach regarding, for example, the representation of entrainment
and the height-dependent start of decaying convection downwind of the lead.

Both our LES and microscale model results also point to difficulties that might occur in
mesoscale studies of atmospheric processes over the marginal sea ice zone, where leads strongly
affect the flow regime. Mostly, such studies apply local closures, and it is obvious that the
results of such modelling would have the same drawbacks as our results obtained with a local
closure. The largest drawback is that the stabilising effect of leads on the downstream ABL
is completely missing, and the spatial distribution of turbulent fluxes of heat and momentum
show large deviations from the detailed LES results. We expect that the deviations might sum
up to large errors when lead ensembles are considered since conditions upstream of a lead in
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2.8 Further refinements of the parametrization

the inner region of such an ensemble might be affected by its upstream neighbouring lead.
Furthermore, we showed that a non-local closure was also necessary for momentum fluxes to
obtain a reasonable agreement with LES results.

Altogether, our results obtained with the new closure agree well with LES for different L in
the wide range of the above-mentioned meteorological forcing. A further development should
include explicitly moisture transport as well as variations of the ABL height, wind direction, and
upstream stability. Observations of, for example, T15 showed that a stable stratification of the
upstream ABL influences the IBL-growth. This might affect the parameter a (Equation 2.20).
Nevertheless, the new parametrization represents a clear improvement since now, variable lead
widths can be considered for a detailed study of the lead effects on the ABL. We also showed
that grid sizes of the microscale model should not exceed L/5 to obtain a reasonable agreement
of detailed flow structures as with LES. This shows that also for narrow leads in the range of
500 m or 1 km width, horizontal grid sizes of 100 to 200 m are sufficient to reproduce those
structures. Thus, compared to LES, numerical costs are much lower for potential sensitivity
studies on the lead impact defining also the range of the parameters. Selected studies might
then need additional LES for validation. Thus, our findings could help to derive finally an
improved surface flux parametrization over the marginal sea ice zone to be used in climate and
weather prediction models. Furthermore, the new non-local approach might also help to improve
parametrizations of a convective IBL developing over inhomogeneous surfaces, in general.

2.8 Further refinements of the parametrization

The analysis presented so far in this chapter showed that with the new non-local turbulence
parametrization (see section 2.5.1, henceforth abbreviated by M20 parametrization) a clear
improvement is achieved regarding the representation of convective plumes over leads of different
width in a microscale, non-eddy-resolving model. Nevertheless, a few slight discrepancies to LES
were outlined, which gives room to further improve the closure. Moreover, some effects are
not yet included in the parametrization, like moisture transport. The analysis presented in the
following in this section shall provide a first overview how such effects might be considered in
future in the M20 parametrization, which might further improve the microscale model results.

2.8.1 Entrainment

One of the above-mentioned limitations of the M20 parametrization is the detailed representa-
tion of vertical entrainment. Especially for wide leads, the results obtained by METRAS revealed
underestimated entrainment fluxes as compared with LES. The corresponding deviation from
the LES result increases with increasing distance so that both ABL warming and downwind
stabilisation are underestimated, which is also obvious in terms of the potential temperature
distribution downwind of the lead shown in Figure 2.17.

In the centre of the downwind ABL, potential temperatures simulated with METRAS are
underestimated by approximately 0.05 K for the cases with L = 5 km, or by approximately 0.1 K
for the case L10c-U5 (Figure 2.17). Close to the top of the downwind ABL, the deviation from
the LES results is even more pronounced. In the case L10c-U5, even a slightly unstable layer
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Figure 2.17: Potential temperature (K) obtained by LES (left column) and by METRAS using the new
parametrization from section 2.5.1 (right column) for the cases L5c-U3 (a, b), L5c-U5 (c, d), L5c-U7
(e, f), and L10c-U5 (g, h). In the right column, the solid grey lines show the upper IBL height according
to Equation 2.20. For the description of the cases, see Table 2.1.

is simulated with METRAS, which contradicts the LES result (see also Figure 2.7h compared
with Figure 2.2h). The following analysis shows potential solutions, how these drawbacks might
be overcome with further refinements of the M20 parametrization.

2.8.1.1 Increased upper limit for the upper plume boundary

As discussed in section 2.6.2, the reason for the above-mentioned drawbacks is most likely due
to the assumption of a fixed value for zi , which prevents a growth of the plume into the inversion
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2.8 Further refinements of the parametrization

layer so that the associated effects obtained with the LES (entrainment also in the downwind
lead region, fetch-dependent increase of the ABL thickness) are underestimated or not well
represented. Thus, one approach to obtain an improved representation of vertical entrainment
and its effects might be achieved by increasing the upper limit zi for the upper plume boundary
δ(y) (see Equation 2.20). Hence, METRAS simulations using the M20 parametrization were
repeated with zi = 310m, where results for the cases L5c-U5 and L10c-U5 are shown in Figure
2.18 (model runs henceforth abbreviated by L5c-U5-zi310 and L10c-U5-zi310).

Due to the increased upper limit for δ(y) in the simulations with zi = 310m, for both
cases, heat flux patterns (Figures 2.18a and 2.18b) and downwind temperature distributions
(Figures 2.18c and 2.18d) agree better with the LES results (Figures 2.2c, 2.2g, 2.17c, and
2.17g) than in the simulations with zi = 300m (Figures 2.7c, 2.7g, 2.17d, and 2.17h). In the
run L5c-U5-zi310, this improvement is clearly visible since the entrainment extends into the
lead’s downwind region (Figure 2.18a), resulting in an improved representation of the downwind
stratification and the ABL warming effect (Figure 2.18c). For example, at z ≈ 175m, the
downwind potential temperature is 0.08 K higher as compared to the result obtained in the
simulation with zi = 300m so that it agrees almost perfectly with the value obtained by LES (see
Figure 2.17c). However, near the capping inversion, both warming effect and ABL stratification
are still slightly underestimated as compared with LES. In the run L10c-U5-zi310, only a small
improvement is obtained (Figure 2.18, right column). The downwind temperature is slightly
higher than in the simulation with zi = 300m, but still a shallow unstable layer is simulated in
the upper ABL downwind of the lead.

The main disadvantage of simply prescribing a larger value for zi for all y > 0 is obvious
when regarding the entrainment above the lead near yzi (the distance y , where the plume
reaches the inversion), which is overestimated in the simulation L10c-U5-zi310 (Figure 2.18b)
as compared with LES (Figure 2.2g). This holds also for the simulation L5c-U5-zi310.

2.8.1.2 Explicit entrainment term

Another approach to improve the representation of vertical entrainment in the model is to include
an explicit term for the entrainment heat flux in the basic kinematic heat transport equation.
Here, the approach of Noh et al. (2003) should be used, which is an extension of Equation 2.5:

w ′θ′ = −Kh
(︃
∂θ

∂z
− Γ
)︃
+ (w ′θ′)|zi

(︃
z

zi

)︃n
, (2.27)

where n is an empirical constant with n = 3, and where (w ′θ′)|zi is the entrainment heat flux
with (w ′θ′)|zi = −β(w ′θ′)|s = βu∗,lθ∗,l , where β = 0.2 is a constant entrainment coefficient,
and where θ∗,l is the lead-averaged value of the scaling value for temperature θ∗. Due to
the fraction (z/zi)

n, the entrainment heat flux is highest near zi . Noh et al. (2003) also
introduce new formulations for Kh and Γ in their scheme as an improved version of the non-
local parametrization by Troen and Mahrt (1986). Here, this is neglected so that for Kh and Γ
in the plume region still the Equations 2.16 and 2.18 based on Lüpkes and Schlünzen (1996)
are used. Note that, for example, Chechin and Lüpkes (2017) also applied Equation 2.27 in a
similar way for their simulations of cold-air outbreaks in horizontally homogeneous conditions.
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Figure 2.18: Heat flux in Wm−2 (upper row) and potential temperature in K (lower row) obtained by the
simulations L5c-U5-zi310 for case L5c-U5 (a, c) and L10c-U5-zi310 for case L10c-U5-zi310 (b, d) using
the new parametrization with zi = 310m as upper limit for the upper IBL height instead of zi = 300m
as originally used in the new parametrization from section 2.5.1. The corresponding METRAS results
obtained with zi = 300m are shown in Figures 2.7c and 2.7g for the heat flux and in Figures 2.17d and
2.17h for the potential temperature. The corresponding LES results are shown in Figures 2.3c and 2.3g
for the heat flux and in Figures 2.17c and 2.17g for the potential temperature. For the cases, see Table
2.1.

In the following, the implementation of the second term on the right hand side of Equation
2.27, henceforth called entrainment term, is explained. In the simulations for wide leads using
Equation 2.27 for the parametrization of w ′θ′, the entrainment term is treated differently for
three different regions. First, upwind of the convective plume (see P1 in Figure 2.1), the local
closure is used. Second, inside the plume, the entrainment term is used starting at y ≥ yzi . Thus,
the entrainment term is considered only in the region where the plume reaches the inversion
layer. Third, for y > L, an exponential decay function is considered for the entrainment term
to account for the decaying effect of the plume on the capping inversion downwind of the lead
over sea ice, similar to the parametrizations of Kh and Γ in that region (see section 2.5.1).
Furthermore, a similar decay for the entrainment heat flux as for the decay of the convective
velocity (see Equation 2.19) is assumed. For wide leads (see section 2.2.3), this leads to

(w ′θ′)|zi (y) =

⎧⎪⎪⎨⎪⎪⎩
0, 0 ≤ y < yzi
0.2u∗,l · θ∗,l , yzi ≤ y ≤ L
0.2u∗,l · θ∗,l exp

(︂
L−y
Dw

)︂
, yzi > L

. (2.28)

For narrow leads (see section 2.2.3), the intersection between δ and zi is assumed to take place
downwind of the lead, which means yzi > L. Thus, the calculation of the entrainment term is
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separated into two regions:

(w ′θ′)|zi (y) =

{︄
0, 0 ≤ y < yzi
0.2u∗,l · θ∗,l exp

(︂
L−y
Dw

)︂
, y ≥ yzi

. (2.29)

In the following, the focus is on results for the wide lead cases since in the narrow lead
cases (see section 2.5.3), the downwind lead effects are well captured by the version of the M20
parametrization proposed in section 2.5.1. In Figures 2.19a and 2.19b, the entrainment term
resulting from Equation 2.28 is shown for the cases L5c-U5 and L10c-U5, where henceforth
the corresponding simulations are abbreviated by L5c-U5-ENT and L10c-U5-ENT, respectively.
Both panels show the vertical entrainment fluxes in Wm−2 as negative values to indicate down-
ward transport. The magnitude of the entrainment flux amounts to -24 Wm−2 obtained above
the lead close to zi (Figures 2.19a and 2.19b). Downwind of the lead, the entrainment decays
with increasing distance y , as expected. Note that the entrainment term is applied also in the
region downwind of the convective plume, where Fh,nl < Fcr it ˆ︁= δd . As expected from Equation
2.27, the magnitude of the vertical entrainment fluxes decreases continuously towards the lead
surface above and downwind of the lead.

Figures 2.19c and 2.19d show the effects on heat flux patterns by considering the explicit
entrainment term, as obtained by the run L5c-U5-ENT for case L5c-U5 and by the run L10c-
U5-ENT for case L10c-U5. As expected, for both cases, the additional entrainment term leads
to stronger vertical entrainment fluxes in total as compared to the results obtained without
explicit entrainment term (see Figures 2.19c and 2.19d compared with Figures 2.7c and 2.7g).
The magnitude of the entrainment is even slightly larger than with LES in both cases, at least
at yzi , where the plume reaches the capping inversion (see Figures 2.2c and 2.2g for the LES
results of the cases L5c-U5 and L10c-U5, respectively). For case L5c-U5, a slight improvement
is obtained by the simulation L5c-U5-ENT regarding the downwind extension of negative heat
fluxes near zi , which agrees better with the LES results than in the simulation neglecting the
explicit entrainment term. However, the improvement is less pronounced than obtained with
the simulation L5c-U5-zi310 (see Figure 2.18a).

Effects on the potential temperature distribution obtained by considering the explicit en-
trainment term in the new parametrization are shown in Figures 2.19e and 2.19f. For case
L5c-U5, an improvement is obtained by run L5c-U5-ENT regarding the temperature level of
the lower half of the ABL downwind of the lead as compared to the METRAS results obtained
without the explicit entrainment term (see Figure 2.19e compared with Figure 2.17d). Obvi-
ously, due to the entrainment term, temperature levels obtained in that ABL region agree now
almost perfectly with the LES results (see Figure 2.19e compared with 2.17c). However, in the
upper half of the downwind ABL and near zi , a drawback arises in the simulation L5c-U5-ENT,
namely, a shallow unstable layer, which contradicts the LES result. This is also shown for the
simulation L10c-U5-ENT (Figure 2.19f). Moreover, the improvement obtained for case L5c-U5
by the simulation L5c-U5-ENT is about the same as with the simulation L5c-U5-zi310 (see
Figure 2.18c), where in the latter simulation the discussed drawback does not occur.

To summarise, the study on entrainment presented here showed quite useful modifications
to obtain improved heat flux and ABL temperature patterns. Both modifications, either an
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Figure 2.19: Entrainment heat flux ρ0cp(w ′θ′)|zi (z/zi)
n (first row) and total heat flux (second row) in

Wm−2, as well as potential temperature in K (third row) obtained by the runs L5c-U5-ENT for case
L5c-U5 (a, c, and e) and L10c-U5-ENT for case L10c-U5 (b, d, and f) using the new parametrization
proposed for Kh and Γ in section 2.5.1, but with the heat transport equation in the version of Equation
2.27 instead of Equation 2.5. The corresponding METRAS results obtained with Equation 2.5 are shown
in Figures 2.7c and 2.7g for the heat flux and in Figures 2.17d and 2.17h for the potential temperature.
The corresponding LES results are shown in Figures 2.3c and 2.3g for the heat flux and in Figures 2.17c
and 2.17g for the potential temperature. In (a) and (b), the dashed black line indicates where the non-
local heat flux exceeds Fcr it (see section 2.5.1) denoting the extension of the convective plume region.
For the cases, see Table 2.1.

increase of the upper limit for the upper IBL height (i.e. a higher value for the ABL height zi)
or considering an explicit term for entrainment following Noh et al. (2003), lead to improved
results, where the quality of improvement is almost the same. However, the application of
the approach by Noh et al. (2003) is accompanied by additional drawbacks so that further
refinements seem necessary, perhaps including modified parametrizations for Kh and Γ. Thus,
further potential refinements of that approach will not be pursued any longer in this thesis.
Using the new parametrization with a higher value for zi seems to be the more promising option
to improve the representation of entrainment and its effects. Moreover, such an approach could
be simply further refined, for example, by prescribing different values for zi dependent on the
distance y to obtain not a generally but rather a locally increased ABL height as compared to
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2.8 Further refinements of the parametrization

its upstream value. A derivation of such a spatially varying ABL height to be considered in the
M20 parametrization is proposed in chapter 3.

2.8.2 Idealised scenarios including humidity

In the following, a first step is shown how humidity might be included in the applied non-eddy-
resolving model for modelling the turbulent ABL over leads. As for the previously discussed
idealised cases in this chapter, the assumption of refrozen leads without sea smoke, fog, or
cloud formation is made also for the corresponding simulations presented in this subsection.
In such situations, which are often observed in polar sea ice regions at low air temperatures
(e.g., Pinto et al., 2003, T15), humidity acts almost as a passive tracer with only very little
impact on other variables so that the heat transport is similar to the transport of potential
temperature. This allows a straight forward extension of the new parametrization to include
humidity assuming that phase transitions can be neglected. This applies also for the local
mixing-length closure. Here, simulation results of the idealised cases L5c-U3, L5c-U5, L5c-U7,
and L10c-U5 (see Table 2.1) are discussed and the suffix "-hum" is used to denote model runs
using the M20 parametrization including humidity implemented as described in the following (for
example: L5c-U5-hum is the simulation of case L5c-U5 including humidity).

For the parametrization of the turbulent humidity flux w ′q′v , where qv is the specific hu-
midity, the same formulation as for the temperature flux w ′θ′ (see Equation 2.5) is used,

w ′q′v = −Kqv
(︃
∂qv
∂z
− Γqv

)︃
, (2.30)

where Kqv is the eddy diffusivity for humidity and ΓQv the counter-gradient correction term
for the humidity flux. As Lüpkes and Schlünzen (1996), also here Kqv = Kh is assumed so
that inside of the plume, Kqv is obtained with Equation 2.16 (non-local approach for w ′q′v )
and outside with Equation 2.4 following a local approach analogously to Equation 2.1 for the
temperature flux. Γqv is defined as

Γqv = Γ
qv,∗
θ∗
, (2.31)

where qv,∗ is the scaling value for humidity. Equation 2.31 also goes back to the parametrization
of Lüpkes and Schlünzen (1996), which was developed for horizontally homogeneous conditions.
The implementation of humidity in METRAS as described here has only marginal effects on, for
example, wind and temperature patterns, mainly due to the presence of qv,∗ in the equations
of surface layer parameters such as the surface buoyancy flux Bl or the Monin-Obukhov length
(not shown).

For all METRAS runs with enabled humidity, inflow profiles and surface values of the
specific humidity are added compared with the runs using the dry model version. A value of
qv = 0.38 g(kg)−1 is assumed in the ABL below zi . Above zi , a strong increase of qv is
considered. Both features corresponds to conditions often observed in springtime polar boundary
layers. Regarding the surface humidity of sea ice, saturation over ice is assumed, which is also
a typical phenomenon over polar sea ice (Andreas et al., 2002). By considering leads covered
with nilas, this assumption is valid also for the lead surfaces in the corresponding model runs.
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

The surface humidity for both surfaces, qv,0, is then obtained via

qv,0 = qv,sat =
0.622esat,i
p0

, (2.32)

where p0 is the surface air pressure, with p0 = 1000 hPa for all idealised cases in this thesis,
and qv,sat and esat,i are the saturation specific humidity and the saturation water vapour pres-
sure over an ice surface, respectively, where esat,i is calculated with an empirical formulation
depending on the surface temperature following Pruppacher and Klett (2010). The roughness
length for humidity, zqv , is set equal to the roughness length for heat zt .

In Figure 2.20, vertical-cross sections obtained by the runs L5c-U3-hum, L5c-U5-hum, L5c-
U7-hum, and L10c-U5-hum are shown, namely, the latent heat flux Fe (left column, definition
see Equation A.7 in Appendix A) and the specific humidity (right column). As expected, the
patterns of the latent heat flux are similar to those of the sensible heat flux (see Figure 2.7, left
column) due to the assumption Kqv = Kh and due to the linkage between Γqv and Γ (Equation
2.31). Thus, also in the patterns of Fe , a clear maximum is shown over the lead and a clear
downwind plume boundary is obvious for this quantity, especially in the result of the runs L5c-
U3-hum and L10c-U5-hum. Furthermore, similar effects as simulated for the sensible heat flux
with LES and METRAS in the dry model versions (see Figures 2.2 and 2.7) are shown for Fe
for increasing wind speed (Figures 2.20a, 2.20c, and 2.20e) and lead width (Figure 2.20g).

Figure 2.20 also shows that the simulated increase in specific humidity over a lead of
5 km width is strongest for weak wind (Figure 2.20b) and smallest for strong wind (Figure
2.20f). For doubled lead width, also the increase in qv is approximately doubled (compare
Figure 2.20h for case L10c-U5 with Figure 2.20d for case L5c-U5). Thus, the connection
between humidity increase and upstream wind speed or lead width resembles the METRAS
results for the temperature (see Figure 2.17 for the potential temperature).

The microscale model results for both quantities shown in Figure 2.20 still require validation
by LES. Nevertheless, a rough comparison should be made here using findings from previous
studies. Regarding latent heat flux levels compared with sensible heat flux levels over leads,
Andreas et al. (1979) state that the latter exceeds the former by two to four times over leads in
wintertime conditions. Based on the data used in Andreas and Cash (1999), for a temperature
difference of approximately 23.2 K between sea ice and lead surfaces, this ratio can be specified
at approximately 34.5 % (see Andreas & Cash, 1999, their Table 2). The values proposed by
Marcq and Weiss (2012), who also investigated cases with the same temperature difference
between the surfaces of sea ice and lead surfaces as in the idealised cases considered here,
indicate that surface latent heat fluxes amount to approximately 36 to 37 % of the surface
sensible heat fluxes for their considered satellite-observed lead distribution. The ratios Fe/Fh
obtained here for the surface fluxes for the wide lead cases with Ts,i = 250K are between
35.8 % and 36.1 %. Thus, they agree almost perfectly with the ratios found by Marcq and
Weiss (2012). This also shows that the downwind ABL characteristics might be influenced
also by the heat released in case of phase transitions of atmospheric water vapour, but most
probably to a lesser extent than by the sensible heat transport over leads. However, this would
require a more thorough analysis with further extensions of the M20 parametrization regarding
evaporation and condensation, which is beyond the scope of this thesis.
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Figure 2.20: Results obtained with METRAS using the new parametrization as in Figure 2.7, but latent
heat flux in Wm−2 (left column) and specific humidity in g(kg)−1 (right column) are shown.

2.8.3 Fetch-dependent surface layer parameters and IBL growth

In the M20 parametrization, there is also room for further improvement regarding a more detailed
representation of the heat and momentum flux patterns obtained by LES and concerning the
growth and decay of the plume above and downwind of the lead. Thus, although the basic
features of the LES results had been well reproduced by METRAS using the new parametrization,
some approaches should be discussed in the following in this subsection to obtain an improved
agreement with LES also when going into more detail. This should be done here briefly and only
qualitatively and also in the context of other studies where parametrizations of the convective
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2 Idealised lead scenarios: Modelling and derivation of a new turbulence parametrization

IBL had been proposed.
The first part of this analysis is motivated by horizontal inhomogeneities in the patterns

of sensible heat fluxes and the vertical velocity variance w ′2, which are clearly visible in the
LES results but not well captured by the M20 parametrization. As can be noticed from the
sensible heat flux patterns obtained by LES for wide leads (Figures 2.2, left column and 2.9a),
fetch-dependent maxima are simulated in all cases. Regarding w ′2, with LES, the maximum
values are up to 40 % higher than with METRAS in some cases (see Figure 2.10). One might
suppose that these drawbacks arise due to the assumptions of applying lead-averaged values for
the surface layer quantities u∗, θ∗, and Bl in the M20 parametrization. Especially for obtaining
δ(y) via integration with Equation 2.10, these assumptions are necessary. However, in the
parametrization of w ′2 (Equation 2.26), u∗ occurs also independent on δ(y). Thus, a brief
analysis is provided in the following on the theoretical influence of a fetch-dependent u∗, so
u∗(y), on w ′2 in the M20 parametrization with the help of LES results.

Figure 2.21 shows the deviations of u∗, θ∗, and Bl from their respective lead-averaged
values (in %) along non-dimensional fetch y/L for all wide and narrow lead cases considered
(see Table 2.1) as obtained by LES. Focusing on the cases with L ≥ 5 km, deviations of more
than 10 % from the mean values are shown for all quantities, mainly at y/L < 0.1 and especially
for u∗. At the leads’ upstream edges (y/L = 0), the deviations amount up to almost 25 %.
At 0.2 < y/L < 1, the deviations in u∗ are mostly between ±5% for those cases. Thus,
based on Figure 2.21, the largest improvements in the M20 parametrization can be expected
for the region 0 < y/L < 0.2 for leads with L ≥ 5 km, which approximately corresponds
to the regions where the plumes did not reach the capping inversion (see also Table B1 in
Appendix B.2). Furthermore, a change in u∗ by ±10% has only marginal impact on the values
for w ′2 (less than 1 %, not shown). In conclusion, considering fetch-dependent instead of lead-
averaged values of, for example, u∗ in the parametrization of w ′2 alone cannot explain the
horizontal inhomogeneities obtained in the corresponding LES results. Perhaps, considering a
fetch-dependent Bl in the equation for the convective velocity scale (Equation 2.19) is needed
to obtain such an improvement. However, this would complicate the integration of δ(y) by
Equation 2.10 remarkably, and a more detailed analysis on such a derivation is beyond the scope
of this thesis.

The second part of this subsection focuses on the function proposed in section 2.5.1 for
the upper plume boundary δ(y). In the corresponding parametrization, δ(y) represents a fetch-
dependent quantity. Basically, the microscale model results obtained with Equation 2.20 for
δ(y) show that upper IBL developments obtained by LES are well reproduced for almost all
investigated idealised cases. In addition, as already stated in section 2.7, a further development
of the used δ(y)-parametrization should account for non-neutral stability, especially for stable
upwind conditions, which often seem to occur in the polar ocean regions upwind of leads in
springtime conditions (e.g., T15). Moreover, an improved development of δ(y) in the inversion
layer and the associated effects resulting from the interaction of the convective plume are yet
to be included in the parametrization. In the following, a brief discussion is made on other
parametrizations that had already been proposed for the upper IBL height in strongly inhomo-
geneous conditions, such as over leads and polynyas, which might serve as a basis for combining
Equation 2.20 of the M20 parametrization with their formulations for further improvements. For
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(a)

(b)

(c)

Figure 2.21: Deviations of three surface layer parameters (in %) along non-dimensional fetch (y/L),
where y is the distance from the upwind lead edge and L is the lead width, obtained by LES for all
idealised cases (see Table 2.1). Panel (a) shows the scaling value for temperature θ∗, (b) the friction
velocity u∗, and (c) the surface buoyancy flux Bl .

a more general overview on the convective IBL over inhomogeneous surfaces, see, for example,
Garratt (1990) and Savelyev and Taylor (2005).

First, the focus is on formulations for the plume penetration height zhp proposed by other
authors, which marks the theoretical height up to that a convective plume can penetrate into
a certain layer. An equation for zhp for plumes over leads was first proposed by Glendening
and Burk (1992) based on their time-averaged LES results for the flow over a lead of width
L = 200m with

zhp =

(︄
w ′θ′|sL2

U⊥
∂θ
∂z

)︄1/3
, (2.33)

where U⊥ is the lead-perpendicular component of the horizontal wind vector. This equation
shows that the plume penetrates the deeper into a layer the wider the lead is, namely, with an
L2/3-dependence. zhp increases with increasing lead-averaged surface heat flux and decreases
with increasing lead-perpendicular wind component or increasing stability of the upwind layer.
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The formulation by Glendening and Burk (1992) was modified by Zulauf and Krueger
(2003b) based on their modelling results, and they obtained

zhp = C2

(︃
gF h,s
θ0ρ0cp

)︃1/3
· N−1

(︃
N

U⊥

)︃1/3
L1/2, (2.34)

where C2 ≈ 1 is a constant, θ0 and ρ0 are a reference potential temperature and a reference
air density, and N is the Brunt-Väisälä-frequency. Thus, Zulauf and Krueger (2003b) proposed
an L1/2-dependence for zhp based on their results for leads with L > 200m. Note that both
Equations 2.33 and 2.34 show singularities for neutral inflow conditions.

In principle, the LES results shown in this chapter also show different maximum penetra-
tion heights of the convective plumes depending on the parameters of both above-mentioned
equations. For example, for different U⊥ and L, this is obvious from Figure 2.17 (left column)
following the vertical positions of the potential temperature contour lines near zi . This indicates
an interaction between the plume and the capping inversion, which also causes an increasing
ABL thickness with fetch (see section 2.3). This increase is most pronounced in the LES of the
cases L5c-U3 and L10c-U5 and least for case L5c-U7, which qualitatively agrees with both for-
mulations for zhp shown here. It is also obvious that the increase in ABL thickness and, thus, zhp
is underestimated by METRAS using the M20 parametrization (see Figure 2.17, right column).
Unfortunately, a quantitative analysis of results from both models with the theoretical values
that would be obtained via Equations 2.33 and 2.34 is challenging since for all the idealised
cases considered in this chapter, ∂θ/∂z = 0 below zi . Alternatively, the theoretical penetration
height of the plume only for its development in the inversion layer could be calculated, but then
it would be still challenging to make proper estimates for the parameters θ0 or w ′θ′, and for the
height level to start from.

Second, an alternative formulation for the upper IBL height δ(y) as proposed by Renfrew
and King (2000) for a cold-air flow over a warm polynya should be analysed here. They obtained

δ2(y) = δ20 +
2(1 + 2β)

U ∂θ∂z cp

∫︂
Fh,s(y)

ρs(y)
dy, (2.35)

where δ0 is a starting height level, β is an entrainment factor (with β = 0.2), and Fh,s and ρs are
the fetch-dependent surface sensible heat flux and surface air density, respectively. Assuming
constant values for the latter two variables, Equation 2.35 results in the formulation proposed
by Weisman (1976), extended by the entrainment factor

√︁
2(1 + 2β). Note, T15 found this

extension of the approach by Weisman (1976) to be useful since by neglecting the entrainment
factor, the plume growth over the lead is underestimated compared with the IBL height derived
from the measurements used by T15. Similar to the formulations for zhp, also the formulation
by Renfrew and King (2000) for δ(y) is, inter alia, inversely proportional to ∂θ/∂z , including
the above-mentioned singularity at ∂θ/∂z = 0. This would result in the same drawback as
discussed for the formulations for zhp when applied to the idealised cases considered in this
thesis. Furthermore, the approach proposed in Equation 2.35 is not applicable for the plume
development downwind of the lead since the downwind decay of the convection is not considered.
Nevertheless, it might serve as a useful basis for a potential extension of the new parametrization
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derived in section 2.5.1 towards non-neutral inflow conditions.

2.8.4 Conclusions on further refinements of the parametrization

The analysis of this section shows three major findings. First, the small limitations of the
new parametrization regarding a detailed representation of entrainment and downwind ABL
warming might be overcome with only little adjustments in the treatment of the ABL height
zi . Slightly improved results were obtained by prescribing a higher value for zi as proposed
originally (310 m instead of 300 m), which allowed a stronger interaction of the convective
plume with the inversion layer and which improved the representation of the associated effects
as compared with LES. Not only a similar level of improvement but also further drawbacks arise
when the parametrization is formulated based on Equation 2.27, which is similar to Equation 2.5
but extended by an explicit term for vertical entrainment following Noh et al. (2003). Hence,
especially the consideration of spatial variations in zi might represent a promising way to further
improve the new parametrization and the corresponding non-eddy-resolving, microscale model
results with only little effort.

Second, the first steps were shown here towards an explicit consideration of atmospheric
humidity in future in the microscale simulations using the new parametrization. In the cor-
responding approach, humidity was considered neglecting phase transitions and the resulting
patterns shown for the latent heat flux and specific humidity still require validation by LES.
Nevertheless, a rough comparison of the obtained ratio between surfaces fluxes of sensible and
latent heat showed a good agreement with ratios derived in other studies.

Third, a qualitative discussion was made regarding fetch-dependent surface layer parame-
ters, and concerning the growth of the upper plume boundary or upper IBL height as proposed
in section 2.5.1 as related to other formulations already existing in literature. It was shown that
a consideration of fetch-dependent surface layer parameters in the new parametrization alone
could not explain the discrepancies to LES regarding the detailed inhomogeneities in the turbu-
lent flux patterns. In addition, regarding the comparison of different approaches for the plume
growth over leads, only a qualitative evaluation of the other already existing formulations was
possible since those had been derived for non-neutral upwind stratification. Positively spoken,
especially the approach by Renfrew and King (2000) might represent a promising starting point
to propose an extended version of the δ(y)-formulation of the M20 parametrization in future,
in which it would be accounted also for non-neutral inflow conditions.
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3 Modelling and parametrizing convection over
leads compared with airborne measurements1

Abstract: A non-eddy-resolving, microscale model is applied to simulate convection over three
different leads (elongated channels in sea ice), which have been observed by aircraft over the
Arctic Marginal Ice Zone in 2013. The study aims to evaluate the quality of a local and a
non-local turbulence parametrization. The latter represents a lead-width-dependent approach
for the turbulent fluxes designed for idealised conditions of a lead-perpendicular inflow in a near-
neutral ABL capped by a strong inversion at around 250 m to 350 m height. The observed cases
considered here are also characterised by an almost lead-perpendicular flow, but in comparison to
the idealised conditions, our analysis covers effects due to stable inflow conditions and a much
shallower ABL. The model simulations are initialised with observed surface parameters and
upwind profiles, and the results are compared with measurements obtained above and downwind
of the leads. The basic observed features related to the lead-generated convection can be
reproduced with both closures, but the observed plume inclination and vertical entrainment near
the inversion layer due to the penetrating plume are underestimated. The advantage of the non-
local closure becomes clearly obvious by the more realistic representation of regions with observed
counter-gradient transport. It is shown by comparison with the observations that results obtained
with the non-local closure can be further improved by including the determination of a fetch-
dependent inversion height and by specifying a parameter determining the plume inclination as
a function of the upwind ABL stratification. Both effects improve the representation of fluxes,
boundary layer warming, and vertical entrainment. The model is also able to reproduce the
observed vanishing of a weak low-level jet over the lead, but its downwind regeneration and
related momentum transport are not always well captured, independent on the used closure.

1The sections 3.1 to 3.7 consist of the manuscript with the title Modelling and parametrization of the convective
flow over leads in sea ice and comparison with airborne observations as submitted to Quarterly Journal of the
Royal Meteorological Society on September 9, 2020, which has been peer-reviewed, revised, and finally accepted
for publication on December 1, 2020 (see Michaelis et al. (accept.) for the accepted/published version). A
difference to the manuscript in its originally submitted form is made in this thesis in section 3.3 (corresponds
with section 3 in Michaelis et al. (accept.)), where here the content was shortened due to an overlap with
contents from the sections 2.2.2 and 2.5.1 in this thesis. Section 3.8 is an additional contribution for this thesis
based on my contribution as a co-author in the publication Lampert et al. (2020) published in Atmosphere as
an open-access article.
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3.1 Introduction

Elongated open-water channels in sea ice, so-called leads, may play a key role for surface-
atmosphere interactions in the polar regions (e.g., Ebert & Curry, 1993; Vihma et al., 2014;
Lüpkes, Vihma, et al., 2008; Chechin et al., 2019). Over these areas, the atmosphere is in direct
contact with the ocean, which leads to an enhanced heat transport especially during wintertime
when temperature differences between atmosphere and open water are large. This, in turn,
generates several effects on characteristics of the polar atmosphere on different (spatial) scales.

As described, for example, in the above-mentioned studies and most recently by Michaelis
et al. (2020) (henceforth abbreviated by M20, see chapter 2 in this thesis), leads are formed
mainly due to divergent sea ice drift driven by ocean currents and wind (see also Smith et al.,
1990). Their length ranges between hundreds of meters and hundreds of kilometres and their
width between a few meters to a few kilometres (e.g., Andreas et al., 1979; Smith et al., 1990;
Lindsay & Rothrock, 1995; Marcq & Weiss, 2012, T15). Leads occur predominantly in the
MIZ, but they are also found in the central polar ocean regions (Smith et al., 1990). Due to
the above-mentioned large temperature difference in wintertime, the heat transport through
leads exceeds the molecular heat transport through the surrounding thick ice by two orders of
magnitude (Badgley, 1966; Maykut, 1978) so that leads can dominate the heat budgets even
if the lead coverage is only a few percent (Maykut, 1978; Smith et al., 1990). Thus, strong
turbulent convection (convective plumes) and an IBL are generated, which strongly affect the
structure of the polar ABL. The intensity of those effects depends on the lead geometry and the
meteorological forcing (temperature, wind speed and direction, and stratification). Furthermore,
effects generated over multiple leads or polynyas can have an impact also on the near-surface
energy balance and on atmospheric processes at spatial scales in the order of 103 km (e.g.,
Overland et al., 2000; Lüpkes, Vihma, et al., 2008; Ebner et al., 2011; Batrak & Müller, 2018;
Chechin et al., 2019), which shows the relevance of leads for climate and numerical weather
prediction, especially in high latitudes.

Investigating the effects of leads on the polar ABL has been subject of many studies us-
ing observations, numerical models, or both. During the campaigns AIDJEX (Paulson & Smith,
1974; Andreas et al., 1979), LEADEX (Ruffieux et al., 1995; Persson et al., 1997), and SHEBA
(Overland et al., 2000; Pinto et al., 2003), detailed analyses of the near-surface atmospheric
processes near leads were conducted using mainly in situ measurements. Based on those mea-
surements, turbulent surface fluxes of heat, moisture, and momentum had been derived and
parametrizations for the corresponding transfer coefficients were proposed (e.g., Andreas &
Murphy, 1986; Alam & Curry, 1997; Andreas & Cash, 1999). All those investigations revealed
a strong influence of lead-generated convection on the near-surface ABL characteristics.

During the Winter Arctic Polynya Study (WARPS, Lüpkes et al., 2004, 2012) additional in
situ measurements were performed also above leads, supplemented by helicopter-borne turbu-
lence measurements with the HELIPOD system (Bange et al., 2002). Thus, one of the main
shortcomings during previous campaigns with measurements only over sea ice had been over-
come. In contrast to the LEADEX and SHEBA campaigns, the focus was mainly on leads of
width L = O

(︁
103
)︁
m rather than L = O

(︁
101 − 102

)︁
m. In March 2013, detailed observations

of the whole turbulent ABL over leads of similar width as during WARPS were performed during
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the aircraft-based study STABLE (see T15). Measurements from STABLE revealed that in
case of convection penetrating the capping inversion not only the surface heat fluxes but also
fluxes entrained through the inversion significantly contribute to the warming of the ABL (T15).

Lead-generated convection was also subject of several modelling studies using either LES
(e.g., Glendening & Burk, 1992; Glendening, 1994; Weinbrecht & Raasch, 2001; Esau, 2007),
high-resolved non-hydrostatic models (e.g., Alam & Curry, 1995; Dare & Atkinson, 2000; Zulauf
& Krueger, 2003a, 2003b; Mauritsen et al., 2005; Wenta & Herman, 2018; Li et al., 2020) or
both (e.g., L08 and M20). Most of these studies focused on idealised case-studies to analyse
the impact of lead geometry and meteorological forcing on the convective ABL. LES models
provide detailed information on the turbulence structure since the energy-contributing turbulent
scales are directly resolved. Typically, grid sizes in the order of a few meters or less are used
in all directions, where the resolution increased consecutively in the past years due to increased
computer capacity. The computational costs of a non-eddy-resolving model amount to only
0.1-1 % of an LES model due to the much coarser resolution (O

(︁
102 − 103

)︁
m horizontally and

O
(︁
101
)︁
m vertically), but if the latter is appropriate, the main characteristics of the developing

plume can still be provided. However, parametrizations of the dominating subgrid-scale processes
are required so that the simulation results strongly depend on the applied closure.

Among others, the above-mentioned modelling studies all showed the formation of con-
vective plumes over single leads or polynyas with distinct upper and lower boundaries and a
significant influence on temperature and wind patterns of the ABL. Regarding the parametriza-
tions applied in the non-LES applications, predominantly local turbulence closure following 1.5-,
2-, or 2.5-order TKE schemes were applied. However, for example, Deardorff (1972); Holtslag
and Moeng (1991) found fluxes directed against the prevailing temperature gradient, especially
in the upper half of a homogeneously surface-heated ABL. As stressed by L08 and M20 based
on their LES results, such non-local fluxes dominate the heat flux pattern also in case of hori-
zontally inhomogeneous convection over leads. Furthermore, the measurements from STABLE
indicated that those fluxes exist. To account for non-local fluxes, L08 proposed a corresponding
parametrization based on LES using K-theory with a counter-gradient correction for leads of
1 km width. They showed that for such cases non-eddy-resolving model results obtained with
their non-local parametrization agree well with their LES results. The basic idea of L08 was
also used by M20, who modified and extended the non-local parametrization but accounted
additionally for variable lead width. As compared with the local and the previous non-local clo-
sure, a considerably improved agreement with LES was obtained especially concerning heat flux
patterns and downstream stratification for wide leads with L ≥ 5 km.

M20 considered idealised cases with neutral stratification and only with a fixed ABL height
at zi = 300m. Neither non-neutral upstream stratification, nor other values for zi , nor observed
leads were investigated. Furthermore, as T15 showed, values for zi upstream and downstream
of the lead might differ due to interactions caused by penetrating convection. This phenomenon
was also not captured by the M20 parametrization since zi was kept constant.

Our goal is, first of all, to discuss the quality of microscale model results using different
turbulence closures with a focus on the M20 parametrization (see section 2.5.1 here) when
applied to the cases observed during STABLE. The first leading questions is if the non-local
closure has advantages as compared to a simpler local closure. We investigate three out of

61



3 Modelling and parametrizing convection over leads compared with airborne measurements

the four observed cases, all of them with a shallower ABL and two of them with a more stable
upwind stratification than the idealised cases considered by M20. The fourth case from STABLE
is not modelled due to a rather complex distribution of sea ice cover and surface temperatures.

Another goal is to investigate the need for possible modifications of the M20 parametriza-
tion based on the comparison with the measurements. This includes the consideration of ABL
warming caused by convection penetrating the capping inversion and of the impact of non-neutral
stratification on the plume inclination. A consideration of the latter effect is, furthermore, moti-
vated by analytical models proposed for the IBL developing over heated surfaces, where a func-
tional relation to the upwind temperature gradient was proposed (e.g., Weisman, 1976; Renfrew
& King, 2000). All this can be regarded as another step towards a turbulence parametrization
for convective processes in strongly inhomogeneous conditions used in non-eddy-resolving but
small-scale atmospheric models.

In section 3.2, we describe the STABLE campaign followed by the description and setup
of the applied microscale model in section 3.3. Model results obtained with different turbulence
closures are shown and compared with the observations in section 3.4. Based on those model
results, we introduce two further modifications for the non-local parametrization in section
3.5, where also the corresponding results are shown. A discussion is given section 3.6, and a
conclusion is drawn in section 3.7.

3.2 The campaign STABLE

In the following, we briefly summarise the campaign STABLE with focus on the three lead
cases considered here and on information relevant for our simulations. For more details on the
observations, including flight patterns and measurement techniques, and a detailed discussion
on observed ABL effects by the leads, see T15.

STABLE was an aircraft campaign with focus on measurements over leads conducted in
the MIZ North of Svalbard in March 2013. Measurements were conducted over four leads
(on March 10, 11, 25, and 26) using the Polar 5 research aircraft from the Alfred-Wegener-
Institute (AWI) in Germany. Temperature, wind components, and pressure were measured
with a frequency of 100 Hz, which is equivalent to measurements every 0.4 m to 0.75 m during
horizontal flight legs considering the aircraft’s ground speed between 40 ms−1 and 75 ms−1.
Humidity was measured with a frequency of 1 Hz only so that turbulent fluctuations were not
resolved. Upwind and downwind of the lead, ascending and descending profiles were performed,
for example, to determine stratification and ABL height. Horizontal, lead-perpendicular flight
legs were conducted predominantly at around 40 m height along the main wind direction, mainly
to determine humidity, wind, and both surface and air temperature. On March 11 and 25, flight
sections following a vertical saw-tooth pattern in lead-perpendicular direction were additionally
performed to derive the vertical structure of the ABL. In lead-parallel direction, several horizontal
stacks were flown above and downwind of the leads. Turbulent fluxes of sensible heat and
momentum were then calculated mainly from those flight legs using the eddy covariance method.

In all cases, the near-surface wind was directed approximately lead-perpendicularly with
upstream ABL-averaged speed U of 5.5 ms−1 to 10.5 ms−1 (see T15, their Table 1) leading
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3.2 The campaign STABLE

to inclined plumes over the leads, which extended into the downstream region over closed sea
ice, and which also penetrated into the capping inversions above the shallow boundary layers
with 90m ≤ zi ≤ 190m. The surface temperature of thick sea ice around the leads was
near -25 ◦C and lead-averaged surface temperatures, Ts,l , ranged from -17 ◦C to -5 ◦C, partially
with large spatial variations due to different surface cover (Figure 3.1). The widths of the
leads, L, ranged from 1.6 km to 8.3 km. Only flight sections over leads with nearly linear edges
were taken into account and those ranged from 5.0 km to 20.5 km length. However, the fetch
lengths (the distance between the upwind lead edge and a single lead-parallel flight leg) varied
also along those sections due to the remaining curvature, which affected the derived turbulent
fluxes. Hence, T15 applied a high-pass filter with cut-off frequency at 0.1 Hz for all their flux
calculations to account for these effects. (a)
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Figure 3.1: Observed surface temperature Ts
along distance from the upwind lead edge for three
cases from STABLE, where the blue-shaded rect-
angles denote the position of the leads. Panel
(a) refers to the lead of 2.3 km width observed on
March 10, 2013, (b) to the lead of 2.1 km width
observed on March 25, 2013, and (c) to the lead
of 1.6 km width observed on March 26, 2013.

The upwind ABLs were characterised by
near-neutral or stable stratification below the
strong capping inversions. For all cases consid-
ered, the measurements of T15 revealed several
effects of the plumes on the ABL structure and
on vertical flux profiles above and downwind of
the leads.

Note, all leads were covered with nilas ex-
cept of some small patches of open water. This
had two consequences. First, the average lead
surface temperatures were far below the tem-
perature of open water (see Figure 3.1); hence,
sensible heat fluxes were smaller than over an
ice-free lead. Second, since the nilas cover
strongly reduces evaporation as compared with
open water (see Li et al., 2020), cloud forma-
tion over the leads was prevented.

3.2.1 March 10, 2013

The lead observed on March 10 was 2.3 km wide
with a neutrally stratified ABL up to zi = 95m observed upwind of the lead (at y = −7 km,
where we use y in the following to denote the distance to the respective upwind lead edge, at
y = 0 km, for all cases). Note that T15 found the observations derived from this flight leg to be
not completely representative for the conditions close to the upwind lead edge due to another
narrow lead further upwind. Hence, for example, air temperatures above the lead were lower
than at y = −7 km over thick sea ice (see T15, their Figure 5a).

The lead was mostly covered by thin ice (grey nilas), whose average surface temperature
amounted to T s,l = −10.7 ◦C, but some patches of just refreezing open water with Ts,l ≈ −3 ◦C
occurred, too. This caused a large standard deviation of σTs,l = 3.9

◦C in Ts,l (Figure 3.1a).
Above the open-water areas, some sea smoke was present. The average temperature difference
between the surfaces of thick sea ice and the lead amounted to approximately 14.8 K. An average
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3 Modelling and parametrizing convection over leads compared with airborne measurements

wind speed of U = 5.5ms−1 was derived based on the profile at y = −7 km. T15 found that
the plume had penetrated also the capping inversion so that the ABL thickness had slightly
increased from 95 m at y = 0 km to 101 m near y = L, where small entrainment fluxes had
been observed. Due to lead-generated convection, mixed layer air temperatures increased by
approximately 0.8 K, where the maximum temperature increase was reached near y = L.

3.2.2 March 25, 2013

On March 25, the temperature difference between the surfaces of sea ice in the environment of
the lead and of nilas in the lead (L = 2.1 km) was smallest among all cases with only 8 K, where
T s,l = −17.0 ◦C and σTs,l = 0.4

◦C (Figure 3.1b). The lead was almost completely covered
by white nilas with only small areas of grey nilas, which explains the low values of both T s,l
and σTs,l . The upwind ABL with U = 8.0ms−1 was stably stratified with a vertical potential
temperature gradient ∂θ/∂z = 0.014Km−1 below the inversion at zi = 90m. Especially for
this case, T15 found large vertical entrainment fluxes due to the inversion-penetrating plume.
Thus, the stable stratification had weakened above and downwind of the lead. Furthermore,
zi increased to approximately zi = 115m downwind of the lead. The mixed layer temperature
increased by approximately 0.6 K until y = L and up to 1.2 K further downwind at y = 8 km.
This indicates the large contribution due to the entrainment (T15). Furthermore, based on the
saw-tooth pattern, T15 found a low-level jet (LLJ) upwind of the lead with its maximum near
zi exceeding U by approximately 2 ms−1, which had then been destroyed due to the plume, and
which had regenerated near y = 15 km downwind of the lead.

3.2.3 March 26, 2013

The lead observed on March 26 was the narrowest one (L = 1.6 km) and it had the highest
surface temperature (T s,l = −5.8 ◦C, see Figure 3.1c). The surface was mainly covered by
nilas, but locally it also consisted of open-water areas and frazil ice. σTs,l = 3.8

◦C was almost
as large as on March 10 and also on that day weak sea smoke was present above the open-
water areas. However, there were no such clear peaks in Ts,l as on March 10. The upwind
ABL stratification was ∂θ/∂z = 0.003Km−1 below zi = 190m. The highest altitude for the
lead-parallel horizontal flight legs was at 140 m so that no measurements were obtained near
zi , which did not allow us to identify an effect of a growing ABL height downwind of the lead.
However, the potential impact of convection on the capping inversion was observed indirectly
by measured intermittency of the turbulence in the inversion over the plume region, which had
been present also in the other cases.

3.3 Model description2

For our simulations, we use the atmospheric model METRAS (Schlünzen, Bungert, et al., 2012;
Schlünzen, Flagg, et al., 2012) in the same microscale, 2-D version as described in chapter 2.

2In this section, the original content of Michaelis et al. (accept.) is shortened to avoid an overlap with the
sections 2.2.2.2 and 2.5.1 in chapter 2 of this thesis. In Michaelis et al. (accept.), a more detailed explanation
is given on the applied model and the used turbulence parametrizations, but, basically, the same model version
and parametrizations are applied as shown in chapter 2. Remaining differences are addressed here in the text.
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3.3 Model description

Humidity is considered but without phase transitions, which is justified due to the absence of
clouds in the cases considered (T15).

METRAS is applied with two different turbulence closures in the same version as introduced
in chapter 2. Namely, the local mixing-length closure following Herbert and Kramm (1985) (see
section 2.2.2.2.1) and the M20 parametrization (see sections 2.5.1 and 2.2.2.2.2) are used
including all assumptions and values set for the unknown parameters mentioned in chapter 2.
For the local closure, this means that we also use lmax = 0.15zi , where zi is the height of the
capping inversion observed upwind of the leads. For the M20 closure, unless stated otherwise,
the values proposed in section 2.5.1 (c = 1, amae = 1 ± 0.6, a = 1.2, b = 2, dw = 1.7, and
dθ = 0.51) are also used in the simulations shown in this chapter. Nevertheless, one of our
goals is also to validate these values with the observations from STABLE. For reasons described
later, for two cases, we considered in addition results for different values of a (see section 3.5).

3.3.1 Model setup

An overview of all model runs is shown in Table 3.1, where we use abbreviations to denote
the case and the applied parametrization (e.g., "1003-MIX" denotes the model run for March
10, where the local closure is used, and "2503-NL1" denotes one of the model run for March
25, where the non-local closure is used). We basically distinguish the surfaces of thick sea ice
and leads only by differences in the surface roughness lengths z0 and surface temperatures (Ts,i
for sea ice and Ts,l for the leads). As in L08 and M20, z0 = 10−3m is prescribed for thick
sea ice and z0 = 10−4m for lead surfaces. The ratio between the surface roughness lengths
for momentum and temperature (z0/zt) is assumed as 10. For reasons described later, we
performed one model run with z0,l/zt,l = 100 (see Table 3.1), where the index l refers to the
lead surface. Regarding the surface humidity of both sea ice and leads with nilas, we assume
saturation over ice. The temperatures of both surfaces (values see Table 3.2) derived from the
observations (see Figure 3.1), are kept constant in time during the whole model integration.
For March 25 and 26, Ts,l is set constant all over the lead since the observed variability was
small (see section 3.2). However, for March 10, we consider the observed fetch-dependence
of Ts,l . Nevertheless, also for model runs of that case obtained with the non-local closure, we
apply lead-averaged values for the parameters θ∗,l and Bl so that the integration of Equation
2.10 (see chapter 2) is not violated by the fetch-dependence of Ts,l .

Inflow profiles are generated with the 1-D model version of METRAS based on measure-
ments at the upwind side of the leads. The inflow profiles of both wind speed and direction are
obtained with height-independent values of the observed geostrophic wind components ug and
vg. Both observed and modelled inflow profiles are shown in Figure 3.2.

As mentioned in section 3.2.1, on March 10, higher temperatures were measured during
the profile observed at a distance of about y = −7 km to the upwind lead edge than above the
lead (see also Figure 3.2a). It seems that also the upwind ABL-averaged wind speed is slightly
overestimated when compared to the measurements above the lead (Figure 3.2d). Hence, to
ensure comparability, for model runs of this case we assume that the air temperature matches the
sea ice surface temperature in the lowest levels. This explains the deviation between the observed
and modelled temperature profiles, which is larger than in the other two cases. Moreover, we

65



3 Modelling and parametrizing convection over leads compared with airborne measurements

Table 3.1: Overview of the settings for the numerical simulationsa.
Model run Closure

scheme
Method to calculate zi (y) Value for a Further specifications

1003-MIX local fixed value, zi (y) = 95m - -
1003-NL1 non-local fixed value, zi (y) = 95m 1.2 -
1003-NL2 non-local contour; threshold: θ|c = 246.8K 1.2 -
1003-NL3 non-local contour; threshold: θ|c = 246.8K 1.2 zt,l = 0.01z0,l
2503-MIX local fixed, zi (y) = 90m - -
2503-NL1 non-local fixed, zi (y) = 90m 1.2 -
2503-NL2 non-local fixed, zi (y) = 90m 0.75 -
2503-NL3 non-local contour; threshold: θ|c = 247.4K 0.75 -
2603-MIX local fixed, zi (y) = 190m - -
2603-NL1 non-local fixed, zi (y) = 190m 1.2 -
2603-NL2 non-local contour; threshold: θ|c = 247.2K 0.9 -
a The closure schemes refer to the local mixing-length closure ("MIX", see section 2.2.2.2.1 in chapter 2) and the
non-local closure ("NL") of M20 (see section 2.5.1 in chapter 2). zi (y) is the ABL height in the model, for which
the upwind observed value is prescribed in some runs, while in some other runs a y−dependent ABL height is used,
with y as the distance from the lead edge (method explained in section 3.5.1). Values shown in the fourth column
refer to the parameter a in the non-local closure of M20 (see section 2.5.1 in chapter 2 and section 3.5.2 for further
details). zt,l and z0,l are heat and momentum roughness lengths for lead surfaces.
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Figure 3.2: Profiles observed near the upstream edges of the three leads (light blue lines) and the
corresponding simulated inflow profiles (dark blue lines) of atmospheric temperature and wind speed
plotted as functions of the non-dimensional height z/zi , where zi is the upwind observed ABL height.
Panels (a, d) refer to March 10, 2013, where zi = 95m and the upwind measured profiles were obtained
at y = −7 km distance. Profiles measured above the lead at y = 1.3 km are also shown (red points). (b,
e) refer to March 25, 2013 with zi = 90m. Measured profiles were obtained at y = −2 km. (c, f) refer
to March 26, 2013 with zi = 190m. Measured profiles were obtained at y = −1.5 km.

could not obtain the observed increase of wind speed above zi and prescribed the geostrophic
wind to a smaller value to ensure matching with the ABL wind above the lead (red points in
Figure 3.2d).

For the other two cases, observed and modelled inflow profiles differ only marginally (Figures
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3.4 Simulation results with non-modified parametrizations

3.2b, 3.2c, 3.2e, and 3.2f). For March 25, only the observed and modelled vertical locations
of the wind speed maximum differ slightly (Figure 3.2e). For March 26, the observed inflow
wind speed is underestimated between 0.2zi and 0.5zi (Figure 3.2f), but agrees well with the
observation outside of this range.

Further initial values for the model runs are shown in Table 3.2. After the initialisation,
the model equations are integrated until quasi-stationary conditions are reached (approximately
after 2 hrs integration time). Simulation results are then compared to the ABL observations
obtained by aircraft above and downstream of the respective leads.

Table 3.2: Initial conditions for the model runs of the discussed case-studies from STABLEa.
Parameters Case where model runs belong to

March 10, 2013 March 25, 2013 March 26, 2013

L (km) 2.3 2.1 1.6

Ts,i (◦C) -25.6 -25.5 -25.1

Ts,l (y) (◦C)

−12.0 for 0.0 ≤ y ≤ 0.8 km
−3.0 for 0.8 < y ≤ 1.2 km
−12.0 for 1.2 < y ≤ 1.5 km −17.0 for 0 ≤ y ≤ L −5.8 for 0 ≤ y ≤ L
−4.0 for 1.5 < y ≤ 1.8 km
−13.0 for 1.8 < y ≤ 2.3 km

∂θ/∂z (Km−1) 0.0 0.014 0.003

zi (m) 95 90 190

ug (ms−1) -4.0 -8.4 -6.9

vg (ms−1) 0.9 0.6 3.6

p0 (hPa) 1028 1034 1029
a L is the lead width, Ts,i and Ts,l (y) are the prescribed surface temperatures of sea ice and lead surfaces, respectively,
where y is the distance to the upwind lead edge. ∂θ/∂z is the average upwind vertical potential temperature gradient
below the bottom of the capping inversion at height zi as observed upwind of the lead. ug and vg are the lead-
orthogonal and lead-parallel height-independent geostrophic wind components, and p0 is the observed surface air
pressure.

3.4 Simulation results with non-modified parametrizations

We analyse three basic features. First, turbulent fluxes and ABL structures of temperature
and wind are examined based on vertical cross-sections in lead-perpendicular direction. Second,
vertical structures at individual positions obtained from profiles of both mean quantities and
turbulent fluxes are analysed. Third, we discuss the development of variables at a constant
height level as a function of distance.

For each case described in the following subsections, all cross-sections are shown using
the non-dimensional height z/zi , where zi is the upwind observed ABL height (see section 3.2
for the respective values). For figures showing vertical profiles, the potential temperature data
including their error bars are based on T15 (their Figures 5a, 14a, and 17a). The turbulent fluxes
were recalculated for this work. As T15, we also applied a band-pass filter on measurements
of both wind components and potential temperature with cut-off frequencies of 0.1 Hz and 50
Hz, but unlike T15, we slightly modified some legs to reduce inhomogeneity and use the filter
function of the latest MatLab version 2020a reducing some artificial noise at the beginning of
the legs. Thus, some of our flux values slightly differ from those in T15. Moreover, for March
10 we consider the absolute values of the total vertical momentum flux, Fτ , instead of only its
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3 Modelling and parametrizing convection over leads compared with airborne measurements

x1-component as in T15. As a new feature, we considered also vertical profiles of the horizontal
wind speed.

All simulated vertical profiles are shown as solid, coloured lines with a shaded region around.
The lines refer to results at a certain distance from the upwind lead edge, which agrees with
the position of the corresponding measurements averaged over the respective lead-parallel flight
leg. The shaded region is added to include simulation results of ±300m upwind and downwind
of the respective position to account for remaining uncertainty of the fetch lengths (although
corrected by filtering). Additional uncertainty of the fetch is given due to deviation of modelled
and observed local wind direction. This method also allows us to examine, if at least the
modelled and observed patterns agree except for a potential horizontal shift of the structures.

3.4.1 Model runs 1003-MIX and 1003-NL1

Simulated vertical cross-sections of the model runs 1003-MIX and 1003-NL1 are shown in Figure
3.3. Some general features can be clearly identified, which are also shown for the other two
cases discussed below. First, an inclined plume developing over the lead is obvious from the
heat flux patterns of both runs (Figures 3.3a and 3.3b), where the simulated plume shapes differ
depending on the applied parametrization. While in run 1003-MIX positive heat fluxes extend
far into the lead’s downwind region, a clear downwind plume boundary is simulated by the run
1003-NL1 with negative fluxes further downstream starting at y ≈ 3 km. In run 1003-NL1,
entrainment fluxes are simulated near zi above the lead at y ≈ 0.8 km, which indicates that
the plume reaches the inversion layer at that distance. Second, the developing plume leads to
an ABL warming and also affects ABL stratification as shown in the patterns of the potential
temperature (Figures 3.3c and 3.3d). While the application of the local closure causes a slightly
unstable stratification in almost the whole downwind mixed layer (denoted in Figure 3.3c), a
slightly stable stratification is obtained with the non-local closure (denoted in Figure 3.3d).
This causes a fundamental difference in the heat fluxes, which are directed upward/downward
in this region when the local/non-local closure is applied. Note that a stabilisation of the
downwind ABL was also obtained by M20 in their LES of idealised cases at near-neutral upwind
stratification.

Modelled horizontal wind speed patterns differ only very slightly from each other (Figures
3.3e and 3.3f). In both simulations, a pronounced wind speed maximum near zi is indicated,
where it is more or less destroyed further downwind due to enhanced vertical mixing caused by
the lead-generated convection.

In the pattern of the vertical momentum flux, a clear maximum is obtained with both
closure schemes above the lead (Figures 3.3g and 3.3h). In run 1003-MIX, the maximum is
slightly more pronounced and it occurs a few hundred meters further downwind than in run
1003-NL1.

Simulated and observed profiles are shown in Figure 3.4 for heat fluxes, potential temper-
ature, and momentum fluxes. The simulation results for y = −6.45 km solely show that the
applied closure schemes do not affect the upwind results so that inflow conditions were the same
for both model runs.

The general observed structure of the heat fluxes is basically represented by both model

68



3.4 Simulation results with non-modified parametrizations

(a)
1003-MIX

20

20

20

20

20

6060

60

100

100

140

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4
z
/z

i

-50

-30

-10

20 

60 

100

140

180

220

(b)
1003-NL1

-10

20

20

20
20

6060

100 100

140

60

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

-50

-30

-10

20 

60 

100

140

180

220

(c)

245.6

245.8

245.8

246.1

2
4
6
.1

246.0

246.1

248.5248.5248.5

246.8 246.8246.8

246.3

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

245.5

246.0

246.5

247.0

247.5

248.0

248.5

(d)

245.8 246.2

246.1

246.1

245.6

245.8

246.0

246.2

246.8

248.5248.5248.5

246.8246.8

246.0

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

245.5

246.0

246.5

247.0

247.5

248.0

248.5

(e)

5.0

5.0

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.0

4.0

3.5

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

2.5

3.0

3.5

4.0

4.5

5.0

5.5

(f )

5.0

5.0

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.0
4.0

4.0

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4
z
/z

i

2.5

3.0

3.5

4.0

4.5

5.0

5.5

(g)

0.02

0.04

0.04

0.04

0.
04

0.02
0.02

0.02

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

0.00

0.04

0.08

0.12

0.16

0.20

0.24

(h)

0.02

0.04

0.0
4

0.04

0.06

0.02

0.02

0.02

-2  0  2  4  6  8

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

0.00

0.04

0.08

0.12

0.16

0.20

0.24

Figure 3.3: Vertical cross-sections obtained with METRAS for March 10, 2013 (runs 1003-MIX and
1003-NL1, see Table 3.1) plotted against the non-dimensional height z/zi , where zi = 95m is the
upwind observed ABL height. Panels (a, b) show the sensible heat flux in Wm−2, (c, d) the potential
temperature in K, (e, f) the horizontal wind speed in ms−1, and (g, h) the vertical momentum flux in
Nm−2. The position of the lead is between the vertical dashed black lines. The spacing between heat
flux contour lines is 5 Wm−2 for negative fluxes (dashed contour lines in (a, b)). The solid grey lines
show the upper IBL height according to Equation 2.20 from chapter 2 (right column).

runs (Figures 3.4a and 3.4b). Near y = 1.3 km, surface heat fluxes of 110 Wm−2 to 195 Wm−2

are simulated, where the large range of model results reflects the uncertainty as described above
(see sections 3.2, 3.3.1, and 3.4). Above the surface layer, the observed pattern of almost
linearly decreasing heat fluxes is well represented with both model runs. Near the downwind
lead edge at y = 2.3 km, the observed structure of an elevated heat flux maximum in the ABL
centre is also reproduced. However, comparing observations and simulation results directly at
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Figure 3.4: Vertical profiles from simulation results obtained with METRAS (coloured lines and shaded
regions, runs 1003-MIX and 1003-NL1, see Table 3.1) and the corresponding observations with measure-
ment uncertainties (points with error bars, partly from T15) for March 10, 2013 at different locations y ,
where y is the distance from the upstream lead edge, plotted against the non-dimensional height z/zi ,
where zi = 95m is the upwind observed ABL height. Panels (a, b) show the sensible heat flux in Wm−2,
(c, d) the potential temperature in K, (e, f) the horizontal wind speed in ms−1, and (g, h) the vertical
momentum flux in Nm−2. The lead is located between y = 0 km and y = 2.3 km. Open symbols mark
values obtained from legs with observed intermittent turbulence (see T15).

the same location y , the simulated heat fluxes exceed the observed values. This overestimation
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concerns especially the position over the lead centre, while at the downwind lead edge the
measurements are at least in the scatter of the modelled values (yellow-shaded region) obtained
with the non-local closure (Figure 3.4b). Thus, one possible explanation of the overestimation
is the uncertainty in the fetch and in the exact position of the aircraft relative to the curved
lead edge.

Although the simulated heat fluxes exceed the observed values above the lead, the simulated
temperature profiles agree well with the observations at y = 1.3 km (Figures 3.4c and 3.4d).
Near y = 2.3 km, the simulated values are slightly below the mean observed temperatures,
especially for the observed value near 0.9zi . This is especially obvious for the run 1003-MIX,
where an unstable stratification is obtained. Following the run 1003-NL1, rather a neutral
or slightly stable stratification is shown, which better resembles the observations. The slight
underestimation of observed temperatures might be explained by an underrepresented effect due
to vertical entrainment of heat through the capping inversion.

The observed wind profiles are only partially well represented by the model runs (Figures
3.4e and 3.4f). Above the lead at y = 1.3 km, measured and simulated profiles agree well below
zi , but the observed increase in wind speed above zi does not match with the modelled one,
which is due to the mismatch in the inflow profile (see Figure 3.2d). Near the lead’s downwind
edge at y = 2.3 km, the simulated values exceed the observations by approximately 1 ms−1 in
the entire ABL.

Regarding the observed momentum fluxes at the downwind lead edge (y = 2.3 km), a
strong underestimation is obtained by both model runs (Figures 3.4g and 3.4h). Over the lead’s
centre (y = 1.3 km), results of both runs agree better with the observations, where the observed
values are almost perfectly hit by the simulations results of run 1003-NL1.

3.4.2 Model runs 2503-MIX and 2503-NL1

For March 25, vertical cross-sections of potential temperature and wind speed based on the
data obtained during a vertical saw-tooth pattern are shown in Figure 3.5. The interpolation
method to generate the cross-sections is similar to the method used by T15 (see their Figures
13a and 13c), but the visualisation is adapted to our applied colour scales and ranges. Due to
the shallow boundary layer, the lowest height reached by the aircraft was at 0.4zi . Thus, only a
small part of the ABL structure is visible in the measurements. Nevertheless, three features can
be clearly identified. First, compared to March 10, the ABL was more stably stratified in the
upwind region, where ABL stratification had slightly weakened in the downwind region (Figure
3.5a). Second, the convection clearly penetrated into the capping inversion downwind of the
lead, which strongly lifted the inversion base with increasing distance. Third, two pronounced
wind speed maxima occurred near zi , one upwind of the convective region and another one
downwind of the lead near y = 15 km (Figure 3.5b). Between approximately y = 2.5 km and
y = 11 km, the wind speed maximum was obviously destroyed due to the convection (see also
T15). All three effects can be related to the convective IBL developing over the lead, where the
observed position of its upper boundary is also shown in Figure 3.5 (see T15 for more details
on their determination of this quantity).

Model results for this case using the local closure (2503-MIX) and the non-local one (2503-

71



3 Modelling and parametrizing convection over leads compared with airborne measurements

(a)

248.5

248.5 248.5 248.5

247.4 247.4
247.4247.4

247.0
247.0

247.0

247.0

246.8
246.8 246.8

246.6

246.6

246.6

246.4
246.4

246.4
246.4

246.4

246.0

2
4
6
.0

246.2

248.1

-2  0  2  4  6  8  10  12  14  16  

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

245.5

246.0

246.5

247.0

247.5

248.0

248.5

(b)

9.5

9.5

9.5

9.0

8.0

9.5

9
.5

9.5

9.5

8
.08.5

9.0

9.0

8
.5

9.0

8.5

8.0
8.0

8.5

8.5

8.5

9.0

9.0
9.0

-2  0  2  4  6  8  10  12  14  16  

distance from upwind lead edge (km)

0
 

0.2
 

0.4
 

0.6
 

0.8
 

1
 

1.2
 

1.4

z
/z

i

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

Figure 3.5: Observed potential temperature in K (a) and horizontal wind speed in ms−1 (b) in lead-
perpendicular direction derived from the saw-tooth leg on March 25, 2013. Smoothed measurements are
shown as dots and linear interpolation was applied for the filled contours using a similar method as in
T15. In white colour, the observed upper IBL height is shown based on T15, their Figure 22b. The lead
edges are denoted by the dashed black lines. The upwind observed ABL height is zi = 90m.

NL1) are shown in Figure 3.6. The differences between both runs are not as pronounced as for
March 10. The most important differences concern both structure and vertical extent of the
plumes, which is most obvious in the heat fluxes (Figures 3.6a and 3.6b). In the non-local run,
an abrupt increase of the upper plume boundary is obtained over the second half of the lead,
unlike in run 2503-MIX.

Regarding the ABL temperature, patterns of both model runs obtained for March 25 differ
strongly from those for March 10, indicating stable stratification on the upwind and downwind
side of the lead (Figures 3.6c and 3.6d). Such a stable stratification for the run with the local
closure is a new feature and clearly related to the stable stratification already upwind of the lead,
while for 2503-NL1 also the counter-gradient flux contributes to stabilisation. Thus, negative
heat fluxes are simulated already below zi upwind of the lead and above the plume in both runs,
2503-MIX and 2503-NL1. The simulated stability downwind of the lead is slightly stronger with
2503-NL1. In the region between y = 2 km and y = 4 km, this causes also stronger downward
heat transport than in 2503-MIX. The observed influence of the plume on the temperature
structure in the capping inversion is not represented, neither by 2503-MIX nor by 2503-NL1.

Regarding the wind speed patterns, the model is able to reproduce the wind speed maximum
at the upstream side and its destruction by the plume over the lead (Figures 3.6e and 3.6f).
However, the observed recovering wind speed maximum further downwind is not captured,
independent on the used closure. The modelled maximum on the upstream side is also slightly
underestimated, but the onset of decreasing wind speed over the lead in horizontal direction is
almost at the same location as in the observations. The modelled minimum is, however, less
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Figure 3.6: Same as Figure 3.3, but for the model runs 2503-MIX and 2503-NL1 (Table 3.1) for March
25, 2013. The upwind observed ABL height is zi = 90m.

pronounced than in the observations, where the destruction is slightly stronger by 2503-NL1
than by 2503-MIX.

Regarding the momentum fluxes, slightly higher values are obtained with 2503-NL1 than
with 2503-MIX (Figures 3.6g and 3.6h). Moreover, the region with increased momentum fluxes
depicting the convective plume extends further downwind and reaches higher altitudes in run
2503-NL1. Hence, the whole region with an impact of momentum fluxes is about 20 % larger
than in run 2503-MIX.

A comparison between the simulated heat flux profiles of both model runs and the obser-
vations on March 25 (Figures 3.7a and 3.7b) points, in general, to a better representation of
the observed heat fluxes below zi than on March 10. Moreover, heat fluxes obtained with the
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Figure 3.7: Same as Figure 3.4, but model results of the runs 2503-MIX and 2503-NL1 (Table 3.1) and
observations for March 25, 2013 are shown. The upwind observed ABL height is zi = 90m. The lead is
located between y = 0 km and y = 2.1 km.

non-local closure (2503-NL1) vary stronger with distance than those obtained with the local
closure (2503-MIX) indicated by the wider shaded areas around the profiles at single locations.
This implies a seemingly larger impact of the fetch when the non-local closure is used.

Two major differences between simulated and observed heat fluxes are obvious. First, near
0.7zi , the minima with negative heat fluxes are less pronounced in both simulations than in
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the observations. Second, the minimum near zi observed downwind of the lead at y = 2.7 km
is almost absent in the simulations. In addition, at y = 2.7 km, the modelled heat fluxes
near 0.4zi are directed downward as in the observations, but their absolute values are slightly
underestimated by both 2503-MIX and 2503-NL1.

For the temperature above the lead’s centre (y = 1.3 km), almost the same profiles are
obtained by both runs in good agreement with the corresponding measurements at the lowermost
flight level at 0.4zi , but between 0.4zi and 0.8zi , the observed stability is underestimated by
both model runs (Figures 3.7c and 3.7d). The downwind observed ABL warming effect is
also underestimated by both runs, where the temperature profile at y = 2.7 km simulated
by 2503-NL1 agrees slightly better with the observations than by 2503-MIX. There is also an
important difference between the results obtained with both closures that concerns the direction
of fluxes. Near the lead’s downwind edge (y = 2.7 km), the observed ABL temperature increases
with height between 0.4zi and 0.7zi implying counter-gradient turbulent heat fluxes. This
temperature increase is reproduced in the result with the non-local closure, but it cannot be
captured by the local closure, where temperature slightly decreases with height at the same
location.

The observed wind profiles at all three locations are well reproduced by the model runs,
except for the measurements near zi and further above, where the measured wind speeds are
basically lower than the simulation results (Figures 3.7e and 3.7f). The simulated momentum
flux profiles show that the observed values are mostly underestimated (Figures 3.7g and 3.7h),
especially by run 2503-MIX. In run 2503-NL1, there is a slightly better representation of the
observed values, especially in the lead’s downwind region near y = 4.3 km.

3.4.3 Model runs 2603-MIX and 2603-NL1

For March 26, vertical cross-sections of the model runs 2603-MIX and 2603-NL1 are shown
in Figure 3.8, and the profiles in comparison to the observations in Figure 3.9. As for the
previously discussed cases, the simulated plumes have different structures. Differences concern
the plume’s vertical extent and its inclination. A less inclined plume is obtained by run 2603-MIX
due to a stronger plume growth above the first half of the lead than by run 2603-NL1. Thus,
in run 2603-MIX, the upper plume boundary at y = L is at 0.7zi (Figure 3.8a) and reaches the
inversion layer far downwind of the lead at 6 km distance, while in run 2603-NL1 zi is reached
already at y = L (Figure 3.8b).

The temperature distribution downwind of the lead shows an almost neutral layer with 2603-
MIX (Figure 3.8c) and a slightly stable layer with 2603-NL1 (Figure 3.8d). In the simulated
wind speed patterns (Figures 3.8e and 3.8f), only marginal differences are shown, where the
general structure is similar to the previously discussed cases.

The momentum flux patterns show large differences between the local and non-local clo-
sures. A sharp decrease of fluxes occurs downwind of the lead above 0.2zi in the run 2603-NL1,
while with 2603-MIX only weakly decaying fluxes are modelled.

Compared to the measurements, run 2603-MIX strongly overestimates the heat fluxes
above the lead’s centre (y = 0.7 km), whereas at the lead’s downwind edge, the observed flux
profile is well represented (Figure 3.9a), but with an underestimation of the flux at the lowermost
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Figure 3.8: Same as Figure 3.3, but for the model runs 2603-MIX and 2603-NL1 (Table 3.1) for March
26, 2013. The upwind observed ABL height is zi = 190m.

level. Further downwind, observed heat fluxes are extremely underestimated, but at least the
structure of an elevated flux maximum is, basically, represented. The corresponding results
obtained by run 2603-NL1 show the opposite (Figure 3.9b) with very well reproduced fluxes
over the lead centre, but overestimated fluxes in the upper half of the ABL downwind of the
lead. As in 2603-MIX, large deviations from the observations are also obvious near y = 3.0 km
and y = 4.3 km. Thus, the plume’s horizontal extent is underestimated by both runs.

The observed temperature profiles are slightly better represented by the simulation using
the non-local closure than with the local closure, especially concerning the slightly stable strati-
fication at 4.3 km distance (Figures 3.9c and 3.9d), which is reproduced only by run 2603-NL1.

As for March 25, also for March 26 the observed wind profiles are well reproduced by both
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Figure 3.9: Same as Figure 3.4, but model results of the runs 2603-MIX and 2603-NL1 (Table 3.1) and
observations for March 26, 2013 are shown. The upwind observed ABL height is zi = 190m. The lead
is located between y = 0 km and y = 1.6 km.

model runs (Figures 3.9e and 3.9f). This holds also for the observed decrease in wind speed
with increasing distance near 0.7zi . A slight underestimation is obtained by both model runs at
the lowest flight leg downwind of the lead at y = 4.3 km.

Elevated momentum flux maxima are simulated in both runs, where their vertical location
increases with increasing y (Figures 3.9g and 3.9h). At y = 0.7 km, the observed momentum
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flux at 0.2zi is slightly overestimated with both runs. Downwind of the lead, the quality of
agreement between simulation results and observations is slightly better with run 2603-NL1
than with 2603-MIX, but the observed momentum fluxes are mostly underestimated. As already
noted for the other two cases, the simulated vertical positions of the momentum flux maxima are,
basically, higher than the corresponding observations. This is especially shown in the downwind
profiles at y = 3.0 km and y = 4.3 km simulated by run 2603-MIX.

3.5 Modification of the M20 parametrization

The simulation results in section 3.4 showed that the general structure of the ABL is fairly
represented by model simulations using the local or the non-local closure. Furthermore, there
is no such clear difference in the results obtained with the two closure types as in the idealised
cases discussed in M20 with neutral stratification upwind of the lead (see, for example, sec-
tion 2.6 in this thesis). The non-local closure shows slight advantages in some aspects. For
example, the downwind temperature profiles and momentum fluxes on March 25 obtained with
the M20 parametrization agree slightly better with the observations than those obtained with
the local closure. However, in some other aspects the local closure shows advantages. Hence,
also the results obtained with the M20 closure revealed two main drawbacks compared to the
measurements. The first concerns the underestimation of the observed ABL warming effect
downwind of the leads shown for all three cases. We speculate that this is most probably due
to underestimated vertical entrainment. Second, for March 25 and 26, the plumes simulated by
the runs 2503-NL1 and 2603-NL1 grew too fast compared to the observations. Most probably,
this is due to the stable stratification upwind of the leads that might cause the lead-generated
plume to grow more slowly than for neutral stratification (T15). This behaviour could not be
captured by the closure developed so far for neutral inflow. Therefore, in the following, we
present two further modifications of the M20 parametrization to overcome these drawbacks.

3.5.1 Determination of the ABL height zi
The observations by T15 revealed that the convection over leads can be strong enough to pen-
etrate into the capping inversion, which leads to vertical entrainment fluxes so that zi increases
with distance. Such effects were clearly observed during STABLE, where the measured zi up-
wind of the lead differed clearly from the value downwind of the lead (see section 3.2 and Figure
3.5). To include the penetration effect, we consider modifications for the parameter zi in the
M20 parametrization.

We introduce a diagnostic determination of a y -dependent inversion height, zi(y), following
the methods proposed by Sullivan et al. (1998). They investigated the temporal evolution of
a surface-heated, initially neutrally stratified convective boundary layer, with a finite potential
temperature jump across the inversion followed by a uniform lapse rate above, which includes
the evolution of the ABL height zi . They used a 3-D LES model with nested grid in the
inversion layer and analysed three different methods, called "flux method", "contour method"
and "gradient method" (Sullivan et al., 1998). These methods are used to determine zi at
every horizontal grid point position (here: at each y). Following the flux method, zi is defined
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as the vertical location of the minimum heat flux. Following the contour method, zi is defined as
the vertical location of a specific contour line of the potential temperature, for which a specific
value θc has to be prescribed. The selected potential temperature contour is then tracked along
distance y and its respective vertical position is set equal to zi . Following the gradient method,
zi is defined as the vertical location of the maximum vertical potential temperature gradient.
Sullivan et al. (1998) also showed that zi obtained via the flux method is, in general, lower than
with the other methods, which corresponds with results of laboratory investigations by Deardorff
et al. (1980). Furthermore, Sullivan et al. (1998) found that the flux method underestimated
both zi and turbulence in the inversion.

We performed simulations applying all three methods for the zi(y) determination. The im-
plementation of the y -dependent zi in the model was done as follows. First, at each numerical
time step, values of the variables needed to determine zi(y) are vertically linearly interpolated
from the numerical grid with 20 m vertical spacing to a 5 m spacing. This concerns the potential
temperature for all three methods as well as Kh and Γ for the flux method. Second, based on
those interpolated fields, zi(y) is calculated at each grid point in lead-perpendicular direction
using the respective method. Third, the final values for zi(y) are obtained after applying a run-
ning mean over five points in lead-perpendicular direction to smooth spatial oscillations of zi(y).
The values finally obtained for zi(y) as a function of distance then mark the (fetch-dependent)
upper limit for the upper IBL height δ(y) from the M20 parametrization (see Equation 2.20
in chapter 2). Moreover, we assume that variations in zi(y) for y > yzi , where yzi marks the
distance where the upper plume boundary intersects with the upwind value of zi , are only due to
the influence of the plume in the inversion layer. For the flux method, we calculate zi(y) based
on the heat flux profile at time step t − 1 because zi itself is needed to calculate the heat flux,
and we set the observed upstream ABL height as a minimum value for zi(y). This is because
downwind of the lead the location of the minimum vertical heat flux is likely to be near the
surface in the devolving near-surface stable IBL over sea ice (not shown). For θc used in the
contour method, we prescribe the temperature values 10 m above zi(y) at the inflow boundary.

For March 10, the results for δ(y) with the fetch-dependent upper limit zi(y) are shown

-2 -1 0 1 2 3 4 5 6 7 8

distance from upwind lead edge (km)

80

 

90

 

100

 

110

 

120

 

130

U
p

p
e

r 
IB

L
 h

e
ig

h
t 

(y
) 

(m
)

flux method contour method gradient method

Figure 3.10: Upper IBL height δ(y) for March 10, 2013 obtained with the M20 parametrization following
Equation 2.20 (see chapter 2), but a y−dependent ABL height zi(y) determined based on three different
methods (coloured lines) following Sullivan et al. (1998) (see text) is used as upper limit for δ(y), where
y is the distance from the upwind lead edge at y = 0 km. For the contour method, θc = 246.8K.
The position of the lead is denoted by the blue-shaded rectangle. The upwind observed ABL height is
zi = 95m (dashed black line).
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in Figure 3.10 dependent on the method used for determining zi(y). Note that the small-scale
variation in zi(y), especially for the gradient method, is caused by the linear interpolation, so by
numerical rather than by physical reasons. Following the flux method, zi(y) remains constant
at its upwind level of 95 m until y = 4 km and then it strongly increases to about 120 m until
y = 7.5 km. Thus, the increase in zi(y) occurs much farther downwind than in the observations
(see section 3.2.1). Moreover, zi(y) increases downwind of the convective plume region for the
first time, so downwind of δd(y). Thus, no improvements can be expected by this method for
the non-local closure.

Following the gradient method, δ(y) strongly increases to about 120 m already above the
lead’s centre and it remains almost constant with increasing y (Figure 3.10). Thus, much
higher values than the observed value are obtained for zi(y) already above the lead causing
overestimated entrainment (not shown).

Following the contour method (here with θc = 246.8K), a monotonic increase of δ(y) is
obtained above the lead starting at y ≈ 0.8 km. Further downwind, zi(y) remains constant at
115 m, which is higher than the observed value of 101 m (see section 3.2.1). Nevertheless, zi(y)
as obtained with this method seems to be the best representation of a continuously rising ABL
height with distance y . Hence, we consider additional simulations only with this method for all
cases (see below).

3.5.2 Adjustment of parameter a to stably stratified inflow conditions

For the parameter a, which denotes the simulated plume inclination, M20 obtained the value
1.2 based on their LES results of idealised cases with upwind neutral stratification (see section
2.5.1 and Appendix B.2 in this thesis). However, in a stable environment, it can be expected
that a lead-generated plume penetrates into the ABL more slowly than in neutral conditions
(T15). This is supported by the findings of T15, who compared the observed IBL height on
March 25 with the corresponding parametrization by L08, which forms the basis for the M20
approach and which is also designed for near-neutral conditions. T15 found that the observed
IBL height is overestimated when the original value 2.3 of L08 is used for their parameter a (see
section 2.2.2.2.2 in this thesis), but an improved agreement was obtained with a = 1.9. Hence,
to include the effect of the positive upwind potential temperature gradient on the growth of the
plume over the lead for March 25 and 26, we consider further simulations for the two stable
cases with alternative values for a. We apply the same equation and methods proposed by M20
to determine a (see Appendix B.2 in this thesis), but use the measurements from STABLE
instead of LES results.

M20 obtained a by rearranging Equation 2.20 (see section 2.5.1 and Appendix B.2 here)
and calculating open quantities (Bl , Dw , δ(y) and U) from LES. To determine δ(y), they applied
a linear approximation of LES results in the region δ(y) < zi . An equivalent procedure is applied
here, so that we solve the first line of Equation 2.20 for a assuming δ(y) < zi and obtain

a =
δobs

2/3(y)(︂
2
3
Bl 1/3

U y
)︂ , 0 ≤ y ≤ L, (3.1)
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Figure 3.11: Same as Figure 3.3, but for the
model run 1003-NL2 (Table 3.1) for March 10,
2013. The upwind observed ABL height is zi =
95m and for y > 0 km with y as distance from
the upwind lead edge, a varying upper limit for the
upper IBL height (solid grey lines, see Equation
2.20 in section 2.5.1) is used (see section 3.5.1).

In this equation, δobs and U can be taken di-
rectly from the observations and Bl is deter-
mined with measured near-surface temperatures
and wind speeds using a bulk formula (e.g., An-
dreas & Murphy, 1986). Due to our linear ap-
proximation of δobs , a follows from any arbitrary
pair of δobs and y . We found that the variabil-
ity of a with respect to different positions y was
indeed small, and the constant values a ≈ 0.75
and a ≈ 0.9 for March 25 and 26 represent
a reasonable approximation. Both values are
still inside the range defined for a in the M20
parametrization (a = 1± 0.6, see section 2.5.1
in chapter 2), but obviously lower than a = 1.2
as proposed by M20 for their neutral cases.

3.5.3 Model

runs 1003-NL2 and 1003-NL3

Additional simulation results using the M20
parametrization including a y -dependent zi (run
1003-NL2) are shown for the case on March 10
as vertical cross-sections (Figure 3.11) and as
vertical profiles at single locations together with
the corresponding observations (Figure 3.12,
left column). In Figure 3.12, right column,
results of the run 1003-NL3 are shown to-
gether with the observations, where the ratio
for z0,l/zt,l was assumed as 100 for reasons ex-
plained below.

As Figure 3.11 shows, the application of a
varying zi (run 1003-NL2) causes much more
entrainment, a stronger warming effect, more
stable stratification at y = 2.3 km, a stronger
destruction of the upwind wind speed maximum,
and slightly higher momentum fluxes near the
downwind lead edge (y = 2.3 km) than with
the runs 1003-MIX and 1003-NL1. This also causes, to some extent, an improved agreement
with the observations (Figure 3.12, left column). The main improvement concerns the potential
temperature profile at the downwind lead edge (y = 2.3 km). Comparing this profile with the one
at y = 1.3 km shows that the stronger vertical entrainment reproduces the observed weakening
of the inversion strength over the lead much better than with runs 1003-MIX and 1003-NL1
(Figure 3.12c compared to Figures 3.4c and 3.4d). A marginal improvement is also obtained
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Figure 3.12: Same as Figure 3.4, but runs 1003-NL2 and 1003-NL3 (Table 3.1) for March 10, 2013
are shown. The upwind observed ABL height is zi = 95m. The lead is located between y = 0 km and
y = 2.3 km.

for the downwind profiles of both wind speed and momentum fluxes, but the observed values
remain basically strongly overestimated (wind) or underestimated (momentum fluxes).

At the lead’s centre (y = 1.3 km), the observed heat fluxes remain overestimated with run
1003-NL2 (Figure 3.12a) but, as indicated in Figure 3.12b, this drawback might be overcome
when a lower value of zt,l is applied so that the ratio z0,l/zt,l is strongly increased from 10 to 100

82



3.5 Modification of the M20 parametrization

(model run 1003-NL3). Such a large value is still well within the large scatter of observations
from other campaigns (e.g., Andreas et al., 2010; Fiedler et al., 2010; Weiss et al., 2011). We
consider this as the most realistic explanation for the originally overestimated heat fluxes, but
additional factors might play a role, too.

3.5.4 Model runs 2503-NL2 and 2503-NL3

Figures 3.13 and 3.14 show simulated cross-sections and vertical profiles obtained with the
runs 2503-NL2 and 2503-NL3 for March 25, which use the M20 parametrization, but with the
modifications presented in sections 3.5.1 and 3.5.2. In both runs, the parameter a is lowered to
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Figure 3.13: Same as Figure 3.6, but for the model runs 2503-NL2 and 2503-NL3 (Table 3.1) for March
25, 2013. The upwind observed ABL height is zi = 90m. Setup of the plots as described in Figures 3.3
and 3.11.
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Figure 3.14: Same as Figure 3.7, but runs 2503-NL2 and 2503-NL3 (Table 3.1) for March 25, 2013
are shown. The upwind observed ABL height is zi = 90m. The lead is located between y = 0 km and
y = 2.1 km. Lines and symbols as explained in Figure 3.4.

a = 0.75 and in 2503-NL3 also a y -dependent zi following the contour method is considered,
where θc = 247.4K is set for the potential temperature contour line (see also Table 3.1).

The parameter a = 0.75 in the runs 2503-NL2 and 2503-NL3 causes a more inclined plume
(Figures 3.13a and 3.13b), which leads to a horizontal shift of the patterns of temperature,
wind, and fluxes (Figure 3.13, left column) as compared with run 2503-NL1 where a = 1.2.
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3.5 Modification of the M20 parametrization

Using the y -dependent zi in model run 2503-NL3, basically, causes the same effects as noticed
for run 1003-NL2 for March 10 (see section 3.5.3). Due to the much stronger entrainment
compared with 2503-MIX, 2503-NL1, and 2503-NL2, observed temperature and wind patterns
(see Figure 3.5) are both better represented, except that the observed regeneration of the wind
near y = 15 km remains underestimated.
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Figure 3.15: Same as Figure 3.8, but for the model
run 2603-NL2 (Table 3.1) for March 26, 2013. The
upwind observed ABL height is zi = 190m. Setup
of the plots as described in Figures 3.3 and 3.11.

For 2503-NL3, there is, obviously, a re-
markable improvement for the heat flux in
the inversion in the downstream region at
y = 2.7 km so that entrainment is well cap-
tured (Figure 3.14b). The observed upper
plume boundary (see Figure 3.5) is also almost
exactly reproduced by this simulation due to
the monotonic increase of zi with increasing
distance (e.g., Figure 3.13d).

Despite the strong effect on the entrain-
ment fluxes, the temperature profile simu-
lated by 2503-NL3 shows only slight differ-
ences compared to the run 2503-NL1, but
at least, a slightly improved representation of
the observed warming effect is achieved, espe-
cially at y = 4.3 km (Figure 3.14d). However,
the simulated downward flux at that location
is much stronger than observed throughout
the ABL (Figure 3.14b).

Finally, we obtained another improve-
ment by run 2503-NL3. In the lead’s down-
wind region, the observed decrease of the
wind maximum and the observed momentum
fluxes are better reproduced than by all other
runs for this case (Figures 3.14f and 3.14h).

3.5.5 Model run 2603-NL2

Unlike for March 25, the effects of a lower
value for a and a varying zi are sum-
marised in only one simulation (model run
2603-NL2, Figures 3.15 and 3.16). As
expected, the lower value for a causes a
stronger inclined plume than in run 2603-
NL1 so that it reaches the inversion fur-
ther downwind at approximately y = 2.5 km.
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Figure 3.16: Same as Figure 3.9, but run 2603-
NL2 (Table 3.1) for March 26, 2013 is shown.
The upwind observed ABL height is zi = 190m.
The lead is located between y = 0 km and y =
1.6 km. Lines and symbols as explained in Figure
3.4.

Due to the varying zi , entrainment fluxes
with a magnitude of about -30 Wm−2 are sim-
ulated (Figure 3.15a), which cause a stronger
ABL warming effect than with run 2603-NL1
(Figure 3.15b). The effects on wind speed and
momentum flux distribution due to the increase
in ABL thickness (Figures 3.15c and 3.15d) are
principally the same as shown for the previous
cases.

Compared to the observations, an improve-
ment is obtained by run 2603-NL2 relative to the
runs 2603-NL1 and 2603-MIX, especially for the
temperature profile above the lead (y = 0.7 km)
and for profiles of both heat fluxes and temper-
ature near the lead’s downwind edge at y =
1.5 km (Figures 3.16a and 3.16b). There is also
a slight improvement of both the temperature
profile at y = 4.3 km and the representation
of the observed downwind momentum flux pro-
files (Figure 3.16d). The observed heat fluxes
at y = 3.0 km and y = 4.3 km remain underesti-
mated although a slight improvement is obvious.
Regarding the profiles of wind speed, marginal
improvements are achieved by run 2603-NL2
(Figure 3.16c).

3.6 Discussion

The airborne observations from STABLE form
a valuable data set, which allowed us to com-
pare results of a microscale, non-eddy-resolving
model using different turbulence closures with
observations over leads in sea ice. Previously,
such analyses mainly focused on comparisons
with high-resolved LES data for idealised cases
(e.g., L08, M20). Thus, for the first time, it
was possible to compare modelled and observed
convective patterns and ABL structures, and to
investigate to which extent observations can be
reproduced by microscale modelling.

Our analysis reveals that the basic observed
features of the lead-generated convection and
its effects on the ABL can be reproduced with
both applied closures. The main feature was the
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3.5 Modification of the M20 parametrization

formation of an inclined plume with strongly enhanced fluxes of heat and momentum within
the plume. This caused a height dependence of fluxes considerably different to near-linear
profiles during convection over homogeneous terrain. However, several results presented point
also to some discrepancies between the model results and the observations especially when the
observed patterns are most probably strongly influenced by vertical entrainment or by the upwind
stratification.

Regarding the advantages of the applied non-local closure as compared to the applied
local closure, two consequences can be formulated based on our results. First, the quality of
agreement between results obtained with the two different closures is more similar than shown
by M20 for their idealised cases (see chapter 2 in this thesis). In principle, this shows that
also the results obtained with the applied simple mixing-length closure cannot be completely
discarded and that such modelling could be used as a proper rough approximation of (observed)
ABL structures over leads.

Second, however, when having a closer look on the detailed patterns, we could show that
the local closure has some clear limitations, especially in regions with observed counter-gradient
transport or vertical entrainment from the layer above zi . At least, counter-gradient transport
cannot be accounted for in local closures (e.g., L08 and M20), and the parametrization of
entrainment would need an additional development for the local closure. The more realistic re-
production of the physical processes over leads related to transport requires a non-local scheme.
Moreover, we show that the applied non-local closure can be modified with only little effort
regarding entrainment and plume inclination. Thus, especially by including these two effects, we
obtained an improved representation of the observed patterns as compared to the non-modified
M20 closure and the local closure.

The key parameter for a more realistic inclusion of stable inflow conditions turned out to
be the parameter a, which is related to the inclination of the convective plume. The values of
a used in section 3.5 point at a dependence of this parameter on the upwind vertical poten-
tial temperature gradient ∂θ/∂z . Obviously, a decreases with increasing ∂θ/∂z . The best fit
between these two quantities is obtained by

a = b1 +
1

b2

{︄
1 +

(︃
∂θ
∂z

/︁⃓⃓ (︂
∂θ
∂z

)︂
p

⃓⃓)︃1/3}︄ , (3.2)

where b1, b2, and (∂θ/∂z)p are constants. Inserting this formulation into Equation 2.20 (see
section 2.5.1), this would result into a (∂θ/∂z)−1/2-dependence of the upper IBL height δ(y).
Such a dependence coincides with the formulations of δ(y) by, for example, Weisman (1976)
and Renfrew and King (2000) (see also section 2.8.3 in this thesis). The physical meaning
of (∂θ/∂z)p becomes clear from the consideration of the denominator in Equation 3.2. The
lower limit for ∂θ/∂z to obtain a growing plume (a > 0) is exactly (∂θ/∂z)p. Considering the
values derived for a and ∂θ/∂z in section 3.5.2 and the value a = 1.2 for neutral stratification
(see section 2.5.1), we obtain (∂θ/∂z)p ≈ −0.63 and b2 ≈ 0.55 (see Figure 3.17). For
these values of the constants, the value of (∂θ/∂z)p is approximately -0.41 Km−1. Thus, the
parametrization (3.2) does not have any singularity for neutral and stable inflows ((∂θ/∂z) ≥ 0).
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Figure 3.17: Symbols: Parameter a from the M20
parametrization obtained via Equation 3.1 (based
on observed values for all open quantities) plot-
ted against
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Table 3.2). Solid curve: Hyperbolic fit with Equa-
tion 3.2. The constant

(︁
∂θ
/︁
∂z
)︁
p
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(see text).

Note that the previous formulations of δ(y)
by Weisman (1976) and Renfrew and King
(2000) show singularities for neutral condi-
tions (see section 2.8.3). However, we want
to stress that the functional relation (3.2) is
based only on three values for ∂θ/∂z . Thus,
more cases, either observations or LES runs,
are needed in the future for a validation. Fur-
thermore, the question arises if an alternative
version of the parametrization (3.2) could be
derived, for example, based on a dependence
of a on the ABL-averaged bulk Richardson
number in the inflow region. Further inves-
tigation is needed, but our approach can be
regarded as a first step, being valid for neutral
and stable inflow conditions with a capping in-
version.

Simulation results obtained with the non-
modified version of the applied non-local clo-
sure showed some discrepancies compared
with the observations (see section 3.4). We
have shown that they can be partly overcome by applying two modifications introduced in sec-
tions 3.5.1 and 3.5.2. Despite an improvement in several aspects, some of the observed features
still cannot be reproduced. These discrepancies become more obvious by considering another
measure to analyse the overall quality of the applied parametrizations. Namely, we compare
both simulated and observed warming of the downwind ABL, based on results in Figure 3.18
obtained from low-level horizontal flight sections orthogonal to the leads. Air temperature de-
viations ∆T from the air temperature at the upwind lead edges (y = 0 km) are plotted. Figure
3.18b shows that for March 25, the observed downwind warming effect of approximately 1.2 K
is underestimated by approximately 0.8 K in all model runs for that case. This holds also for run
2503-NL3, where we obtained an improved representation of the observed vertical entrainment
(see Figure 3.14b), but which seems to improve the modelled downwind ABL temperatures
only in the upper ABL close to zi as compared to the other runs. Thus, perhaps, the observed
warming is caused by effects not yet included in the parametrization. Further investigation is
needed to show whether this is a unique phenomenon only for this particular case, or if this
points at a potential impact of leads in strongly stable environments, in general.

For March 10 and 26, the observed warming effect at the downwind lead edges is well
represented by the model simulations, especially by the simulations using the M20 parametriza-
tion including the modifications introduced in section 3.5 (run 1003-NL2 for March 10 and run
2603-NL2 for March 26, Figures 3.18a and 3.18c). A discrepancy is shown for the region fur-
ther downwind, where observed temperatures decreased, while simulated temperatures almost
remain constant with increasing distance. This is most probably due to the observed warming
of the downwind sea ice surface by the warmer air, which is neglected in our simulations.
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Figure 3.18: Observed and simulated deviation from the upstream lead edge atmospheric temperature,
∆T (K), along distance from the upwind lead edge for March 10, 2013 (a), March 25, 2013 (b) and
March 26, 2013 (c). Values are shown for the altitude of the low-level cross-lead flight legs performed
on the respective days at 45 m on March 10 and at 35 m on March 25 and 26 (see T15). The observed
∆T is shown in high frequency (light red lines) and as a running mean of approximately 350 m (dark red
lines) as also applied by T15 (see their Figure 4c). The other lines refer to the model results of the
respective runs (see Table 3.1). The positions of the leads are denoted by the blue-shaded rectangles.
In (a), the vertical dashed black line denotes the position of another crack observed on March 10, which
is not considered in the corresponding model runs.

There is another drawback raising questions, which could not be solved so far. Namely, the
observed regeneration of the LLJ downstream of the leads could not be modelled independent on
the used closure. This might be related to the difficulties simulating the observed momentum
fluxes, which are partly strongly underestimated by the model. For March 10, this concerns
especially the region at the downwind lead edge in the upper half of the ABL and near the
inversion layer. Note that for this case the observed wind speed maximum upwind of the lead
was located much higher than in the model results, which at least contributed to the deviation in
the momentum flux patterns further downwind for that case. For March 25 and 26, the largest
deviations between simulated and observed momentum fluxes are found rather in the lower half
of the ABL. Regarding the model results obtained with the M20 parametrization, further non-
local effects in the momentum transport that are currently not included in the closure might
contribute to the deviations. These refer to the inability to simulate maxima in the momentum
fluxes on the downstream side of a lead, obtained by LES (see M20 or section 2.6 in this thesis).

We expect that the described drawbacks are of general nature and that they cannot be
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3 Modelling and parametrizing convection over leads compared with airborne measurements

overcome by other existing closures such as TKE-based closures. They point to a more fun-
damental process not included so far. Thus, more measurements are necessary to confirm the
existence of this difficulty.

3.7 Conclusions for the study on the cases from STABLE

The main goal of our study was to discuss the quality of microscale, non-eddy-resolving model
results obtained with a local and a non-local turbulence parametrization when compared to
airborne observations of the convective flow over leads in sea ice. We focused on results obtained
with the non-local closure by M20 (see section 2.5.1). It represents a lead-width-dependent
approach derived based on LES and designed for idealised conditions of a lead-perpendicular
inflow in a near-neutrally stratified ABL capped by a strong inversion. The applied local closure
follows a mixing-length approach (see section 2.2.2.2.1).

First, we aimed at identifying advantages of the non-local closure as compared to the
simpler local closure. To that aim, we considered three cases from the aircraft measurement
campaign STABLE, where convection over leads had been observed over the Arctic MIZ in
March 2013. Hence, unlike in previous studies where such analyses were mainly based on
comparisons with high-resolved LES data for idealised cases, a comparison of microscale model
results with observed convective ABL patterns was possible. The large observational data set
includes high-frequent measurements of temperature and wind components, based on which
also turbulent fluxes of heat and momentum had been calculated. All cases are characterised
by a nearly lead-perpendicular flow in a shallow neutral or stable upwind ABL with a capping
inversion at 90 m to 190 m over leads of 1.6 km to 2.3 km width. The surface temperature of
the leads, which were mostly completely covered by nilas, ranged from -17.0 ◦C to -5.8 ◦C on
average, in one case with large spatial variations. These observations in connection with upwind
measured profiles of wind and temperature were used to initialise the model runs. Then, the
model results were compared with measurements from above and downwind of the leads.

With both closures, the basic observed patterns caused by the lead-generated convection
were reproduced. This includes the formation of inclined plumes with height-dependent fluxes
different to typical flux profiles for convection over homogeneous surfaces. Unlike for the ide-
alised cases by M20, here, the overall quality of agreement between the results obtained with
the two different closures was more similar. Thus, at first glance, there seems to be no such
clear advantage of a non-local closure adapted for the inhomogeneous conditions over leads as
compared to a simpler local closure. However, a more realistic reproduction of the transport
mechanisms over leads clearly requires a non-local scheme since we showed some substantial
limitations of the local closure in regions with observed counter-gradient transport or vertical
entrainment.

Second, we investigated the need for further modifications of the M20 parametrization.
This was motivated by the underestimation of two observed features, namely, entrainment due
to convection penetrating the capping inversion, and a stronger plume inclination as compared
to neutral stratification due to more stable inflow conditions. Regarding the first feature, we
obtained an improved agreement with the observations by accounting for a varying ABL height as
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upper limit for the upper plume boundary δ(y). An improvement regarding plume inclination was
obtained with alternative values for one of the tunable parameters (a) in the M20 parametrization
calculated based on the measurements. Furthermore, we postulated a parametrization for the
constant a, determining the plume inclination, dependent on the vertical temperature gradient.
Its inclusion in the formulation for the upper plume boundary resulted in a similar formulation for
δ(y) as previous parametrizations by other authors. Unlike these previous formulations, the new
one is valid for both neutral and stable inflow conditions although further research is necessary
including more measurements in future for a validation. Besides that, some of the observed
features, especially related to momentum transport, were still not yet reproduced also by model
runs using the modified M20 parametrization.

Altogether, after the first two steps were made by L08 and M20, our study provided another
step in the development of atmospheric turbulence parametrizations for non-eddy-resolving,
small-scale models in a strongly inhomogeneous convective and dry boundary layer. Regarding
the used non-local closure, we showed that variations in the ABL height and in upwind stability
can be considered. A further development should explicitly include moisture transport and the
interaction of a warming downwind ABL with the sea ice surface. A basic agreement with
observed ABL patterns was also obtained not only by simulations using the non-local closure
but also with a local closure, at least to some extent. Such model applications as used here
might be suitable for future sensitivity studies of the large-scale impact of leads at low numer-
ical costs. This might help improving surface flux parametrizations over the MIZ in weather
prediction and climate models. All this would certainly help to give a more detailed picture on
the quality of different closure schemes applied in non-eddy-resolving model simulations of a
strongly inhomogeneous convective environment.

3.8 Atmospheric flow over a lead in the Weddell Sea
(Antarctica)

In this section, simulations of another observed case of the flow over a lead shall be examined,
where the corresponding measurements had been conducted with an Unmanned Aerial System
(UAS) in the ABL over Weddell Sea sea ice in early August 2013. The observations were
part of an expedition with the research vessel (RV) Polarstern. The observations and some
of the model results presented in this section were published under the title "Unmanned Aerial
Systems for Investigating the Polar Atmospheric Boundary Layer—Technical Challenges and
Examples of Applications" (see Lampert et al., 2020) as an open-access article. The publication
is mainly about the presentation of different UAS including discussions of the measurement
results obtained with them. For August 2, 2013, the observations were compared with METRAS
results obtained with the local mixing-length closure that is presented in section 2.2.2.2.1 in this
thesis.3

In this section of the thesis, the content of the corresponding part from Lampert et al.
(2020, their section 4.1) is presented with additional information from other parts of the pub-

3I co-authored this paper by performing the corresponding simulations and by comparing modelled and observed
ABL characteristics (see also page 137).
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3 Modelling and parametrizing convection over leads compared with airborne measurements

(a) (b)

Figure 3.19: (a) The M2AV in front of the RV Polarstern in the Weddell Sea on July 11, 2013. Photo:
Andreas Scholtz, Technical University Braunschweig. (b) Ice conditions during the ice station of Po-
larstern on August 2, 2013. The flight path of the M2AV is indicated as black dashed line. The locations
of open water that were investigated during perpendicular flights are shown in red. Photo: Stefan Hen-
dricks, Alfred-Wegener-Institute. Both (a) and (b) are reprinted from Lampert et al. (2020), their Figures
1 and 13.

lication and supplemented by additional model results using the non-local closure (see section
2.5.1 here). The same goal is pursued as for the analysis shown so far in chapter 3, namely, the
validation of microscale model simulation results using airborne observations and the evaluation
of turbulence parametrizations.

3.8.1 Observations

The UAS, a fixed-wing aircraft (Meteorological Mini Aerial Vehicle (M2AV)), was applied for
measurements during the winter expedition PS81 ANT-XXIX/6 of the RV Polarstern, which
lasted from June 8 to August 12, 2013. A summary of the whole expedition is given in Lemke
(2014). During an ice station of RV Polarstern between July 29 and August 2, 2013 in Weddell
Sea, the M2AV (shown in Figure 3.19a) was applied for measurements over a lead of width
L ≈ 2.1 km located in a distance of about 4 km to RV Polarstern. Note that both position
and width of the lead are only based on personal observations since neither a camera system
nor a surface temperature sensor were installed on board the M2AV (Lampert et al., 2020).
The M2AV was developed at the Institute of Aerospace Engineering of the Technical University
Braunschweig in Germany (see, for example, Spiess et al., 2007, for technical details).

On August 2, 2013, lead-perpendicular horizontal flight legs of 2 km to 4.5 km length had
been performed with the M2AV at low altitudes (15, 25, 50, 75, and 150 m above sea level,
where only observations at 25, 50, and 75 m height are shown in Lampert et al., 2020) with the
aim to quantify the effect of the lead-generated convection on the ABL (Lampert et al., 2020).
Along the horizontal flight tracks between the upwind lead edge and the ship, another opening
in the sea ice cover of approximately 600 m width was present on that day. An overview of
the locations of the ship, the crack, and the lead is shown in Figure 3.19b, including the flight
direction of the M2AV. Figure 3.19b also shows that no clouds had been observed near the lead
at the time of the observations, similar to the cases from STABLE (see section 3.2).

The measurements with the M2AV revealed enhanced turbulent fluctuations of atmospheric
temperature and the three wind components with a shifted onset of those fluctuations with
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Figure 3.20: Time series of fluctuations during the M2AV flights at 75, 50 and 25 m altitude (from top
to bottom). Panel (a) shows temperature and (b) wind speed fluctuations, where the three components
of the wind speed vector are defined positive as eastwards (black), northwards (red) and upwards pointing
(blue). The parts of the flight track above open water are indicated by light blue boxes, where the position
of the lead is between 2.4 km and 4.5 km distance to RV Polarstern. Both (a) and (b) are reprinted from
Lampert et al. (2020), their Figures 14 and 15.

increasing altitude (Figure 3.20). For the air column above and downwind of the smaller crack
closer to the ship, no increase in the temperature fluctuations was observed, at least at the
altitudes shown in Figure 3.20. Based on measured vertical wind and temperature, fluxes of
heat and momentum were calculated using the eddy covariance method (Lampert et al., 2020).

Approximately two hours before the M2AV measurements, a radiosonde was launched from
Polarstern at 11:03 UTC to derive the atmospheric conditions in the vicinity of the lead (for
the data, see König-Langlo, 2013b). The radiosonde measurements indicated a nearly neutrally
stratified ABL below a capping inversion layer between approximately 80 m and 130 m height
(see grey circles in Figure 3.21a). The prevailing wind direction was South with an average ABL
wind speed of approximately 5.7 ms−1 measured at Polarstern (see König-Langlo, 2013a) during
the M2AV flights. Since the horizontal flight legs were performed from Southeast to Northwest
and vice versa, the angle between the wind vector and the lead was approximately 45 ◦.

3.8.2 Model setup

The atmospheric model METRAS is used for simulations of the above-mentioned case observed
on August 2, 2013 in the same microscale, 2-D version as described in section 3.3 and in chapter
2 here, including grid spacing, boundary conditions, and assumptions regarding condensation
and radiation. Simulations were performed with the local mixing-length closure (see section
2.2.2.2.1) and the M20 parametrization (see section 2.5.1).

Three model runs are investigated in the following, one using the local closure (henceforth
run 0208-MIX) and two using the M20 parametrization (runs 0208-NL1 and 0208-NL2), each
of them initialised with the same inflow profiles and the same surface values. The inflow
temperature profile over ice is derived from the radiosonde data, based on which Ts,i = −23.2 ◦C
is prescribed as the sea ice surface temperature upwind and downwind of the lead (see Figure
3.21a). Since the lead surface temperature, Ts,l , was not measured during the M2AV flights,
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only a rough estimate is made for Ts,l based on the bulk formula for the surface sensible heat
flux Fh,s in a neutrally stratified ABL,

Fh,s = cpρ0CHN,rUr (θr − θs,l) , (3.3)

where Ur is the wind speed, θr is the potential air temperature, CHN,r is the bulk transfer
coefficient for heat at neutral conditions (all of them at a reference height r), and θs,l is the
potential temperature at the lead surface. An estimate for CHN,r is made with the value applied
by Andreas and Murphy (1986) for the transfer coefficient CHN,10 and with measured values
at 10 m for the reference height r so that we obtain Ts,l ≈ −17 ◦C, which implies that most
probably the lead was covered with nilas. Due to a temperature difference of approximately
6 K between the lead surface and the near-surface air and due to the shallow boundary layer
of height zi = 80m, the conditions on August 2, 2013 were very similar to those observed on
March 25, 2013 during STABLE (see section 3.2.2).

The height-independent components of the geostrophic wind in lead-orthogonal and lead-
parallel direction are prescribed as 7.9 ms−1 and 1.5 ms−1, respectively, to match with the
observed ABL wind. For the model runs 0208-NL1 and 0208-NL2, different values are further
prescribed for the upstream ABL-averaged wind speed U (used in the M20 parametrization in
Equations 2.20, 2.21, 2.22, and 2.24, see section 2.5.1). For the run 0208-NL1, U is set as
6.2 ms−1, which represents the total magnitude of the observed ABL-averaged wind speed. For
the run 0208-NL2, U is set as 4.4 ms−1, which represents only the magnitude of the lead-
perpendicular wind component. For the surface roughness lengths of sea ice and lead surfaces,
the same assumptions are made as explained in section 3.3.1, and the model equations are
integrated until quasi-stationarity is reached (after approximately 2 hrs).

3.8.3 Results

The observed lead-averaged sensible heat fluxes show an almost linear flux profile in the mixed
layer with almost 30 Wm−2 at an altitude of 25 m and with negative fluxes of approximately
-8 Wm−2 near zi , which denotes vertical entrainment (Figure 3.21b). Basically, these observa-
tions are well represented by all three model runs. The results obtained by the run 0208-MIX
agree perfectly with the measurements at 25 m and 50 m, but slightly underestimate the ob-
served negative heat flux at 75 m just below the capping inversion. The results obtained by the
runs 0208-NL1 and 0208-NL2 slightly exceed the observed values at 25 m and 50 m, but agree
almost perfectly with the observed value at 75 m. Again, this shows that the application of
the non-local closure leads to a better representation of observed fluxes and observed vertical
entrainment near the inversion than the local one. The marginal differences between the results
obtained by the runs 0208-NL1 and 0208-NL2 show that the value of U has only marginal in-
fluence on the simulated lead-averaged heat fluxes when the same inflow profiles for the wind
components are used. Note that the flights with the M2AV were directed perpendicular and not
parallel to the lead, where the latter seems necessary to accurately determine turbulent fluxes
over leads (T15).

The observed influence of the lead on ABL temperature and wind is expressed by enhanced
turbulent fluctuations (see Figure 3.20). In the microscale model, these fluctuations cannot
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Figure 3.21: Observed and modelled vertical profiles for the area around the lead observed in Weddell
Sea on August 2, 2013. (a) Potential temperature (K) measured with the radiosonde near RV Polarstern
at 11:03 UTC (grey circles, data from König-Langlo, 2013b) and the corresponding inflow profile for
the idealised simulations with the non-eddy resolving model METRAS (black line). (b) Lead-averaged
sensible heat flux (Wm−2) as measured with the M2AV (grey diamonds) and as simulated by the model
runs 0208-MIX, 0208-NL1, and 0208-NL2 (coloured lines). The dashed black line shows the bottom of
the capping inversion at zi ≈ 80m. Both (a) and (b) are modified based on Lampert et al. (2020), their
Figures 16a and 16c.

be modelled, but an influence due to the lead is obvious as shown in the simulated horizontal
development of mean quantities (see Figure 3.22 for air temperature and wind speed obtained
by the runs 0208-MIX and 0208-NL2). As Figures 3.22a and 3.22b show, with run 0208-
NL2, the lead’s effect on temperature, especially at 75 m, is slightly more pronounced than by
run 0208-MIX. This is in good agreement with the observed onset of enhanced temperature
fluctuations (see Figure 3.20a). The model results obtained at 25 m and 50 m show a modelled
ABL warming effect of approximately 0.4 K with slightly higher values obtained by 0208-NL2
than by 0208-MIX. Note, this is similar to the modelled ABL warming as obtained by the model
runs for March 25, 2013 from STABLE (see section 3.6). Almost equal simulation results
are obtained by both runs regarding the horizontal development of the horizontal wind speed
(Figures 3.22c and 3.22d).

3.8.4 Discussion and conclusions of the UAS-study

The implications of the results presented in this section can be summarised in two different
aspects. First, also this UAS-study shows the importance of airborne observations in the entire
ABL since they represent a valuable data set for comparisons with model results. Moreover,
measurements obtained with UAS such as presented here seem to be especially valuable regarding
their flight altitude. With these devices, measurements close to the surface can be conducted,
which seems necessary for accurately deriving surface fluxes over leads in shallow boundary
layers (Lampert et al., 2020). In future, measurements along lead-parallel sections would be
very helpful to get a detailed picture of the spatial patterns of the turbulent fluxes over leads
and of the lead-generated effects on the downwind ABL.

Second, the overall effects due to the lead on the ABL as well as the observed lead-averaged

95



3 Modelling and parametrizing convection over leads compared with airborne measurements

(a) (b)

(c) (d)

Figure 3.22: Air temperature in ◦C and horizontal wind speed in ms−1 at different height levels (25 m,
50 m, and 75 m) obtained by the model runs 0208-MIX (left column) and 0208-NL2 (right column) for
the ABL flow over the lead observed by the M2AV in Weddell Sea sea ice on August 2, 2013. As in Figure
3.20, the results are shown with respect to the distance to RV Polarstern in km (see Figure 3.19b). The
flow is from right to left and the position of the lead is denoted by the blue rectangle between 2.4 km
and 4.5 km distance. The observed small crack between 0.5 km and 1.1 km distance (see Figure 3.19b)
is not considered in the model runs. Panels (a) and (c) are modified based on Lampert et al. (2020),
their Figure 17.

heat fluxes were well-represented by the simulations considered here despite the uncertainties
in the initial conditions. This holds for both closure schemes used in the small-scale model.
Moreover, similar conclusions can be made regarding the quality of the different schemes as noted
for the comparison of the cases from STABLE (see section 3.7), where once again the advantage
of the non-local closure is shown by the more accurate representation of vertical entrainment;
hence, a more realistic representation of the underlying physical processes connected with the
lead-generated convection. A more detailed evaluation including observations from downwind
of the lead would have helped to better evaluate the quality of the two closure schemes, but
here, it was not possible due to the limited number of measured quantities and due to only
lead-perpendicular flight legs.

All in all, this UAS-study represents another example of how an observed situation serves as
a very useful basis for evaluating model results and how the quality of different parametrizations
for microscale atmospheric processes can be performed on a low-cost basis regarding computa-
tional time.
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4 Modelling of the flow over idealised lead
ensemble scenarios

So far, the focus of the thesis was on modelling and parametrizing the atmospheric effects
due to a single lead in sea ice. The new turbulence parametrization derived for microscale,
non-eddy-resolving models was validated with either LES (chapter 2) or observations (chapter
3). Both LES and the airborne measurements also helped to get a detailed picture of the ABL
characteristics over leads. It was clearly shown that atmospheric effects over leads depend not
only on the meteorological forcing but also on the lead geometry.

In large-scale models, the microscale effects over leads currently cannot be resolved due
to horizontal grid sizes of O(101 − 102) km. Moreover, in the polar ocean regions, several
leads might occur in an area as large as only a single grid cell of such a model. Therefore, the
goal for this chapter is to analyse the atmospheric effects of several leads and of idealised lead
ensembles with different lead geometry, and to point at potential implications for large-scale,
non-convection-resolving climate models.

4.1 Effects on lead-generated convection due to an upwind
neighbouring lead

First, the focus is on the atmospheric effects over two consecutive leads obtained by the mi-
croscale, non-eddy-resolving model METRAS compared with corresponding LES results. In
chapter 2, the considered model domains consisted of only one lead, except for the cases with
leads of width L = 1 km. For those cases, a two-leads-domain was considered, mainly to ensure
a comparison between the results shown in this thesis with those of L08 (see section 2.2.3). A
very good agreement between METRAS and LES results was shown regarding heat flux pat-
terns and temperature distributions (see section 2.5.3) when the new non-local parametrization
derived in section 2.5.1 was used.

For the flow over both leads, the agreement among the results of the two models can
also be visualised using domain-averaged vertical profiles, where the model results are averaged
over a region of the same length in flow direction and of the same mean SIC. In Figure 4.1,
such profiles of heat flux and potential temperature are shown for case L1c-U5 (see Table 2.1
in chapter 2) as obtained with LES and with METRAS using the M20 parametrization in the
version shown in section 2.5.1 (model run M20), supplemented by METRAS results obtained
with the mixing-length closure as explained in section 2.2.2.2.1 (model run MIX). As illustrated
in Figure 4.1a, for the considered North-South directed flow, the profiles are averaged along
the distance y between the upwind lead edge of the northern lead at y = 0 km and y = 18 km,
which is 6 km downwind of the southern lead and marks the position of the outflow boundary
of the LES model (see Figure B7 in Appendix B). The corresponding mean SIC for this area is
approximately 89 %.

97



4 Modelling of the flow over idealised lead ensemble scenarios

(a)

-5

0

5

10

15

20

y
 (

k
m

)

leads

sea ice

North

South

(b)

-5  0  5  10  15  20

Sensible heat flux (Wm
-2

)

0 
  
 50 
  
 100  
  

150  
  

200  
  

250  
  

300  
  

350

h
e

ig
h

t 
(m

)

LES

"MIX"

"M20"

(c)

 250  250.5  251  251.5

Potential temperature (K)

0 
  
 50 
  
 100  
  

150  
  

200  
  

250  
  

300  
  

350

h
e

ig
h

t 
(m

)

Figure 4.1: (a) Model domain of the idealised case L1c-U5 (see Table 2.1 in chapter 2) with two leads
of 1 km width and 10 km distance to each other. The flow is from North to South (y : distance to
the upwind lead edge of the northern lead) and model results of the area inside the dashed black lines
were used to obtain the domain-averaged vertical profiles shown in (b) for the sensible heat flux and
in (c) for the potential temperature with the LES model ("LES") as well as with METRAS using the
local closure from section 2.2.2.2.1 ("MIX") or the new non-local closure from section 2.5.1 ("M20").
Domain-averaged profiles are obtained for a region of approximately 89 % SIC on average.

The resulting area-averaged heat flux profile obtained by run M20 agrees well with the
LES profile below z ≈ 200m (Figure 4.1b). A slight discrepancy is shown for the region
between z ≈ 200m and z ≈ 330m, where slightly higher mean fluxes are obtained with LES.
Nevertheless, the rate of vertical entrainment (i.e., of negative heat fluxes close to the inversion)
as simulated with the LES is well hit by the run M20, where the minimum in the flux profile
occurs slightly below the corresponding position in the LES result. A good agreement with LES
is also obtained by run MIX, but vertical entrainment is completely missing. This also contributes
to a slight decrease of the potential temperature with height. Thus, unstable stratification in
the entire ABL is obtained on average with the local closure (see Figure 4.1c). This result
differs from the corresponding LES result, which shows a neutrally stratified ABL on average.
The LES result is almost perfectly reproduced by run M20 and the remaining differences mainly
concern the bottom and the top of the ABL. These domain-averaged profiles underline the good
agreement between the results of METRAS using the M20 parametrization and LES results also
for the flow over two consecutive leads of 1 km width.

Next, a similar situation is investigated for a domain consisting of wider leads, namely, for a
domain with two leads of width L = 5 km (Figure 4.2a) for the idealised case L5c-U5 (see Table
2.1 in chapter 2). As for the domain with two 1 km-wide leads, also for this domain, the two
leads are located in a distance of 10 km to each other, which ensures that the convective plume
emanating from the first lead does not reach the lead further downwind. The corresponding
domain-averaged profiles are obtained for the area between the upwind edge of the northern
lead at y = 0 km and 10 km downwind of the southern lead. The corresponding mean SIC for
this area is approximately 67 %, which is why the domain-averaged heat fluxes are, basically,
larger than for the 1 km-case (compare Figure 4.2b and Figure 4.1b).

For the two-leads-domain of case L5c-U5, METRAS results obtained with the local closure
(model run MIX) and with the M20 parametrization (model run M20) tend to overestimate the
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Figure 4.2: Same as Figure 4.1, but for a two-leads-domain of the idealised case L5c-U5 (see Table
2.1 in chapter 2). In (b, c), additional profiles are shown for a simulation obtained with METRAS using
the M20 parametrization (see section 2.5.1), but with a varying ABL height as derived in section 3.5.1
("M20-zi(y)"). The domain-averaged profiles are obtained for a region of approximately 67 % mean SIC.

fluxes obtained by LES, where the deviation is largest for the run MIX (Figures 4.2b and 4.2c).
With the M20 parametrization, an improved representation of the LES profile is obtained, mainly
in the upper half of the ABL and near z = 300m due to small vertical entrainment. However,
this is also less pronounced than with LES. Hence, unlike for case L1c-U5, for the case L5c-U5,
an additional simulation is considered here using the M20 parametrization with the modification
of a y -dependent ABL height zi as derived in section 3.5.1 (model run M20-zi(y)). With this
modification, the resulting domain-averaged heat flux profile agrees almost perfectly with the
LES result between approximately 230 m and 330 m height (Figure 4.2b). For the heat fluxes
in the lower half of the ABL, only a slight improvement is obtained as compared to the results
of the runs MIX and M20.

For the domain-averaged potential temperature profiles (Figure 4.2c), a slightly worse rep-
resentation of the LES profiles is obtained by the METRAS results than for the 1 km-case.
Nevertheless, also for the 5 km-case, the advantage of the non-local parametrization as com-
pared to the local closure is obvious. With LES, a slightly stable ABL is obtained on average
above the surface layer, which is slightly underestimated but, basically, represented by the model
runs M20 and M20-zi(y). As for the heat flux profiles, also regarding the temperature profiles,
the best agreement with the LES result is obtained by run M20-zi(y). With run MIX, rather an
unstable ABL is obtained on average, which clearly contradicts the LES result.

As shown in Figure 4.3, the improvement obtained with the model run M20-zi(y) for
the 5 km-case is obvious also in terms of vertical cross-sections of heat flux and potential
temperature over the southern 5 km-wide lead. Compared to the LES result (Figures 4.3a
and 4.3b), entrainment and downwind stability are underestimated by the METRAS runs MIX
(Figures 4.3c and 4.3d) and M20 (Figures 4.3e and 4.3f), but much better captured by the run
M20-zi(y) (Figures 4.3g and 4.3h).

To summarise, with the help of LES, it was possible to validate microscale model results also
for the flow over two consecutive leads. The corresponding analysis shows that the LES results
are well represented by the microscale model also for such cases when the new non-local closure
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Figure 4.3: Vertical cross-sections in lead-perpendicular direction of sensible heat flux in Wm−2 (left
column) and potential temperature in K (right column) for the flow over the southern lead (here: from
left to right) of the domain shown in Figure 4.2a as obtained by LES (a, b), as well as by METRAS with
the simulations MIX (c, d), M20 (e, f), and M20-zi(y) (g, h) (see text). The spacing between heat flux
contour lines is 5 Wm−2 for negative fluxes (dashed contour lines in panels a, c, e, and g). The solid
grey lines show the upper IBL height according to Equation 2.20 in chapter 2 (see panels e, f, g, and h).

is used. Based on the domain-averaged profiles shown in this section, quantitatively, differences
in the microscale results obtained with the different closure schemes are rather small. However,
qualitatively, the results obtained with a local closure are partly fundamentally different to the
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4.2 Potential implications of small-scale lead effects in non-convection-resolving models

LES result, especially regarding the average ABL stratification. The analysis in the following
section will point at a potential relevance of this outcome for larger ensembles of leads.

4.2 Potential implications of small-scale lead effects in
non-convection-resolving models

Motivated by the good agreement between domain-averaged profiles obtained with METRAS
and LES, in the following, METRAS is applied to investigate the integral effects of leads and
lead ensembles. To this aim, five different cases are considered, where each of the corresponding
domains is of the same length in the lead-perpendicular flow direction (105 km) and consists
of the same average SIC (approximately 91 %). However, the distribution of sea ice and open
water differs from case to case. Hence, potential differences in the domain-averaged vertical
ABL profiles between the cases could then be linked to an influence of the leads and their
width. This would imply a certain relevance of subgrid-scale sea ice characteristics including the
corresponding open-water distribution in typical large-scale, non-convection-resolving models.
Note, this has already been supposed by other authors based on their results, for example,
by Grötzner et al. (1996); Flato and Ramsden (1997); Marcq and Weiss (2012); Batrak and
Müller (2018); Wenta and Herman (2018). Moreover, an influence of the lead width on domain-
averaged vertical profiles can be expected based on lead-width-dependent surface heat fluxes as
found by, for example, Alam and Curry (1997) and Andreas and Cash (1999) based on a large
number of in situ observations. The regional contribution of leads to microscale ABL patterns,
such as a shallow stable IBL over sea ice as a consequence of the heat input by leads, has also
already been emphasised (e.g., Pinto et al., 2003; Lüpkes, Vihma, et al., 2008; Chechin et al.,
2019). The model runs considered in this section partly follow Lüpkes (2010), who considered
similar simulations but with preliminary versions of the parametrizations. Similar to that study,
the domain sizes used here are equal to a few grid cells of a large-scale climate model.

Three goals are pursued in this section. First, the effects related to the above-mentioned
different distributions of open water and sea ice should be quantified using microscale model
results. The second goal is to investigate potential differences among the microscale model
results related to the applied turbulence parametrization. Moreover, as shown in the previous
two chapters of this thesis, it is important to evaluate those results always in the context of
comparable LES results or observations. The third goal is to discuss potential implications for
large-scale, non-convection-resolving models.

4.2.1 Scenarios and methods

Five different cases of the flow over lead ensembles are considered (see Figure 4.4). Four of
the model domains contain leads surrounded by 100 % sea ice cover. These cases differ by the
width of the leads and their distance to each other (cases ENS-1km, ENS-2km, ENS-5km, and
ENS-10km, see Figure 4.4). As in the previous sections, the horizontal grid spacing of METRAS
is 200 m in lead-perpendicular direction for those cases. The fifth model domain is considered
as representative for a few grid cells of a climate model (case ENS-C, see Figure 4.4), where
the horizontal grid spacing is 35 km (in the range of today’s typical regional climate models,
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Figure 4.4: Sketch of different model domains representing the five different cases ENS-1km, ENS-2km,
ENS-5km, ENS-10km, and ENS-C used for the sensitivity study in section 4.2. The domains consist
of 100 % sea ice (white areas), open water (blue rectangles), or a fractional sea ice concentration of
91 % (mosaic area, only in case ENS-C). In the first four cases, L represents the lead width, nl the
number of leads, and dl the distance between two consecutive leads, and the length of the inflow region
over closed sea ice is 50 km. For simulations of these four cases, a horizontal grid spacing of 200m
in lead-perpendicular direction is used. Case ENS-C represents a few grid cells of a regional climate
model, where the crosses denote the grid point positions in a distance of 35 km to each other in flow
direction. The length of the inflow region over closed sea ice is 385 km (see text). Averaged over a
region of 105 km width starting from the downwind edges of the inflow regions, all five domains consist
of 91 % sea ice concentration. The different cases are distinguished by colour, which is also used to
distinguish the corresponding simulation results in the subsequent figures in this section and in Appendix
C. A lead-perpendicular flow in the ABL from North to South is considered (black arrows).

see, for example, Flato et al., 2013). For case ENS-C, also an inflow region over 100 % sea ice
cover is considered. However, unlike the other four cases, further downwind, the model domain
consists of grid cells each of them with a continuous fractional SIC of 91 % on average instead
of grid cells consisting of 100 % water or sea ice. The corresponding SIC averaged over an area
as wide as the three grid cells of the large-scale model (105 km) is the same in the four lead
cases, which ensures comparability of the domain-averaged profiles.

All model simulations for the cases ENS-1km, ENS-2km, ENS-5km, and ENS-10km are
performed with the same version of METRAS as used for the idealised lead scenarios in this thesis
(see section 2.2.2.1). Basically, this applies also for the case ENS-C. However, the calculation
of the subgrid-scale turbulent surface fluxes, more precisely, of the scaling parameters u∗ and θ∗,
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differs compared to the cases with explicitly prescribed leads. For simulations of case ENS-C,
a flux-averaging method using the concept of the blending height is applied (see, for example,
von Salzen et al., 1996). For a more detailed explanation of its implementation in METRAS,
see Schlünzen, Flagg, et al. (2012).

Different turbulence parametrizations are applied for the four different cases with explicitly
prescribed leads, the local closure as described in section 2.2.2.2.1 and the M20 parametrization
in the version described in section 2.5.1. Additional simulations were performed with the M20
parametrization including the varying ABL height as derived in section 3.5.1. As in section 4.1,
the corresponding simulations are henceforth abbreviated by "MIX", "M20", and "M20-zi(y)".
For case ENS-C, only one simulation was performed using the local closure, which is considered
as representative for a traditional closure used in large-scale, non-convection-resolving models
(henceforth abbreviated by "C(MIX)" and also referred to as climate run). In all simulations,
the maximum mixing-length lmax is assumed to be equal to 15 % of the ABL height zi = 300m
(see Equations 2.3 and 2.4 in chapter 2).

All model runs analysed in this section are initialised with the same inflow profiles of wind and
temperature equivalent to those used for the idealised simulations of the cases with ug = 5ms−1

(see Table 2.1 in chapter 2). It is ensured that the domain-averaged profiles are not influenced
by the inflow profiles (not shown). Surface temperatures and surface roughness lengths for sea
ice and open water are the same as used in, for example, case L5c-U5 (see section 2.2.3). The
same values are also prescribed for case ENS-C. A model integration time of 10 hrs is used for
simulations of the four lead cases, which corresponds to the time where quasi-stationarity is
reached. For the simulation of case ENS-C, a model integration time of 2 days is required to
reach quasi-stationarity due to the extended inflow region over closed sea ice as compared to
the lead cases. This extension is required to ensure a sufficiently turbulent inflow upwind of the
region with fractional sea ice cover.

4.2.2 Results

First, vertical cross-sections of potential temperature and horizontal wind speed are shown for
the simulation C(MIX) of the case ENS-C. Second, the horizontal evolution of four different
ABL quantities is shown for two height levels. Third, domain-averaged profiles are shown similar
as in section 4.1.

4.2.2.1 Vertical cross-sections for case ENS-C

Vertical cross-sections of the model run C(MIX) are shown in Figures 4.5a and 4.5b for the
potential temperature and the horizontal wind speed, respectively. As expected, with increas-
ing distance over the fractionally ice-covered region, the potential temperature continuously
increases (Figure 4.5a). Compared to the ABL temperature of 250 K in the inflow region, the
potential temperature increases by approximately 0.65 K over a distance of 105 km. Over the
whole region of fractional sea ice cover, a neutral or slightly unstable ABL is obtained. Espe-
cially in the lower third of the ABL, the stratification becomes more and more unstable with
increasing distance.

The horizontal wind speed pattern of case ENS-C shows a pronounced wind speed maxi-
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Figure 4.5: Vertical cross-sections of potential temperature in K (a) and horizontal wind speed in ms−1 (b)
for the ABL flow (from left to right) simulated by the model run C(MIX) for the case ENS-C (see Figure
4.4). The area between the vertical dashed white lines denotes the region for which domain-averaged
profiles are calculated (see Figures 4.8 and 4.9). The region with a fractional sea ice concentration of
91 % in each grid cell starts at a distance of 385 km. Further upwind, each grid cell consists of 100 %
sea ice cover.

mum just below zi close to 350 km distance, which exceeds the ABL-averaged wind speed by
approximately 10 % (Figure 4.5b). Hence, a wind speed maximum is obtained near the downwind
edge of the closed sea ice cover just at the transition to the region of fractional sea ice cover.
Further downwind, the wind maximum in the upper ABL weakens over a distance of almost
200 km, which is most probably due to enhanced vertical mixing over the region of fractional
sea ice (Figure 4.5b). Starting at a distance of approximately 560 km, a regeneration of the
maximum is denoted. It is remarkable that the wind speed pattern obtained with the large-scale
simulation for case ENS-C has a similar structure as the small-scale patterns obtained for the
flow over single leads (see chapters 2 and 3). This points to some kind of self-similarity and
could be further investigated in a future study.

4.2.2.2 Horizontal developments of different ABL quantities

Figure 4.6 shows the horizontal development of four different quantities for the top of the surface
layer at z = 10m. The simulations M20 are used for the four lead cases and the simulation
C(MIX) for case ENS-C. In the development of all quantities at that height level, the effects of
the different lead patterns are obvious. Sensible heat fluxes of up to 190 Wm−2 are obtained
over the lead surfaces, slightly negative fluxes further downwind near the downwind lead edges,
followed by fluxes close to zero (Figure 4.6a). In the cases ENS-1km, ENS-2km, and ENS-5km,
the maximum sensible heat fluxes over the lead surfaces decrease with increasing lead number
due to the decreasing temperature difference between the lead surfaces and the near-surface
airflow with increasing distance. For the case ENS-C, the average heat flux in each of the three
grid cells shown is between 10 Wm−2 and 20 Wm−2, where also in this case, the fluxes slightly
decrease with increasing distance.

The potential temperature at z = 10m increases with increasing distance in all cases
(Figure 4.6b), and also here, the influence of the leads is clearly visible. Furthermore, different
temperature patterns are obvious for wide and narrow leads. Especially in the cases ENS-10km
and ENS-5km (which correspond to wide lead cases, see Table 2.1 in chapter 2), a strong
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(a)

(b)

(c)

(d)

Figure 4.6: Horizontal development of four different quantities at height z = 10m as a function of
distance obtained with METRAS using the M20 parametrization (see section 2.5.1) for the four lead
cases ENS-1km, ENS-2km, ENS-5km, and ENS-10km and by the simulation C(MIX) for the case ENS-C
(see Figure 4.4 for the cases). The coloured rectangles denote the positions of the leads. The flow is
from left (North) to right (South).

increase in potential temperature is obtained over the first kilometre, followed by a less strong
increase towards the downwind lead edges. An influence of the lead width on the temperature
distribution over the domain can also be derived from this figure. For example, while for case
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ENS-10km, a near-surface potential temperature of approximately 251.3 K is obtained at the
downwind edge of the single lead, lower values are obtained for the other three lead cases at
the downwind edges of the respective southernmost leads. Regarding case ENS-C, as expected
from Figure 4.5a, the potential temperature monotonically increases with increasing distance y .

The development of the horizontal wind speeds reveals two basic features (Figure 4.6c).
First, the wind speed increases over the leads in all cases, but the position of the maximum wind
speed differs with respect to the lead width. While for case ENS-1km, maximum wind speeds
are obtained approximately 5 km downwind of the corresponding leads, for the cases ENS-5km
and ENS-10km, the maxima are obtained rather directly at the corresponding downwind lead
edges. Second, with increasing lead width, the wind speed minimum in the downwind region
of the respective leads becomes more pronounced. This indicates that the stability of the
stable IBL over the downwind sea ice (see chapter 1) increases with increasing lead width.
Moreover, for case ENS-10km, a slightly inhomogeneous wind speed development is obtained
over the downwind region starting at approximately 55 km distance to the upwind lead edge,
which denotes weak gravity waves in the strengthening stable IBL.

Pronounced maxima over the leads are obtained also for the near-surface momentum fluxes
(Figure 4.6d). In the cases ENS-1km, ENS-2km, and ENS-5km, these maxima become slightly
more pronounced with increasing distance and, thus, increasing lead number. Averaged over
the whole region, slightly higher fluxes are obtained for the case ENS-C than for the lead cases.
This difference to case ENS-C is largest for the cases ENS-5km and ENS-10km.

In Figure 4.7, similar results as in Figure 4.6 are shown, but for a height of z = 290m,
which is close to the top of the upwind ABL at 300 m. The heat flux patterns of the four lead
cases clearly show vertical entrainment up to -45 Wm−2 above the leads or close to the lead’s
downwind edges over the downwind sea ice (Figures 4.7a). In contrast, the simulation for case
ENS-C does not show any vertical entrainment.

An influence of the lead width is obvious also on upper ABL temperatures (Figure 4.7b),
not only downwind but also upwind of the leads. Obviously, the subsidence close to the ABL’s
top upwind of the northernmost leads becomes more pronounced with increasing lead width so
that the corresponding temperatures slightly differ. Note, this subsidence has been obtained
also in the simulations of the corresponding single-lead cases with both LES and METRAS
(see chapter 2). Further downwind, the effect of the leads on the upper ABL temperature is
shown by consistently larger values in the lead cases than in the case ENS-C. The temperature
difference to case ENS-C is most pronounced for the cases ENS-5km and ENS-10km.

An impact of leads and their width is also obvious in the modelled horizontal wind speed
at z = 290m (Figure 4.7c). On average, the results obtained for the case ENS-C agree best
with those for ENS-5km and ENS-10km, but for the cases ENS-1km and ENS-2km, the mean
wind speeds are consistently higher than for case ENS-C. In the development of the vertical
momentum fluxes (Figure 4.7d), differences between all cases are not much pronounced and
the fluxes are almost constantly close to zero.

In Appendix C, additional figures similar to Figures 4.6 and 4.7 are shown (Figures C1 to
C4). For Figures C1 and C2, the M20 parametrization with a varying ABL height zi(y) as
derived in section 3.5.1 was used for simulations of the four lead cases (model runs M20-zi(y)).
For Figures C3 and C4, the local closure was used for simulations of all cases (model runs MIX).
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(a)

(b)

(c)

(d)

Figure 4.7: Same as Figure 4.6, but the horizontal development at height z = 290m is shown.

4.2.2.3 Domain-averaged profiles of different ABL quantities

Figures 4.8 and 4.9 show domain-averaged ABL profiles of the previously considered quantities
obtained by all simulations considered in this section for all cases. For the cases ENS-1km,
ENS-2km, ENS-5km, and ENS-10km, the profiles were obtained for a region of 105 km width
starting from the upwind edge of the northernmost lead. The corresponding domain-averaged
SIC is approximately 91 % in all cases. For case ENS-C, the profiles were obtained for a region
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Figure 4.8: Vertical profiles averaged over a region of 105 km width and with an average SIC of 91 %
obtained for the five different cases shown in Figure 4.4 with METRAS using different parametrizations
for the sensible heat flux (a, b, and c) and the potential temperature (d, e, and f). Simulations of
the cases ENS-1km, ENS-2km, ENS-5km, and ENS-10km were obtained using either the local closure
(model runs MIX, section 2.2.2.2.1), the M20 parametrization (model runs M20, section 2.5.1), or the
M20 parametrization using a varying ABL height as described in section 3.5.1 (model runs M20-zi(y)).
Profiles for case ENS-C were obtained with the simulation C(MIX).

of the same width and of the same mean SIC, which corresponds to the results averaged over
three grid cells (see also Figure 4.4).

The effect of the leads and their geometry on the domain-averaged profiles is obvious for
all quantities. Regarding the average heat flux profiles (Figures 4.8a, 4.8b, and 4.8c), for case
ENS-C, average heat fluxes of approximately 12 Wm−2 are obtained at the surface, but for the
lead-resolving model runs, the average surface fluxes are up to 30 % larger. This difference
is most pronounced between the cases ENS-C and ENS-10km and almost independent on the
applied parametrization. The effect of the lead width also becomes obvious by slightly different
values of the domain-averaged surface sensible heat fluxes in each case, where the deviation
compared to case ENS-C decreases with decreasing lead width. Especially for the cases ENS-
1km and ENS-2km, the average surface sensible heat fluxes slightly depend on the applied
parametrization.
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Besides the surface values, also the general shapes of the mean vertical flux profiles differ
among the cases, where the effects by different parametrizations are clearly shown. In all
profiles obtained by the runs MIX, negative heat fluxes close to the ABL top and, thus, vertical
entrainment are completely missing (Figure 4.8a). Small negative fluxes of about -1 Wm−2 to
-2 Wm−2 on average are obtained for the lead cases by the simulations M20 (Figure 4.8b). As
expected, in the results of the runs M20-zi(y), the average negative heat flux minima near zi are
more pronounced (Figure 4.8c). Note, in section 4.1 it was shown that results obtained by the
run M20-zi(y) represented the most realistic results for the case with wide leads. For cases with
narrow leads, vertical entrainment as obtained with M20-zi(y) is slightly overestimated compared
to LES (not shown). Nevertheless, also for those cases, vertical entrainment is principally
obtained with the LES (see section 4.1 and also chapter 2), whereas it is not simulated by
the run C(MIX) (see Figure 4.8). Hence, the missing entrainment in case ENS-C points to a
possible underestimation of the exchange between the ABL and the free troposphere in climate
models in regions with leads.

Large differences depending on the respective case are shown also in the domain-averaged
vertical profiles of the potential temperature (Figures 4.8d, 4.8e, and 4.8f). First, especially
for the cases ENS-5km and ENS-10km, in the lowest 100 m, a strongly stable IBL is obtained
on average, whereas this is completely missing in the result for case ENS-C. Note, Chechin
et al. (2019) also showed that leads cause strongly stable IBLs over the downwind sea ice.
Moreover, the stable IBL shown for the lead cases is obtained also with the local closure, but
not as pronounced as in the results obtained with the runs M20 and M20-zi(y). Second, higher
average ABL temperatures can be expected with increasing lead width. This effect is obvious
especially in the results of the runs M20 and M20-zi(y), most probably by both counter-gradient
transport and vertical entrainment in addition to the warming by the leads (Figures 4.8e and
4.8f). Thus, on average, differences in the ABL potential temperatures of more than 0.5 K are
shown depending on the distribution of open-water and sea ice surfaces. Third, for the cases
ENS-C and ENS-1km, there are only small quantitative differences between the corresponding
domain-averaged temperature profiles. However, considering the simulations M20 and M20-
zi(y) for case ENS-1km, the corresponding results are qualitatively fundamentally different as
compared with the run C(MIX). Namely, on average, an unstable stratification is obtained for
case ENS-C, whereas for case ENS-1km, rather a neutral or slightly stable stratification is
obtained.

Differences among the respective cases and simulations are also obvious for the domain-
averaged vertical profiles of the horizontal wind speed (Figures 4.9a, 4.9b, and 4.9c). The largest
differences among the five cases are obtained with the runs MIX (Figure 4.9a). Especially in the
region between z = 50m and z = 350m, the results converge when the M20 parametrization is
used (Figures 4.9b and 4.9c). Almost independent on the applied parametrization, the largest
difference is obtained close to the surface, where the wind speed is approximately 3.5 ms−1 on
average for the cases ENS-5km and ENS-10km and rather 4.2 ms−1 for the cases ENS-1km,
ENS-2km, and ENS-C. This is also related to the influence of the stable IBL over sea ice
downwind of the leads, which is most pronounced in the cases ENS-5km and ENS-10km (see
also Figure 4.6). Close to the top of the ABL, the difference between the results of case ENS-C
and the four lead cases is most pronounced for the cases ENS-1km and ENS-2km. Thus, the
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Figure 4.9: Same as Figure 4.8, but domain-averaged profiles of horizontal wind speed (a, b and c) and
vertical momentum flux (d, e, and f) are shown.

effect of leads and their width is obvious also for the domain-averaged horizontal wind speed
profiles.

Unlike the heat fluxes, the highest surface vertical momentum fluxes are obtained for the
case ENS-C (approximately 0.05 Nm−2) as compared with the other cases (Figures 4.9d, 4.9e,
and 4.9f). Regarding the four lead cases, the domain-averaged surface momentum fluxes de-
crease with increasing lead width, independent on the parametrization. Thus, the surface values
obtained for the case ENS-10km (approximately 0.025 Nm−2) are about 50 % lower as com-
pared with the result for case ENS-C. However, the corresponding deviation of the surface fluxes
for the case ENS-1km amounts only to 10 %. Large differences between case ENS-C and the
four lead cases are also obvious when comparing the shapes of the vertical momentum flux pro-
files, especially for the cases ENS-5km and ENS-10km. Especially by the simulation M20-zi(y)
for case ENS-10km, clearly a non-linear vertical momentum flux profile is obtained, with even
minimally increasing values with height in the layer between z = 50m and z = 70m (Figure
4.9f). This phenomenon is probably also related to the strongly stable IBL over the sea ice
region downwind of the 10 km-wide lead.
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4.2.3 Discussion

Based on the comparison of the five different cases investigated in this section, an impact of
leads and lead geometry on different ABL patterns is clearly visible. This is in good agreement
with the preliminary conclusions by Lüpkes (2010). The impact can be summarised in terms
of three main aspects. First, the impact of leads and their widths was obvious in the model
results of all ABL quantities shown in this section, so in both the turbulent fluxes and the mean
ABL quantities. Based on the domain-averaged vertical profiles, not only surface values but
also the shapes of the profiles differed among the five different cases. Partly, the differences in
the fluxes between the case with fractional SIC (case ENS-C) and the four lead cases amounted
up to 50 %. The largest differences occurred between case ENS-C and the cases ENS-5km and
ENS-10km, respectively. All this indicates a strong relevance of not only inhomogeneities in the
sea ice cover but also their distribution, so, of the lead geometry, on the energy budget of the
ABL over sea ice.

Second, the simulation results shown in this section partly differed depending on the ap-
plied turbulence parametrization. For example, with the local mixing-length closure, no vertical
entrainment is obtained (see also the horizontal development close to the ABL’s top in Figure
C4, Appendix C). However, also the results obtained with the used non-local closure slightly
differed depending on whether the modification of a varying ABL height (see section 3.5.1)
was considered or not. Especially for the cases ENS-5km and ENS-10km, probably the most
realistic domain-averaged entrainment rates and temperature profiles are obtained when using
this modification (see section 4.1 for the case L5c-U5, similar to case ENS-5km). With the
corresponding runs M20-zi(y), the largest differences are obtained between the lead cases and
the case ENS-C, concerning at least temperatures and the turbulent fluxes in the ABL.

Third, several implications for large-scale, non-convection-resolving models can be con-
cluded based on the analysis in this section. For example, the actual distribution of sea ice and
open water affects turbulent fluxes at the surface. For a domain with only fractional sea ice
cover, on average, heat fluxes seem to be slightly underestimated and momentum fluxes rather
overestimated when compared to cases of explicitly prescribed leads. Thus, traditional closures
used to calculate the surface fluxes in large-scale models need to be improved by accounting for
the microscale processes related to the convection over leads. Another example concerns the
stabilisation effect in the lowest 100 m of the ABL by leads, which is not obtained in the climate
run (case ENS-C). Especially for the cases with wide leads, this causes also a fundamental
difference in the average heat transport. While a gradient transport is obtained on average in
the climate run, the average transport is counter-gradient in the cases with explicitly prescribed
leads. Furthermore, the absence of vertical entrainment in the result of case ENS-C implies
that climate models might underestimate the transport of heat through the capping inversion
in lead-dominated regions.

Altogether, the sensitivity study presented here points at limitations of large-scale, non-
convection-resolving atmospheric models in lead-dominated sea ice regions. Obviously, it is
important to consider the numerous microscale effects by individual convective plumes devel-
oping over leads. This should include also the lead geometry and a proper representation of
both vertical entrainment and counter-gradient transport. Since the latter two effects could be
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obtained close to LES only by a non-local closure, such a closure scheme would be needed to
properly parametrize the convective ABL over lead-dominated regions in large-scale models (see
also Lüpkes, 2010). Similar sensitivity studies including variations of the ABL height and of the
wind would be helpful to evaluate situations also for other meteorological forcing than used in
this study. With a microscale model as used here, this can be realised with only little numerical
effort, roughly with 1/1000 of the CPU time needed for LES (L08).

In addition, not only idealised scenarios but also observed lead distributions as, for example,
investigated by Tetzlaff (2016) can be considered. Further studies with leads of different width
in only one model domain might also be carried out to evaluate the findings by, for example,
Marcq and Weiss (2012). They state that a parametrization of surface heat fluxes based on
only the mean lead width in a single grid cell of a large-scale model is most likely not appropriate
due to the seemingly strong relevance of the actual lead geometry in the grid cell. Note, Marcq
and Weiss (2012) formulated this mainly based on their results for small leads of less than
50 m width, which are not resolved by the microscale model in its current version applied here.
Nevertheless, the investigation presented in this section marks another step towards an improved
representation of small-scale processes in large-scale models and it might help to derive improved
parametrizations of the surface fluxes over the lead-dominated marginal sea ice zone for such
models.
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In this thesis, a detailed investigation was performed on the convection generated over leads in
sea ice, including a fundamental analysis of the associated effects on the polar atmosphere and
a quantification of the governing physical processes. Predominantly, small-scale atmospheric
model simulations were performed and the corresponding quasi-stationary results were analysed
and also validated with either time-averaged results of an LES model or airborne observations.
The main part of the thesis focused on the derivation of an improved set of mathematical
equations to correctly parametrize turbulent fluxes in the spatially strongly inhomogeneous en-
vironment over single leads for different idealised and observed situations varying in the lead
geometry and in the atmospheric forcing.

Idealised lead scenarios: Modelling and derivation of a new parametrization
In the first major part of this thesis (chapter 2), the focus was on the development of an im-
proved turbulence parametrization adapted to the inhomogeneous convective conditions over
leads to be used in non-eddy-resolving, microscale atmosphere (RANS) models. Such an en-
vironment is characterised by a convective IBL (convective plumes) developing over the lead,
whose characteristics differ considerably from horizontally homogeneous convective conditions.
The main goal was to derive an approach in which the geometry of the leads, namely, their
width, is taken into account. The starting point for the new approach was the parametrization
developed by L08, who considered leads of only one particular width (1 km), but whose approach
already accounts for the inhomogeneous conditions of the dry convection over leads including
non-local effects on the heat fluxes. Ten idealised cases of a nearly lead-perpendicular ABL
flow over leads of widths ranging from 500 m to 10 km were considered, all representing typical
springtime conditions of a near-neutral polar ABL capped by a strong inversion. Microscale sim-
ulations with the model METRAS using the new closure, the previous non-local closure of L08,
or a local mixing-length closure were evaluated using new time-averaged LES results, which also
helped to analyse the integrated effects of lead-generated convection on the turbulent ABL.

As the LES results showed, the general characteristics of the flow over leads of different
width remained similar to those analysed by L08 for 1km-wide leads. Strongly inclined plumes
were obtained over the leads, which rapidly decayed over the downwind sea ice. In addition,
vertical entrainment seemed to play an important role especially for wide leads, which represented
cases where the convection interacted with the capping inversion already above the lead. With
the LES model, not only an increase of temperature but also a stabilisation of the entire ABL was
obtained downwind of the lead, which clearly showed the non-local nature of the heat transport
in the convective plume. This result supported the basic ideas of L08 for their parametrization,
which are the application of a non-local closure, the assumption of separating turbulence regimes
in- and outside the plume region, and the assumption of decaying turbulence downstream of
the lead. Hence, these principles also formed the basis for the new parametrization presented
in chapter 2, which means that both eddy diffusivity for heat and the non-local transport term
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depend on the distance to the lead edges. The fundamental step to then include the lead width
as a parameter in the new approach was to distinguish between fully developed convection above
the leads and a decay region only over sea ice downwind of the leads.

A good agreement between microscale model results using the new parametrization and
time-averaged LES results was shown for many different ABL patterns for various meteorological
conditions in an ABL of height zi = 300m, where this concerned leads of all widths considered.
Moreover, all microscale model results were obtained with the same set of values for the unknown
parameters in the new parametrization, which were all derived using the LES results. For one
parameter needed for the parametrization of the counter-gradient heat flux, a perfect agreement
was obtained with the value proposed by Holtslag and Moeng (1991) in their study of convection
over homogeneous surfaces. Their value had also been derived based on LES and their approach
also formed the basis for the new parametrization presented in this thesis.

Despite the generally good agreement with LES, there is room for further improvements.
For example, humidity transport could be included. This was already tested and, basically, the
resulting latent heat fluxes agreed with values obtained from literature (e.g., Marcq & Weiss,
2012). Other possible improvements, which were also already discussed in chapter 2, concerned
the possibility to include inhomogeneities in the convective plumes and improved entrainment.

METRAS results obtained with a local turbulence closure clearly showed some drawbacks
for the cases of neutral inflow conditions. This pointed at difficulties potentially occurring in
mesoscale studies of atmospheric processes over the marginal sea ice zone, when such a closure
is used. The main drawback with the local approach belonged to the absence of the stabilising
impact of convection over leads on an ABL flow in near-neutral upwind conditions. Moreover,
the turbulent flux patterns differed partly considerably from the LES results. Hence, the main
conclusion of chapter 2 can be summarised as follows: To reproduce physical processes related
to convection over leads of variable width in good agreement with LES, a non-local, lead-width-
dependent closure adapted to the strongly inhomogeneous conditions is required. This holds for
neutral inflow conditions.

Modelling and parametrizing convection over leads compared with airborne mea-
surements
In the second major part of this thesis (chapter 3), METRAS simulations for the flow over
leads were validated with airborne measurements, mainly with those that had been obtained
in the whole turbulent ABL over the marginal sea ice zone Northwest of Svalbard during the
campaign STABLE. Three different observed cases of a predominantly lead-perpendicular ABL
flow were analysed. Those cases were characterised not only by different lead width, surface
temperature, and background wind as in the idealised cases from chapter 2 but also by different
ABL height and by partly stable stratification upwind of the leads. The main goal of the study
shown in sections 3.1 to 3.7 was to evaluate the quality of microscale model results obtained
with either the mixing-length closure or the new non-local parametrization derived in chapter
2 for the observed cases. Observations are available of mean variables as temperature and
wind, as well as of turbulent fluxes of heat and momentum, which were calculated from the
high-frequent measurements using the eddy covariance method. Two aspects were investigated,
first, advantages of the non-local closure compared to the local one, and, second, the need for
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further modifications of the non-local one. The same goals were also pursued in the study
shown in section 3.8, where METRAS results were compared with observations obtained by an
UAS for the turbulent flow over a lead in the Weddell Sea sea ice region.

The study of the observed cases from STABLE revealed some advantages of the non-local
closure as compared to the local closure, but the differences among the corresponding model
results were not as pronounced as shown for the idealised cases discussed in chapter 2. Partly,
observed heat flux profiles over the leads below the inversion layer (i.e., below zi) were even
slightly better represented by the local closure. However, once again, it was shown that a
more realistic reproduction of heat and momentum transport in the ABL over leads required the
application of a non-local approach since several limitations occurred for the local closure for
regions with observed vertical entrainment and, especially, counter-gradient transport. Similar
conclusions can be formulated based on the results obtained for the UAS-case. All this supports
the main conclusion formulated for chapter 2.

An improved representation of the observed effects due to vertical entrainment and stable
upwind stratification was obtained using two modifications introduced in chapter 3 for the new
non-local parametrization. First, a varying ABL height zi(y) was introduced, where the vertical
location of the bottom of the capping inversion was determined diagnostically at each horizontal
position y during the model integration. This enabled a spatially varying upper boundary for
the upper IBL height δ(y) in the new parametrization and the plume growth was not longer
limited by a fixed vertical location of zi unlike the simplified original assumption made in section
2.5.1. Hence, the interaction of the convective plume with the capping inversion was better
represented and several improvements were obtained. Second, the stable upwind stratification
in two observed cases caused a more inclined plume than in neutral conditions, and an improved
representation of the plume inclination was obtained due to alternative values derived for one of
the tunable parameters in the new parametrization (a) using the measurements. Moreover, a
direct linkage between δ(y) and the upwind stratification via a was proposed resulting a similar
δ(y)-formulation as previous parametrizations by other authors (see Weisman, 1976; Renfrew
& King, 2000), but in contrast to those formulations, the new one was valid for both neutral
and stable upwind stratification, and no singularity was shown in case of neutral stratification.

The comparison with the observations also revealed that even with the modifications intro-
duced for the new non-local parametrization, some observed structures were still not reproduced,
especially concerning momentum transport. This showed the need for continuous improvements
of such a turbulence parametrization in future, also to include more effects. Nevertheless, based
on the analysis in chapter 3 three important conclusions can be made. First, a large variety of
airborne observations represents a very useful basis for validating small-scale model results and
for improving turbulence parametrizations. Second, even though some observed features can be
reproduced by using a simple local approach, for a physically correct representation of the effects
due to lead-generated convection, a non-local scheme is obviously required. Third, the applied
non-local scheme can be further modified with only little effort, which leads to a considerable
extension of its range of applicability in inhomogeneous convective conditions.

Modelling of the flow over idealised lead ensemble scenarios
In chapter 4, the idealised flow over more than only a single lead was modelled with the following
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two goals. First, the quality of microscale model results obtained with different parametrizations
should be evaluated when the model is applied to simulate the flow over more than only one
lead. As a starting point, the results for the flow over two consecutive leads were compared
with time-averaged LES results. Second, the relevance of different lead configurations on ABL
patterns should be investigated for a domain, which can be regarded as representative for a few
grid cells of a large-scale model wherein leads and lead-generated convection are not explicitly
resolved. For achieving both goals, mainly domain-averaged profiles were analysed.

In section 4.1, domain-averaged profiles as obtained by METRAS using either the mixing-
length closure or the new non-local parametrization were compared with LES for two idealised
cases of the ABL flow over two consecutive leads of 1 km or 5 km width. A very good repre-
sentation of the LES profiles was obtained for the 1 km-case for a region of about 89 % SIC on
average, slightly better with the non-local than with the local closure. For the 5 km-case, where
the average SIC was 67 %, the deviations to LES were larger than in the 1 km-case. Again, the
non-local closure showed slight advantages, especially regarding the qualitative representation
of the LES profiles. Moreover, the deviations were minimised in another METRAS simulation
using the new non-local parametrization with the varying ABL height introduced in chapter 3.

In section 4.2, METRAS results for five idealised cases were discussed, four of them repre-
senting different lead ensembles, and a fifth case representing a few grid cells of a typical regional
climate model with a fractional sea ice cover of 91 % in each cell. To maintain comparability
among these five different configurations, ABL characteristics were compared for regions of the
same width (105 km) and the same average sea ice concentration (91 %). A comparison of the
corresponding domain-averaged profiles revealed differences in both mean quantities and turbu-
lent fluxes not only between the four lead cases and the case with fractional sea ice cover but also
among the model runs for each lead case. Hence, a clear impact on the ABL flow was obtained
not only by leads in general but also by their geometry. This was most pronounced for wide leads
of 5 km and 10 km width. Furthermore, also for this investigation, different parametrizations
were applied for each lead case, which resulted in partly differing domain-averaged profiles for
a single case. Differences caused by the parametrizations in the microscale model runs mainly
affected the upper half of the ABL. In summary, the analysis presented in section 4.2 clearly
pointed at the necessity to consider the microscale effects caused by lead-generated convective
plumes in large-scale, non-convection-resolving models.

The three key research questions formulated for this thesis can be answered as follows:

1. A non-local, lead-width-dependent closure is useful to improve the representation of inho-
mogeneous convective conditions over leads of different geometry in sea ice using small-
scale, non-eddy-resolving models.

2. Observed ABL structures over leads can be basically represented with microscale, non-
eddy-resolving modelling. Different types of turbulence parametrizations can be applied
including a simple mixing-length scheme. However, the physically most reasonable repre-
sentation of processes is obtained with the new non-local closure as proposed in this thesis.
This closure proved to be the best one, especially when neutral inflow was considered and
when the results were compared with LES.

116



3. The large-scale effects of leads and different lead configurations are expressed by differ-
ences in terms of surface values and mean vertical profiles of both mean atmospheric
quantities as well as turbulent fluxes. These differences imply drawbacks for typical re-
gional large-scale models wherein lead-generated effects cannot be explicitly resolved.

Outlook

The new non-local parametrization derived in the framework of this thesis represents an im-
portant step forward but there is still room for further development, for example, to overcome
still existing discrepancies to LES. For example, in both chapters 2 and 3, there was certain
evidence for an effect on the turbulent momentum fluxes not captured in the current version of
the new closure. This drawback might be overcome with modifications of the eddy diffusivity
for momentum. Moreover, further closure schemes might be tested, either approaches based on
alternative formulations for the eddy diffusivities and the non-local term (e.g., Troen & Mahrt,
1986; Noh et al., 2003), or with an alternative treatment of turbulent contributions following the
EDMF scheme (Siebesma et al., 2007). In addition, an extension of the region of applicability
of the new closure regarding, for example, moisture transport, inflow direction, and air-sea ice
interaction would mark a considerable step forward in the representation of small-scale effects
over leads, for which further validation with LES or observations would then be needed.

Regarding the implications for large-scale meteorological modelling, the results shown in
this thesis clearly call for improvements to be considered in such models for an improved repre-
sentation of atmospheric effects related to leads in the polar sea ice regions. For large structures,
this might be achieved already by further increasing the model resolution so that the leads are
explicitly resolved. A promising development regarding an explicit resolution of leads in sea ice
models is more and more achieved (see, for example, Wang et al., 2016; Hutter et al., 2018). It
is further to be evaluated, if this would also improve atmospheric structures when implemented in
climate models despite the drawbacks that can be expected due to the rough resolution of those
models, which have also been described in this thesis (see chapter 4 and Appendix B.3). Another
possibility would be to use the results of chapter 4 and to try to improve parametrizations for
the lead-generated effects on the ABL in climate models, especially for surface fluxes.

Finally, the application of the newly developed parametrization might not be limited to the
convection over leads. One could perhaps generalise the approach and could adjust it to different
kinds of inhomogeneously heated surfaces. For example, a similar situation as the convective
flow over leads in sea ice is the flow over an urban area that is warmer than the surrounding rural
environment, especially in clear-sky conditions in winter during nighttime (Urban Heat Island,
see, for example, Oke, 1995). Other examples are the convective flow over large Arctic river
deltas or over motorways also depending on environmental factors. An improved representation
of the corresponding small-scale effects might then help to improve regional climate projections
also for such situations.
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A Appendix for chapter 1

The Navier-Stokes equations (A.1) to (A.5) provide a mathematical description of the Earth’s
atmosphere. Equation A.1 is the equation of motion based on the conservation of momentum.
Equation A.2 is the continuity equation based on the conservation of mass. Equation A.3
ensures also the conservation of heat, water, or other scalar quantities. Equation A.4 is the
ideal gas law, and Equation A.5 is the definition of the potential temperature θ. These equations
can be written as follows (see also Schlünzen, Flagg, et al., 2012):

∂v

∂t
+ (v · ∇) v = −

1

ρ
∇p − 2 (Ω× v)−∇Φ+ F (A.1)

∂ρ

∂t
+∇ (ρv) = 0 (A.2)

∂χ

∂t
+ v · ∇χ = Qχ (A.3)

νi =
RiT

p
(A.4)

θ = T

(︃
1000 hPa

p

)︃R0
cp

(A.5)

Equation A.1 contains the 3-D wind vector v, the Nabla operator ∇, the air density ρ, the
air pressure p, the Earth’s angular velocity Ω, the geopotential Φ, and the time t. The term F
represents molecular forces. χ represents any scalar quantity with Qχ as its sources and sinks,
νi is the specific volume, Ri is the individual gas constant, T is the atmospheric temperature,
and cp ≈ 1005 J(kgK)−1 is the specific heat at constant pressure. ν0 and R0 correspond to dry
air, where R0 = 287.1 J(kgK)−1.

Filtering the Navier-Stokes equations with a method depending on the used model type
(see chapter 1) and using a scale analysis leads to filtered and simplified approximated model
equations designed for the phenomena to be modelled (see also chapter 1). For the models used
in this thesis, a full description of the corresponding equations is given by Maronga et al. (2015)
for the LES model PALM and by Schlünzen, Flagg, et al. (2012) for the non-eddy-resolving
RANS model METRAS. In METRAS, which is applied in this thesis as a microscale, non-
eddy-resolving model, the so-called Boussinesq-approximation is applied to the filtered model
equations, which means that deviations from the basic state air density (ρ0) are only considered
in the buoyancy term. In the unfiltered equations, this term corresponds to the first term on
the right-hand side of Equation A.1. Furthermore, a constant Coriolis parameter valid for a
certain reference latitude is assumed, which is a useful assumption for phenomena of less than
1500 km horizontal extension (see Schlünzen, Flagg, et al., 2012). In addition, molecular forces
are neglected in METRAS (Schlünzen, Flagg, et al., 2012).
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In both models, subgrid-scale turbulent transport terms result from filtering the equations
(A.1) to (A.5) as part of the resulting diffusion terms (see Schlünzen, Flagg, et al., 2012;
Maronga et al., 2015, respectively). Here, the focus is on their vertical components, which can
be written as

Fh = cpρ0w ′θ′ (A.6)

Fe = l
1
3ρ0w

′q′v (A.7)

Fτ = ρ0

(︂
w ′u′

2
+ w ′v ′

2
)︂1/2

, (A.8)

where Fh and Fe are the turbulent fluxes of sensible and latent heat, respectively, l13 = 2.83 ·
106 J(kg)−1 is the specific latent heat of sublimation, and Fτ is the total vertical turbulent
flux of horizontal momentum. For the explanation of the covariances, see chapter 1. In this
thesis, positive values of Fh and Fe refer to upward transport and negative values to downward
transport. The values given for Fτ refer to the absolute value of the momentum flux vector and a
more detailed separation between upward and downward momentum transport is not considered
here.
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B Appendix for chapter 21

B.1 Determination of the parameters dw and dθ
L08 state that their decay length scale D, which determines the strength of the exponential
decay of wl (Equation 2.9), can be expressed by D ∝ Uτ , where τ is the large-eddy turnover
time with τ ≈ zi/w∗ ≈ zi2/3/Bl1/3. We apply this relation to determine the corresponding
decay length scale of the new parametrization, Dw , which is used in Equation 2.19,

Dw = dw · U
zi
2/3

Bl1/3
= dw · U

zi
2/3(︂

g
θ0
w ′θ′|s

)︂1/3 = dw · U zi
2/3(︂

g
θ0

F h,s,l
ρ0,scp

)︂1/3 , (B.1)

where ρ0,s = 1.4 kgm−3 is the air density at the surface. Values of F h,s,l are shown in Table
2.1 (see chapter 2). Furthermore, we define Dw as the distance (y − L) to the downstream
lead edge, where fluctuations of the vertical velocity weakened to the fraction of 1/e, where e
is Euler’s number. The vertical velocity fluctuations are, in turn, proportional to the convective
velocity scale w∗ in horizontally homogeneous conditions in the centre of the ABL at z = 0.4zi
(Holtslag & Moeng, 1991). Thus, we consider the square root of the vertical velocity variance,
(w ′2)1/2, from LES to determine Dw . Hence, we solve Equation B.1 for the proportionality
factor dw and we can determine its value taking all open quantities (dw , U, zi , Bl) from LES.

We use all cases with L ≥ 5 km (Table 2.1, wide leads) for this determination since we can
write wl = w∗ at y = L due to our assumption of horizontally homogeneous conditions if δL = zi
(see section 2.5.1). With linear regression (Figure B1a), we obtain dw ≈ 1.7. Furthermore, we
consider Equation B.1 with dw ≈ 1.7 to determine Dw also for all our simulations with L < 5 km
since we assume Dw to be independent on L.

Unlike L08, we apply a decay function also for the convective temperature scale θl to
consider decaying temperature fluctuations θ′2 in the lead’s downstream region. Furthermore,
we assume differences between decaying temperature and vertical velocity variations; hence,
we introduce another decay length scale Dθ. To determine Dθ, we consider the results of
Nieuwstadt and Brost (1986), who studied the decay of convective turbulence in the ABL
using LES. They proposed that fluctuations in temperature decrease faster than fluctuations in
vertical velocity when upward surface heat flux is suddenly stopped. Here, we have a comparable
situation, where our results are quasi-stationary on a temporal, but variable on a spatial scale
due to suddenly vanishing upward surface heat fluxes at the transition from the lead to the
downstream ice. Thus, the convective turbulence decays with increasing distance (y − L) to
the downstream lead edge and based on the LES results of Nieuwstadt and Brost (1986), we
expect that temperature variations decay after a shorter distance than vertical velocity variations.

1This appendix was published as part of the article entitled Influence of lead width on the turbulent flow over
sea ice leads: Modeling and parametrization in Journal of Geophysical research: Atmospheres by Michaelis et
al. (2020) (see chapter 2 in this thesis). 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.
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B.2 Determination of the parameters c and a
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Figure B1: (a) Decay length scale of vertical velocity variations from LES of cases with L ≥ 5 km (Table
2.1, chapter 2), Dw , against Uτ (crosses). The parameter dw was gained by linear regression (red curve
with y = Dw and x = Uτ). (b) Square roots of the variances of potential temperature in K (red) and
vertical velocity in ms−1 (blue), (θ′2)1/2 and (w ′2)1/2, at z = 0.4zi along the distance from the upstream
lead edge as obtained by the LES of case L5c-U5. The lead is between 0 and 5 km distance.

Namely, Nieuwstadt and Brost (1986) formulated two subgrid time scales for the transfer of
momentum and temperature, τm and τh, and found that τh ≈ 0.3τm. Therefore, similar to
Equation B.1, we define

Dθ = dθ · U
zi
2/3

Bl1/3
. (B.2)

Then, we calculated the square root of the variances of both temperature and vertical velocity,
(θ′2)1/2 and (w ′2)1/2, at z = 0.4zi along the distance y from the LES of case L5c-U5 (Figure
B1b). Indeed, from this figure, we find that temperature fluctuations already decrease at
y − L ≈ 1 km to a constant level, whereas vertical velocity fluctuations reach a constant level
at y − L ≈ 3 km. Thus we confirm the finding

dθ ≈ 0.3 dw (B.3)

of Nieuwstadt and Brost (1986) with our LES results and use this in the new parametrization.

B.2 Determination of the parameters c and a

Also c and a (values see section 2.5.1) were obtained using our LES results. The parameter c
acts as an adjustable constant for the convective velocity scale wl(y) (Equation 2.19 in chapter
2) in the new parametrization. When we assume the validity of Equation 2.26, which goes back
to Holtslag and Moeng (1991), we can obtain an equation for c . The first step is to use the
definitions (2.14) and (2.15) in Equation 2.26 for S and Z and replace wl then by Equation 2.19
(see chapter 2 for those equations). We need to consider only the upper line of Equation 2.19
because we aim to validate the assumption c = 1 for the region over the lead where δ(y) = zi .
The next step is to solve this equation for c , which results in

c(y , z) =

⎛⎜⎝w ′2(y , z)3/2 − 1.63/2u3∗(y)
(︂
1− z

δ(y)

)︂3/2
1.2Bl(y)z

(︂
1− 0.9 zδ(y)

)︂3/2
⎞⎟⎠
1/3

, 0 ≤ y ≤ L, (B.4)
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B Appendix for chapter 2

where u∗(y), w ′2(y , z), and Bl(y) are calculated from LES. To obtain δ(y) from LES results,
we used for each considered case a linear approximation of the upper plume boundary in the
region 0 ≤ y ≤ yzi , where yzi denotes the intersection of δ with zi . For y > yzi , the value
of δ was set to zi . The linear fit was derived from Figures B8 and B9 showing the heat flux
obtained with LES since there the upper plume boundary δ(y) is clearly visible. The distribution
of c(y , z) as obtained finally from Equation B.4 with the help of LES is shown in Figure B2 for
all cases with L ≥ 5 km.

It is shown that c(y , z) as obtained from Equation B.4 varies in both horizontal and vertical
direction, especially in the region for which δ(y) < zi (Figure B2). However, in the region with
δ(y) = zi , the value c(y , z) = 1 dominates. This holds especially for the cases L5c-U3 and
L10c-U5 where horizontally homogeneous conditions over the lead are most pronounced (see
Figures 2.2a and 2.2g in chapter 2). Furthermore, averaged over the respective regions where
δ(y) = zi , we obtain ⟨c(y , z)⟩ ≈ 1 (Figure B2). Despite the deviations of c from 1 in some
regions, we found that this value could be used in all our cases as a rough approximation, also
where δ(y) < zi and also in the lead’s downstream region. Note also that with our assumptions,
wl depends only on y but not on z , while w ′2 depends on both y and z .

The parameter a determines the plume inclination. After transforming Equation 2.20, we
obtain:

a =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛⎜⎜⎝ δ(y)(︄
2
3

B
1/3
l
U
y

)︄3/2
⎞⎟⎟⎠
2/3

, 0 ≤ y ≤ L

⎛⎜⎜⎝ δ(y)(︄
2
3

B
1/3
l
U
L

)︄3/2
(1+DwL (1−exp (

L−y
Dw
)))

3/2

⎞⎟⎟⎠
2/3

y > L

, (B.5)

To determine a, we use both Bl and U from LES and assume again a linear increase of δ(y)
with y (see Figures B8 and B9). Thus, we can insert any arbitrary pair of δ(y) and y resulting
from the linear line δ(y) obtained from LES in the above equation. This leads finally to the
values for a shown in Table B1 for all cases. Obviously, they range from 0.98 to 1.45. Table
B1 also shows that a depends on Bl , U, and L. However, for simplicity, we prescribe the value
a = 1.2 for all cases (see also section 2.5.4).

Table B1: Values derived based on Figures B8 and B9 for all cases to obtain the parameter a in the new
parametrization that has been derived in section 2.5.1a.

Wide leads

L5c-U3 L5c-U5 L5c-U7 L10c-U5 L5w-U5
yzi (m) 1300 1600 2000 1600 2100
a 0.99 1.21 1.25 1.22 1.21

Narrow leads

L1c-U3 L1c-U5 L1c-U7 L1w-U10 L0.5c-U5
yzi (m) 1180 1570 1950 3720 1650
a 1.14 1.34 1.45 1.45 1.45
a For each case (see Table 2.1 in chapter 2), yzi is approximately the position (m) where the plume intersects with
the height of the inversion at zi = 300m as simulated with LES (see Figures B8 and B9). Values for a are obtained
via Equation B.5.
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B.3 Sensitivity of microscale model results on the horizontal resolution
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Figure B2: Distribution of c(y , z) via Equation B.4 from LES for all cases with L ≥ 5 km and mean
values ⟨c⟩ for the region where yzi ≤ y < L (between the dashed-dotted and dashed lines) and where
0 < z < zi . Cases are L5c-U3 (a), L5c-U5 (b), L5c-U7 (c), L5w-U5 (d), and L10c-U5 (e). The solid
grey lines are linear approximations of the IBL height δ(y) obtained from LES (Figures B8 and B9). The
position of the lead is between 0 km and the vertical dashed black line. For the cases, see Table 2.1 in
chapter 2.

B.3 Sensitivity of microscale model results on the horizontal
resolution

For case L5c-U5, we repeated the METRAS simulations using the new parametrization for
horizontal grid sizes of ∆x2 = 100, 500, 1000, and 2500 m (Figures B3 and B4). Both figures
show that the overall structure of the patterns depends only marginally on ∆x2 up to ∆x2 =
1000m, which is equal to L/5 in this case. With ∆x2 = 2500m and, thus, only two grid points
to resolve the lead, some structures change significantly (Figures B3g, B3h, B4g, and B4h).
Thus, to reproduce detailed flow structures over the lead, grid sizes of not more than L/5 seem
necessary to obtain a reasonable agreement with LES.

125



B Appendix for chapter 2

(a)

-10

-10

-10

-102
0

2
0

20
20

2
0

2
0

60

60

100

100

140

140

18
0

180

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

-30
-20
-10
0  
20 
40 
60 
80 
100
120
140
160
180
200
220

(b)

2
5
0
.0

4

250.04

251.52 251.52 251.52 251.52

250.56

250.52
2
5
0
.4

8

250.48

2
5
0
.4

0

2
5
0
.3

2

2
5
0
.2

4

2
5
0
.1

2

250.24

250.32 25
0.

40

250.44

250.44250.56
251.52

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

250.0
250.1
250.2
250.3
250.4
250.5
250.6
250.7
250.8
250.9
251.0
251.1
251.2
251.3
251.4
251.5

(c)

-10

-10

2
0

2
0

20 20

2
0

20

60100

100

140

140

180
180

40

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

-30
-20
-10
0  
20 
40 
60 
80 
100
120
140
160
180
200
220

(d)

250.04

2
5
0
.0

4

250.52

250.56

251.52251.52
251.52

2
5
0
.3

6

2
5
0
.2

4 2
5
0
.4

8

250.48

250.44

250.24

250.36

250.56
251.52

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

250.0
250.1
250.2
250.3
250.4
250.5
250.6
250.7
250.8
250.9
251.0
251.1
251.2
251.3
251.4
251.5

(e)

-1
0

2
0

20

20

2
0

2
0

6060

100 100

140

140

180

180

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

-30
-20
-10
0  
20 
40 
60 
80 
100
120
140
160
180
200
220

(f)

2
5
0
.4

4
250.48

250.48

250.52

250.56

251.52251.52
251.52

2
5
0
.1

2

2
5
0
.2

4

2
5
0
.3

6

250.36

250.68

250.44
250.52

2
5
0
.0

4

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

250.0
250.1
250.2
250.3
250.4
250.5
250.6
250.7
250.8
250.9
251.0
251.1
251.2
251.3
251.4
251.5

(g)

20

20

20

2
0

60

60

100

1
0
0

140

180

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

-30
-20
-10
0  
20 
40 
60 
80 
100
120
140
160
180
200
220

(h)

2
5
0
.4

4

2
5
0
.4

8 250.48

250.52

251.32251.52

25
0.

04

250.48

250.44

0 1 2 3 4 5 6 7 8 9 10

distance from upwind lead edge (km)

0

50

100

150

200

250

300

350

h
e

ig
h

t 
(m

)

250.0
250.1
250.2
250.3
250.4
250.5
250.6
250.7
250.8
250.9
251.0
251.1
251.2
251.3
251.4
251.5

Figure B3: METRAS results of heat flux in Wm−2 (left column) as in Figure 2.7c (see chapter 2) and
potential temperature in K (right column), but obtained with other horizontal grid sizes. ∆x2 = 100m
(a, b), ∆x2 = 500m (c, d), ∆x2 = 1000m (e, f), and ∆x2 = 2500m (g, h). For the corresponding LES
results, see Figure 2.2c in chapter 2. The case is L5c-U5 (see Table 2.1 in chapter 2).
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B.3 Sensitivity of microscale model results on the horizontal resolution
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Figure B4: METRAS results of horizontal wind speed in ms−1 (left column) and vertical momentum
flux in Nm−2 (right column) as in Figures 2.8c and 2.8d (see chapter 2), but obtained with different
horizontal grid sizes. ∆x2 = 100m (a, b), ∆x2 = 500m (c, d), ∆x2 = 1000m (e, f), and ∆x2 = 2500m
(g, h). For the corresponding LES results, see Figures 2.3c and 2.3d in chapter 2. The case is L5c-U5
(see Table 2.1 in chapter 2).
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B Appendix for chapter 2

B.4 Supplementary figures

This section contains five figures (Figures B5 to B9) with additional simulation results of the
applied models in the study shown in chapter 2 in this thesis.

Figure B5 shows results of the gradient Richardson number Ri (see Schlünzen, Flagg, et al.,
2012, their Equation 3.39) and the momentum flux in Nm−2 obtained with large eddy simulation
(LES) and the microscale model (METRAS) using the three different parametrizations that are
explained in sections 2.2.2.2 and 2.5.1.

Figure B6 shows the sensible heat flux (Wm−2) and vertical potential temperature gradient
(K per 100 m) obtained with METRAS using the new parametrization (see section 2.5.1), but
with different values for the constant b that are used in other parametrizations (case L5c-U5,
see Table 2.1 in chapter 2). For Figures B6a and B6b, as in the L08 parametrization, b = 0.6 is
used, and for Figures B6c and B6d, b = 3 is used, which was applied by Lüpkes and Schlünzen
(1996) in their parametrization for cold-air outbreaks. In chapter 2, the corresponding METRAS
results with b = 2, which is the value we use in the new parametrization, are shown in Figures
2.7c and 2.7d and the corresponding LES results in Figures 2.2c and 2.2d.

Figure B7 shows new LES results of the sensible heat flux in Wm−2 (left column) and of
the potential temperature in K (right column) for all our cases with L = 1 km (see Table 2.1
in chapter 2). The results are shown for a lead 10 km downstream of another lead to ensure
comparability with the study of L08. The corresponding METRAS results obtained with the new
parametrization are shown in Figure 2.11 in chapter 2. The reason for the blank areas shown in
Figure B7 is that the model domain of the LES ended at 8 km distance from the upwind lead
edge of the second lead.

Figures B8 and B9 show LES results of the sensible heat flux in Wm−2 for all discussed
idealised cases shown in Table 2.1 in chapter 2 (wide lead cases in Figure B8 and narrow lead
cases in Figure B9). Those two figures show our method how we obtained the height of the
upper internal boundary layer and the position where it intersects the inversion layer (yzi ) from
the LES results. This was necessary to determine the parameter a in the new parametrization
(see also Appendix B.2).
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B.4 Supplementary figures
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Figure B5: Results of the Richardson number Ri (coloured) and the momentum flux in Nm−2 (dashed-
dotted black contour lines) for case L5c-U5 (see Table 2.1 in chapter 2) obtained with LES (a) and
METRAS using different turbulence parametrizations (b, c, and d). For (b), the mixing-length closure,
for (c), the non-local closure of L08 (for both, see section 2.2.2.2), and for (d), the new non-local closure
(see section 2.5.1) are used. The solid grey lines show the upper IBL height according to Equation 2.11
in (c) and Equation 2.20 in (d). See chapter 2 for both equations.
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Figure B6: Sensible heat flux in Wm−2 (left column) and vertical potential temperature gradient in K
per 100 m (right column) for case L5c-U5 (see Table 2.1 in chapter 2) obtained with METRAS using the
new parametrization (section 2.5.1) as in Figures 2.7c and 2.7d, but with other values for the parameter
b. In (a) and (b), b = 0.6 (L08 parametrization, see section 2.2.2.2.2) and in (c) and (d), b = 3
(parametrization of Lüpkes & Schlünzen, 1996). The corresponding LES results are shown in Figures
2.2c and 2.2d and the results with METRAS using the new parametrization with b = 2 in Figures 2.7c
and 2.7d (for both, see chapter 2).
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Figure B7: LES results of sensible heat flux in Wm−2 (left column) and potential temperature in K
(right column) for the cases L1c-U3 (a, b), L1c-U5 (c, d), L1c-U7 (e, f), and L1w-U10 (g, h). The
distance between heat flux contour lines is 5 Wm−2 for negative fluxes (left column). Note the different
temperature scale for (h) and note that the model domain ended at 8 km distance (see text in Appendix
B.4). For the explanation of the cases, see Table 2.1 in chapter 2.
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Figure B8: LES results of the sensible heat flux in Wm−2 for all discussed cases of wide leads (see Table
2.1 in chapter 2). (a) L5c-U3, (b) L5c-U5, (c) L5c-U7, (d) L5w-U5, and (e) L10c-U5. The leads are
between 0 km distance and the vertical dashed black lines. The thin horizontal solid black lines are all
at 300 m height. The thin vertical solid black lines denote the position yzi , where the internal boundary
layers reach the ABL height at zi = 300m. The thick solid black lines denote a linear approximation of
the internal boundary layer height. The distance between heat flux contour lines is 5 Wm−2 for negative
fluxes. The dashed-dotted black lines mark the contour lines of 1 Wm−2 and -1 Wm−2.
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Figure B9: LES results of the sensible heat flux in Wm−2 for all discussed cases of narrow leads (Table
2.1 in chapter 2). (a) L1c-U3, (b) L1c-U5, (c) L1c-U7, (d) L1w-U10, and (e) L0.5c-U5. The leads are
between 0 km distance and the vertical dashed black lines. The thin horizontal solid black lines are all
at 300 m height. The thin vertical solid black lines denote the position yzi , where the internal boundary
layers reach the ABL height at zi = 300m. The thick solid black lines denote a linear approximation of
the internal boundary layer height. The distance between heat flux contour lines is 5 Wm−2 for negative
fluxes. The dashed-dotted black lines mark the contour lines of 1 Wm−2 and -1 Wm−2.
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(a)

(b)

(c)

(d)

Figure C1: Same as Figure 4.6 (see chapter 4), but model results at height z = 10m of the simulations
"M20-zi(y)" are shown (METRAS using the non-local closure derived in section 2.5.1, but with a varying
ABL height zi(y) as derived in section 3.5.1).
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(a)

(b)

(c)

(d)

Figure C2: Same as Figure 4.7 (see chapter 4), but model results at height z = 290m of the simulations
"M20-zi(y)" are shown (METRAS using the non-local closure derived in section 2.5.1, but with a varying
ABL height zi(y) as derived in section 3.5.1).
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(a)

(b)

(c)

(d)

Figure C3: Same as Figure 4.6 (see chapter 4), but model results at height z = 10m of the simulations
"MIX" are shown (METRAS using the local closure shown in section 2.2.2.2.1).
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(a)

(b)

(c)

(d)

Figure C4: Same as Figure 4.7 (see chapter 4), but model results at height z = 290m of the simulations
"MIX" are shown (METRAS using the local closure shown in section 2.2.2.2.1).
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co-authors also contributed to the discussion and helped to improve the manuscript.
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Acronyms

ABL atmospheric boundary layer

AIDJEX Arctic Ice Dynamics Joint EXperiment

AWI Alfred-Wegener-Institute

EDMF eddy-diffusivity mass-flux scheme

IBL internal boundary layer

IPCC Intergovernmental Panel of Climate Change

L08 Abbreviation for the reference Lüpkes, Gryanik et al., 2008

LEADEX Arctic Leads Experiment

LES large eddy simulation

LLJ low-level jet

M2AV Meteorological Mini Aerial Vehicle

M20 Abbreviation for the reference Michaelis et al., 2020

METRAS MEsoscale TRansport And Stream model

MIZ Marginal (Sea) Ice Zone

PALM PArallelized Large Eddy Simulation model

RANS Reynolds-Averaged Navier-Stokes

RV research vessel

SHEBA Surface Heat Budget of the Arctic Ocean

SIC sea ice concentration

STABLE SpringTime Arctic Boundary Layer Experiment

T15 Abbreviation for the reference Tetzlaff et al., 2015

TKE turbulent kinetic energy

UAS Unmanned Aerial System

WARPS Winter Arctic Polynya Study
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List of symbols

Latin symbols

a adjustable parameter in parametrizations of L08 and M20
ae adjustable parameter in parametrizations of L08 and M20
am adjustable parameter in parametrizations of L08 and M20

b adjustable parameter in parametrizations of, for example, L08 and M20
b1 constant in a function linking the parameter a with the vertical potential temperature gradient
b2 constant in a function linking the parameter a with the vertical potential temperature gradient
Bl surface buoyancy flux over the lead’s surface
Bs surface buoyancy flux

c adjustable parameter in parametrizations of L08 and M20
cp specific heat capacity of air at constant pressure
C2 constant, used in formula for zhp
CHN,r bulk transfer coefficient of sensible heat at neutral stratification at reference height r

dθ adjustable parameter in parametrization of M20
dw adjustable parameter in parametrization of M20
D decay length scale in L08 parametrization
Dθ decay length scale for temperature fluctuations in M20 parametrization
Dw decay length scale for vertical wind fluctuations in M20 parametrization

e Euler’s number
esat,i saturation vapour pressure over ice

f Coriolis parameter
Fcr it critical value for the non-local sensible heat flux (parameter in closures of L08 and M20)
Fe (vertical) turbulent latent heat flux
Fh (vertical) turbulent sensible heat flux
Fh,nl non-local sensible heat flux
F h,s,l lead-averaged surface sensible heat flux
Fh,s surface sensible heat flux
F molecular forces
Fτ total vertical turbulent flux of horizontal momentum

g gravitational acceleration

Kh eddy diffusivity for heat
Km eddy diffusivity for momentum
Kp eddy diffusivity for heat at the surface layer’s top
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Latin symbols

Kqv eddy diffusivity for humidity

l13 specific latent heat of sublimation
lmax maximum mixing-length
ln mixing-length for neutral stratification
L lead width

n empirical constant
N Brunt-Väisälä-frequency

p atmospheric pressure
p0 surface pressure

qv specific humidity
qv,∗ scaling value for specific humidity
qv,sat saturation specific humidity
Qχ sources of χ

Ri Richardson number
Ri Individual gas constant of any compound i (e.g., R0 for dry air)
Ric critical Richardson number

S stability parameter wl/u∗

t time
T atmospheric temperature
Ts,i surface temperature of sea ice
Ts,l surface temperature of lead
Ts surface temperature

Ur horizontal wind speed at reference height r
u horizontal component of the wind vector in x1-direction
ue horizontal entrainment velocity
ug height-independent lead-perpendicular component of the geostrophic wind
u∗ friction velocity
u∗,l lead-averaged value of the friction velocity u∗
U vertically averaged horizontal wind speed in the upwind ABL
U⊥ lead-perpendicular component of the horizontal wind in the upwind ABL

v horizontal component of the wind vector in x2-direction
v three-dimensional wind vector
vg height-independent lead-parallel component of the geostrophic wind
vh horizontal wind vector

w vertical component of the wind vector (x3-direction)
w ′2 vertical velocity variance
we vertical entrainment velocity
wl fetch-dependent convective velocity scale over leads
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Greek symbols

wmax maximum vertical velocity of the turbulent eddies in the ABL
w∗ convective velocity scale

x lead-parallel direction in the model runs
x1 horizontal Cartesian coordinate in West-East direction
x2 horizontal Cartesian coordinate in South-North direction
x3 vertical Cartesian coordinate

y distance from the upwind lead edge
yzi distance y at which δ intersects with zi

z height
z0 roughness length for momentum
zqv roughness length for humidity
zt roughness length for heat
zhp plume penetration height
zi height of the ABL
zp height of the surface layer’s top
Z non-dimensional height z/δ
Zp nondimensional height zp/δ

Greek symbols

β constant entrainment coefficient

Γ counter-gradient correction term for the temperature flux
Γqv counter-gradient correction term for the humidity flux

δ upper IBL height/upper plume boundary
δd lower IBL height/lower plume boundary
δL upper IBL height/upper plume boundary at downwind lead edge
δobs observed upper IBL height/upper plume boundary
∆x1 horizontal grid increment in x1-direction
∆x2 horizontal grid increment in x2-direction
∆x3 vertical grid increment (x3-direction)

θ potential temperature
θ0 potential temperature in the surface layer
θs potential temperature at the surface
θ′2 potential temperature variance
θf convective temperature scale
θl fetch-dependent convective temperature scale over leads
θr potential temperature at reference height r
θ∗ scaling value for temperature
θ∗,l lead-averaged value of the scaling value for temperature θ∗
(∂θ/∂z)p constant in a function linking the parameter a with the vertical potential temperature

gradient
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Mathematical operators

κ Kármán’s constant

νi specific volume of any compound i

ρ air density
ρ0 basic state air density

σTs,l standard deviation in the surface temperature of a lead

τ eddy turnover time
τm subgrid time scale for momentum
τh subgrid time scale for heat

φ any quantity
φ mean value of any quantity φ
φ′ (turbulent) fluctuation of any quantity φ
Φ geopotential
Φh Monin-Obukhov similarity function for heat
Φm Monin-Obukhov similarity function for momentum

χ any scalar quantity

Ω angular velocity of the Earth

Mathematical operators

∇ Nabla operator

O order of magnitude
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