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ABSTRACT

Despite their fundamental role in ocean dynamics, mixed layer instabilities and
internal waves are often underrepresented or entirely absent in numerical ocean
models. Their transient nature and small spatial scales make them difficult to ob-
serve and simulate, limiting our ability to study them outside of theoretical and
idealized frameworks. This lack of comprehensive investigation leaves crucial as-
pects of their impact on ocean circulation and climate unresolved.

The emergence of advanced numerical models and high-resolution satellite ob-
servations is opening new frontiers in ocean science. With kilometer-scale models
and refined remote sensing, we can now study submesoscale and wave processes
in unprecedented detail. This thesis employs the ICON-SMT model, utilizing tele-
scoping grid refinement to resolve these dynamics at sub-kilometer scales in the
Atlantic Ocean.

In the first study, we demonstrated that our model configuration effectively cap-
tures mixed layer submesoscale eddies and their role in frontal overturning, re-
stratification, and buoyancy flux. Through an analysis of 45 ocean fronts, we quan-
tified these effects, confirming consistency with theoretical predictions and ideal-
ized models. Furthermore, we evaluated the accuracy of two mixed layer eddy
parameterizations in replicating the influence of resolved submesoscale eddies.

The second study investigates how tides and submesoscale currents shape the
ocean’s frequency energy spectrum. Using a series of experiments with varying
resolutions, one resolving submesoscale dynamics and another suppressing them
in a coarser model, both with and without tidal forcing, we demonstrate that sub-
mesoscale dynamics are essential for accurately producing a -2 spectral slope in
kinetic energy spectra, that closely matches moored observations. We further show,
that tidal forcing significantly improves energy levels at the high frequency end of
the sea surface height spectra. Here, the model accurately captures tidal peaks,
though the overall energy levels still show some discrepancies compared to obser-
vations, which might indicates missing wave-wave interaction. Comparisons with
in situ observations suggest that while high-resolution simulations drastically im-
prove the representation of internal wave turbulence, even finer resolutions are
needed to fully capture its magnitude.

Finally, we examine how mesoscale Agulhas Rings influence high-frequency
ocean dynamics, particularly through interactions with bathymetric features like
the Walvis Ridge and Vema Seamount. Eddy-tracking and spectral analysis reveal
that energy levels within eddies are substantially higher than in the surrounding
ocean, with pronounced increases during topographic encounters. We identify the
generation of topographically-induced Karman vortex streets and lee waves, par-
ticularly as an Agulhas Ring encounters the Vema Seamount, and further confirm
similar wave formation when these rings cross the Walvis Ridge.

Together, these studies provide novel insights into submesoscale turbulence, in-
ternal waves, and mesoscale-topography interactions in the Atlantic Ocean, high-
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lighting the importance of high-resolution modeling in capturing these complex
processes.
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ZUSAMMENFASSUNG

Ungeachtet ihrer grundlegenden Rolle in der Ozeandynamik sind Instabilitdten in
der Deckschicht und interne Wellen in numerischen Ozeanmodellen oft unterre-
prasentiert oder fehlen ganz. Aufgrund ihres transienten Charakters und der klei-
nen rdumlichen Skalen sind sie schwer zu beobachten und zu simulieren, was un-
sere Moglichkeiten einschrédnkt, sie aufserhalb theoretischer und idealisierter Rah-
menbedingungen zu untersuchen. Dieser Mangel an umfassenden Untersuchun-
gen ldsst entscheidende Aspekte ihrer Auswirkungen auf die Ozeanzirkulation
und das Klima ungelost.

Das Aufkommen fortschrittlicher numerischer Modelle und hochauflésender Sa-
tellitenbeobachtungen eroffnet der Meeresforschung neue Moglichkeiten. Mit Mo-
dellen im Kilometermaf3stab und verfeinerter Fernerkundung kénnen wir jetzt sub-
mesoskalige und Wellenprozesse in noch nie dagewesener Detailfiille untersuchen.
In dieser Arbeit wird das ICON-SMT Modell verwendet, das eine Verfeinerung
des Teleskopgitters nutzt, um diese Dynamik im Atlantischen Ozean im Subkilo-
meterbereich aufzulosen.

In der ersten Studie haben wir gezeigt, dass unsere Modellkonfiguration subme-
soskalige Wirbel der Deckschicht und ihre Rolle beim umwaélzen von Ozeanfron-
ten, der Neuschichtung und der Auftriebsfliisse effektiv erfasst. Durch eine Analy-
se von 45 Ozeanfronten konnten wir diese Effekte quantifizieren und die Uberein-
stimmung mit theoretischen Vorhersagen und idealisierten Modellen bestitigen.
Dariiber hinaus haben wir die Genauigkeit von zwei Parameterisierungen fiir die
Deckschicht bei der Nachbildung des Einflusses von aufgeldsten submesoskaligen
Wirbeln bewertet.

In der zweiten Studie wird untersucht, wie Gezeiten und submesoskalige Stro-
mungen das Frequenz-Energiespektrum des Ozeans formen. Anhand einer Rei-
he von Experimenten mit unterschiedlichen Auflésungen, von denen eines die
submesoskalige Dynamik auflost und ein anderes sie in einem groberen Modell
unterdriickt, sowohl mit als auch ohne Gezeitenantrieb, zeigen wir, dass die sub-
mesoskalige Dynamik fiir die genaue Erzeugung einer -2-Spektralneigung in kine-
tischen Energiespektren, die eng mit verankerten Beobachtungen tibereinstimmt,
wesentlich ist. Dariiber hinaus zeigen wir, dass der Gezeitenantrieb die Energieni-
veaus am hochfrequenten Ende des Meeresoberflaichenhohenspektrums deutlich
verbessert. Hier erfasst das Modell genau die Gezeitenpeaks, obwohl die Gesamt-
energieniveaus immer noch einige Diskrepanzen im Vergleich zu den Beobachtun-
gen aufweisen, was auf fehlende Welle-Welle-Wechselwirkung hinweisen konnte.
Vergleiche mit In-situ-Beobachtungen deuten darauf hin, dass hochauflosende Si-
mulationen zwar die Darstellung interner Wellenturbulenzen drastisch verbessern,
aber noch feinere Auflosungen erforderlich sind, um deren Ausmaf vollsténdig zu
erfassen.

Zuletzt untersuchen wir, wie mesoskalige Agulhas-Ringe die Hochfrequenzdy-
namik des Ozeans beeinflussen, insbesondere durch Wechselwirkungen mit ba-
thymetrischen Strukturen wie dem Walvis-Riicken und dem Vema Unterseeberg.



Eddy-Tracking und Spektralanalysen zeigen, dass die Energieniveaus innerhalb
der Wirbel wesentlich hoher sind als im umliegenden Ozean, mit einem deutli-
chen Anstieg wihrend topographischer Begegnungen. Wir stellen fest, dass topo-
graphisch bedingte Karman-Wirbelstrafsen und Leewellen entstehen, insbesondere
wenn ein Agulhas-Ring auf den Vema Unterseeberg trifft, und bestédtigen aufier-
dem eine dhnliche Wellenbildung, wenn diese Ringe den Walvis-Riicken tiberque-
ren.

Zusammengenommen bieten diese Studien neue Einblicke in submesoskalige
Turbulenzen, interne Wellen und Wechselwirkungen zwischen Mesoskala und To-
pographie im Atlantischen Ozean und verdeutlichen, wie wichtig hochauflosende
Modellierung fiir die Erfassung dieser komplexen Prozesse ist.
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INTRODUCTION

1.1 MOTIVATION
Vous étes embarqué

— Le pari de Pascal, Blaise Pascal

In his reflections on human decision-making, Blaise Pascal used the metaphor
"Vous étes embarqué” (“You are embarked’) to emphasise that we are already part
of the journey, unable to avoid the responsibility of making choices in the face
of uncertainty. This idea resonates deeply with the challenges for humans on a
warming planet. As inhabitants of a planet undergoing rapid and unprecedented
change, we are all on a shared journey into an uncertain future.

Climate science can be a useful tool on this journey, tasked with understanding
and predicting the behavior of a warming planet. While advances in Earth system
science have greatly improved our ability to predict weather, seasonal variations
and aspects of climate, significant uncertainties remain - especially when it comes
to long-term predictions. These uncertainties carry profound implications for risk
assessment and decision-making, challenging humanity to act despite incomplete
information. Much like Pascal’s metaphorical voyage, there is no opting out of this
process. The question is not whether we are part of this journey, but rather how
we choose to steer the course.

From past observations and fundamental physical laws, we can develop pre-
dictive models to simulate potential future behaviors of the Earth system. These
models allow us to explore a range of possible future climates rather than a single
deterministic outcome. The use of the plural climates reflects the fact that future
climate trajectories are shaped not only by physical processes but also by human
behavior, including greenhouse gas emissions, land use changes, and policy deci-
sions. By incorporating different socio-economic scenarios, climate models provide
valuable insights into how our choices today influence the range of possible climate
futures, and can therefore serve as a compass to navigate our way forward.

One critical part of the Earth’s climate system is the ocean, acting as a vast reser-
voir of heat and carbon that drives atmospheric circulation and regulates global
temperatures. Ocean dynamics describe the ‘dynamical” share of physical pro-
cesses in the ocean such as global circulation, currents, waves, eddies and mixing,
driven by forces such as wind, tides, buoyancy and Earth’s rotation - strongly in-
fluencing climate variability and the response of the earth to global warming. The
wide range of temporal and spatial scales, from planetary motion to sub-centimeter
turbulence, makes these dynamics extremely difficult, if not impossible, to fully
simulate.

Global predictive ocean models are designed to simulate some of these dynam-
ics, however they rely on a set of approximations and only partially resolve the
full range of processes. The effects of unresolved or missing dynamics are often
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neglected or, at best, represented through parameterizations, that rely on simpli-
tied physical relationships to approximate their influence. When critical processes
are inadequately parameterized, or neglected entirely, these models can become
energetically inconsistent, violating fundamental physical principles such as the
conservation of energy, mass, and momentum. These inconsistencies can lead to
biases in simulations of the current climate, and it is critical for simulating future
climates, where nonphysical tuning choices can lead to unforeseen results.

Advances in computational power and our understanding how to translate phys-
ical equations into numerical algorithms allows nowadays to study processes on
unprecedented resolution. These investigations will certainly improve our under-
standing of how such fast and small-scale dynamics interfere with larger dynam-
ical processes of the climate system. This study therefore is concerned with inves-
tigating two of such fast and small-scale processes: (1) Submesoscale processes,
which play a key role in cascading energy across scales and controlling the air-
sea exchange of heat, energy and trace gases (Haine and Marshall, 1998; Gula et
al., 2021). Within this research field, we focus specifically on mixed layer instabili-
ties, with an emphasis on mixed layer baroclinic instabilities, potentially the most
dominant instability mechanism in the upper ocean (Haine and Marshall, 1998).
(2) Internal gravity waves, which are essential for redistributing energy through-
out the ocean and sustaining the large-scale overturning circulation (Munk, 1966;
Wunsch and Ferrari, 2004; Talley et al., 2011). Both, submesoscale processes and
internal gravity waves are capable of generating high-frequency motions on ‘small’
temporal and spatial scales. These motions are inherently challenging to observe
and even more difficult to simulate accurately. Note that many other processes,
such as wind-driven Ekman dynamics or other local forcing mechanisms, can also
contribute to the generation of such high-frequency motions.

As mentioned above, recent advances in ocean modeling have enabled the partial
resolution of these high-frequency motions within more realistic oceanic contexts.
However, these models remain highly complex and are not yet fully understood, as
their complexity increasingly mirrors that of the real ocean. In this study, we lever-
age such models to investigate these high-frequency motions and assess the extent
to which the models align with theoretical predictions, idealized simulations, and
observations. Ultimately, we aim to contribute to a deeper physical understanding
of these processes and to the development of improved ocean and climate models.
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... und er fiihlte sich wie eine durch beide Fliigel geschossene Ente,
die ins Meer der Liebe hinabstiirzte und versuchte durch schwimmen zu iiberleben.

— Der Mann ohne Eigenschaften, Robert Musil

Figure 1: The chlorophyll-a concentration in the South Atlantic, close to the Benguela up-
welling region. The phytoplancton blooms trace the eddies and plumes. Note
that, this satellite image is postprocessed to enhance the visibility. Credits: NASA
Earth Observatory images by Jesse Allen, using data from the Level 1 and Atmo-
spheres Active Distribution System (LAADS), and ocean imagery by Norman
Kuring, NASA’s Ocean Color web.

A satellite image of the South East Atlantic Ocean, near the Benguela upwelling
system, reveals a captivating snapshot of ocean dynamics, see Fig. 1. Beneath thin
layers of cloud, vibrant swirls of phytoplankton blooms trace the boundaries of
ocean fronts. These blooms are identified by satellite sensors, which measure vari-
ations in reflected light wavelengths altered by the presence of chlorophyll-a. This
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pigment, abundant in phytoplankton, absorbs blue and red light while reflecting
green, imparting a distinct greenish hue to waters with high phytoplankton con-
centrations.

Phytoplankton blooms depend on the availability of light and nutrients, both reg-
ulated by physical oceanic processes, such as upwelling (see Benguela upwelling
close to the shore in Fig. 1) or due to submesoscale dynamics (see curls and swirls
far away from the coastline in Fig. 1). These processes involve intense vertical mo-
tions that transport nutrients into the euphotic zone, where sunlight penetrates
and supports photosynthesis (Mahadevan, 2016). Operating on short periods, typ-
ically ranging from hours to days, submesoscale processes play a critical role in
driving the rapid development and dissipation of blooms (Mahadevan, 2016). As
such, mapping chlorophyll-a concentrations offers a powerful method to visualize
these submesoscale processes, uncovering features, such as plumes and swirls.

1.2.1  Submesoscale Dynamics

Submesoscale dynamics, unlike the synoptic or mesoscale regimes, do not repre-
sent a distinct dynamical category but instead bridge the gap between larger-scale
geostrophic motions and smaller-scale ageostrophic turbulence. These dynamics
are related to a host of mixed layer instabilities, which operate on temporal scales
of hours to a few days and spatial scales ranging from a few hundred meters to
several tens of kilometers (Haine and Marshall, 1998; Capet et al., 2008a; Briigge-
mann and Eden, 2014; McWilliams, 2016; Mahadevan, 2016). These motions can be
either in large-scale balance (geostrophic) or out of balance (ageostrophic) and are
therefore associated with a Rossby and Richardson number of O(1). Submesoscale
dynamics are often defined as processes occurring at scales smaller than the first
baroclinic Rossby radius of deformation (Mahadevan, 2016).

Figure 2 illustrates the local Rossby number over a region in the South Atlantic,
derived from simulations with horizontal resolutions of roughly 600 m on the one
hand and with 5km and on the other. High Rossby numbers, indicative of strongly
ageostrophic motions, are found near intense mesoscale features such as eddies
and ocean fronts.

Submesoscale motions are particularly active in the ocean’s surface mixed layer,
where sharp gradients in temperature, salinity, and density (fronts) often develop.
The physical key drivers for submesoscale dynamics and in particular mixed layer
eddies are explored in the following section.

1.2.2  Baroclinic and Symmetric Instability

Ocean fronts are regions characterized by strong horizontal density gradients, typ-
ically found at the boundaries between different water masses, such as the Gulf
Stream or subpolar fronts. The available potential energy in these regions is linked
to the tilt of isopycnals (surfaces of constant density). Baroclinic instability occurs
when isopycnals and surfaces of constant pressure (isobars) are misaligned, cre-
ating a baroclinic state. Under these conditions, small perturbations can amplify,
converting potential energy into kinetic energy and reducing the steepness of the
isopycnals. This process is a primary driver of mesoscale eddies, which dominate
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Figure 2: Snapshot of the vorticity of a submesoscale resolving simulation ICON-SMT with
roughly 600 m horizontal resolution (a) and an eddy permitting model ICON-
R2Bg with 5km horizontal resolution (b). The snapshot is taken four months
after the initialization (for details see also Chap. 2).

the ocean’s kinetic energy budget (Olbers et al., 2012) and play a key role in the
ocean energy cycle.

However, once generated, this kinetic energy does not remain confined to the
mesoscale but undergoes further redistribution through nonlinear interactions. A
significant portion of the kinetic energy cascades upscale (inverse cascade) to larger
structures and the mean current, where it must ultimately be dissipated. However,
the exact mechanisms responsible for this dissipation remain unclear, while pos-
sible candidates are Lee wave generation and spontaneous emission of gravity
waves.

Under favorable conditions for ageostrophic turbulence, a downscale energy flux
(downward cascade) can also be observed (Scott and Arbic, 2007). These motions
eventually lead to dissipation and mixing, contributing to the vertical and lateral
redistribution of heat, momentum, and tracers.

A well-known theoretical framework for baroclinic instability is the Eady prob-
lem (Eady, 1949). In his analysis, Eady linearized the equations of motion for
a rotating flow in geostrophic thermal wind balance, assuming a density field
with constant vertical and meridional gradients, bounded by rigid surfaces at
the top and bottom. Eady demonstrated that small perturbations in this system
grow into waves, with the growth rate depending on the wavelength. Initially,
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Figure 3: The first baroclinic Rossby radius of deformation calculated for the entire wa-
ter column. The Rossby radius of deformation is calculated Lg, = N:@Ti]f{b with
the bathymetry averaged Brunt-Viisild frequency Ny, = ft N(z)dz/Hyp, the
bathymetry Hy and the local Coriolis frequency f. Taken from Chelton et al.
(1998).

multiple modes grow exponentially, but over time, only the fastest-growing mode
dominates. The most unstable mode or wave-like perturbation corresponds to a
wavelength of A = 1.6/Lg with the first baroclinic Rossby radius of deformation,
Lr = NH/f, the Brunt Viisdla Frequency N and the Coriolis parameter f (see
also Fig. 3). The Rossby radius of deformation is typically 10 — 50 km in the mid-
latitudes (see Fig. 3). The maximum growth rate is given by y ~ 0.3M?/N with
M? = g|op/dyl/po. It turns out, that the largest growth rates are typically observed
in regions with intense mesoscale kinetic energy, such as western boundary cur-
rents (Olbers et al., 2012).

Stone expanded the Eady model for ageostrophic and for non-hydrostatic con-
ditions (Stone, 1966; Stone, 1970; Stone, 1972). His solutions reveal that the fastest-
growing modes depend on the background conditions, specifically characterized
by the Richardson number (see Fig. 4). Stone identified three distinct instability
modes, each dependent on the background state characterized by the Richard-
son number: (1) Kelvin-Helmholtz instability dominates when Ri < 1/4, as it has
the fastest exponentially growing mode; (2) symmetric instability is dominant for
1/4 < Ri < 0.95 and (3) baroclinic instability takes over when Ri > 0.95, exhibiting
the fastest growth rate in this range."

Baroclinic instability in the mixed layer is another mode of instabilities that arise
when the density profile is not vertically constant but has two (or more) layers,
one with small stratification and one with higher stratification. In this case, there
are two unstable modes, one that produces unstable profiles only in the weakly
stratified layer, that grows faster and at shorter wave lengths, and one that extends

Note that a later study showed that symmetric instability has the largest growth rate for Ri < 0.95
and that Kelvin-Helmholtz instabilities do not occur in the Eady problem, see (Vanneste, 1993).
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Figure 4: The growth rate over the zonal wavenumber k and the complex frequency o for
exact and approximate solutions, taken from Stone (1970). The strongest growths
rates are associated with geostrophic baroclinic instability for Ri > 0.95, symmet-
ric instability 1/4 < Ri > 0.95 and with Kelvin-Helmholtz instability 1/4 < Ri.

over the entire water column with smaller growth rates at larger wave lengths
(Soren et al., 2014). The first produces submesoscale mixed layer eddies (MLEs),
the second mesoscale eddies.

A typical life cycle of mixed layer instabilities works as follows (Haine and Mar-
shall, 1998; Fox-Kemper et al., 2008; Callies and Ferrari, 2018b; Verma et al., 2019;
McWilliams, 2016; Gula et al., 2021): Wind forcing or buoyancy loss can create
conditions that favor Kelvin-Helmholtz instabilities (Ri < 1/4), leading to a well-
mixed background with low potential vorticity. Once this mixing occurs, lateral
density gradients can trigger symmetric instabilities (1/4 < Ri < 0.95), which
quickly re-stratify the density fronts. This re-stratification continues until symmet-
ric instabilities are suppressed, allowing baroclinic instabilities 0.95 < Ri to take
over and further re-stratify the density fronts.

1.2.3 Parameterizing the effect of unresolved eddies

In ocean modeling, many instabilities and the resulting turbulent motions are not
well resolved, leading to significant biases. If baroclinic instability is inappropri-
ately resolved, there is no or too little transformation of available potential energy
(inherent to any tilted isopycnal) to eddy kinetic energy. As a consequence, the
isopycnals remain too steep and the flow lacks eddy kinetic energy in such a simu-
lation. Parameterizations improve the realism of large-scale ocean circulation and
enable long-term climate simulations at reasonable computational cost.

The Gent-McWilliams (GM) parameterization (Gent and Mcwilliams, 1990) is de-
signed to represent the effects of unresolved mesoscale eddies in ocean models. It
introduces an eddy-induced overturning velocity to flatten isopycnals, mimicking
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the re-stratification caused by mesoscale eddies and thus improves the realism of
large-scale ocean simulations without explicitly resolving eddies.

In the surface mixed layer, MLE parameterizations are used to capture the effects
of unresolved submesoscale eddies. These smaller eddies also act to re-stratify the
mixed layer by flattening tilted isopycnals. MLE parameterizations typically intro-
duce an eddy-induced overturning streamfunction to simulate both lateral and
vertical tracer transport, thereby improving the representation of mixed layer dy-
namics in coarse-resolution models (Stone, 1966; Green, 1970; Fox-Kemper et al.,
2008). This type of parameterization is discussed in more detail in Chap. 2. While
both parameterizations follow the same principle of introducing eddy fluxes to
flatten isopycnals, the main difference is that GM targets mesoscale processes un-
der well stratified ocean conditions, and MLE parameterizations focus on subme-
soscale processes under weak stratification in the surface mixed layer.

For ensemble studies and long-term climate simulations, the GM parameteriza-
tion remains highly relevant, especially for coarse-resolution or eddy-permitting
models. However, in state-of-the-art eddy-resolving models with horizontal reso-
lutions of 1/10° (= 10km) or finer, the GM parameterization becomes redundant
since mesoscale eddies can be resolved dynamically. Despite advances in high-
resolution modeling, global submesoscale-resolving simulations remain sparse due
to their computational cost, storage requirements, and technical constraints. Such
simulations are currently limited to short timescales and are not yet practical for
long-term climate studies. Therefore, parameterizations such as GM and MLE will
remain essential to simulate unresolved processes in global climate models, at
least until km-scale simulations become feasible on climate time scales of several
decades.

1.2.4 Internal Waves

Internal waves are a ubiquitous feature of the ocean, yet they are challenging to
observe in their classic form due to the complexity of overlapping dynamic pro-
cesses. Susanto et al. (2005) captured an echogram of an internal wave in the Lom-
bok Strait, Indonesia, which was remarkable not only for its clarity but also for the
wave’s extreme characteristics, see Fig. 5. The wave passed beneath the ship at a
speed of 1.5ms~! with an amplitude of 100 m, making it an extraordinary exam-
ple of internal wave dynamics. Such observations are rare, as the signals of internal
waves are often masked by other dynamic processes. This observation highlights
the significant imprint of internal waves on high-frequency oceanic motion.

Internal waves occur in stratified fluids under the influence of gravity and rota-
tion. These waves arise when water parcels are displaced, creating buoyancy forces
that attempt to restore equilibrium in the stratified water column. In contrast to
air-surface gravity waves, the stratification is weak and the periods range from ap-
proximately 20 min in the well-stratified upper ocean, to a few hours in the weakly
stratified deep ocean (Talley et al., 2011). The maximum frequency is limited by
the stratification N, while the lowest frequency of internal waves is limited by the
inertial frequency, thus f < w < N. The range of spatial and temporal scales of
internal waves, determined by their dispersion relation, can be seen in Fig. 6.
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Figure 5: Echogram of the water column obtained by an EK500 Echosounder operating at
frequency of 38 kHz during the 2005 INSTANT Indonesian throughflow cruise.
The echogram clearly shows the internal waves in the Lombok Strait. The ship
was on standby when waves with a wavelength of 1.8km passed under the
ship with a speed of 1.5ms~'. The wave amplitude (peak to trough) exceeds
100 m. Higher backscatter values indicate higher plankton concentration or large
schools of fish. Vertical axis is depth in meters. Taken from (Susanto et al., 2005)

Along internal waves the scale of other important oceanic processes are shown
alongside the range of scales covered by typical simulations. This comparison in-
dicates the limitations of current global climate simulations, which remain con-
strained by existing computational and storage resources. Additionally, the range
of scales necessary to resolve submesoscale dynamics (as discussed in Sec. 1.2)
and the range of scales covered by submesoscale resolving models are highlighted
in Fig. 6. While eddy-resolving simulations capture only a small fraction of the
spatial scales of internal waves, newer submesoscale resolving models are capable
of resolving a significantly broader range of these waves. However, those models
cannot be run over long periods, necessary to investigate climate time scales. It is
evident that internal waves and submesoscale motions overlap extensively in both
spatial and temporal scales, see Fig. 6.

1.2.5 Internal Tides and Lee Waves

A dominant source for internal waves originates from tidal forces, which are the
gravitational interactions between the Earth, Moon, and Sun. The resulting tidal
forces cause periodic displacements in the entire water column, generating baro-
tropic tides that propagate horizontally over large scales, often exceeding thou-
sands of kilometers (Bell, 1975; Nikurashin and Ferrari, 2013; Olbers et al., 2012).
The interaction of barotropic tides with bathymetry can cause baroclinic tides with
wavelength typically ranging from 10 to 100 km and periods matching tidal fre-
quencies such as semi-diurnal and diurnal. They are internal gravity waves forced
at tidal frequencies, thus covering a specific frequency range of the internal wave



1.2 HIGH-FREQUENCY MOTIONS IN THE OCEAN

10° | {1 sec
/Ry 1/R;
10—2 | N | 1 min
ICON-SMT / snmll—.x&ulc
77 internalwaves . turbulence 1 hour
10} e T f | ]
g P \ | 1 day
— 1 0—6 i \:\ | ! submesoscale I/LO i
;ﬁ\ 1 mon
| meso-scale eddies
-8 % / ! | year
107 1 ] .
| 10 ys
10 L 1/L |
1 O meani circulation - / ME i 103 yS

10°  10°  10* 107 10" [1/m]

Figure 6: Space-time scales of important oceanic processes (pink areas) and scales explicitly
resolved by ocean models (grey rectangles). Also shown are the dispersion curves
(solid lines) of Rossby waves (lower left), internal waves (between N and f) and
the surface gravity waves (upper center). The spatial and temporal constraints
of ICON-SMT are included indicating the regime or dynamics, which the model
theoretically permits (purple box). Dotted lines indicate the first external R, and
the first internal R; Rossby radii and the Ozmidov length scale L. Additionally,
the maximum growth rate of mixed layer instability is included, (here Ly ~
40km, see Fig. 9 in Chap. 2) for the computation of the estimate. Figure adapted
from Olbers et al. (2012).

spectrum. Baroclinic tides dominate the internal wave field at generation sites,
particularly near steep bathymetric features like continental slopes, ridges, and
seamounts (Legg and Adcroft, 2003; Garett and Kunze, 2007). They can interact
with the ocean’s mesoscale flows (Kunze, 1985), leading to energy transfer across
different scales and processes.

While internal tides are generated by tidal flow over topography, lee waves arise
from the interaction of steady currents with bathymetry. Lee waves typically have
shorter wavelengths than internal tides (Garett and Kunze, 2007; Nikurashin and
Ferrari, 2013). With their characteristics depending on current strength, obstacle
size, stratification, and frequency, lee waves can be either steady or transient but
eventually break, leading to enhanced mixing (Musgrave et al., 2022). Global esti-
mates emphasise their significant role in turbulence generation and energy dissi-
pation (Nikurashin and Ferrari, 2013; Musgrave et al., 2022).
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1.2.6  Separation of eddies and waves

Identifying internal waves in complex oceanic flow fields has long been a chal-
lenge due to the overlapping spatial and temporal scales of waves and eddies
(Olbers et al., 2012; Biihler, 2014, McWilliams, 2016; Shakespeare et al., 2021). A
key difficulty lies in the nonlinear interactions that govern these systems (Ferrari
and Wunsch, 2009), including wave-wave (Hasselmann, 1966; Eden et al., 2019b),
wave-mean flow (Bartello, 1995), wave-eddy (Sebastia Saez et al., 2024) and tide-
eddy (Dunphy and Lamb, 2014) interactions. These nonlinear processes transfer
energy, momentum, and other properties across scales, complicating the separa-
tion of internal waves from the surrounding flow and their contributions to the
oceanic energy cascade (Biihler and Mclntyre, 2005).

Nonlinear wave interactions occur when different components of the wave field
interact in ways that deviate from simple superposition principles, redistributing
energy across scales (Shakespeare et al., 2021). Near-inertial waves, for example,
are strongly influenced by the vorticity of mesoscale (Kunze, 1985; Klein et al., 2004)
and submesoscale (Brunner-Suzuki et al., 2014) dynamics, which can modify their
propagation and energy transfer. These nonlinear eddy-wave interactions, but also
wave-wave interactions enable energy to cascade across scales, either from large to
small scales (forward cascade) or from small to large scales (inverse cascade), sig-
nificantly influencing the dynamics of ocean currents and waves (Brunner-Suzuki
et al., 2014; Riley and Lelong, 2000). These interactions play a critical role in ocean
mixing and energy dissipation.

Various methods have been developed to distinguish internal waves from other
flow components. These include Eulerian temporal and spatial filters, Lagrangian
filtering techniques (Shakespeare et al., 2021), and decompositions into balanced
and unbalanced flows, as described by (Chouksey et al., 2018; Eden et al., 2019a;
Masur and Oliver, 2020; Chouksey et al., 2023). However, many of these approaches
depend on regular grid systems, limiting their applicability to unstructured grid
models increasingly used in modern ocean modeling. An alternative is the Helm-
holtz wave-vortex decomposition, which separates the flow into rotational and
irrotational components (e.g. Biihler et al., 2017; Vanneste and Young, 2022). How-
ever, this method presents challenges, such as the choice of boundary conditions
and the assumption of linear superposition of the rotational and irrotational com-
ponents, which can be problematic given the nonlinear interactions common in the
ocean (see above).

1.3 RESEARCH OBJECTIVES AND APPROACH

Mixed layer instabilities and internal waves are crucial for energetically consis-
tent ocean models, yet they are often poorly represented or entirely missing. Their
small scales and rapid evolution make them extremely challenging to observe and
simulate. As a result, these processes remain largely unexplored, with most re-
search limited to theoretical and idealized simulations, leaving a significant gap in
our understanding.

Significant advances have been made in both fields. Improved computational
power and better numerical methods now allow for the study of ocean processes
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at unprecedented resolution. Similarly, recent satellite missions have revolution-
ized remote sensing, providing higher-resolution observations. With the advent
of kilometer-scale ocean models and advanced satellite technology our ability is
rapidly enhancing to observe and simulate submesoscale dynamics.

We aim to leverage these advancements to improve our understanding of mixed
layer eddies and their representation in global circulation models. Additionally, a
comprehensive evaluation of how well parameterizations capture these processes
in realistic ocean environments remains a crucial yet largely unfulfilled objective.
To address this gap, we pose the following research question:

How well do theoretical estimates and parameterizations capture the restrati-
fication of mixed layer fronts by submesoscale instabilities in a kilometer-scale
ocean simulation with realistic forcing?

This study utilizes a novel model configuration, ICON-SubMesoscale-Telescope
(ICON-SMT), which takes advantage of ICON’s unstructured grid to enable con-
tinuous refinement toward a specific focus area, such as the North Atlantic. Fig-
uratively, this can be visualized as a discretized sphere where grid cells are dy-
namically "pulled" or "pushed" to concentrate resolution in regions of interest.
This adaptive approach allows for the simulation of global ocean processes while
achieving unprecedented resolution in targeted areas (Korn et al., 2022; Hoheneg-
ger et al., 2023).

The first application of ICON-SMT focuses on the Gulf Stream separation region
in the North Atlantic, a critical zone where large-scale western boundary currents
interact with fresher waters from higher latitudes and the central gyre, driving
water mass transformation and mixing. The obliquity of ocean fronts across mul-
tiple scales gives rise to instabilities that fuel intense mesoscale and submesoscale
activity. In particular, the prevalence of mixed layer eddies in this region makes it
an ideal testbed for addressing the research question.

Submesoscale instabilities and internal tides play a key role in driving ocean
variability. However, disentangling these processes from other sources of high-
frequency variability, such as wind forcing or Ekman fluxes, remains challenging.
The extent to which these mechanisms contribute to high-frequency energy levels
in the ocean is still unclear. We summarize this open question as follows:

What impact do mixed layer eddies and tides have on high-frequency ocean
dynamics?

To address this research question, we apply a second ICON-SMT configuration
focused on the region near the Walvis Ridge. This area is notable for its coherent
anticyclones, known as Agulhas rings, as well as strong baroclinic tides generated
by the interaction of the barotropic tide with the ridge. Using this high-resolution
setup, we analyze high-frequency ocean variability at previously unresolved scales.
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The focus region aligns closely with the study area of a two concurrent observa-
tional campaigns conducted as part of the collaborative project TRR181. The mea-
surements obtained in this campaigns provide high-frequency in situ data using
ADCPs and PIES over a two-year period, offering an invaluable dataset to evaluate
and validate the new model configuration and to obtain independent information
about the energy frequency spectrum.

To this end, we conduct dedicated sensitivity experiments to isolate different
processes. For example, we run our configuration with and without tides, with
submesoscale dynamics resolved in ICON-SMT, and with submesoscale dynamics
suppressed in a coarse reference run. Each experiment is designed to give insight
in which processes are setting up the energetics. In particular, we analyze which
processes of baroclinic, barotropic instabilities, mesoscale, submesoscale or wave
processes have a dominant contribution to high-frequency ocean energetics.

While the previous research question focuses on how the suppression or ad-
dition of general physical processes influences ocean variability, here we aim to
explore the impact of more distinct processes. Mesoscale eddies have a domi-
nant influence on ocean variability. As they propagate through basins, they inter-
act strongly with topography, generating high-frequency motions across multiple
scales and depth levels. Our goal is to shed light into the contributions of these
distinct processes to ocean variability. We phrase our research question as:

What is the influence of mesoscale eddies and their interaction with bathymetry
on high-frequency variability? Which role do topographically-generated inter-
nal waves play here?

We apply the same ICON-SMT configuration as described above, as the region
is ideal for studying individual mesoscale eddies. Using an eddy tracking algo-
rithm, we assess the effect of these eddies on the background ocean energetics,
and investigate the role of eddy-bathymetry interactions, particularly in relation
to topographically generated internal waves. Specifically, we focus on the genera-
tion of internal waves through interactions with topography, examining how these
waves are generated, propagate, and influence broader ocean dynamics.

Through our analysis, we pioneer the investigation of high-frequency and small-
scale dynamics in realistic high-resolution ocean model configurations, comple-
mented by novel observational products. We also aim to contribute to the under-
standing of kilometer-scale models, which are growing in complexity and increas-
ingly resemble the dynamics of the real ocean.

1.4 OVERVIEW

This thesis is structured into three main parts, each addressing a key research ques-
tion presented in the Introduction. The second Chapter ‘Overturning of Mixed
Layer Eddies in a submesoscale resolving simulation of the North Atlantic’ is a
reprint of the manuscript which has been submitted to the Journal of Physical
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Oceanography. Note that the novel model configuration is introduced here. The
third Chapter ‘Impact of tides and eddies on ocean energy spectra in a subme-
soscale resolving simulations of the South Atlantic” is manuscript in preparation
for submission. This study exploits the synergies of our novel ICON configu-
ration and the SONETT cruise. The fourth Chapter ‘High-Frequency Variability
Generated by Mesoscale Eddies Interacting with Bathymetry in a Submesoscale-
Resolving Simulation of the South Atlantic” is an early-stage manuscript. Finally,
Chapter 5 presents the conclusions of this thesis.
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OVERTURNING OF MIXED LAYER EDDIES IN A
SUBMESOSCALE RESOLVING SIMULATION OF THE NORTH
ATLANTIC

This chapter is a reprint of the manuscript, that has been submitted as:

Epke, M., Briiggemann, N., (2025): “Overturning of Mixed Layer Eddies in a sub-
mesoscale resolving simulation of the North Atlantic”, In: review at Journal of Phys-
ical Oceanography

ABSTRACT:

To study submesoscale instabilities in the ocean mixed layer, this study uses the
novel ICON-SMT configuration that exploits a telescoping grid refinement to achieve
a horizontal resolution finer than 1km over wide areas of the North Atlantic.
The model’s ability to simulate mesoscale to submesoscale turbulence is validated
by comparing spatial power spectra of sea surface temperature and height with
satellite data and a 10 km eddy-resolving simulation. We find more realistic vari-
ability in the refined grid simulation compared to the coarser simulation over
a wide range of scales, including the mesoscale eddy regime. Furthermore, the
high-resolution permits submesoscale baroclinic instabilities at ocean fronts and
we observe strong frontal overturning and re-stratification. Overturning rates are
diagnosed from eddy buoyancy flux and mean front characteristics such as hori-
zontal and vertical density gradients. To accurately capture the vertical extent of
mixed-layer eddy instabilities, commonly used threshold algorithms for identify-
ing the mixed-layer depth must be modified. We compare spatial and time filtering
approaches for estimating submesoscale eddy fluxes and find qualitative similar-
ity, although time filtering yields stronger fluxes. The diagnosed overturning rates
are compared to two submesoscale baroclinic instability parameterizations. Both
capture overturning magnitude at ocean fronts within an order of magnitude but
overestimate it at eddy rims. Comparing submesoscale eddy fluxes in the entire
study area shows two different regimes where the parameterizations slightly differ
in the ability to capture the diagnosed eddy fluxes.

STATEMENT

In this study, we use the ICON model with a novel configuration that allows to
have a flexible horizontal resolution. With that configuration, we achieve a hori-
zontal resolution finer than 1km over large parts of the North Atlantic. This al-
lows us to study so-called submesoscale ocean eddies that occur on small spatial
scales at upper-ocean density fronts. Based on a comparison with high-resolution
satellite data, we can show that our configuration better captures the variability on
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small scales compared with coarser configurations. Furthermore, we quantify how
rapidly the sub-mesoscale eddies turn over the density fronts and we evaluate how
well parameterizations would be able to capture such a submesoscale eddy over-
turning. These findings advance understanding of submesoscale dynamics, their
role in ocean energy transfer and mixing.

2.1 INTRODUCTION

The upper-ocean boundary layer is a crucial player within the climate system since
momentum, heat and trace gases need to pass this layer to be exchanged between
the atmosphere and the deep ocean. This layer is the place of various turbulent pro-
cesses interacting with each other and impacting the ocean-atmosphere exchange.
Typically, the vertical density stratification is low in this also called upper-ocean
mixed layer and often strong lateral density gradients occur due to the vibrant
mesoscale eddy field or wind-driven currents. Along those fronts, submesoscale
eddies can emerge that crucially impact the air-sea exchange by modifying the
vertical stratification and by advecting e.g. heat or trace gases. The purpose of this
study is to investigate such submesoscale eddies in a realistic ocean simulation and
to assess how vigorously these submesoscale eddies re-stratify upper-ocean fronts.
Therefore, we use novel configuration of the ocean model ICON-O that allows to
refine the horizontal grid to achieve a sub-kilometer scale resolution over large
parts of the North Atlantic that is required to study those submesoscale dynamics.

Turbulence in the upper-ocean is triggered by a large variety of instability pro-
cesses. Often the life-cycle of such upper ocean turbulence works in the following
way (see e.g. Haine and Marshall, 1998; Fox-Kemper et al., 2008; Callies and Ferrari,
2018a; Verma et al.,, 2019; Zheng and Jing, 2024): Wind forcing or buoyancy loss
induces favorable conditions for Kelvin-Helmholtz instabilities that provide a well
mixed background state with low potential vorticity. Afterwards, in the presence of
lateral density gradients, symmetric instabilities can occur that rapidly re-stratify
the density fronts up to a level of re-stratification where symmetric instabilities are
suppressed and baroclinic instabilities finally re-stratify the density fronts.

Compared with symmetric instability, baroclinic instability usually persists much
longer and therewith determines the mixed layer eddy fluxes over a substantial
amount of time. The eddies that occur due to baroclinic instabilities in the upper-
ocean mixed layer are often called submesoscale to indicate that they have spatial
scales that are smaller than those of deeper mesoscale eddies (e.g. Thomas, 2005).
If subject to down-front winds, the conditions for mixed layer baroclinic instabil-
ity can be further extended Thomas (2005) since the down-front winds lead to a
cross-front Ekman transport, which destabilizes the water column and leads to
convection opposing the eddy overturning circulation. Thus, down-front winds
act to maintain upper ocean fronts, while up-front winds have the opposite effect
by inducing an Ekman transport that supports the mixed layer eddy overturning
(Mahadevan et al., 2012; Mahadevan, 2016). However, even after the passage of a
storm event, submesoscale re-stratification remains rather persistent and maintains
reduced mixed layer depths (MLD) (Chrysagi et al., 2021).

The eddies associated with upper-ocean symmetric and baroclinic instabilities
rapidly re-stratify the ocean by overturning the density fronts and thereby affect-
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ing the vertical small-scale turbulent transport of e.g. heat, salt and other tracers
(Haine and Marshall, 1998; Boccaletti et al., 2007; Capet et al., 2008a). Furthermore,
the strong vertical velocities associated with submesoscale eddies transport tracers
such as nutrients into the euphotic layer and thus orchestrate marine life cycles,
e.g. phytoplankton blooms (Mahadevan, 2016). Recent observations from gliders
and mooring arrays show enhanced vertical buoyancy fluxes at strong buoyancy
gradients (Yu et al., 2019; Zhang et al., 2021; Zheng and Jing, 2024). In addition,
submesoscale turbulence can provide energy transfer to smaller scales (Capet et
al., 2008b; Molemaker et al., 2010; Schubert et al., 2020) and thus may be an impor-
tant component of the ocean energy cycle (Briiggemann and Eden, 2015).

Within the upper ocean mixed layer, the horizontal spatial scales of mixed layer
eddies (MLEs) show large seasonal and spatial variations as they depend on the
ocean MLD. The mixed layer Rossby radius, given by

Lo 2m T+ Ri Ny Hu @
ML= 76V Ri f

is a spatial scale often associated with submesoscale baroclinic MLEs, as it is pro-
portional to the length scale of the fastest growing mode according to linear stabil-
ity analysis (Stone, 1966). Here Nl%,IL is the vertical stratification averaged over the
mixed layer, Hyy, is the mixed layer depth, f is the Coriolis parameter, and Ri is
the balanced Richardson number averaged vertically over the mixed layer depth.

(2)

with M, denotes the horizontal buoyancy gradient averaged over the mixed layer.
Similarly, the maximum growth rate oy, of such instabilities can be estimated from
linear instability to

Ri M?
1+Ri N~ G)
These length and time scales indicate that during winter conditions, when stratifi-
cation is low and the mixed layer is deep, MLEs grow faster at larger spatial scales.
This is why MLEs are found to be more intense in winter conditions (Callies et al.,
2015; Mahadevan, 2016; Sasaki et al., 2017; Dong et al., 2020b).

To account for the re-stratifying effects of MLEs, parameterizations for subme-
soscale baroclinic mixed layer instabilities were developed (e.g. Fox-Kemper et al.,
2008; Stone, 1966; Zhang et al., 2023; Bodner et al., 2023; Green, 1970). These param-
eterizations estimate eddy buoyancy fluxes based on the baroclinicity of the cur-
rent (baroclinicity indicates the presence of fronts). The parameterized fluxes act
to flatten isopycnals and thereby re-stratify the upper ocean. To this end, they act
in a similar way to the Gent-McWilliams parameterization (Gent and Mcwilliams,
1990), which accounts for mesoscale baroclinic instabilities in the interior of the
ocean (see Gula et al., 2021). Numerous studies have evaluated and optimized
MLE parameterizations in idealized setups (Stone, 1966; Fox-Kemper et al., 2008;
Mahadevan et al., 2010; Briiggemann and Eden, 2014; Zhang et al., 2023; Bodner
et al.,, 2023). While Zhang et al. (2023) and Bodner et al. (2023) include frontal
straining into the scaling assumption of the frontal width to improve the parame-
terization, Calvert et al. (2020) and Bodner et al. (2023) also evaluate the impact of

oML = 0.3
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the parameterization applied in coarse resolution models, on e.g. the mixed layer
depth.

Evaluations of such parameterizations in realistic model configurations that sim-
ulate dynamic flow conditions, with time-varying background currents, a rich
mesoscale eddy field, realistic surface wind and buoyancy forcing, and small-scale
turbulence, are sparse, although a few studies do exist (e.g. Capet et al., 2008a;
Gula et al., 2014; Su et al., 2018; Chrysagi et al., 2021; Uchida et al., 2022). Most
of these configurations, however, are regional models nested within coarser global
ocean models, often relying on rather unrealistic or engineered boundary condi-
tions at each nest. Uchida et al. (2022) use model simulations with submesoscale
resolution in the North Atlantic and perform some basic evaluations of the parame-
terization proposed by Fox-Kemper et al. (2008). Yet, they only evaluate the vertical
buoyancy flux and only focus the average effect within a large spatial domain. A
detailed analysis of the re-stratification of ocean fronts by submesoscale MLEs and
a comprehensive assessment of how parameterizations capture this process in a
realistic environment is still lacking.

In this study, we investigate re-stratification of upper-ocean fronts by subme-
soscale MLEs in a realistic model configuration® with a regional resolution that
allows for an appropriate quantification of submesoscale overturning in the pres-
ence of background currents, Ekman buoyancy fluxes and diabatic mixing. There-
fore, we use a novel global ocean model configuration with a telescoping grid that
resolves the submesoscale over a large region in the North Atlantic. We apply a
spatial resolution of less than 1km which is therefore, much finer than what is
typically used in realistic ocean model simulations and that is also finer compared
to the simulations analyzed in Uchida et al. (2022). We furthermore assess how
two parameterizations for MLEs, one parameterization from Stone (1966) based on
ageostrophic linear stability analysis; one parameterization from Fox-Kemper et al.
(2008) based on parcel theory are able to capture mixed layer overturning.

This paper is structured as follows: In Sec. 2.2 we introduce the novel ICON con-
figuration and evaluate its ability to resolve dynamics on the kilometer-scale with,
among others, novel satellite data from the SWOT mission. In Sec. 2.3 we analyze
how submesoscale eddies re-stratify ocean fronts, we diagnose eddy buoyancy
fluxes and the corresponding overturning streamfunction. Additionally, potential
challenges in accurately diagnosing the mixed layer depth within the novel sub-
mesoscale resolving ICON configuration are addressed. In Sec. 2.4, we evaluate
how well two parameterizations for submesoscale eddies are capable of represent-
ing the diagnosed eddy fluxes. To this end, we analyze the situation at individual
fronts and eddies but also for an entire domain in the North Atlantic. We close this
study with a brief summary of the results and concluding remarks in Sec. 2.5.

We use ‘realistic’ in the sense that we apply realistic topography and use re-analysis data as surface
boundary conditions. Despite that our model configuration is subject to inaccuracies originating
from errors due to numerics and parameterizations.
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2.2 SUBMESOSCALE TELESCOPE MODEL
2.2.1  Model Configuration

Simulating submesoscale dynamics on a global scale remains challenging due to
the high computational demands required. In our study, we reduce those computa-
tions by employing a novel configuration of the ocean model ICON-o (Korn et al.,
2022; Hohenegger et al., 2023), which supports local grid refinement. In this con-
figuration, submesoscale eddies are only resolved within a focus area. Therefore,
we refer to this simulation as the ICON SubMesoscale Telescope configuration or
ICON-SMT. The structure-preserving discretization of the primitive equations in
ICON-O allows to continuously refine the grid resolution (see Korn et al., 2022).
In ICON-SMT, the horizontal resolution? varies between 530 m in the focus area
that we chose to be in the North Atlantic and 11km away from this focus area
(see Fig. 7 for more details regarding the horizontal resolution). We will show in
the following, that this resolution allows simulating submesoscale dynamics in the
upper-ocean of the North Atlantic. The vertical grid consists of 112 layers with a
resolution of less than 3.5m in the upper 152 m, allowing a good representation of
mixed layer processes, even in winter conditions where the deepest mixed layers
are expected to reach 400 m, we obtain a maximum level thickness of 20 m.

In ICON-o, we solve the primitive equations where Boussinesq, hydrostatic and
traditional approximations were made. We furthermore use a prognostic equation
for turbulent kinetic energy (TKE) following (Gaspar et al., 1990) to simulate verti-
cal mixing of tracer and momentum. We do not use any explicit horizontal tracer
diffusion but employ an advection scheme which is explained in detail in Korn
(2017). For horizontal momentum dissipation, we apply a biharmonic friction op-
erator where the biharmonic viscosity varies with the grid resolution according

to KV = Kt IeIIeJ-IS, with |e|let]| the edge length and the cell center distance,
respectively and K.f > 0 is a fixed reference viscosity (Korn et al., 2022).

We initialize ICON-SMT by interpolating data from a coarser ICON-o simulation
with T0km grid spacing (ICON-R2B8) that ran for more than 100 years forced
in the initial phase by the MPI-OMIP forcing (Chassignet et al., 2020, see) and
for the years 1960-2010 with ERA5 reanalysis data (Hersbach et al., 2023). ICON-
SMT continues ICON-R2B8 by running from 1st January 2010 forced with ERA5
data of that period. We use identical parameters in both configurations except for
time step and biharmonic viscosity coefficient that have been adjusted according
to the lower resolution of ICON-SMT. ICON-SMT is run from January to March
2010, with model output generated at two-hour intervals. A period in the late
winter is selected for this study, as the appearance of SMD are known to be more
pronounced during this time (e.g. Mahadevan, 2016).

During the spinup of the submesoscale eddy field that roughly takes two weeks,
we observe that the mesoscale fronts of the input data become unstable and a vi-
brant submesoscale eddies emerge that are characterized by enhanced local Rossby
numbers (defined as relative vorticity divided by planetary vorticity, see Fig. 7).

Note that the resolution in ICON is defined as the square root of the area of a triangle face. This
definition overestimates the geometric resolution by 25% (Danilov, 2022) Regarding this geometric
definition of resolution, the highest ICON-SMT resolution is 662.5 m.
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Figure 7: A snapshot of the Rossby number (relative over planetary vorticity) on 18 March
2010 in the North Atlantic and the horizontal resolution of the ICON-SMT grid
as grey contours. R: Zoom in on the focus region with the highest horizontal
model resolution. RF4: A submesoscale filament shown at grid scale.

Rossby numbers of order one that indicate the presence of ageostrophic dynamics
are merely absent in ICON-R2B8 with 10 km resolution but they can be frequently
found in the area of ICON-SMT where the grid is refined (see Fig. 7R).

2.2.2  Model Evaluation

Observing MLEs poses significant challenges due to their spatial scales, which are
too small to be adequately covered by previous satellite missions, and too large
to allow frequent and systematic ship- or glider-based observations (McWilliams,
2016). Nevertheless, new satellite products have emerged that allow to observe
scales close to the kilometer scale and even beyond. In this section, we apply sev-
eral such satellite products to demonstrate the ability of ICON-SMT to resolve the
scales required to simulate submesoscale turbulence in the mixed layer.

Before we start with this evaluation, we begin with examining the model’s MLD
and compare it with a recent climatology (Boyer Montégut C., 2023). Since the verti-
cal and horizontal MLE scale and the strength of MLE fluxes depend on the mixed
layer depths, this assessment is crucial to classify the realism of the simulated MLE
fluxes. Afterwards, we assess the anticipated horizontal length scales of MLEs to
estimate how well these eddies can be resolved in ICON-SMT. Finally, we exam-
ine satellite products and a high-resolution intercomparison study by Uchida et
al., 2022 to assess submesoscale surface variability in wavenumber and frequency
space, respectively.

It is important to note that due to the short run time of ICON-SMT, the slowly
varying ocean quantities such as the large-scale currents and meanders will not de-
viate much from the spinup (see Korn et al., 2022 for a validation of the simulation
that we used as spinup). This is why many biases of the ICON-SMT simulation
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e.g. regarding the position of the Gulf Stream and North Atlantic current as well
as mixed layer depth and water mass properties are inherited from the coarser
spinup simulation. We nevertheless apply some evaluation of these background
characteristics in order to provide an estimate to which degree the subsequently
developing submesoscale eddies might be affected by the biases of the spinup.
Here, we focus on evaluating quantities within the study area that are relevant to
submesoscale instabilities and eddies, such as the MLD, the Sea Surface Tempera-
ture (SST)-, and Sea Surface Height (SSH)-variability at and below the mesoscale
Rossby radius.

2.2.2.1  Mixed Layer Depth

The mixed layer depth is a crucial diagnostic for the evaluation of MLE, as it influ-
ences the characteristic length scale of the corresponding dynamical regime (see
following Sec. 2.2.2.2). In this study, we use offline density threshold diagnostics
(de Boyer Montégut, 2004) on both monthly and weekly averages to diagnose the
MLD. The density is computed from averaged potential temperature and absolute
salinity fields using the python Gsw package (McDougall2o11). Monthly averages
are used to validate the background MLD in agreement with large-scale observa-
tional estimates based on ARGO data (Wong et al., 2020) which are averaged over
comparable time periods. The latter weekly averaging period, appears more ap-
propriate for determining the vertical scale of MLEs on MLE time scales which are
on the order of days and typically shorter than a month (see Sec. 2.3.3 for a more
detailed analysis of vertical MLE scale).

In Figure 8, we compare the monthly mean MLD of the present model with a
recent climatology from Boyer Montégut C., 2023. We note that the climatologi-
cal dataset is based on monthly averages of March over several decades, whereas
our model average is based on a single month and is therefore imposed by non-
averaged mesoscale features such as eddies and currents. The density threshold of
Ap = 0.03kgm 3 based on de Boyer Montégut, 2004 is used for both datasets after
applying the time average.

It is apparent, that the ICON-R2B8 spinup suffers from a too zonal crossing
of the North Atlantic Current and a missing Northwest Corner. The integration
period of the ICON-SMT simulation is too short to substantially change these char-
acteristics and therefore inherits some related biases from the coarser ICON-R2B8
spinup. This can e.g. be seen in the SST bias (see Fig. 22), where the onshore tem-
peratures are too warm compared to observations while the offshore temperatures
are too cold. In particular, the missing Northwest Corner leads to a cold tempera-
ture bias and to too shallow mixed layer depths east of Newfoundland. The model
also underestimates the MLD in the eastern half of the North Atlantic and in the
tropical Atlantic. However, within the region of primary interest (denoted by the
red rectangle in Fig. 8), we observe a generally reasonable agreement of the MLD
between our model and observations. ICON-SMT shows more horizontal variabil-
ity compared to the observations. This is most likely related to the limited amount
of data points of the observations data and the extrapolation to areas with lim-
ited data coverage. The mixed layer depth in the study area varies between 15m
and 300m and at least in ICON appears to be correlated with mesoscale eddy
structures.
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Figure 8: The mean MLD of March 2010 from ICON-SMT is compared to the MLD climatol-
ogy for March from Boyer Montégut C. (2023), which is based on measurements
collected between 1970 and 2021. The red box indicates the study area. Note the
varying spacing in the contour levels.

2.2.2.2  Wavelength of the fastest growing mode

The first baroclinic Rossby radius of deformation serves as a critical measure for
the spatial scales of mesoscale eddies. In our focus area, it is typically between
30 and 60 km, (see Fig. 6 in Chelton et al., 1998). Mixed layer eddies, in contrast,
appear on much smaller scales. When originating from baroclinic instability, the
scale of the fastest growing unstable mode is given by Eq. 1. In our study area
Ly, varies between 15 and 50 km (see Fig. g9a) and matches well with the fastest
growing linear mode computed from observations by Dong et al. (2020a). Note
that the wavelength of the fastest growing mode Ly strongly correlates with the
mixed layer depth (see also Fig. 8a).

In ICON-SMT, the horizontal resolution is substantially smaller compared with
the wavelength of the fastest growing mode (see grey contour lines in Fig. 8). In
regions with deep mixed layers, the model resolution appears to be up to 100
times finer than the wavelength (Lyp, >> 50 km), however towards the southern
boundaries of the study area the ratio drops below 40, corresponding to the shal-
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Figure 9: The wavelength of the fastest growing mode calculated via Eq. 1. The MLD is
diagnosed with Ap = 0.2kgm™—3 criterion. Grey contour lines indicate the hori-
zontal resolution of ICON-SMT.

lower MLD and wavelength of (Lyi, < 20km). Typically, 10 — 20 grid points are
necessary to fully resolve a wave; here ICON-SMT satisfies this requirement even
in regions with shallower mixed layer depths within the study area. For the eval-
uation of frontal dynamics (see selected fronts in Sec. 2.3.1), we exceed a ratio of
40 (not shown). This gives us confidence that our resolution is sufficiently high to
resolve MLEs, but it also highlights the observations of Hohenegger et al. (2023),
where submesoscale dynamics were largely suppressed at resolutions greater than
1.25km. Moreover, we find strong overturning circulation at strong frontal gradi-
ents, which correspond to deep mixed layers as will be shown below (see Sec. 2.3).
We apply a vertical resolution of less than 3.5m in the upper 152 m which implies
roughly 20 levels in the southern half of our study area where the MLD is roughly
60 m deep and more than 50 levels in the northern half, where the MLD is deeper
than 150 m (see Fig. 8).

2.2.2.3 Variability on small and large scales

Resolved MLEs can lead to increased variability of ocean quantities in space and
time, which can be easily inferred by comparing ICON-SMT with coarser resolu-
tion models, such as ORAS5 (0.25°), e.g. a widespread increase in oceanic energy
throughout the North Atlantic (not shown). In this section we seek to evaluate
the variability of ICON-SMT with satellite observations and recent submesoscale
resolving simulations. Therefore, we examine some commonly used satellite prod-
ucts such as the SST from Modis-Aqua, 2019 (L3 product at 4.63 km) and the SSH
from Aviso-C3S, 2021 (L4 product at 0.25°). However, these products suffer from
relatively coarse spatial resolution, which prevents them from capturing the essen-
tial high-resolution features that we seek to validate. Thus, we also include the
SSH from SWOT, 2023 (L3 product at 2km), the recently launched Surface Water
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and Ocean Topography (SWOT) mission. Also, we include the 10 km spinup run
(ICON-R2B8), which serves as a reference for eddy resolving models.

COMPARISON TO MODIS-AQUA AND AVIsO-C3Ss The SST measurements of
Modis-Aqua (2019) are based on an infrared radiometer, which cannot penetrate
clouds what severely limits the evaluation. Here, the snapshot (not shown) with the
largest coherent cloud-free area over the North Atlantic in March 2010 is selected
to evaluate zonal and meridional wavenumber spectra. The SST of ICON-SMT and
ICON-R2B8 are interpolated from the native grid to regularly spaced sections with
approximately 660 m and 10 km spacing, respectively. The corresponding satellite
resolution is 4.63 km. For ICON-SMT and Aviso-C3S each domain consists of 180
realizations (or temperature sections), while the coarser resolution of ICON-R2B8
allows only go realizations. Finally, the wavenumber spectra of each realization is
computed3 and averaged to an overall zonal (see Fig. 10) and meridional wavenum-
ber spectra. The meridional averaged spectra does not show any qualitative differ-
ence to the zonally averaged spectrum (not shown).

For the evaluation of SSH variability with Aviso-C3S (2021), we use basically the
same diagnostic as above, but with some specific adaptations. Unlike Modis-Aqua
(2019), Aviso-C3S (2021) is based on microwaves and is able to penetrate clouds,
thus allowing more temporal realizations (Aviso-C3S, 2021 L4 product has a daily
temporal resolution). A trade-off is that the spatial resolution is about an order
of magnitude coarser. Therefore, we refined the diagnostic approach by selecting
slightly larger spatial domains (not shown) and incorporating daily temporal snap-
shots from January to March, resulting in a total of 5400 realizations.

The zonal wavenumber spectra of SST and SSH are shown in Fig. 10. We ob-
serve larger confidence intervals for ICON-R2B8 associated with the smaller num-
ber of realizations in subfig. 10a. However, the inclusion of additional temporal
realizations helps to reduce the width of the confidence intervals, as can be seen
in subfig. 10b.

Throughout the observed wavenumber band of the SST and SSH spectra ICON-
SMT is in good agreement with observations, while ICON-R2B8 has significantly
lower amplitudes at intermediate wavelengths, see Fig. 10. However, for each spec-
tral estimate we note the dominance of white noise towards the high wavenumber
end of the spectrum (or close to respective sampling frequencies/rates). This is
probably a consequence of the increasing dominance of instrumental noise in the
observations and grid noise in the model. However, the method to derive spectrum
may also have a small influence, as subsampled model datasets show white noise
at the high wavenumber end of the spectra (not shown).

We conclude that the high resolution of ICON-SMT leads to an increased energy
in the spectra on nearly all scales and aligns well with the observed satellite spectra.

Method: Each signal is detrended by its mean. Then the numpy fft function is applied and multi-
plied by its complex conjugate and scaled by the factor 1/(fs(n/2)), with the sampling frequency
(grid spacing in m) fs and the number of samples n. Since the number of realizations is sufficient,
no smoothing techniques are applied. Remaining data gaps are filled by linear interpolation. The
95% confidence intervals are added, assuming a T-Distribution, typically used when the sample size
is small or the population variance is unknown. Note that n does not represent truly independent re-
alizations, which could introduce dependencies that the t-distribution assumption does not account
for fully.
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Figure 10: The zonal wavenumber spectra of the SST (a) and the SSH (b) from model and
satellite observations. The color shadings along the spectral lines indicate the
95% confidence intervals. The Nyquist wavenumbers differ due to the differ-
ences of model resolution and mean latitude of the subdomains. Note, that the
Nyquist wavenumber for ICON-SMT is roughly 1.2 km.

By explicitly resolving smaller scales, we do not only resolve submesoscale features
but also improve the representation of the larger scales. As a result, we find more
realistic variability at both small and large scales. Due to the resolution limitations
of the satellite data, we cannot validate the full extent of the resolved submesoscale
band with these commonly used satellite products.

COMPARISON TO swOT Obviously, the resolution of Aviso-C3S, 2021 is too
coarse to evaluate the simulation on scales where MLEs occur. The recently launched
SWOT mission provides a useful alternative with higher resolution. Here, we make
a first attempt to use SWOT, 2023 to evaluate a realistic simulation resolving MLEs.
Therefore, we compare the SWOT along-track spectra with our ICON configura-
tions. SWOT, 2023 now offers the first L3 processing products that interpolate gaps
and handle flags from the L2 product. More importantly, it introduces an Al-based,
noise-reduced SSH anomaly with a resolution of 2km along the track, allowing the
first comparison of SSH wavenumber spectra at these scales. However, as the L3
product, and in particular the Al-based noise reduction, is still under development,
the results should be treated with caution.

To cover the entire planetary surface, SWOT’s Ka-band Radar Interferometer
(KaRin) instrument completes a cycle every 21 days. From a single cycle in March
2023, we selected 27 satellite tracks covering our study area, shown in Fig. 29.
Satellite tracks with gaps larger than 15% are dropped, see Fig. 29 the remaining
tracks have gaps which are typically smaller than 1%. The SSH of ICON-SMT
and ICON-R2B8 are interpolated on the satellite tracks and times (each track is
treated as a snapshot with a mean time). Since the resolution of ICON-R2B8 is
coarser and the resolution of ICON-SMT is finer than the along-track sampling of
SWOT, ICON-R2B8 is mapped to a subsampled satellite track, corresponding to
10km resolution, while ICON-SMT is mapped to an oversampled satellite track
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Figure 11: (a) the SSH anomaly of along SWOT satellite tracks. (b) the along-track SSH
anomaly wavenumber spectra of SWOT noiseless (red), SWOT ‘raw’ (light red),
ICON-SMT (blue) and ICON-R2B8 (green). Each track consists of 69 realizations,
which are averaged to a single spectrum. Thus, we present the mean spectra of
all relevant tracks (full color) and the mean spectra of each individual track
(shown in same color with less opacity).

of approximately 1km resolution. Note that the ICON simulations cover a winter
period in 2010, not 2023. Each track consists of 69 realizations, which are used
to compute a mean wavenumber spectra. Due to significantly larger datasets the
python software xrrr (Fourier Transform for xarray) (Uchidazo23_xrft) is used
to compute the wavenumber spectra. The applied configuration includes linear
detrending and a hanning window (see Uchida et al., 2022, for more details). The
overall mean spectra and the corresponding satellite tracks are shown in Fig. 29.

The small spread between the mean of all tracks and the mean of each individ-
ual track (same color with less opacity) indicates a robust method for both the
model configurations and SWOT. We find an overall agreement for wavelengths
A > 300 km. For intermediate wavelengths, the variability of ICON-R2B8 decreases
and shows a steeper slope. For ICON-SMT and SWOT we observe a strong agree-
ment up to wavelengths A > 60 km. At these wavelengths, the noise from the SWOT
interferometer becomes significant, as shown by the flatter slope of the raw spec-
tra compared to the noise-filtered SWOT spectra. Towards wavelengths A > 10 km
the noise-filtered SWOT spectra is slightly shallower than ICON-SMT. These dif-
ferences could be attributed to either insufficient model resolution or inadequacies
in the Al-based noise reduction method used in SWOT (2023), which is still under
development and should be approached with caution. We emphasize that we are
evaluating a wavenumber range of the SSH anomaly that was, until recently, un-
known to both observations and simulations. We note that the slope of ICON-SMT
is slightly steeper than SWOT. Future products from SWOT (2023) may allow an
assessment closer to the native 250 m KaRin resolution.
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Figure 12: The SSH frequency spectra of a 3-month time series over the North Atlantic.
Curves for all models except of ICON-SMT are reproduced from Uchida et al.
(2022). The approximate grid resolutions are given in the legend. Note that the
simulation of ICON-SMT, FESOM-GS and ORCA36 are not tidally forced. The
vertical lines indicate the first eight major tidal frequencies (see Gill, 1982), the
dashed vertical line indicates the Coriolis frequency at 35°N. Additionally, the
spectral slope of -2 is included.

COMPARISON WITH RECENT HI-RES SIMULATIONS To further evaluate the
performance of ICON-SMT, we compare SSH frequency spectra with some exem-
plary models from Uchida et al. (2022). Notable differences between our simulation
and that from Uchida et al. (2022) are: (1) the time period covered by the models,
in Uchida et al. (2022) this is from February to April and thus one month later
compared to our simulation, and (2) the sampling interval in ICON-SMT is every
2 hours while it is one hour for the other models. However, we do not expect major
influences from those differences. We compute the spectra using from time series
from January to March for all grid points within the Gulf Stream separation re-
gion in the North Atlantic (see Uchida et al., 2022). Finally, we average all obtained
spectra that we obtained for this domain. Also, note that ICON-SMT has a higher
resolution compared to the simulations used in Uchida et al. (2022).

The SSH frequency spectra shown in Fig. 12 are calculated according to Uchida
et al. (2022) for ICON-SMT and for some exemplary models of Uchida et al. (2022)
that were available to us*. Note that the tidal forcing in ICON-SMT is switched off
in the present configuration, while some reference models include tidal forcing (for
a detailed description of model configurations see Uchida et al., 2022). On large
and intermediate scales, periods from months to days, we observe good agree-
ment between ICON-SMT and the reference models. The diurnal and semi-diurnal
peaks are visible in ICON-SMT despite the absence of tidal forcing. Moreover, at
the high frequency end of the spectrum, ICON-SMT shows slightly higher energy

The data of the model simulation from Uchida et al. (2022) that we used here can be found at https:
//github.com/roxyboy/swot_adac_ogcms/tree/notebook. It is licensed under the Apache License
2.0.
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2.3 MIXED LAYER EDDIES

levels compared to all reproduced models. However, these energy levels might
be similar to LLC4320 (not shown, since due to data access issues, the output of
the LLC4320 and GIGATEL model could not be reproduced and are therefore not
included in this evaluation), which have slightly higher amplitudes than other re-
calculated spectra (see their Fig. 4a in Uchida et al., 2022). Nonetheless, it appears
that the model resolution is of similar importance as the tidal forcing, and thus the
number of resolved constituents. Considering our comparison with satellite ob-
servations, we argue that we need more rather than less variability towards high
frequencies (see Fig. 29). Despite the absence of tidal forcing, which also affects the
energy levels at the high-frequency end of the spectrum, ICON-SMT has compara-
ble maybe somewhat higher energy levels compared with the other models.

2.3 MIXED LAYER EDDIES

After having demonstrated the ability of the model to resolve ocean variability
on scales far smaller than the mesoscale (defined by the first baroclinic Rossby
radius), we now focus on the role of MLEs in re-stratifying the ocean mixed layer.
To quantify submesoscale eddy fluxes, we apply the usual Reynolds decomposition
of the buoyancy equation (see e.g. Olbers et al., 2012):

0tb+V -¥b+V-vb' =Q (4)

where b denotes buoyancy, v denotes velocity, Q denotes any diabatic terms from

forcing and molecular diffusion. An average is denoted by an overline (-) and
deviations from that average are denoted by a prime (-)’ = (-) — (). Such an av-
erage could be constructed for instance by a time, space or ensembles filter. In
this study we apply a one-week time filter and also a spatial filter for comparison
(see Sec. 2.3.3 and Sec. 2.4.3). For spatial filtering, we use a Gaussian filter with
a standard deviation of 30 km based on Uchida et al. (2022) to facilitate model
inter-comparisons. Here, we used the Python package GCM-FILTERS (Grooms et
al., 2021) for applying the spatial filter. Analogous to the temporal decomposition,
the spatially smoothed field describes the mesoscale and the residual describes the
submesoscale.

Following Andrews et al. (1987) the eddy fluxes can be decomposed into a par-

allel and perpendicular component,
W — 1l’vrotB -V KdVB (5)

with the diapycnal diffusivity K4 and the overturning streamfunction 1. Note that
the operator is defined as V.ot = (—9z,dy). With Eq. (5) the buoyancy equation
Eq. (4) can be written as

db+ V- (V—Vyioh)b=Q+V -KyqVb, (6)

where V - K4Vb denotes the diffusive eddy fluxes. In this study we focus on the
overturning by MLEs and and do not consider K4 in the following.

We choose mesoscale fronts and eddies to define the background field for the
MLEs. We describe a front by two non-dimensional numbers and two-dimensional
parameters. Here, we follow the notation of Briiggemann and Eden (2014) who
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chose the mixed layer depth H and the Coriolis parameter f as dimensional pa-
rameters and further characterize the background state by two non-dimensional

numbers, (1) the balanced Richardson number Ri = N}\iﬁz where N2 = a%E is the
vertical buoyancy gradient and M? = %B is the horizontal or more precisely the
cross-frontal buoyancy gradient and (2) by the ratio of the horizontal buoyancy gra-
dient and the Coriolis parameter o = M?/f? (see Briiggemann and Eden, 2014, for
details). Here, we simplify the nomenclature by using rotated coordinate systems,
where % denotes the along-front direction and {j denotes the cross-front direction
and 1t and ¥ for the respective along-front and across-front velocities. Note that we
will define such coordinate systems individually for each detected front.

Using the above notation and coordinate system, the streamfunction in Eq. (5)

can be expressed as

THN? — WhM>

B2 (7)

The definition of the streamfunction is such that a positive value indicates a clock-
wise and a negative value a counterclockwise circulation. Note that the first term
in the numerator in Eq. (7) tends to be much larger than the second term and
thus dominates the streamfunction in most situations. Exceptions occur under
extremely strong lateral gradients and vertical buoyancy fluxes, as highlighted
by the differences shown in Fig. 24. Note also that there are other formulations
of the streamfunction that only consider one of the terms in the numerator in
Eq. (7) (Held and Schneider, 1999; Andrews and McIntyre, 1976). We discuss prob-
lems with these simpler forms that arise in diagnosing the streamfunction in Ap-
pendix 2.6.

2.3.1 Phenomenology of submesoscale fronts

Since submesoscale eddies are known to occur along strong horizontal density
fronts that are baroclinically unstable, we begin with a simple approach to detect
individual ocean fronts and diagnose their background characteristics before we
derive the associated eddy fluxes and the MLE overturning circulation. MLEs de-
velop due to baroclinic instability in which course energy is transferred from the
available potential energy, associated with tilted isopycnals, to the eddy kinetic
energy. The net effect is the flattening of the isopycnals. Linear stability analy-
sis suggests that the maximum growth rate o of such instabilities scales with the
cross-front buoyancy gradient o o< M?/N? (Stone, 1966). This indicates that the
most unstable fronts can be found for fronts with strong lateral buoyancy gradient
and weak stratification.

To isolate the processes occurring on individual submesoscale fronts, we use the
horizontal buoyancy gradient (Fig. 13a) from a seven-day time average to visually
identify 45 fronts within domain R. We furthermore encapsulate each front in a
rectangular box (red dotted lines in Fig. 13), where the along- and across-front
directions define the coordinates X and {j, respectively. The lengths and widths of
the boxes are furthermore used to restrict respective along-front and across-front
averages. A closer inspection of all 45 fronts, indicates that they are characterized
by enhanced horizontal buoyancy gradients (Fig. 13a, b, g and h) and weak bal-
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Figure 13: Upper-ocean fronts within the entire study area (left) and zoom onto a sin-
gle front (right). Colors show absolute values of the lateral buoyancy gradient
(a and b), the squared Brunt-Viisild Frequency (c and d), the local balanced
Richardson number (e and f). The detected fronts are indicated by red dotted
rectangles.

anced Richardson numbers (Fig. 13e and f). We note that for many fronts even the
vertical stratification appears to be enhanced, which is probably a consequence of
the already ongoing re-stratification process by MLEs. We note further, that the
Richardson number within each front drops to a value smaller than ten and thus
closer to one.

It is illustrative to discuss the dynamics at a characteristic front in more detail.
To this end, we apply in Fig. 14 along-front averages of the front F4 (depicted
in the right column in Fig. 13) of some important background quantities as verti-
cal and horizontal density gradient but also of the vertical and meridional eddy
fluxes as well as the eddy streamfunction. It becomes apparent that a well-defined
maximum in the magnitude of the lateral density gradient (Fig. 14a) with reduced
balanced Richardson number (Fig. 14c) is located at the center of the front above
the base of the mixed layer. The margins of the front (indicated by the black vertical
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lines) are roughly located where the lateral buoyancy gradient is small. These mar-
gins are also used later on for cross-front averages. The front marks the boundary
between water masses with different levels of stratification (Fig. 14b). The north-
ern side (right side in Fig. 14) is colder and less stratified, while the southern
side is warmer and more stratified. This pattern is consistent across all fronts in
the region, which is not surprising given that the area is strongly influenced by
a latitudinal thermal gradient. We also observe an increase in stratification within
the front which indicates the re-stratification of the front compared to its environ-
ment. Furthermore, we also observe enhanced vertical (Fig. 14d) and cross-front
(Fig. 14e) eddy fluxes at the center of the front within the mixed layer. These eddy
fluxes yield an eddy overturning (Fig. 14f, derived from Eq. 7) that re-stratifies the
front.

Albeit the presence of wind, buoyancy forcing, turbulent mixing, and a poten-
tial advection of the front, these eddying overturning resembles remarkable sim-
ilarities to that of earlier more idealized studies (e.g. Haine and Marshall, 1998;
Boccaletti et al., 2007) and that of linear stability analysis (Stone, 1966).

An additional across-front average of the quantities depicted in Fig. 14 illustrates
that the vertical stratification is enhanced at the top and base of the mixed layer
(Fig. 15a). This could be an indication for stronger MLE re-stratification at the top
and bottom of the mixed layer as suggested by Fox-Kemper et al. (2008). The time
evolution for the stratification can be obtained by vertically differentiating Eq. 4. If
one assumes that the eddy fluxes are the dominant source for re-stratification, this
requires enhanced vertical gradients of the eddy fluxes at the top and base of the
mixed layer (see Fox-Kemper et al., 2008). Indeed, we can confirm that the vertical
gradients of the eddy fluxes are enhanced at the top and base of the mixed layer.

In general, we find a good agreement of the frontal characteristics including
the eddy overturning with more idealized studies (e.g. Fox-Kemper et al., 2008;
Briiggemann and Eden, 2014). Regarding the cross-frontal eddy fluxes, linear stabil-
ity analysis (Stone, 1966) and idealized simulations Briiggemann and Eden (2014)
suggest that they have a constant profile. Here, we frequently find enhanced eddy
cross-frontal eddy fluxes at the surface which are likely a consequence of an ad-
ditional Ekman component. For many fronts, the vertical profile indeed appears
constant below a depth of 50 m. However, we acknowledge that the vertical pro-
files of the cross-frontal buoyancy fluxes in these simulations with background
flow and wind forcing are more complex compared with idealized simulations.

We have extended the above evaluation to all 45 fronts, shown in Fig. 13 that
vary in background characteristics such as stratification, mean flow, lateral gradi-
ent strength, MLD and forcing. Towards higher latitudes, an almost linear increase
in MLD and vertical eddy flux is observed, coinciding with a decrease in stratifica-
tion (not shown). Profiles of along- and across-averaged stratification, and vertical
eddy fluxes for all other fronts are shown in the Appendix Fig. 25. While front 9 is
rather similar compared to front 4, front 24 is characterized by a double mixed layer
with a weak intermediate pycnocline at 40 m. While we observe the strongest verti-
cal MLE fluxes above the intermediate pycnocline, we find non-negligible vertical
buoyancy fluxes until the secondary pycnocline at 100 m. This example indicates
the importance of a sensible mixed layer base definition and detection algorithm to
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Figure 14: Section across the front F4 depicted in Fig. 13. (a) shows the lateral buoyancy
gradient M2, (b) the stratification N2, (c) the Ri-number, (d) the vertical eddy
flux Wb’ , (e) the cross-front eddy flux 90’ and (f) a mainly positive (clockwise)
eddy stream function \ calculated via Eq. (7). All variables are averaged along
the front F4 in % direction. The gray lines denote isopycnals (constant potential
density) and the green dashed line denotes the mixed layer base (specified with
the threshold criterion Ap = 0.2kgm™3). The Coriolis parameter at front F4 is
7.64 x 107> rads~'. The black vertical lines indicate the lateral margins of the
front, corresponding to the red dotted rectangle in Fig. 13.

achieve appropriate estimates for the MLE depth scale as we will discuss in more
detail below.

Albeit there are notable exceptions, roughly 30 of the 45 fronts show similar char-
acteristics as we discussed for front 4 (Fig. 14 and 15). These include the U-shaped
stratification profile and strong vertical eddy fluxes with a parabolic profile peak-
ing at the center of the mixed layer (see e.g. Fig. 15a,c or Fig. 25). In most cases
the lateral buoyancy gradient extends beyond the pycnocline, which is not surpris-
ing for mesoscale fronts (Mahadevan et al., 2010). In roughly half of the evaluated
cases the lateral eddy flux is constant throughout the mixed layer, weakens toward-
s/below the base and peaks towards the surface. The near surface values are 5-10
times stronger, and likely Ekman buoyancy fluxes superimposing the MLE signal.
The remaining 15 fronts are somewhat different in the one or the other way. For
instance, it is sometimes very difficult to assess a proper mixed layer base due to
strong vertical variations in the vertical stratification (see e.g. Front 7, 11, 15, 17, 19,
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Figure 15: The along- and cross-front averaged variables of front F4 for N2 solid line and
Ri dashed line in (a), across-front (solid line), along-front (dashed line) and ab-
solute (dotted line) horizontal density gradient M2 and o (b), vertical eddy flux
w'b’ (c), horizontal eddy flux ¥'b’ (d), and eddy overturning streamfunction ¥
(e). Colored lines in c-e indicated results obtained for the parameterization from
ALS (orange) and PER (blue) which are introduced in Sec. 2.4. Note that the sec-
ondary axis in (a) represents the Richardson number, while in (b), it reflects an
alternative scaling of M?. The MLD is indicated by a green dashed line (spec-
ified with the threshold criterion Ap = 0.2kgm™3). The tuning coefficients for
the parameterizations are Cper = 0.06 and C,js = 0.33, see Sec. (2.4).

in Fig. 25). A negative overshoot of the vertical MLE fluxes can be observed at 12
of the 45 fronts (see e.g. front 25 in Fig. 25).

While the vertical eddy flux generally resembles well the situation in idealized
simulations, we note that the lateral eddy flux can substantially deviate from a
constant vertical profile that was found in more idealized simulations (see Briigge-
mann and Eden, 2014) and predicted by linear stability analysis (Stone, 1966).
Instead, we often find that the cross-front buoyancy fluxes are either further en-
hanced or diminished close to the surface while they are constant below (see
Fig. 25). The reason for this might be time varying Ekman buoyancy fluxes that
we do not distinguish from MLE fluxes in our analysis. This deviation also has
consequences for the streamfunction which in some cases does not vanish at the
surface.

Overall, we conclude that strong vertical buoyancy fluxes are present at all 45
fronts and in most cases we can as well identify a strong frontal overturning by
MLEs (see Fig. 25). Comparing the eddy fluxes with idealized simulations and
linear stability analysis, we find that the cross-front eddy fluxes show some differ-
ences, but the vertical eddy fluxes show quite a good agreement. Before, we discuss
the amplitude of the eddy fluxes and their resemblance with idealized simulations
and theoretic estimates, we will provide some more information regarding the
synoptic forcing situation and difficulties in estimating the mixed layer base.
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2.3.2 Influence of realistic wind Forcing

Wind and buoyancy fluxes influence the upper ocean stratification and hence have
a potentially strong impact on the overturning circulation (Mahadevan, 2016; Gula
et al., 2021). Since our study period is in winter, there a strong heat losses over our
study area leading to surface cooling and static instabilities (not shown). Within
the averaging time period of one week, significant variations in the wind direction
and strength are observed, corresponding to the passage of low and high pressure
systems across the study area, see e.g. snapshots of the mean sea level pressure
over the North Atlantic in Fig. 16a and b. Short-term variations, such as wind
bursts, occur on timescales of O(hours). Despite these fluctuations, westerly winds
prevail on average as can be seen in Fig. 16c. In order to assess the influence of the
mean wind on the overturning circulation we compute the Ekman buoyancy flux
(EBF), which is the rate of change in buoyancy induced by the cross-front Ekman
flow (e.g. Gula et al., 2021)

Txk

pof

with the wind stress T and the background density po.

EBF = -Vhb (8)

(a)

2010-03-15T21

(0) 2010-03-22T21 (N/m?]

50°N A 50°N 1

40°N A 40°N A

30°N § 30°N 4=

20°N 7 .emn:.“ K '_ 20°N 1

75°W 60°W 45°W 30°W

T eSS =
m— R 3 sen ‘Eu. =
£ < F345p37 3

Fsa"ls—' —r =
i

) ;’.«-fris =

(c)
36°N
4

32°N 7 32°N 4

. 315N
28°N §

B
= [ =y SF33 L
g “;&9";"'17. ;;'ﬁ
R
Q‘\-ﬂiﬁﬁ" il o B R
— e ;

R - "—’ e
& /( u F15 Fio Fa2

= 31°N A

24°N-\7 " "“."‘/" ¥ st Ms

Figure 16: The forcing state over the North Atlantic: Snapshots of the low and high pres-
sure systems crossing the study area. The magnitude (color) and the wind di-
rection (arrows) of the wind stress are shown at the beginning (a) and end (b)
of the averaging period. The isobars indicate mean sea level pressure. The lower
figures show the mean Ekman buoyancy flux (see Eq. 8) over the study area (c)
and at a single front (d).
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Most fronts in the study area are oriented in north-west direction with lighter
waters on their south-eastern side. Together with the mean westerly wind this im-
plies a substantial down-front component of the wind field (see Fig. 16¢,d) yield-
ing an Ekman buoyancy flux across the front from its cold towards its warm side
(note that the fronts hardly move during the seven day averaging period). These
cross-front flows may induce gravitational instabilities and hence vertical convec-
tion, which destabilize the water column and counteract the MLE overturning
circulation. Although, on average these buoyancy fluxes are 2-3 orders of magni-
tude weaker than their MLE buoyancy fluxes (see e.g. the lateral buoyancy flux
in Fig. 15d). In addition to the cross-front flows, the predominant surface cooling
might as well trigger convection and acts to destabilize the water column. How-
ever, frequent studies have shown that even in the presence of convection and also
shortly after storms mixed layer instabilities show a rather persistent behavior (e.g.
Gula et al., 2021; Chrysagi et al., 2021). Despite, the wind and surface buoyancy
fluxes, we find that mixed layer instability remains the dominant process for the
underlying fronts, and we find re-stratification at all those fronts (see Fig. 25).

2.3.3 Estimation of the mixed layer depth

An accurate estimate of the mixed layer depth is essential for estimating MLE pro-
cesses since not only their spatial scale but also the horizontal and vertical MLE
buoyancy fluxes depend on this scale (see Eq. (1) and Egs. (10-11)). To identify
the mixed layer depth, often an approach is chosen where the base of the mixed
layer is identified as that depth where the density difference between the local
depth and the surface density (Monterey and Levitus, 1997) or the density at 10m
(Kara et al., 2000) exceeds a certain threshold (see de Boyer Montégut, 2004; Holte
et al., 2017, for a discussion of optimal thresholds and climatologies). Note that
temperature thresholds are also commonly used (de Boyer Montégut, 2004), espe-
cially for observational data, but are less robust than density thresholds in regions
with small temperature variations, such as the tropics. This approach works well in
situations, where the mixed layer is nearly homogeneously mixed and where den-
sity increases rapidly below the mixed layer within the pycnocline. However, the
approach becomes problematic in situations with less rigorous mixing and remain-
ing vertical (but small) density gradients up to the surface, in cases of a double
mixed layer, and in scenarios where strong temporal variations of mixed layer pro-
cesses cannot be averaged out by long enough time averages. In such scenarios,
the mixed layer depth estimated by this method strongly depends on the applied
density threshold and globally defined thresholds can lead to misleading results
in certain areas or times of the year.

When considering the vertical density stratification along a section through our
study area (Fig. 17a), we note that the stratification is enhanced during a small
band close to the surface and at around 600 m depth within the main pycnocline.
When applying the commonly used density threshold of Ap = 0.03kgm™3, the
upper-ocean band of enhanced stratification is detected as mixed layer base but
not the top of the main thermocline. In contrast, a larger density criterion of Ap =
0.2kg m~3 reliably depicts the top of the main thermocline.
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Figure 17: Section through the study area (see rectangular in Fig. 7) at 62°W: Snapshot
of N2 (a) and the vertical buoyancy fluxes, computed as fluctuations from the
mean state, with the Reynolds mean defined by a time filter (b) and a spatial
filter (c), as shown in Sec. 2.3. While the overline denotes a temporal mean, the
angle brackets indicate a spatial mean. The mixed layer depths estimated with
both threshold methods Ap = 0.03kgm 3 and Ap = 0.2kgm™3 are indicated
as blue and green lines, respectively.

To assess which approach more accurately represents the vertical scale of MLEs,
we compare both methods against the vertical MLE buoyancy fluxes derived using
temporal and spatial filtering (see Fig. 17b and c). Our analysis reveals that in
nearly all regions with enhanced vertical buoyancy fluxes, these fluxes consistently
decay at the depth identified as the mixed layer base by the algorithm using the
larger density threshold. Therefore, we will use the larger density threshold of
Ap = 0.2kg m~3 in the following to determine the mixed layer depth and therewith
the vertical scale of MLEs.

Note that a snapshot of a spatially filtered section < Wb’ > shows strong but
noisy buoyancy fluxes clearly visible between the mixed layer and the seafloor
(not shown). To reduce these fluctuations a subsequent additional time average
is applied to the spatially filtered field < w'b’ >, see Fig. 17c. This highlights the
importance of applying a temporal average to eliminate noise from fields derived
using a spatial filter (see Fig. 17c). For a more detailed discussion of the eddy
fluxes derived from both filters, refer to Sec. 2.6.
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2.4 PARAMETERIZATION OF MIXED LAYER EDDIES

In the previous section, we showed how MLEs re-stratify ocean fronts by MLE over-
turning in ICON-SMT. Coarser model configurations that are e.g. used in coupled
climate models are not able to resolve this MLE driven overturning. Consequently,
they are biased in terms of mixed layer depth and the uptake and storage of heat
and trace gases (Fox-Kemper et al., 2011). Here, parameterizations can be used to
introduce missing MLE fluxes, leading to isopycnal slumping and re-stratification
(Fox-Kemper et al., 2011). Two parameterizations are considered here: the param-
eterization proposed in Fox-Kemper et al. (2008) which is based on potential en-
ergy release (PER) and a parameterization based on ageostrophic linear stability
analysis (ALS) as first introduced in Stone (1966). Evaluations with more realistic
simulations were done by Uchida et al. (2022) who use a couple of relatively high-
resolution simulations to estimate vertical MLE fluxes and to compare them with
the parameterization of Fox-Kemper et al. (2008).

In this section, we investigate in more detail compared to previous studies
how those two parameterizations perform when compared with a realistic sub-
mesoscale resolving ocean configuration like ICON-SMT. Therefore, we compare
simulated and parameterized eddy fluxes in three different scenarios: (a) for ded-
icated fronts described in the previous section, (b) for non-frontal structures with
enhanced horizontal buoyancy gradients, like eddies, and (c) across the entire
domain. While (a) captures conditions for which the parameterizations are ulti-
mately designed, namely baroclinic instability, (b) tests their robustness outside
these ideal conditions, and (c) provides a comprehensive assessment that reflects
realistic ocean model applications that need to represent frontal instabilities in both
strong and weak density gradient regions.

The two parameterizations, PER and ALS, differ from each other by (1) a differ-
ent dependency of a non-dimensional factor v/1 4 Ri and by (2) a different vertical
structure function for the eddy fluxes, but they are equal regarding another impor-
tant non-dimensional parameter o = M? /f2 that indicates the frontal strength (see
Briiggemann and Eden, 2014, for a more detailed discussion on the differences and
similarities). Parameterizations for the submesoscale eddy fluxes based on ALS can
be expressed as

—_— 8

Y = _gcals\/] + Rio®H?f3 9)

— 1

Wb’ = Calsuals(z)mcszzfs/ (10)
with tuning constant C,j5, the mixed layer depth H, the lateral gradient o = ’\f—;

and a vertical structure function p,s = —4%({ + 1). For parameterizations based
on PER the submesoscale eddy fluxes are given by

9'b" = —2CperMper (z)RiaPH? £ (11)
w'b! = Cperuper(z) OCZHng/ (12)
with a tuning constant Cper and a vertical structure function pper = —44(F +

N0+ 228 + 2.
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2.4.1  Evaluation at individual fronts

We begin with evaluating both parameterizations for the 45 fronts introduced in
the previous section. Therefore, we apply in addition to the along- and across-front
averages also a vertical average of the vertical and cross-front density gradients,
N2 and M?, respectively, to estimate the averaged parameters Ri and o. These two
parameters, together with the Coriolis parameter f and the mixed layer depth H,
are then used to calculate the eddy fluxes and overturning rates using Eq. (10) for
ALS and (11) for PER.

In Fig. 15, we depict one front that has a simple structure with a single mixed
layer (Fig. 15a) and with relatively constant horizontal buoyancy gradients (Fig. 15b).
For this front, diagnosed and parameterized eddy fluxes for the vertical eddy
fluxes match quite well (see Fig. 15¢; the tuning coefficients C,js and Cper used here
are the same as discussed below). The maximum of the parameterized fluxes is
slightly underestimated and the fluxes drop to zero at slightly too shallow depths.
Despite that, there is quite some resemblance between parameterized and diag-
nosed eddy fluxes. Note that as mentioned by Fox-Kemper et al. (2008), the poly-
nomial of order two assumed for the vertical structure function in ALS leads to a
vertically constant rate of re-stratification and therefore cannot explain the maxima
of N? at the top and base of the mixed layer that can be seen in Fig. 15a. Using a
higher order polynomial for ALS could therefore be an essential step to improve
the ALS parameterization.

For the lateral eddy fluxes, the situation is more complex. While ALS suggests a
constant profile of the lateral fluxes (Stone, 1966), PER assumes a parabolic struc-
ture pper of the lateral eddy fluxes (Fox-Kemper et al., 2008). The idealized sim-
ulations carried out in Briiggemann and Eden (2014) rather favored a vertically
constant profile. Also, our diagnostics for the front shown in Fig. 15 and for many
other analyzed fronts (Fig. 25) suggest a rather constant profile throughout large
parts of the mixed layer (see Fig. 15d). However, frequently the lateral fluxes are
enhanced at the top of the mixed layer which might be a result of non-vanishing
Ekman buoyancy fluxes.

The diagnosed overturning streamfunction depicted in Fig. 15e which vanishes
at top and base of the mixed layer is well captured by both parameterizations. Note
that the cross-front eddy flux has a substantial impact on the overturning stream-
function derived from Eq. (7) in both diagnostics and parameterization, since for
this front but also most other fronts, we find that ¥/0/NZ > w/b’M?2. For ALS, this
means that enhanced stratification at the top and at the bottom is required to bring
the streamfunction to zero which is the case for the depicted front. Note that for
some fronts, even the diagnosed streamfunction is intensified at the surface and
has to vanish in a very thin boundary layer. In such cases, we also find an intense
cross-front eddy flux probably associated with enhanced eddy buoyancy fluxes.

An important aspect for the evaluation of the MLE parameterization is the de-
termination of the tuning coefficients C,s and Cper in Egs. (9-10) and Egs. (11-
12), respectively. Here, we first determine the tuning coefficients separately for V¥,
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Cper Eper Cals Eals
P [m?/s]  0.0409 2.83 0.289 2.71

b’ [m?/s3] 0.0518 2.22E-10 0.274 2.25E-10

Wb’ [m?/s3] 0.0454 2.42E-16 0.274 3.54E-16

Table 1: Tuning coefficients Cper and Cyis for ¥, b’ , Wb’ and mean errors Eper and Eg
for PER and ALS. The coefficients are calculated using all 45 individual fronts
shown in Fig. 13.

w'b’ and Vb’ by minimizing the mean difference E between parameterized and
simulated parameterizations or eddy buoyancy fluxes for all fronts:
1 n

Eo = n Z(ediiag - epiaram)z (13)
i

with 0 being either 6 = w'b/,9'b/, or { and where i runs over all n = 45 fronts.
The derived coefficients are listed in Tab. 1.

We find similar coefficients for each parameterization no matter which variable
is chosen for the tuning. For PER, we roughly estimate a value of Cper = 0.04, which
is slightly below the range of 0.06 < Cper < 0.09 that was found in Fox-Kemper et al.
(2008) and Briiggemann and Eden (2014). For ALS, we obtain C,s = 0.27, which is
about a third of the value obtained in Briiggemann and Eden (2014), but within the
range 0.1 < Cyis < 0.9 estimated by Fox-Kemper et al. (2008). These coefficients are
also used in Fig. 15 for scaling the profiles of the parameterizations. The remaining
errors Eper and E,is in Tab. 1 give an impression about which parameterization can
be more appropriately tuned. It turns out that there are no substantial differences
between both parameterization with one exception: for w/b’ the remaining error is
nearly 1.7 times larger for the ALS parameterization compared to PER, meaning
that the latter will on average more accurately reproduce the vertical eddy buoy-
ancy flux w'b’ . In the following, we continue with the optimal tuning coefficients
from w'b’ .

Using the derived optimal tuning coefficients for all fronts, we test the depen-
dence of lateral and vertical eddy fluxes on « and Ri (Fig. 18a,b and c,d). Both pa-
rameterizations have an o®>-dependency for ¥/b’ and an «?-dependency for w'b’ .
The diagnosed slopes are somewhat smaller than those values (see Fig. 18a and b).
Note, however, that the Richardson number also differs for each front and if the
eddy fluxes have a dependency on Ri then there the theoretical slopes might not
be obtained from this analysis. Therefore, we also show the predicted eddy fluxes
of the ALS and PER parameterizations to assess their dependence on o. Here, we
note that both parameterizations are not too far apart from each other and not
too far apart from the diagnosed fluxes either. This indicates that the predicted «-
dependency of the parameterizations is relatively well-matched. For more details
on the a-dependency see Sec. 2.4.3.

The Richardson number dependence is harder to evaluate due to significant
scatter, which impacts the reliability of the regression (see Fig. 18c and d). We sus-
pect this scatter arises from (1) the influence of other physical phenomena, such
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Figure 18: The figure shows the dependence of the eddy fluxes on & (a and b) and Ri (c
and d), as well as the parameterization bias (e and f). The top row shows lateral
(cross-front) buoyancy fluxes, while the bottom row shows vertical buoyancy
fluxes. Regression coefficients for sub-figures (a-d) are given in the legend. Also
note the different scalings on the ordinate. In figures (e-f), points in the lower
right triangle indicate underestimation of the eddy fluxes by the parameteriza-
tions, while points in the upper left triangle indicate overestimation. Red solid
lines indicate a factor of ten deviation between diagnosed and parameterized
eddy fluxes, and red dashed lines indicate a factor of five deviation. As tuning
coefficients for Cper and Cy,js we used the values based on Wb’ from Tab. 1.

as surface currents, eddies, or Ekman pumping, and/or (2) imprecise frontal def-
initions, e.g., averaging along meandering fronts or including non-frontal regions
with weak gradients and large Ri values (see Fig. 14). However, we also want to
note that the Ri-dependency is smaller (no Ri-dependency for PER and only mildly
square-root dependency for ALS). Therefore, the range of scaled eddy fluxes is
smaller (note the different scalings on the ordinate of Fig. 18a-d). Overall, it is ap-
parent that PER seems to slightly better match the diagnosed eddy fluxes ¥/b” and
w'b’ compared with ALS.

An estimate about the spread between diagnosed and parameterized eddy fluxes
can be obtained from Fig. 18e and f. Values close to the diagonal indicate good
agreement between diagnosed and parameterized fluxes. The predicted eddy fluxes
are scattered around their diagnosed counterparts but hardly ever deviate by more
than a factor of ten and often even less than a factor of two for eddy fluxes that vary
over two orders of magnitude. This indicates that both parameterizations appear
to have reasonable skill to reproduce the diagnosed eddy fluxes.
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Figure 19: (a) Seven-day average of the Rossby number at 50 m depth where the red shad-
ing indicates cyclones and blue shading indicates anticyclones. We arbitrarily
depicted seven eddies for our analysis from observing time averages of vortic-
ity and lateral density gradients and determined the respective eddy rims based
on the location of the strongest lateral buoyancy gradient. The latter is indicated
by red circles. Panels b-d show perimeter averages of the diagnosed overturning
streamfunction (b), the PER parameterization (c) and the ALS parameterization
(d) for eddy E3. Note that a negative streamfunction value indicates a counter-
clockwise circulation. Isopycnals are indicated by gray lines and the mixed layer
depth based on the density criterion with Ap = 0.2kgm™—3 is indicated by green
lines. Note that the core of the eddy is at R = 0. The eddy rim can be inferred
from the strong lateral buoyancy gradient and is roughly at 30 km. The tuning
coefficients for the lateral buoyancy flux in Tab. 1 are used to compute the over-
turning rates for the parameterizations in ¢ and d.

2.4.2  Evaluation at individual mesoscale eddies

Strong lateral buoyancy gradients are not restricted to mesoscale fronts, as they
also occur at the edges of mesoscale ocean eddies. In this section, we investigate
whether submesoscale eddies form at the rim of these eddies, potentially driv-
ing overturning, and evaluate how well parameterizations capture this process in
the context of ocean eddies. We analyze seven eddies, five cyclones and two an-
ticyclones (as shown in Fig. 19a), and evaluate eddy overturning using the same
approach applied to ocean fronts (Sec. 2.3.1).

To obtain the overturning of the buoyancy front at the eddy rim, we chose an el-
liptical coordinate system where we map all model points of the eddy to 7o ellipses
with different radii that provide the across-front coordinate {j. Half of the ellipses
were inside and half are outside the eddy rim. The eddy rim was chosen based on
the location of the strongest lateral buoyancy gradient, a change in the sign of the
vorticity, a significant variation in stratification, and in some cases weak Richard-
son numbers (not shown). It is denoted by the red ellipses in Fig. 19. All quantities
are then averaged along the ellipses (providing the along-front coordinate %). The
perimeters of the depicted eddies range from about 240 km to 300 km and are thus
long enough for mixed layer instabilities to grow on (compare with the length scale
of the fastest growing mode Fig. 9) and to be resolved by ICON-SMT.

We present the resulting eddy fluxes for eddy E3, which shows only very weak
overturning rates (Fig.19b). In contrast, both parameterizations significantly overes-
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timate the eddy overturning, predicting an overturning cell that tends to re-stratify
the frontal structures at the eddy rim (see Fig.19c and d). The weak overturning
observed at the eddy rim is unexpected, as the enhanced density gradients, low
stratification, and low Richardson numbers would typically favor the development
of a submesoscale eddy field.

For three other eddies (E1, E2, E4), we observe strong vertical eddy fluxes and
low Richardson numbers, consistent with the findings of Brannigan et al. (2017)
and Marez et al. (2020b), who reported intense submesoscale overturning in cy-
clones. However, even in these cases, we do not clearly identify strong fluxes
aligned with tilted isopycnals; instead, the fluxes appear to be largely indepen-
dent of the mean background stratification. For the remaining eddies (Es5, E6, E7),
we detect only very weak overturning rates, accompanied by similarly weak pa-
rameterized overturning rates. In contrast to the other eddies, these have weaker
‘unstable front’ characteristics, insufficient to drive strong eddy fluxes, according
to both diagnostics and parameterizations.

Note that eddies (E1, E3, E4) were selected even though they are outside the
study area near the Gulf Stream meander because they have much higher velocities
along the eddy perimeter. The eddy E4 for instance just forms from a mesoscale
front that merges into a strongly meandering eddy and can thus be regarded as
a ‘young’ eddy, which is also accompanied by strong vertical buoyancy fluxes.
In contrast, E3 shows surprisingly weak eddy fluxes (see above) but strikingly
strong symmetries that are not related to frontal meanders or external interactions,
suggesting that it is an ‘old” eddy. Investigating how vertical buoyancy fluxes at
the eddy rim evolves with eddy age could be a focus for future studies.

Overall, the eddies appear to encounter less re-stratification along the eddy rim
than the parameterizations suggest with much smaller diagnosed compared to
parameterized overturning rates. Consequently, implementing MLE parameteriza-
tions in eddy-resolving ocean models may interfere too strongly with the ocean
eddy field, likely by overly damping eddies.

2.4.3 Evaluation in the entire domain

Evaluations for individual fronts and eddies, as we have done in the previous
sections, are not feasible during the runtime of a numerical model. To assess how
well PER and ALS capture the situation for general flow situations, we apply a
different procedure that does not only consider individual fronts but evaluates the
entire study area (see the red rectangle in Fig. 13). This means that not only frontal
regions and mesoscale eddies are included in the evaluation, but also regions with
weak lateral density gradients. This implies that the Richardson number strongly
varies across the domain with small values of Ri-numbers at the center of fronts
and much larger Ri-numbers in non-frontal areas (see Fig. 14).

We apply two distinct techniques, (1) a one-week time filter and (2) a 30 km spa-
tial filter to isolating the higher frequent submesoscale motions from the ambient
circulation and the mesoscale eddy field (for details see Sec. 2.3.1). The subme-
soscale eddy fluxes outside frontal areas are typically much smaller than those
within frontal areas.
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To facilitate the evaluation, we project the horizontal eddy fluxes onto the local
buoyancy gradient to obtain something like a cross-front buoyancy flux (in cases
without a particular front, this is just like an along-gradient flux, but we will stick
with the term ‘cross-front” to indicate the similarity with the previous discussions).

1 7 b
Vb’ = — Li . g% . (14)
Vbl \ Vb’ 9b

The sign convention here defines positive cross-front buoyancy fluxes as upgradi-
ent and negative fluxes as downgradient. Our focus is on the downgradient compo-
nents of the buoyancy fluxes (the negative projected buoyancy flux and the positive
vertical buoyancy flux), which represent the components of the eddy fluxes that act
to flatten the isopycnals. Buoyancy fluxes which are not downgradient are masked
from the field.

For a local evaluation, we calculate eddy quantities as fluctuations from a time
mean and alternatively from a spatial mean at any given grid point in the do-
main. Furthermore, we average the eddy fluxes vertically within the mixed layer
(remaining negative vertical eddy fluxes are masked). We then group all pairs of
time mean Ri and o« into bins of similar Ri and « and compute the mean eddy
fluxes and the corresponding standard deviation for each Ri or « bin.

Two different Ri-number regimes are apparent from Fig. 20, the first for approx-
imately Ri < 8 and the second for Ri > 8. In both regimes, we observe an almost
linear dependence for the lateral and vertical eddy flux in the double logarithmic
scaling with a slope differing for each regime. Note that in this diagram, values
of Ri < 8 rather correspond to frontal areas (see Fig. 13e) while larger Ri-numbers
correspond to regions of the ambient flow and mesoscale eddy field.

Parameterized eddy fluxes can now be derived as before following Eq. (11)
and (12) for PER and Eq. (9) and (10) for ALS from the time averaged horizon-
tal and vertical stratification at each single grid point. The scaling coefficients for
cross-front and vertical eddy fluxes are calculated at each location, with the median
used to derive the final tuning coefficients (Tab. 2). We applied this optimization
process for the entire domain (not shown) and for a subset of the domain, where
we only kept points with Ri < 8 for optimization process. Since, the latter is closer
to our previous evaluation, we will discuss this scaling in the following.

In Fig. 20, a linear regression is shown for both Ri regimes. We diagnose in the
small Ri regime a slope of a; = 0.58 for the cross-front buoyancy flux, which is
closer to that from ALS of 0.5 compared with that from PER of 1. For the vertical
eddy flux (Fig. 20b), we determine a negative slope of a; = —0.31 in the small Ri
regime, which again is slightly closer to —0.5 (ALS) than to 0 (PER).

Repeating the evaluation using a two-day instead of a one-week time window
for the Reynolds decomposition shifts the small Ri number regime to smaller Ri
numbers, since the Ri number increases when temporal averaging is applied (see
also discussion above). With the same Ri threshold, this would lead to steeper
cross-frontal eddy fluxes (a; = 0.96) and weaker slopes (a; = —0.02) for the ver-
tical eddy fluxes, which are then more consistent with PER than ALS. However,
using a smaller Ri threshold (e.g. Ri < 4) results in eddy flux dependencies that
are more consistent with previous results for a one-week time window (see above).
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Figure 20: The dependence of the lateral (left) and vertical (right) eddy flux on the local Ri
number, derived using a temporal (upper) and a spatial (lower) filter to compute
the eddy fluxes. The colored lines resemble the Richardson number dependen-
cies of ALS (orange) and PER (blue) given in Egs. (9-12). Data from the entire
regional field are binned and presented as means (gray dots) with error bars
computed from bin-stds (gray lines). Linear regression is applied for a small
Ri < 8 and a large Ri > 8 Ri regime. The tuning coefficients for w'b’ in Tab. 2
are used.

A filter with an averaging window of two days most likely filters too much of the
submesoscale eddy fluxes, however we mention it here to provide an assessment
on the sensitivity of our results. We also applied the evaluation of the parameteri-
zations within a larger region of the North Atlantic (80 —55°W, 23 — 38°N) but the
results were hardly different (not shown).

Using a spatial instead of a temporal filter to calculate eddy fluxes has little im-
pact on their dependence on Ri (see Fig. 20c,d). However, we observe a shift of the
diagnosed lateral buoyancy fluxes towards smaller values. The vertical buoyancy
fluxes, in contrast, only show a minor shift (see Sec. 2.6 for a comparison of the
eddy fluxes). This affects the tuning coefficients, which are up to a factor of two
smaller for w'b’ and up to a factor of five smaller for 9'b’ .

Uchida et al. (2022) evaluated w'b’ from PER by testing both, a constant and a
time dependent tuning coefficient in a region that focuses on the Gulf Stream front.
They determined eddy fluxes from spatial filtering as we did here. Their study
revealed substantial variability in tuning coefficients across models ranging from
0.02 to 0.2. We repeated their analysis in their domain and also in our study area
(results for our study area are shown in Fig. 26) and we found large differences of
the tuning coefficients depending on the chosen domain. For more details about
the variability of tuning coefficients with their approach see Sec. 2.6.

44



2.4 PARAMETERIZATION OF MIXED LAYER EDDIES

Cper Cas filter Ri threshold

9’ [m?/s3]  0.0263 0.0698 time Ri<8
Wb’ [m?/s3] 0.0208 o0.0530 time Ri< 38
b’ [m?/s3]  0.0456 0.5829 time —
Wb’ [m?/s3] 0.0697 0.6846 time —
b’ [m?/s3]  0.0069 0.0178 space Ri<8
Wb’ [m?/s3]  0.0153 0.0386 space Ri< 8
b’ [m?/s3]  0.0086 0.1116 space —
Wb’ [m?/s3]  0.0419 0.4123 space -

Table 2: Table of tuning coefficients Cper and Cgys for lateral and vertical buoyancy fluxes.
The first block uses a temporal filter for eddy flux computation, while the second
employs a spatial filter. Optimal coefficients are provided for the ‘small” Ri regime
and the full domain as a reference.

The mean magnitude of the parameterized eddy fluxes is modulated by the
tuning coefficients. Considering the small Ri regime, the tuning of ALS indicates
a more appropriate tuning than PER. However, this seems to come at the cost
of a more variable tuning coefficient (see differences between Ri-masked and full
domain in Tab. 2).

To assess if both parameterizations show the correct dependence on &, we now
bin all points according to similar « values. Then, we apply a linear regression to
the logarithmically scaled eddy fluxes averaged within each bin and the logarith-
mic « parameter (see Fig. 21. The averaged eddy fluxes in the linear regression are
weighted by the standard deviation of the eddy fluxes in each bin). We furthermore
scale the eddy fluxes by all parameters except of « such that the slope of the re-
gression line provides information about the exponential dependence of the eddy
fluxes on o Since PER and ALS suggest a different dependence on Ri, we scale the
eddy fluxes twice for each of the respective Ri-dependency (Fig. 21a and b for PER
and Fig. 21c and d for ALS). For a correct dependency of the parameterizations
on « and Ri, the slope of the regression line should be three for ¥/b’ and two for
w'b’ for both, ALS and PER. We find that the slope for PER is indeed close to three
for 9/b’ and close to two for Wb’ while for ALS there is a larger discrepancy of 2.5
for b’ and 1.4 for w'b’ .

Since we observe differences of the Ri-dependency in the small and large Ri-
regimes (where regime shift occurred close to Ri = 8), we also investigate how the
results change once we filter regions with larger Richardson numbers that are not
associated with frontal structures. Here, we observe that slopes become smaller if
less points are filtered. For PER, this means that the predicted slopes do not match
the theoretical ones that well anymore for any Ri-restriction. For ALS, in contrast,
we find an optimum once only points of Ri < 50 are taken into account. Here,
the predicted slopes of ALS and the theoretical slopes are nearly identical. This
analysis confirms our results from above that ALS better reproduces eddy fluxes
in regions with lower Richardson number. If only those values are considered,
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Figure 21: The dependence of the lateral (left) and vertical (right) eddy flux on the cross-
frontal buoyancy gradient & for PER (upper) and ALS (lower). The evaluation is
repeated where points of the domain are filtered according to different thresh-
olds of Ri (see legend). The tuning coefficients for w'b’ in Tab. 2 are used. Note

that here high Ri go along low o and thus filtering high Ri also effectively filters
small «.

the agreement is even stronger than for PER. If in contrast the entire domain is
considered, PER seems to better reproduce the diagnosed eddy fluxes.

2.5 SUMMARY AND CONCLUSION

In this study, we investigated the frontal overturning of mixed layer eddies (MLEs)
in a new configuration of ICON-o (SubMesoscale Telescope configuration referred
to as ICON-SMT) that permits the simulation of submesoscale eddies in the North
Atlantic. In contrast to more idealized configurations which have been extensively
used to study frontal overturning (Haine and Marshall, 1998; Boccaletti et al., 2007;
Fox-Kemper et al., 2008; Mahadevan, 2016; Briiggemann and Eden, 2014), the sub-
mesoscale dynamics that we study are subject to the combination of realistic wind
forcing, diabatic mixing and a vibrant background flow field (see Sec. 2.2). We
study submesoscale dynamics with a spatial resolution of less than 1km that is
similar but slightly higher compared the model simulations applied in Uchida
et al. (2022). To which degree this slightly higher resolution is critical is unclear
and probably model dependent. For ICON it was shown that a horizontal resolu-
tion below 2.5 km is essential to resolve submesoscale dynamics in our study area
(Hohenegger et al., 2023).

We demonstrate that the spectral sea surface height and temperature distribu-
tions in ICON-SMT resemble those of state-of-the-art satellite observations (includ-
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ing those from the novel SWOT mission, see Sec. 2.2.2.3). The variability of sea
surface height and temperature is therefore far better matched on high and on
intermediate scales compared to an ICON reference simulation with only 10km
resolution.

The main focus of this study is to investigate frontal overturning by MLEs. There-
fore, we study submesoscale eddy fluxes at dedicated fronts and eddies with high
lateral buoyancy gradients but also in the entire domain that includes situations
with weaker lateral gradients. For each of 45 selected fronts, we identify intense
submesoscale eddy fluxes and frontal overturning re-stratifying the fronts. There-
fore, we can demonstrate that frontal overturning can be identified in realistic
ocean configurations under the influence of surface wind and buoyancy fluxes and
in the presence of a vibrant mesoscale eddy field. We find that the submesoscale
eddy fluxes observed here act similarly as suggested by more idealized simulations
(Sec. 2.3). We also discuss some complications that naturally in realistic configura-
tions as studied here. Those include e.g. the presence of surface Ekman buoyancy
fluxes, sensitives of the analysis with respect to the depicted spatial and temporal
averaging, and the determination of the mixed layer depth.

One important finding of this study is that the vertical scale of MLEs cannot be
obtained from the mixed layer depth simply determined by the commonly used
density difference algorithm with a threshold of Ap = 0.03kgm 3. Instead, we first
assess the vertical scale of MLEs by determining where the vertical eddy buoyancy
fluxes vanish then we tune the density threshold to the more than ten times larger
value of Ap = 0.2kgm™—3 for which the mixed layer depth fits best to the verti-
cal MLE scale. We find that for our study area and study period, the enhanced
threshold leads to a more appropriate identification of the main thermocline, and
it avoids that enhanced density gradients as part of a double mixed layer are de-
picted as mixed layer base. We do not claim that the enhanced threshold found
here should be considered as a universal value, but we rather want to raise the
attention that a careful examination of the mixed layer base is required in order to
associate it with the vertical MLE scale.

Since climate models are still not able to resolve submesoscale eddies and since
they will not be able to do so in the near future, we also examined how well param-
eterizations for submesoscale baroclinic instability are able to capture the detected
MLE fluxes. To this end, we diagnosed the vertical and horizontal density gradi-
ents at 45 mixed layer fronts to derive parameterized eddy fluxes from two differ-
ent parameterizations. The first parameterization, ALS, is based on linear stability
analysis following Stone (1966) and the second, PER, is based on a potential energy
release following Fox-Kemper et al. (2008). Both parameterizations differ in their
dependence on the Richardson number: 9'b’ « v/1+Ri, Wb’ « 1+ Rl (ALS)
and 9D’ « Ri!, Wb’  Ri® (PER). They also differ regarding the vertical profile
of the cross-front buoyancy fluxes. Here, PER suggests a parabolic shape and ALS
suggests a vertically constant flux. However, both parameterizations have the same
dependency on a parameter « = M?/f2 (e.g. Briiggemann and Eden, 2014) that is
a non-dimensional coefficient determining the strength of the buoyancy front.

Overall, we find that both parameterizations capture the essential features of
the overturning process at the depicted fronts and correctly determine the or-
der of magnitude of the diagnosed fluxes. The major reason for the similarity
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of both parameterizations is that they both predict the same dependency of the
eddy fluxes on «. Since the x-dependency involves a larger exponent compared
to the Ri-dependency, the eddy fluxes are more sensible regarding variations of «.
Our analysis shows that this dependency on « is relatively well-matched. There-
fore, both parameterizations predict the diagnosed eddy fluxes in general relatively
well.

However, differences of both parameterizations regarding their Ri-dependency
also leads to differences of the performance of both parameterizations. Overall, we
conclude that PER better captures the diagnosed fluxes if all points of the domain
are taken into account. Once, however, the domain is filtered by selecting only
regions with smaller Richardson number, the performance of ALS substantially
increases and becomes even better than that of PER. We also find that the vertical
profile of the lateral eddy fluxes is rather constant over large parts of the mixed
layer and is therefore better matched by ALS.

In non-frontal regions, such as eddies, both parameterizations sometimes over-
estimate the MLE fluxes (see Sec. 2.4.2), despite that the length of the perimeter
and the size of the eddies would allow for the development of submesoscale eddy
fluxes and ICON-SMT to resolve them. Identifying the driving mechanism of this
discrepancy remains a topic for future investigation.

Overall, we can summarize the following main conclusions of this study:

¢ ICON-SMT with a resolution of less than 1km over large parts of the North
Atlantic can successfully simulate mixed layer submesoscale eddies.

* Once submesoscale processes are resolved in ocean models, there is an in-
crease of the variability not only on the kilometer scale of submesoscale ed-
dies but also on larger scales. The enhanced variability is in better agreement
with observations from established and novel satellite missions compared
with a coarser model configuration.

* Once submesoscale processes are resolved, submesoscale eddies lead to over-
turning of ocean fronts, re-stratifying these fronts and providing a downward
buoyancy flux.

* The depth scale of MLEs is not matched by the mixed layer depth identi-
tied from simple density criteria (de Boyer Montégut, 2004) if a frequently
used density threshold is used. Once the threshold is adjusted, however, the
method can successfully estimate the vertical extent of MLE fluxes. It remains
to be shown, if the adjustment applied here is universal or if other regions or
seasons require different thresholds as well.

* MLE fluxes determined from time filtering are qualitatively similar compared
to those obtained from a spatial filter. However, the latter are systematically
smaller in magnitude which points to more carefully depicting the spatial
filter length scale.

¢ Parameterizations for MLEs can capture the effect of the mixed layer over-
turning within an accuracy that lies within an order of magnitude.

e Both parameterizations differ with regard to a dependency on the non-di-
mensional Richardson number. If the entire Richardson regime is considered,
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PER seems to better match the diagnosed dependence. For the low Richard-
son regime, in contrast, ALS seems to better match the Richardson depen-
dence.

* PER uses a higher order polynomial as structure function for the vertical
eddy fluxes. This appears to be more appropriate than the structure func-
tion suggested by Stone (1966) and used for ALS since the former suggests
strong re-stratification at the mixed layer top and bottom — a feature that we
frequently observe at many ocean fronts.

¢ The vertical profile of the cross-front eddy fluxes, in contrast, appears to be
closer matched by the profile suggested in ALS. Nevertheless, we note that
the diagnosed eddy fluxes often show deviations from the constant structure,
potentially caused by Ekman buoyancy fluxes.

® The strength of the eddy fluxes in both parameterizations is strongly de-
termined by the non-dimensional parameter «. Here, both parameterizations
have the same dependency and we note that this dependency is well matched
once we compare parameterized and diagnosed eddy buoyancy fluxes.

Realistic model simulations of kilometer-scale resolution will become more and
more frequent in the future. Our study showed that those simulations are superior
in producing small-scale variability compared with simulations applying spatial
resolutions of O(10 km) (the so-called eddy resolving configurations). Furthermore,
we show in this study that such simulations are well able to capture submesoscale
eddies and the associated overturning at upper-ocean density fronts. They will
therefore become a powerful tool to study submesoscale processes under realistic
conditions for a variety of applications.

Although the availability of submesoscale resolving simulations will increase,
there will also still be the requirement for submesoscale eddy parameterizations,
in particular in coupled climate models. We demonstrated that submesoscale eddy
resolving simulations like ICON-SMT can identify where existing parameteriza-
tions are successful and where they might require improvements.
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2.6 APPENDIX A
MODEL VALIDATION
Spinup bias in SST

The correct position of the Gulf Stream and the location where it separates from
the coast is a frequent bias in ocean models. Here, we briefly discuss the SST bias
of ICON-SMT by comparing a monthly mean of simulated SST with observational
data from Modis-Aqua satellite (see Fig. 22). Since mesoscale features do not aver-
aged out within a month, an evaluation of this time period implies locally larger
biases. We note that the Gulf Stream detaches to far north, which leads to a warm
bias northern and to a cold bias southern from the mesoscale Gulf Stream front.
Such biases lead to strong non-physical sensible heat fluxes since the these fluxes
depend on the ocean-atmosphere temperature difference. However, a similar bias
is commonly observed in other high resolution models, see e.g. Chassignet and
Marshall (2008). Note that the bias is comparatively small in our study area which
is slightly south of the Gulf Stream and North Atlantic Current front (see rectangu-
lar in Fig.7). Note further that this bias is inherited from the coarser model spinup
since the integration time of a couple of weeks of ICON-SMT is too short for any
major adjustment of that bias.
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Figure 22: The SST bias between the SMT-Model and the Modis-Aqua Satellite product
TicoN—sSMT — TModis—Aqua- Here the monthly mean of March 2010 is evalu-
ated on a 0.1° regular grid.

APPENDIX B

DIAGNOSING EDDY FLUXES

Eddy fluxes derived using spatial and temporal filtering

This section compares eddy fluxes derived from spatial filters with those derived

from temporal filters. In both methods, the filter is used to define a mean quan-
tity ¢ that is used to derive a fluctuating or eddy quantity by ¢’ = ¢ — ¢. For
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the temporal filter, we use one week and for the spatial filter a length scale of
30km. For consistency when comparing both methods, we average the spatially
filtered fluxes over a week, and we smooth the temporally filtered fluxes with the
same spatial filter. Figure 23a and b show stronger vertical buoyancy fluxes with
temporal filtering (see also the sections in Fig. 17b and c). A direct comparison
of the correlation of both fluxes (Fig. 23¢c) confirms that temporal filtering consis-
tently leads to stronger fluxes. However, it also shows a good correlation between
both methods indicating that either could be used to estimate eddy fluxes once
appropriate scaling coefficients are depicted.
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Figure 23: The vertical buoyancy flux calculated with a spatial (a) and temporal (b) filter.
For comparison, the field (a) is additionally averaged over the entire week, and
the field in (b) is spatially averaged. Both fields are averaged over the mixed
layer. The correlation of both eddy fluxes is given in (c).

Choice of overturning stream function

Fox-Kemper et al. (2008) suggest using the Held-Schneider streamfunction {J =
W'b//M? that is based on the vertical eddy fluxes following Held and Schneider
(1999) to describe MLE overturning instead of Eq. (7). However, we find that this
version can become problematic in realistic model applications with strongly vary-
ing isopycnal slopes. In regions with vanishing lateral density gradients, the Held-
Schneider streamfunction can take very large values that require compensation
by residual fluxes (Plumbz2005). Specifically, in ‘non-frontal’ regions M? tends to
decrease more rapidly than Wb/, resulting in an undefined streamfunction (see
Fig. 24). An alternative formulation, following Andrews and McIntyre (1976), de-
fines the streamfunction as 1 = 9/b’/N2. This form also becomes undefined when
N2 = 0, a situation that is likely to occur within the mixed layer. Interestingly,
we rarely find occasions of vanish N? at ocean fronts when considering time-
averaged fields, probably as a consequence of submesoscale eddy re-stratification
(see Fig. 24). To avoid these complications of vanishing lateral or vertical gradients,
we decided to use the full streamfunction as defined in Eq. (7) but we would like
to note that this streamfunction is often determined by the cross-front eddy fluxes
and therefore resembles that of Andrews and McIntyre (1976).

In Fig. 15, we show horizontal averages of key parameters, eddy fluxes and over-
turning streamfunction for one of the 45 selected fronts that are used for evaluating
parameterizations. While this front is similar to many other fronts, there are also
some fronts that behave rather similar. In Fig. 25, we show the same horizontal aver-
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Figure 24: Comparison of streamfunction formulations applied to diagnosed fields of front
F1: the “full” formulation following Andrews and McIntyre (1978) (a), the formu-
lation by Held and Schneider (1999) (b), and the formulation following Andrews
and McIntyre (1976) (c).

ages as in Fig. 15 but this time for all 45 fronts. A notable difference from idealized
studies is that we observe a surface intensification of the cross-front eddy flux for
most of the fronts. This cross front flux can presumably be associated with Ekman
buoyancy fluxes. Furthermore, we also frequently observe fronts where strongly
varying vertical stratification. For some fronts this results in arguably mixed layer
depth determinations even with the adjusted threshold. However, these latter cases
remain the exception.

APPENDIX C
PARAMETERIZATIONS OF MIXED LAYER EDDY FLUXES
Comparison to recent MLE evaluation

In this section we apply the methodology of Uchida et al. (2022) to our simulation
(around the Gulf Stream separation region) and extend it to include ALS. Figure 26
shows the diagnosed and parameterized spatial median vertical eddy fluxes, along
with parameterized fluxes and time-dependent tuning coefficients. Both parame-
terizations capture the median vertical eddy flux, with PER showing slightly better
agreement than ALS. Compared to the models in Uchida et al. (2022) (their Fig. 6),
ICON-SMT produces diagnosed vertical eddy fluxes about an order of magnitude
stronger than most models (5 out of 7), but in closer agreement with two of the
higher-resolved models, namely, LLC4320 and FIO-COM32.

The tuning coefficients for vertical eddy fluxes (Tab. 3) differ by an order of mag-
nitude to those in Uchida et al., 2022 (note that Uchida et al. (2022) investigate a
domain slightly north-west to ours which encloses large parts of the Gulf Stream,
where the MLE fluxes are substantially stronger than in our domain but probably
also contaminated by mesoscale eddy fluxes). Furthermore, these coefficients devi-
ate significantly from those derived in the previous section (especially when time
filters are applied) and from values reported in earlier studies (e.g. Fox-Kemper
et al., 2008; Briiggemann and Eden, 2015).

In this analysis, we use the MLD diagnosed with Ap = 0.2kgm~3, identified
to represent the effective vertical extent of MLE fluxes (see Sec. 2.3.3). Using the
common smaller threshold of Ap = 0.03kgm™3 produces fluxes with a similar
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Figure 25: Overview over all evaluated fronts (Part 1 on previous page). The location and
extent of each front are shown in Fig. 13. For visualization purposes, the optimal
tuning coefficient for each front has been calculated. To assess the variation, the
scaling (indicated in red) between the individual tuning coefficients and the
overall tuning coefficient (see Tab. 1) is computed. Note that, due to the wide
range of maxima and minima, the limits have been adjusted individually for
each front.
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Figure 26: Time series of the spatial median of the submesoscale vertical buoyancy flux
averaged over the MLD and its prediction from the MLE parameterizations dur-
ing a single week in March, adapted from Uchida et al. (2022). The prediction
with temporally varying C(t) is shown in blue and orange solid curves and with
a temporally averaged (constant) C in blue and orange dashed curves. Note the
secondary axis to the right with a tuning coefficient for C(t) for ALS and PER
in dotted blue and orange lines, respectively.

study area Cper Cais
Wb’ [m?/s3] R 0.002872  0.011148
Wb’ [m? /s3] their 0.005629 0.023526

Table 3: Tuning coefficients Cper and Cyjs for the lateral and vertical buoyancy flux of both
parameterization PER and ALS in our study area (see red rectangle in Fig. 7) and
their study area (Uchida et al., 2022).

magnitude, but the far shallower mixed layer leads to a substantial increase of
the tuning coefficients. Inaccuracies in determining the vertical extent of MLEs
therefore have a strong effect on estimating the tuning coefficients. This could be
a potential reason for the large variability in tuning coefficients found across the
models configurations used in Uchida et al. (2022) (e.g. the surprisingly shallow
MLD in LLC4320 noted by Uchida et al. (2022)).
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IMPACT OF TIDES AND EDDIES ON OCEAN ENERGY
SPECTRA IN A SUBMESOSCALE RESOLVING SIMULATIONS
OF THE SOUTH ATLANTIC

This chapter is a reprint of the manuscript Epke, M., Briiggemann, N., (2025):
“Impact of tides and eddies on ocean energy spectra in a submesoscale resolving
simulations of the South Atlantic”, currently in preparation for submission.

ABSTRACT:

Comprehending how submesoscale dynamics and their potential interplay with
tides affect climate models is challenging due to their small scales and high com-
putational demands. To address this challenge, our approach integrates modelling
and observational methods. In this study, we investigate the impact of internal
tides, eddies and submesoscale currents on the frequency energy spectrum of the
ocean. To this end, we apply a novel simulation with telescopic grid refinement
to achieve a horizontal resolution finer than 600 m over large regions of the South
Atlantic. This refined resolution allows us to accurately capture submesoscale tur-
bulence and a relatively large part of the internal wave spectrum under realistic
atmospheric conditions. By comparing simulations with and without tides, we
find that without tidal forcing there is significantly less energy at the high fre-
quency end of the spectrum. Energy levels in the simulation without tides are not
only diminished at the well-defined tidal peaks but also in-between the frequency
bands between the peaks. This indicates that internal tides facilitate non-linear
interactions, such as wave-wave interaction and are therefore key to set the high-
frequent end of the energy spectrum. Additionally, the first three baroclinic modes
are visible in a frequency-wavenumber spectra, indicating that our model config-
uration resolves a large part of the internal wave field. Validation with mooring
and Pressure Inverted Echo Sounder data sets deployed over a two-year period in
the Walvis Ridge region indicates that the simulation with tides is more accurate
in terms of high frequency energy levels. We also note that the simulation that ap-
plies tidal forcing has still slightly too less energy in between the tidal peaks and
too pronounced peaks itself when compared with the observations. If compared
to a coarser model configuration, the situation is even more sever. We therefore
conclude, that our high-resolution model configuration can simulate parts of the
internal wave turbulence, but it is still not sufficiently high resolved to capture its
full magnitude.

3.1 INTRODUCTION
Ocean dynamics act on all spatial and temporal scales. Interactions between dy-

namics on very different scales are known to be essential in setting the large-scale
ocean circulation. Therefore, immense research efforts have been carried out to
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broaden our knowledge about smaller-scale ocean processes and their role for the
large-scale circulation. Often, such efforts are restricted to dynamics that operate
on the large to mesoscale regime since higher resolved observations and numer-
ical model simulations are sparse (McWilliams, 2016). In this study, we want to
bridge this gap by applying novel observational and modelling tools to assess the
energetics of processes acting on kilometer spatial scales and sub-daily temporal
scales.

The tool set that we employ ranges from satellite products of unprecedented
resolution from the new Surface Water Topography (SWOT) mission, state-of-the-
art Acoustic Doppler Current Profiler (ADCP) and Pressure Inverted Echo Sounder
(PIES) data deployed at locations where high-frequent, small-scale processes are to
be expected and a novel configuration of the ICON-O ocean model that allows to
refine the horizontal grid spacing up to sub-kilometer resolution. A similar ICON-
O configuration was proven of being able to resolve submesoscale dynamics (see
Chap. 2). However, here, we modify this configuration such that the focus area of
the grid with its highest spatial resolution is not in the North Atlantic but in the
South Atlantic above the Walvis Ridge.

The Walvis Ridge is known as a source of tidally forced internal wave beams
(Simmons et al., 2004), it is furthermore a place where strong mesoscale eddies,
the so-called Agulhas rings, cross (Biastoch et al., 2009) and where submesoscale
dynamics can be expected (Schubert et al., 2019; Schubert et al., 2020). Due to this
variety of processes taking place in this area, two research cruises were carried out
in April 2021 and April 2023 within the framework of the Collaborative Research
Centre TRR181, with the aim of observing this rich variety of dynamics and study-
ing their interactions. The model study applied here was designed to accomplish
the data of these two research cruises which are in the following referred to as
SONETT I and SONETT 1L

The Walvis Ridge region is therefore a hot-spot for many interesting dynamics
with very different characteristics and spatial and temporal scales. With the combi-
nation of observations and models, we aim to assess the spectral energy levels of
those processes and with dedicated sensitivity simulations, we anticipate to isolate
single dynamics and characterize their influence on the spectral energy.

The temporal scales of internal waves range between the inertial frequency f
and the Brunt-Viisild frequency N. Like all waves, internal waves have a dedi-
cated dispersion relation that relates the wavelength of a wave to its frequency.
While the wave length of so-called short internal waves are in the order of meters,
the wave length of long internal waves can be in the order of ten kilometers and
longer. Therefore, short internal waves will remain unresolvable for global ocean
models during the next decades. In contrast, many models can resolve long inter-
nal waves like the frequently discussed near inertial waves with periods close to
the Coriolis frequency, if hourly atmospheric wind fields are incorporated (Arbic,
2022; Lahaye et al., 2019). The aim of the underlying model configuration is also
to resolve intermediate-scale internal waves, which we refer to as waves whose fre-
quencies are already notable larger than the Coriolis frequency but which are still
in hydrostatic balance. Those waves demand a kilometer-scale spatial resolution
and are usually not resolved by global ocean models (Miiller et al., 2015; Arbic,
2022).
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Internal waves can have many sources, like e.g. barotropic tides interacting with
topography (Garett and Kunze, 2007), high-frequent wind-forcing (e.g. D’Asaro
and Perkins, 1984; Silverthorne and Toole, 2009) or interactions of geostrophic cur-
rents or eddies with topography to just name a few. For ocean models to success-
fully simulate the internal wave field, it is essential that the key sources for internal
waves like tidal forcing, high-frequent wind forcing and a vibrant turbulent eddy
field are represented in the ocean configuration (Miiller et al., 2015; Arbic, 2022).

A key challenge of investigating kilometer-scale and sub-diurnal processes is the
disentangling of the different dynamics acting on these scales (Olbers et al., 2012;
Biihler, 2014; McWilliams, 2016; Shakespeare et al., 2021). Submesoscale variability,
for instance, originates from symmetric, barotropic and baroclinic instabilities at
high Rossby numbers (Haine and Marshall, 1998; McWilliams, 2016, Mahadevan,
2016; Gula et al., 2021). Its spatial scale can be substantially smaller than the first
baroclinic Rossby radius (see Chap. 2) — a length scale that is usually associated
with mesoscale turbulence. Time scales for submesoscale instabilities are more dif-
ficult to estimate. From linear stability analysis one obtains that the maximum
growth rate of such instabilities can become close to the inertial frequency f and
smaller (McWilliams, 2016).

Although the frequencies of waves are larger than the growth rates of subme-
soscale eddies, a scale separation is difficult. This can be seen from the following
thought experiment: assume a train of alternating submesoscale eddies with di-
ameters of A = 1km within a moving current of U = 0.1 — 1ms~' current speed.
This eddy train will be recognized by a standing observer as a wave with a fre-
quency of f = 2mt/AU = 6 x 10*s~! —6 x 10735~ !. Thus, in particular for those
waves of the spectrum with frequency close to f, there is no clear scale separation
with submesoscale turbulence. Currently, there are some developments regarding
the separation of geostrophic motions and internal wave motions (Chouksey et al.,
2018; Shakespeare et al., 2021; Chouksey et al., 2023; Masur and Oliver, 2020) How-
ever, those methods are not yet in a state that they can be applied in realistic ocean
model configurations.

To nevertheless disentangle the different dynamical regimes, we employ dedi-
cated sensitivity experiments to isolate at least some of the processes. Our refer-
ence simulation, is one configuration with grid-refinement and tidal forcing and
we refer to it as ICON-SMT-Wave (more details regarding all configurations can
be found in the following section). Our reference configuration resolves the most
processes of all our model configurations. To separate the effect of tidally forced
waves, we run a sensitivity simulation that is identical to ICON-SMT-Wave but
without tidal forcing (ICON-SMT). Furthermore, we also aim to study the impact
of intermediate to high-frequent variability on longer time-scales and therefore,
we suppress submesoscale motions and large parts of the internal wave field by a
coarser model configuration with only 5km horizontal resolution. These different
sensitivity simulations allow to isolate different processes and their role for the
spectral energy distribution in the ocean. Therewith, the simulations accomplish
the observational data where such a disentanglement is not possible. These dif-
ferent model configuration and the observational data will be used to assess the
impact of different ocean dynamics on high-frequent ocean variability.
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The paper is structured as follows: We begin by introducing the observational
and model data, showcasing the differences in the variability of the model con-
figurations in Sec. 3.2. This is followed by a detailed description of the methods
used to derive spectral estimates from remote sensing, in situ measurements, and
simulations (Sec. 3.3). The results are presented in Sec. 3.4, with the discussion and
conclusions provided in Sec. 3.5.

3.2 OBSERVATIONAL AND MODEL DATA

Since we are interested in high-frequent dynamics associated with high-frequent
variability and since those high-frequent motions usually operate on small spatial
scales, there is a strong demand on a high-spatial and temporal resolution of the
data that can be used for such a study. To meet this requirement, we make use
of the latest efforts in numerical modelling and remote-sensing techniques, but
we also use well-established observational methods that allow for high temporal
resolution. This section is dedicated to a more detailed description of the data that
we apply by first discussing the observational data sets and then introducing our
novel numerical model studies.

Figure 27: Snapshot of relative vorticity over planetary vorticity in the Southeast Atlantic.
The study area of the SONETT cruises is marked by a large rectangle. Mooring
locations are indicated with red stars, while PIES instruments are positioned
near the eastern star. The red circle highlights the region included in the spec-
tral evaluation discussed in Sec. 3.4. Grey lines represent constant horizontal
resolution in the ICON-SMT-Wave model.
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3.2.1  SONETT campaign and SWOT satellite data

In this study, we incorporate two types of observations: novel remote sensing data
from the SWOT satellite and in-situ measurements from our own research cruise,
SONETT. The inclusion of in-situ observations is especially valuable, as SWOT is
a relatively new mission and its data is not yet fully calibrated. SONETT stands
for ‘Synoptic Observations - a Nested Approach to Study Energy Transfer and
Turbulence” in the Ocean in the Eastern South Atlantic/Walvis Ridge. The re-
search initiative, that was carried out within the Collaborative Research Center
TRR181, focuses on observing geostrophic motions, internal gravity waves, and
turbulence, conducted in parallel with the fast-sampling phase of the SWOT satel-
lite mission. Instrumentation included two moorings, an underway CTD system,
gliders, drifters, wave radar, microstructure turbulence measurements, and five
PIES. This study utilizes data from the moorings and PIES, which were deployed
in April 2021 and recovered in April 2023, providing a comprehensive two-year
observational dataset.

IN-SITU ADCP AND PIES MOORING DATA Two moorings equipped with AD-
CPs were deployed at locations M1 at 4.63°E, 32.19°S and M2 at 7.11°E, 32.7°S.
From the ADCP measurements we can reconstruct time series of horizontal kinetic
energy over a period of two years (April 2021-2023). Mooring M1 was configured
with 32 depth levels, starting at 32 m, with 8 m intervals between levels and a sam-
pling rate of 15min. In contrast, mooring M2 featured 16 depth levels, starting at
60 m, with 15 m intervals and a sampling rate of 30 min. To account for depth varia-
tions caused by strong currents, particularly near the surface, measurements were
interpolated to align with mean depth levels. Two red stars indicate the positions
of the moorings in Fig. 27.

The PIES’s were deployed in the vicinity of Mooring M2 as indicated in Fig. 27.
The bottom pressure signals from these instruments are used to reconstruct the
SSH anomalies and compared against the SSH output of the models." The sam-
pling rate is 15 min.

SWOT SATELLITE DATA The recently (2022) launched SWOT mission provides
an ideal tool to assess variability in our study area. SWOT’s Ka-band Radar In-
terferometer (KaRin) completes a global cycle every 21 days, and we selected 29
satellite tracks from a single cycle in March 2023 that overlap our study area (see
Fig. 27 and Fig. 29). SWOT captures data over two swaths, each approximately
60 km wide, situated on either side of the satellite’s ground track (SWOT, 2023). To
reconstruct the SSH from SWOT, we combine the mean dynamic topography with
the SSH anomaly. Additionally, we incorporate higher-order processed datasets
with noise reduction; for further details see (SWOT, 2023). Note that the simu-
lated and observed periods differ, with the simulation representing March 2020
and the SWOT data corresponding to March 2023. Using the same methodology
as outlined in Sec. 2, we evaluate the SWOT along-track spectra against our ICON
configurations.

Note, that also the output generated at the sea bottom could be used to have a more direct compari-
son.
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3.2.2  The ICON-O SubMesoscale Telescope with tides

For this study we make use of the ICON SubMesoscale Telescope (ICON-SMT)
configuration. In Sec. 2, the model’s ability to resolve submesoscale turbulence was
validated through comparison with observations, see Chap. 2. Key adaptations for
this study include the following;:

1. The focus area of the grid was shifted from the North into the South Atlantic
such that the refined part of the grid aligns well with two research cruises
of the observational SONETT campaign carried out in April 2021 and April
2023 (see Fig. 27 for the study area and the grid refinement).

2. The vertical model levels were altered to have a higher resolution at inter-
mediate and deeper levels to better represent interior wave dynamics. SMT-
WAVE employs in total 128 vertical levels, with dz < 12m vertical spacing
in the upper 200m and with dz < 50m within the main pycnocline and
dz < 200 m in the deep ocean.

3. The model spin-up was performed using the global ICON-R2Bg configura-
tion with a horizontal resolution of 5km, an improvement over the ICON-
R2B8 configuration with 10 km resolution used in Chap. 2.

4. Tidal forcing can be optionally activated.

A number of experiments have been conducted to determine the influence of tidal
forcing and model resolution. These included:

* A one-year simulation with tidal forcing ICON-SMT-Wave)
¢ A four-month simulation without tidal forcing (ICON-SMT)

* A reference year simulation using the spin-up configuration with tidal forc-
ing and a uniform 5 km horizontal resolution (ICON-R2Bg-Wave).>

The simulation period (July 2019-2020) is shorter than the two-year observation
window (April 2021-2023) due to computational limitations. Additionally, the sim-
ulation was set in a different year to accommodate constraints on computational
resources, storage capacity, and the availability of reanalysis products required for
model forcing.

A first impression, regarding the different dynamics represented by the differ-
ent model configurations, can be obtained from the local Rossby number in the
mixed layer (Fig. 28a, ¢, e, g) and the vertical velocity at 1000 m depth (Fig. 28b, d,
f, h). Here, the Rossby number is used to illustrate the presence or absence of tur-
bulent motions and the vertical velocity is used to illustrate the presence of wave
dynamics.

2 Although the resolution of this configuration is nearly ten times coarser to ICON-SMT, it is still high
compared to typical climate models with typical resolutions of 25km-10 km.
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Figure 28: Snapshot of the relative over planetary vorticity at 50 m (left) and the vertical

velocity at 1000 m (right). While the first two rows show ICON-SMT-Wave in
winter (a,b) and summer (c,d), the lower two rows are different model configu-
ration: Without tidal forcing ICON-SMT (e,f) and without submesoscale resolv-
ing resolution ICON-R2Bg-Wave (g,h).
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The configurations exhibit significant differences across both fields. Enhanced
submesoscale activity is observed during local winter in the simulations with grid
refinement, no matter if tides are activated (ICON-SMT-Wave, Fig. 28a) or not
(ICON-SMT, Fig. 28e). However, the submesoscale motions have a strong seasonal
cycle and are substantially stronger in boreal summer (Fig. 28a) compared to bo-
real winter (Fig. 28c). In the coarser ICON-R2Bg-Wave with only 5km horizontal
resolution, submesoscale dynamics are absent (Fig. 28g). Ageostrophic motions
are particularly pronounced at ocean fronts, as exemplified by the prominent front
observed towards the Southern Ocean (e.g. along 37.5°S during local winter, see
Fig. 28a,e).

From vertical velocity fields, a clear imprint of tidal motions is evident in all
simulations with tides (Fig. 28b, d, and h). This manifests as coherent wave fronts
with a wavelength of approximately 180 km and a semi-diurnal frequency running
from north-west to south-east. This contrasts sharply with the configuration with-
out tidal forcing, where such coherent wave fronts are absent (Fig. 28f).

Additionally, we find that the tidal signal becomes blurry in regions of strong
negative vorticity, indicating interactions between waves and vortices (e.g. Kunze,
1985). The velocity fields are extremely rich in scale variability, as shown in Fig. 28.
Beyond the dominant tidal signal, smaller-scale wave patterns are evident—for ex-
ample, in the upper right of Fig. 28d, or at even smaller scales near the edge of the
large eddy in the upper right of Fig. 28f. It is evident that all three different model
simulations provide a rich variety of different dynamics that will be discussed in
more detail in the following.

3.3 DERIVING ENERGY SPECTRA FROM OBSERVATIONAL AND MODELLING
DATA

WAVENUMBER SPECTRA FROM SWOT DATA For comparison with SWOT, the
data from the unstructured ICON grid configurations is mapped to the satellite
tracks. Satellite tracks with data gaps exceeding 15% are excluded (see Fig. 29),
while the remaining tracks typically have gaps of less than 1%. These are filled
with linear interpolation. The SSH fields from ICON-SMT-Wave and ICON-R2Bg-
Wave are interpolated onto the satellite tracks and times, treating each track as a
snapshot. Given the differing resolutions, ICON-R2Bg-Wave (coarser) is mapped
to a subsampled satellite track with a resolution of 5km, while ICON-SMT-Wave
is mapped directly to match the satellite track resolution. Each track consists of
69 realizations, which are used to compute individual spectral estimates. These
estimates are then averaged to produce a robust spectral estimate for each track.
The results are shown in Fig. 29. For all spectral computations in this study, we use
the Python package xr¥T (Fourier Transform for xarray). Standard spectral analysis
techniques, including linear detrending and the application of a Hanning window,
are also employed.

FREQUENCY SPECTRA FROM ADCP DATA To evaluate the variability in horizon-
tal kinetic energy, we derive spectra from both model configurations and ADCP
measurements. While the moored ADCPs provide data at fixed locations over a
two-year period, the model generates full spatial fields but is constrained by re-
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source limitations, restricting the timespan. Individual Agulhas rings can signifi-
cantly influence the signal on monthly to seasonal timescales. For example, a four
month timeseries at a single location would be dominated by an Agulhas ring
which takes roughly two-three month to pass. To address the constraints of the
relatively short simulation runtime, we derive the spectra not only at the mooring
locations, but for all points within a 10° radius around the mean mooring location
(indicated by the red circle in Fig. 27), gridded on a regular 0.1° grid (in total, we
derive spectra for 31408 points). Finally, we average each estimate of the power
spectral density that we obtained for each point to derive a robust mean spectrum
from the model data.

A sensitivity analysis indicates that a one-year time series is relatively insensitive
to the size of the averaging region (we test 1 —5° and 10°; not shown). For shorter
time series, we noted some sensitivity to the domain size (not shown) and therefore
always applied the largest domain once those shorter time series were analyzed.

To obtain a robust spectral estimate of horizontal kinetic energy from the ADCP
measurements, a slightly different approach is employed. Given the availability of
approximately two years of time series data, the dataset is divided into 24 indepen-
dent monthly time series3. Measurement gaps are filled using linear interpolation.
Additional realizations are generated by subsampling the ADCP time series that
has a frequency of 15min (M1) and 30min (M2) to match the model’s sampling
frequency of one hour. Furthermore, measurements from neighboring depth levels
(e.g. for the evaluation of the 100 m level the depth measurements from 98, 108m
are combined for M1; and 96, 104, 112 m for M2) are included to enhance the ro-
bustness of the spectral estimate at a specific depth. The spectral estimates for the
kinetic energy are given in Fig. 30.

FREQUENCY SPECTRA FROM PIES DATA A slightly modified procedure is used
to derive spectral estimates from the measurements of all five PIES. The measure-
ment period is divided into two separate one-year intervals, and the original sam-
pling frequency of 15min is downsampled to match the model’s one-hour sam-
pling frequency. Finally, the spectral estimates from all five instruments are aver-
aged to produce a single composite spectral estimate, see Fig. 31.

FREQUENCY-WAVENUMBER SPECTRA FROM MODEL DATA Another method
for detecting internal wave signals is to analyze the frequency-wavenumber spec-
tra, for other example see (e.g., Qiu et al.,, 2019; Cao and Jing, 2022; Lahaye et
al., 2019; Arbic, 2022). In this study, we evaluate sea surface height (SSH) over a
20° x 20° regular grid spanning approximately three weeks. We apply a 3D fast
Fourier transform (3D FFT) to the temporally detrended SSH and reduce the sec-
ond spatial dimension by binning and averaging over wavenumber kj,. Thus, we
obtain a power spectral density estimate of the frequency-wavenumber of the SSH,
presented in Fig. 32.

Note that this increase in realizations is necessary to reduce the noise at the high frequency end of
the spectrum which is essential for an evaluation of the internal wave band.
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Figure 29: (a) SSH anomaly of along SWOT satellite tracks. (b) Along-track SSH anomaly
wavenumber spectra derived for the SWOT data shown in (a) and for the
tidally forced ICON-SMT-Wave and ICON-SMT-R2Bg configurations, which
were mapped to the tracks of the SWOT satellite. Averages across all tracks
for both satellite and model data are shown in the figure: the blue line repre-
sents ICON-SMT-WAVE, the green line represents ICON-R2Bg-Wave, and the
red lines correspond to SWOT. The dark red line specifically denotes the noise-
filtered SWOT signal. Lines with weak opacity indicate spectra of single tracks.
Note that, we evaluate a snapshot in March 2019 (ICON configurations) with
SWOT observations in March 2023.

3.4 IMPACT OF DIFFERENT DYNAMICS ON OCEAN ENERGY SPECTRA

In this study, we assess energy frequency and wave number spectra from observa-
tional and model data. By comparing the spectra of the different sensitivity exper-
iments, we will analyze how the represented dynamics affect parts of the energy
spectra.

3.4.1  Comparison with SWOT

The mean spectra averaged over all tracks for SWOT, ICON-SMT-WAVE and ICON-
R2B9-WAVE simulations are shown in Fig. 29. Overall, we find a strong agreement
between both ICON configurations and SWOT. Differences at the high-frequency
end of the spectra can be attributed to the respective noise floors of each dataset.
For wavelengths between 300 km > A > 10km we find a slope closer to —11/3 than
to —5, thus in closer agreement with surface-quasi-geostrophic theory rather than
quasi-geostrophic theory (Lapeyre et al., 2006; Capet et al., 2008a; Arbic, 2022; Xu
et al., 2022). The noise-reduced dataset from (SWOT, 2023) refines the ‘raw’ signal
starting at wavelengths of 80 km and extending towards shorter wavelengths. With-
out the application of noise filters, the observed energy levels deviate significantly
from both model configurations. It is important to note that the noise-reduction
process is still under development and should be interpreted with caution.
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3.4 IMPACT OF DIFFERENT DYNAMICS ON OCEAN ENERGY SPECTRA

The agreement between ICON-SMT-Wave and ICON-R2Bg-Wave is unexpected,
given the substantial differences observed in Chap. 2 between the 10 km reference
run and ICON-SMT. This indicates that ICON-R2Bg-Wave demonstrates signifi-
cantly better performance than the 10 km ICON configuration analyzed in Chap-
ter 2.

3.4.2 Continuous frequency spectrum

Few studies have had the opportunity to directly evaluate their submesoscale-
resolving models against in-situ observations. In this study, we are in the fortunate
position that we can do such a comparison.

COMPARISON WITH MOORED ADCPs The averaged frequency spectra for the
three model configurations and both moorings are presented in Fig. 30. At 100 m
depth and for periods ranging from weeks (2e~'[cpd]) to several hours (4[cpd]),
both simulations, ICON-SMT and ICON-SMT-Wave, are in good agreement with
the observations from the mooring ADCPs (see Fig. 30a). In contrast, the coarser
ICON-R2Bg-Wave has less energy on nearly all frequencies except the smallest
estimated frequencies and the diurnal and semidiurnal frequencies. The absence
of submesoscale energy at intermediate scales (between weekly and daily periods)
in the ICON-R2Bg-Wave compared to the high resolution model suggests a missing
inverse cascade. At the high frequency end of the spectrum, there appears to be
only energy at spectral peaks associated with tidal frequencies and their higher
harmonics. In between those peaks, the spectrum falls of.

In ICON-SMT which does not apply tidal forcing, the missing peaks for the tidal
frequencies and their subharmonics are directly evident. On frequencies at and
lower than the inertial period, the spectrum from ICON-SMT is relatively similar
to that from ICON-SMT-Wave, indicating that the missing tides do not play a major
role for the energy levels in the low frequency range. On frequencies higher than
the semi-diurnal peak, however, the spectra of ICON-SMT and ICON-SMT-Wave
differ more substantially. Not only are the tidal peaks missing, as might be clear
from the setup of the simulations, the energy spectrum of ICON-SMT is lower on
all frequencies below the semi-diurnal frequency.

Observed kinetic energy spectra typically show a continuum of internal wave
energy extending to high frequencies and high vertical wavenumbers (Garrett and
Munk, 1975; Arbic, 2022). ICON-SMT-Wave appears to provide a significantly im-
proved representation of this continuous spectrum at high frequencies, where en-
ergy levels fill in between the peaks. This contrasts sharply with the 5km model,
which only exhibits discrete tidal peaks and subharmonics. Since the internal grav-
ity wave continuum is thought to arise from nonlinear interactions between in-
ternal gravity waves (Arbic, 2022), this suggests that ICON-SMT-Wave captures a
larger fraction of these dynamics than ICON-R2Bg.
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Figure 30: The frequency spectra of the horizontal kinetic energy from three ICON con-
figurations and two moorings (M1, M2) at 98 m depth (a), in the upper ocean
up to 200m depth (b) and in the deep ocean (c). Note that the kinetic energy
of ICON-SMT has an output every 2 h instead of 1h for ICON-SMT-WAVE and
ICON-R2B9-WAVE. For the evaluation, all model points within a radius of 10°
radius around the mean Mooring location (Fig. 27) are gridded to a 0.1 degree
grid and the individual spectra are averaged to obtain the mean spectra shown
here. The Coriolis frequency is represented by a red dashed line, while the
first tidal constituents are shown as grey dotted lines. Additionally, the spectral
slopes of -2 (dashed) and -3 (dotted) are included.



3.4 IMPACT OF DIFFERENT DYNAMICS ON OCEAN ENERGY SPECTRA

Moreover, achieving a —2 slope in the high-resolution models is critical for con-
sistency with theoretical predictions and observational data (Ferrari and Wunsch,
2009; Xu et al., 2022). High resolution appears to be essential for accurately captur-
ing the energy cascade and maintaining agreement with these benchmarks.

Except for the surface layer, which seems more energetic, we observe similar
spectra at 50 m, consistent with observations, as shown in Fig. 30b. At greater
depths, the slope of the ICON-SMT-Wave spectrum beyond diurnal frequencies
approaches a -3 slope rather than the expected -2 slope (see Fig. 30c). This may
suggest that the energetic dynamics of the deep ocean are not as well represented
as those of the upper ocean.

COMPARISON WITH PIES The model and observational frequency spectra of
the SSH are shown in Fig. 31. At periods ranging from several months to days,
we observe a good agreement of the energy levels between all model configura-
tions and the observations. In all cases, the spectra follow a -3 slope. Although
we note slightly higher energy levels between periods from five to nine days in
the PIES spectrum. Near-inertial and tidal peaks, along with subharmonics, are
well-represented in the tidally forced model configurations ICON-SMT-Wave and
ICON-R2Bg-Wave, while ICON-SMT lacks these tidal peaks. ICON-SMT also ex-
hibits significantly lower energy levels at high frequencies and a slightly steeper
slope compared to ICON-SMT-Wave. Although ICON-R2Bg-Wave correctly repro-
duces the spectral peaks, its energy levels are much weaker and its slope is steeper
than that of ICON-SMT-Wave, resembling ICON-SMT more closely.

It is important to note that the noise floor of the PIES is reached at energy levels
below 107!, m? /s. At these levels, comparisons with the models are not reliable;
however, we can trust the spectral peaks that exceed this limit. It is apparent that
the models overestimate the spectral energy density for nearly all spectral peaks
(exceptions are the peaks at M2 + f and w = 7[cpd]) and they underestimate the
energy spectral density for frequencies in between the spectral peaks. These biases
might be an indication for too weak wave turbulence that distributes the energy in
spectral space from the peaks where it is forced to the neighboring frequencies.

For frequencies smaller than diurnal frequencies, there is a good agreement be-
tween the model and the PIES data. However, between frequencies corresponding
to six to nine days, the PIES data seems to be slightly enhanced. This might be a
consequence of the synoptic ocean state that can have a substantial influence on
the spectrum, in particular when Agulhas rings are crossing. For the model data,
the spatial averaging reduces the impact of the synoptic eddy field for the PIES
data such an averaging is not possible which is why this data might be stronger
contaminated.

Despite the described discrepancies, we nevertheless conclude that the SSH fre-
quency spectra of all model configurations are in relatively good agreement with
the observed SSH spectra from the PIES up to the semi-diurnal peak. For smaller
frequencies, a higher resolution and the tidal forcing become essential in reproduc-
ing the observed spectrum.
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Figure 31: Averaged sea surface hight frequency spectra from the different ICON configu-
rations and the PIES data. For the evaluation, all model points within a radius
of 10° radius around the mean Mooring location (Fig. 27) are gridded to a
0.1 degree grid and the individual spectra are averaged to obtain the mean spec-
tra shown here. The Coriolis frequency f is indicated with a red dashed line, the
sum of Coriolis frequency and M2 frequency f 4 M2 is depicted by a red dotted
line and the first tidal constituents are denoted by grey dotted lines.

INTERNAL WAVE SIGNALS IN SSH FREQUENCY-WAVENUMBER SPECTRA  We
present the frequency-wavenumber spectra of SSH for both ICON-SMT and ICON-
SMT-Wave (Fig. 32).

The imprint of tidal forcing on internal wave generation becomes immediately
evident when comparing the difference of ICON-SMT-Wave and ICON-SMT, see
Fig. 32d. A comparison of the model configurations reveals that tidal forcing
enhances energy levels at inertial f, semi-diurnal M2 and subharmonic frequen-
cies, as evident from the horizontal stripes in Fig.32b,c. The only exception is a
wavenumber band between 200 km-500 km, where we have more energy in the
model without tidal forcing. Note that the Agulhas have a related length scale.

Additionally, we observe increased energy between tidal frequencies when sub-
mesoscale dynamics are resolved (Fig.32e,f). This finding is consistent with our
previous results in Fig.31 and aligns with observations by (Lahaye et al., 2019).
The presence of tidal forcing appears to facilitate nonlinear wave-wave interactions,
leading to energy redistribution across scales.

We observe increased energy levels along frequencies and wavenumbers pre-
dicted by the dispersion relation in the tidally forced models (Fig. 32b,c). ICON-
SMT-Wave resolves the first three baroclinic modes of long waves, while ICON-
R2Bg-Wave captures the first two. Since this model configuration applies the hy-
drostatic approximation, it does not permit short waves (Olbers et al., 2012). In
the model configuration without tidal forcing, energy levels along the dispersion
relation remain elevated, particularly between M2 and 2M2, albeit much weaker
(Fig. 32a). This suggests the presence of internal waves generated independently
of tidal forcing, likely due to wind forcing or flow-topography interactions.
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Figure 32: The frequency-wavenumber w — k spectra of the SSH obtained from a 20° x 20°
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denoted by black dashed lines. Theoretical expectations of the first three wave
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We note small differences between our estimates of the dispersion relation and
the observed stripes of enhanced energy levels, which appear slightly steeper.
These differences may arise because we simplify the dispersion relation using
an estimated N and the first three vertical baroclinic modes, calculated as w,, =

\/ 24+ (N2k2)/(k% + m2) and my, = nm/H. A more accurate approach might in-
volve computing the characteristic N and solving the Sturm-Liouville problem to
obtain a better-fitting dispersion relation (Olbers et al., 2012).

3.5 SUMMARY AND CONCLUSION

In this study, we investigated ocean variability using a new configuration of ICON-
o, the SubMesoscale Telescope (ICON-SMT), alongside remote sensing and in-situ
observations. To disentangle the impact of submesoscale dynamics and tidal forc-
ing, we conducted a series of simulations, including ICON-SMT-Wave (with tidal
forcing), ICON-SMT (without tidal forcing), and ICON-R2Bg-Wave (with tidal
forcing but lower resolution). The variability of key quantities, such as horizon-
tal kinetic energy and sea surface height, was analyzed through frequency and
wavenumber spectra.

ICON-SMT-Wave demonstrates a remarkable agreement with observations across
all evaluations, although limitations due to instrument noise in the observational
data prevented a full evaluation across all scales, particularly at very high frequen-
cies in the SSH spectra. While ICON-R2Bg-Wave captured SSH variability reason-
ably well, its kinetic energy spectra revealed significantly weaker energy levels at
intermediate and high frequencies. This suggests the absence of energy cascades
to both larger and smaller scales, highlighting the critical importance of resolv-
ing submesoscale dynamics and including tidal forcing in accurately representing
ocean variability.

The key results of this study can be summarized as follows:

* Motions on the kilometer-scale are responsible to obtain a -2 slope in the
horizontal KE spectra as becomes evident from a comparison of the higher
resolved ICON-SMT-Wave with the coarser ICON-R2Bg-Wave, see Fig. 30.
Here the former agrees well with theory and observations while the spectrum
of the latter becomes to flat for higher wavenumbers as a result of the limited
resolution and the damping on the grid scale.

* In contrast, the comparison with SWOT reveals a consistent -11/3 slope in
the SSH wavenumber spectra across both model configurations and observa-
tional data, emphasizing that intermediate scales in the SSH variability are
less influenced by kilometer-scale motions (Fig. 29).

* Dynamics related to tides are essential for the energy levels towards the
high frequency end of the spectrum of SSH and KE, see Fig. 31,30. Here,
near inertial and tidal peaks as well as subharmonics are well represented in
the tidally forced model configurations but absent in the simulation without
tides (Fig. 31).

e Tidal forcing not only improves the realism of the spectra by reproducing the
expected tidal peaks and subharmonics but also by providing more energy
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to frequencies which are in between the peak frequencies (30). This suggests
that tidal forcing enhances non-linear interactions, such as wave-wave inter-
actions, which play a crucial role in redistributing energy across the spectral
space.

* The spectral peaks are overestimated by the model configurations and the
energy level in between the peaks is underestimated. While this effect is
strongly reduced in ICON-SMT-Wave it is more apparent in the coarser
ICON-R2Bg-Wave (Fig. 31). This points to missing wave-wave interactions in
both configurations but ultimately stronger in the coarser ICON-R2Bg-Wave
configuration.

* The reduced energy levels on daily to weekly frequencies in ICON-R2Bg-
Wave (Fig. 30), compared with ICON-SMT-Wave is most likely associated
with the missing submesoscale eddy field. From this one might conclude on
a submesoscale turbulent timescale ranging roughly from one to seven days
in the South Atlantic.

¢ Internal Wave signature in the frequency-wavenumber spectra. ICON-SMT-
Wave can resolve the first three and ICON-R2Bg-Wave can resolve the first
two baroclinic modes. Additionally, we find evidence for internal waves in
ICON-SMT, generated from wind and or topography.

Our results demonstrate that submesoscale-resolving models, such as ICON-
SMT, significantly enhance the representation of ocean variability, marking a major
step toward more realistic ocean simulations. In particular, these models capture
the crucial processes of energy cascades across scales, both upward and down-
ward. Additionally, we show that incorporating tidal forcing in such simulations
is essential. Furthermore, we demonstrate that our optimal model configuration,
ICON-SMT-Wave, can resolve the first three baroclinic modes. Additionally, we
highlight that the model exhibits an internal wave imprint even in the absence of
tidal forcing. Internal tides facilitate nonlinear interactions with mesoscale eddies,
which is crucial for energy transfer to both smaller and larger scales. This pro-
cess contributes to elevated energy levels at high frequencies, making tidal forcing
fundamental for accurately representing the wave continuum. Such sub-kilometer
scale models can therefore form an essential tool in better understanding high-
frequent dynamics in the ocean, and they can accomplish observations which are
often sparse in time or space.
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HIGH-FREQUENCY VARIABILITY GENERATED BY
MESOSCALE EDDIES INTERACTING WITH BATHYMETRY IN
A SUBMESOSCALE-RESOLVING SIMULATION OF THE
SOUTH ATLANTIC

This chapter is based on an early-stage manuscript titled Epke, M., Briiggemann,
N., (2025): “High-Frequency Variability Generated by Mesoscale Eddies Interacting
with Bathymetry in a Submesoscale-Resolving Simulation of the South Atlantic”.

ABSTRACT:!:

Agulhas Rings play a crucial role in the dynamics of the South Atlantic, partic-
ularly through their interactions with the Walvis Ridge. However, the influence
of mesoscale eddies, their interaction with bathymetric features, and their effects
on high-frequency ocean dynamics remain poorly understood, especially in real-
istic setups. To address this, we combine high-resolution numerical simulations
with telescopic grid refinement, achieving horizontal resolutions below 600 meters
across large regions of the South Atlantic.

Using an eddy-tracking algorithm, we investigate the evolution of three anticy-
clones interacting with bathymetric features, notably the Vema Seamount (rising
35 meters below the surface) and the Walvis Ridge (extending 8oo meters below sea
level where the eddies cross). We observe a significant interaction between a large
Agulhas Ring and the Vema Seamount, which leads to the redistribution of water
masses, a marked deepening of the mixed layer, and the generation of various pro-
cesses such as barotropic and baroclinic instabilities, and Lee waves. Hovmoller
plots reveal the presence of near-inertial waves and Lee waves generated by these
eddy-topography interactions.

By isolating eddies from the flow field, we derive energy frequency spectra for
the flow within and outside of Agulhas Rings. Inside these eddies, we observe
a notable shift towards higher power spectral densities—approximately an order
of magnitude larger greater—across both small and large frequencies. During an
interaction of an eddy with the Vema Seamount energy levels increase by three
orders of magnitude at intermediate and high frequencies. These findings provide
new insights into mesoscale-bathymetry interactions and their crucial role in shap-
ing high-frequency ocean dynamics in the South Atlantic.

4.1 INTRODUCTION

Mesoscale eddies play a crucial role in ocean dynamics by redistributing energy
across scales. As they propagate, these eddies interact with ocean topography, in-
fluencing the transfer of energy and the generation of high-frequency motions. In
this study, we investigate how ocean topography modulates energy redistribution,
with a particular focus on submesoscale dynamics and the generation of internal
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waves. Our study region provides an ideal test bed for exploring the interplay
between topography, mesoscale eddies, baroclinic tides, and internal waves.

The Agulhas Current system is a major component of global ocean circulation,
facilitating water mass exchange between the Indian and Atlantic Oceans (Tal-
ley et al.,, 2011). A defining feature of this system is the formation of Agulhas
rings—large mesoscale eddies shed at the Agulhas retroflection. Unlike typical
baroclinic instability-driven eddies, Agulhas rings are generated primarily by the
zonal momentum flux of the retroflecting Agulhas jet (Pichevin et al., 1999). These
rings are among the most energetic features in the global ocean and play a key role
in Agulhas leakage, transporting warm, saline Indian Ocean waters into the South
Atlantic, with substantial subsurface transport (Schouten et al., 2000; Richardson,
2007; Schmid et al., 2003). This process has significant implications for the At-
lantic Meridional Overturning Circulation (AMOC) and global climate (Biastoch
et al.,, 2009; Beal et al., 2011; Laxenaire et al., 2020). Additionally, Agulhas rings
influence regional ecosystems by affecting nutrient transport and plankton com-
munities (Krug et al., 2014; Guerra et al., 2022).

Beyond their role in interoceanic exchange (Schmid et al., 2003), Agulhas rings
strongly interact with bathymetric features such as the Walvis Ridge as they propa-
gate through the Cape Basin. These interactions generate energetic internal waves,
particularly lee waves, which are known to be prominent in this region (Nikurashin
and Ferrari, 2011). Lee waves play a crucial role in energy dissipation, acting as a
major sink for geostrophic currents (Ferrari and Wunsch, 2009; Musgrave et al.,
2022). Together with internal tides, these waves contribute to energy redistribu-
tion by facilitating breaking, turbulence, and mixing across the basin (Ferrari and
Wunsch, 2009; Nikurashin and Ferrari, 2013; Musgrave et al., 2022).

Recent studies have simulated lee waves and compared them with observations
of steady lee waves (Marez et al., 2020a), as well as evaluated their influence on
Southern Ocean circulation (Yang et al., 2021). However, studies of lee waves in
realistic ocean models remain sparse due to their inherently small scales. Few
model configurations can resolve these waves, and those that do have not been
extensively used to investigate their role in energy transfer. Additionally, previous
nested simulations have faced limitations, such as boundary condition constraints.
We demonstrate that our high-resolution model is capable of resolving lee wave
generation and propagation, providing new insights into how transient mesoscale
eddies generate and modulate lee waves as they interact with bathymetric features
like isolated seamounts and the Walvis Ridge.

Previous studies have shown that the SubMesoscale Telescope (ICON-SMT),
a novel model configuration utilizing continuous grid refinement, can resolve
kilometer-scale turbulence and is in remarkable agreement with both in situ and
remote sensing observations, see Chap. 3. These studies demonstrated that tidal
forcing and resolved submesoscale dynamics play a fundamental role in setting
energy levels at the high-frequency end (see Chap. 2 and Chap. 3). Additionally,
ICON-SMT effectively captures a large fraction of internal wave dynamics, mak-
ing it an ideal configuration for studying high-frequency processes in a realistic
environment.

In this study, we take a step further by disentangling the processes contribut-
ing to high-frequency variability, focusing on the impact of mesoscale eddies and
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indirectly triggered phenomena such as internal waves. This study focuses on
mesoscale eddies interacting with topography and their role in generating high-
frequency variability. We aim to disentangle the processes leading to enhanced vari-
ability, particularly the generation of submesoscale dynamics and internal waves
at topographic features. To achieve this, we employ two high-resolution model
configurations with grid refinement in the South Atlantic, enabling us to study the
evolution of mesoscale eddies and their interactions with topography. Previous
work has demonstrated that this model setup effectively resolves kilometer-scale
turbulence (see Chap 2 and Chap. 3). Addressing this gap is essential for improv-
ing our understanding of mesoscale-topography interactions and their broader
implications for ocean circulation and climate.

The paper is structured as follows: After a brief discussion of the model configu-
ration (Sec. 4.2), the eddy tracks and composition methods as well as the evolution
of six anticyclones are described in Sec. 4.3. In addition, the interaction of an eddy
with a seamount is highlighted in Sec. 4.4. The impact of mesoscale eddies on the
wave field is introduced in Sec. 4.5. Finally, we close with a conclusion (Sec. 4.6).

4.2 MODEL CONFIGURATION

In this study, we utilize the telescoping model configurations described in Chap-
ter 3, focusing on the South Atlantic region near the Walvis Ridge. In Sub-Mesoscale-
Telescope (SMT) model, the horizontal resolution varies between 530 m in the fo-
cus area and 11km away from this focus area (see Fig. 27 in Chap. 3 for more
details regarding the horizontal resolution). We employ the ICON-SMT configu-
ration, which is a four-month (July 2019 - October 2019) simulation without tidal
forcing, and ICON-SMT-Wave, a one-year (July -2019 -July 2020) simulation with
tidal forcing. In addition, a reference year simulation using the spin-up configu-
ration with tidal forcing and a 5km horizontal resolution (ICON-R2Bg-Wave) has
been carried out. SMT-WAVE employs in total 128 vertical levels, with dz < 12m
vertical spacing in the upper 200m and with dz < 50 m with the main pycnocline
and dz < 200m in the deep ocean. The model’s ability to resolve submesoscale
turbulence and a large part of the internal wave spectrum has been successfully
shown in Chap. 2 and Chapter 3.

4.3 EDDY TRACKS AND COMPOSITES

To study the behavior of the Agulhas rings, we develop a novel methodological
approach. First, we track the trajectories of the largest six anticyclones in the study
area using an eddy tracking algorithm®, see the tracks in Fig. 33. For each iden-
tified eddy, we perform a coordinate transformation to reposition the center of
the grid at the eddy core, ensuring that the eddy core remained consistently cen-
tered throughout the analysis. Next, we interpolate the data from the native model
grid onto a 0.01° regular grid, cropping a 5 x 5°-region centered around the eddy
core. We repeat this process for each time step, generating a sequence of spatial
fields that we concatenate to construct a four-dimensional composite dataset rep-

1 for details see the python package PYEDDYTRACKER from (Delepoulle et al., 2022)
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Eddy Tracks, 2019-08-11T16, vorticity at 5e+01m, land at 3332.3m
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Figure 33: Above a snapshot of the vorticity at 50m the Tracks of anticyclones (purple)
over a four-month period from July-October 2019 are shown. The grey shading
indicates sea floor topography at 3392 m. Note that the eddy tracking can fail
at single time steps and thus results in double labeling (e.g. eddy ID 4 and
8 describe the same eddy). The color limits of the vorticity are -1 and 1. The
section in Fig. 38 is indicated with a black line and two arrows.

resenting the eddy evolution over two months. A comparative snapshot of two
anticyclones is shown in Fig. 34.

For long-lived anticyclones, we observe a gradual weakening and reduction in
size as they propagate northwestward from their formation in the retroflection
region to the vicinity of the Mid-Atlantic Ridge (Fig. 33). Our findings align with
drifter observations reported by Richardson (2007), which indicate that Agulhas
rings become more circular and coherent over time. This evolution is particularly
evident in the vorticity field when comparing young eddies located east of the
Walvis Ridge with older eddies west of it (Fig. 33). Additionally, the tracks of
eddies IDO0, ID1, and ID5 support the observation by Schouten et al. (2000) that
eddies often cross the Walvis Ridge at its deepest point.

The characteristics of two anticyclones are presented in Fig. 34. These eddies
have notably higher energy levels compared with the background flow. Eddy IDo
exhibits a periodicity of approximately 5 — 6 days, consistent with previous obser-
vations by Schouten et al. (2000). East of the Walvis Ridge, the horizontal scale of
these eddies in the upper ocean spans between 1.8 —2.7° ~ 100 — 200 km. Both
eddies strongly displace the pycnocline downward by approximately 300 m and
therewith increasing the thickness of the upper-ocean mixed layer. Enhanced ki-
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Figure 34: A snapshot of anticyclones ID5 (2019-07-15, left) and IDo (2019-08-20, right)
showing stratification (top), kinetic energy (middle), and turbulent kinetic en-
ergy (bottom). Notably, Eddy IDo experienced strong interaction with the Vema
Seamount, resulting in a mixed layer depth extending up to 400 m. The red
dashed lines indicate the locations of the lateral and vertical sections. Black con-
tours represent constant values of SSH and density.

netic energies can be observed up to a depth of below 1300 m indicating the verti-
cal scale of these eddies. This agrees with observations by Casanova-Masjoan et al.
(2017), who reported eddy-driven penetration reaching up to 2000 m.

4.4 IMPACT OF BATHYMETRY ON ANTICYCLONES

The eddy track of IDo passes very close to the Vema Seamount, a solitary feature
that rises up to a distance of 35 m to the surface. This seamount is known to influ-
ence the pathways of Agulhas rings, often causing eddy splitting, as observed by
Schouten et al. (2000). In this simulation, we observe strong interactions between
the eddy and the seamount during the first three weeks of July 2019. These inter-
actions are clearly visible in the vorticity field (Fig. 35), where small vortices are
generated downstream in the lee of the seamount, forming a Kdrman vortex street
that is advected with the rotating eddy.

An analysis of the mean horizontal kinetic energy, evaluated at a single depth
level, reveals a significant reduction of approximately one-third over three weeks
(not shown). This indicates a substantial energy transfer into smaller-scale eddies
and potentially also into internal waves in regions with vertical density stratifica-
tion. Additionally, the interaction between the eddy and the seamount leads to
intense mixing, causing the mixed layer depth to merge with the depth of the py-
cnocline, as illustrated in Fig. 34. Given that the eddy penetrates nearly the entire
water column, we expect a range of dynamic processes to occur at different layers,
including the mixed layer, the pycnocline, and the deep ocean.

It is worth noting that other eddy tracks also interact with bathymetric features.
For example, Eddy ID5 crosses the Walvis Ridge, which rises to a depth of 1400 m
(Fig. 38). However, this interaction differs from that of the Vema Seamount due to
two key factors: (1) the eddy’s velocities are concentrated primarily in the upper
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(a) (b)
2019-07-17T17
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31.2°s
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Figure 35: Snapshot of the relative vorticity divided by the planetary vorticity (¢/f) at 52m
depth. The zoom in panel (b) on Eddy IDo reveals a Kdrmaén strait generated
in the lee of the eddy rim current hitting a seamount named “Vema’ crest. The
Vema crest at the upper right part of the eddy extents up to 35m below the
surface (indicated with a red circle)

400m, and (2) the ridge topography is elongated, whereas the Vema Seamount is
more cylindrical, which plays a critical role in the formation of the vortex street.

4.4.1  Impact on the eddy spectra

To evaluate how the eddies and their interactions with bathymetry influence vari-
ability, we analyze the spectra of several single eddies with and without topo-
graphic interaction. Therefore, we apply the derivation of spectral estimates de-
scribed in Chap. 3 to only those points containing eddies and to those points with-
out eddy activity. To isolate the eddy signal from the background flow, we apply a
spatial mask to the eddy composite. This mask encompasses a one-degree radius
around the eddy core, referred to as the ‘inside’ of the eddy. The mask is then in-
verted to define the ‘outside’ region, representing the background flow. Using the
two-month time series of the composite, we compute the kinetic energy spectra
both inside and outside the eddy. This allows for a detailed comparison of energy
distributions within the eddy core and the surrounding background flow.

In Fig. 36, we present the kinetic energy spectra for regions inside and outside
the eddy, comparing scenarios with and without topographic interaction. The spec-
trum of eddy ID5 (Fig. 36a) thereby appears to be characteristic for all six evaluated
anticyclones that do not show an interaction with the topography as strong as that
of IDo. Energy levels inside these eddies are significantly enhanced at mid and
high frequencies compared to the background (‘outside’ the eddy). This pattern
holds down to depths of about 1300 m; below this depth, the spectra inside the ed-
dies become increasingly similar to the spectra outside of the eddies. Interestingly,
energy is enhanced across the entire frequency spectrum within the eddies, rather
than being concentrated at their characteristic frequency, feqaay = 1/2(0xv — 0yu)
(Kunze, 1985) where u and v are the zonal and meridional velocities, respectively.
Moreover, we do not observe a pronounced shift in the effective frequency, defined
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Figure 36: Kinetic energy spectra inside and outside of the eddy, with Eddy ID5 (left) and
eddy IDo (right; see Fig. 33 for the individual eddy tracks). Note that Eddy
IDo is strongly interacting with the bathymetry (Fig. 35). The vertical structure
of of the stratification and kinetic energy for both eddies is shown in Fig. 34.
Tidal peaks, near inertial peaks, their sub-harmonics and eddy frequencies are
indicated by vertical lines. The black dashed line indicates a -2 spectral slope.

as with the zonal and meridional velocity u, v, respectively, or a strong impact on
the effective frequency ferr = f + feqqy suggesting that eddy dynamics influence
the spectral distribution more broadly rather than solely modifying specific fre-
quency bands. Notably, tidal peaks are also enhanced within the eddy, possibly
indicating enhanced tidal wave activity. Despite these energy enhancements, the
slope of the kinetic energy spectra remains largely unaffected by the presence of
the eddies.

Eddy IDo undergoes an intense bathymetry interaction, shown in Fig. 36b, and
exhibits a significant shift across all energy levels, which is O(1 — 2) orders larger
than the shift observed in EddyIDs5. Aside from the semi-diurnal peak, tidal peaks
are barely visible. Instead, the energy appears to be distributed across all scales, fol-
lowing a slope of approximately —2. We speculate that the interaction between the
eddy and the seamount triggers various processes such as mixing, submesoscale
eddies and wave generation. These processes likely result in a nearly continuous
energy spectrum, obscuring signals at specific frequencies associated with wave
generation.

An inspection of the IDo energy spectrum for the time period after IDo has
passed Vema crest, reveals that the energy spectrum of the eddy after the inter-
action closely resembles that of Eddy IDs5 (not shown). This suggests that the
seamount interaction enhances the energy cascade, particularly amplifying inter-
mediate and high-frequency components. However, this enhanced energy rapidly
diminishes once the eddy moves away from the seamount (not shown).

The coordinate transformation used to generate the eddy composites may intro-
duce a Doppler shift; however, we argue that this effect is minimal, as the eddies
translate slowly. A potentially more significant source of Doppler shifting arises
from relatively fast advection (Ferrari and Wunsch, 2009; Delpech et al., 2024),
such as eddy rotation. Here, the strong circular currents within the eddy may
contribute to frequency shifts in the spectra. However, when comparing spectra
computed ‘inside’ the eddy (fast velocities) with those ‘outside” (slow velocities),
we do not observe a frequency shift, particularly when examining the positions of
tidal peaks. This suggests that Doppler shift is not dominant in our spectral esti-
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Figure 37: Snapshots of vertical velocity from ICON-SMT (a) and ICON-SMT-Wave (b) at
1641 m. Red line indicate zonal and meridional section crossing the location of
seamount Vema at 8.36°E and 31.60°W.

mates. For a broader discussion on Doppler shift contamination, see (Ferrari and
Wunsch, 2009).

4.5 IMPACT OF EDDY-BATHYMETRY INTERACTION ON THE WAVE FIELD

In the previous section, we observed that eddies can generate small-scale vortices
when interacting with topography. Here, we examine topographically generated
waves caused by a passing anticyclone, which is likely given that eddy tracks fre-
quently cross both small and large topographic features, see Fig. 33.

4.5.1 Eddies can stimulate waves

To pinpoint wave generation types and locations, we analyze vertical velocities at
1641 m of both model configurations, see Fig. 37. The anticyclone IDo is placed
in the center, here shown at a time step, where the seamount Vema is inside the
eddy, see the red cross in Fig. 37 and Fig. 35. The figure captures overlapping large-
and small-scale patterns, suggesting multiple interacting processes across different
scales.

In ICON-SMT (left panel of Fig. 37), large-scale background waves propagate
from southwest to northeast. These waves have a frequency which matches the
near inertial frequency at 43°S and thus are most likely generated from storms
in the Southern Ocean. In contrast, in the tidally forced configuration ICON-SMT-
Wave (Fig. 37b), the dominant wave signal consists of waves originating from the
Walvis Ridge and moving southeast. A distinct tidal beam with a wavelength of
approximately 180km aligns well with observations and storm tide simulations
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(see Miiller et al., 2012, and see Fig. 37b). It is the M2 tide with a semi-diurnal
frequency. Snapshots across the water column reveal that these large wave patterns
are particularly strong between 1500 m and 2000 m.

On a smaller scale, we observe circular wave patterns radiating outward from
Eddy IDo (Fig. 37a). These waves propagate away from the eddy, appearing through-
out the water column. They also appear in the mixed layer, however with signif-
icantly weaker amplitude (not shown). These smaller waves originating from the
eddy rim, can also be found in the tidally forced configuration ICON-SMT-Wave.
Although here, they are more difficult to identify in the strong background wave
field dominated by the M2 tides (e.g. slightly below the red cross at 32.6° Fig. 37b).

Eddy IDo undergoes a strong interaction with the Vema seamount, as discussed
above and indicated in Fig. 35b. Waves appear to be generated primarily down-
stream of the seamount, where they are advected by the eddy currents while con-
tinuing to propagate outward (towards the west starting from seamount Vema,
along the zonal section indicates with a red line Fig. 37a). This wave signal is par-
ticularly pronounced during the three weeks when the eddy is directly interacting
with the seamount, as in this snapshot. Interestingly, other eddies also exhibit simi-
lar wave generation, for example see the circular pattern in the upper left corner of
Fig. 37a or close to the young Agulhas Ring with an elliptic shape in the lower right
corner Fig. 37a and Fig. 35a. For instance, eddies ID5 and ID1 produce comparable
wave patterns when crossing the Walvis Ridge (not shown in this snapshot). Eddy
IDo also continues to cause these waves after it passed the Vema crest at a later
stage of the simulation (not shown). However, in the latter examples, the waves are
significantly weaker, likely due to shallower bathymetry and weaker eddy currents
at these depths, see Fig. 34.

4.5.2  Wave patterns in layers of enhanced stratification

The eddies and the above mentioned wave signals can also be identified from the
vertical temperature gradient (see Fig. 38 for a section around the Walvis Ridge
and Vema seamount).

Note that in this figure, eddy IDs5 is sliced roughly in the center, while eddy ID1
is sliced at the outer rim, see Fig. 33. Several stratified layers are evident: (1) a thin
band with an enhanced temperature gradient at approximately 100 m indicates the
mixed layer base; (2) a broader, deeper layer with enhanced temperature gradient
represents the main pycnocline. The latter is stretched within the eddies. Finally,
we find (3) an additional region of enhanced stratification around 4200 m depth. A
snapshot taken a month later shows the eddies advancing toward the Walvis Ridge,
with eddy ID5 crossing the ridge and eddy IDo moving away from the seamount.
At this point, eddy IDo is sliced near its center, while eddy ID5 is cut at its outer
rim, see Fig. 33.

The seamount has a strong influence on the stratification of Eddy IDo, leading to
intense mixing, indicated by enhanced turbulent kinetic energy (not shown) and a
significantly deeper mixed layer compared to Eddy IDs, see Fig. 38a. An animation
of the section reveals wave dynamics across multiple scales, including fluctuations
of approximately 50m at the mixed layer base, at the pycnocline and in other
stratified layers, such as a distinct layer at 4200 m depth, highlighting active wave
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Figure 38: Snapshot of vertical temperature gradient for a section through the Walvis Ridge
and two anticyclones (IDo and IDs5). The section is crossing the Vema seamount.
A zoom from the surface to 1500 m (a) is shown along a full depth section during
interaction with the seamount (b) and a month later (c). Isotherms are indicated
with contour plots. The eddy positions are indicated with black vertical lines.
The Eddy closer to the Walvis Ridge has ID5 and closer to mount Vema IDo, see
also corresponding tracks in Fig. 33.

processes. Notably, wave patterns propagate outward from the eddy rims, partic-
ularly below the mixed layer and above 1000 m depth, in both eddies and in both
directions (as shown in Fig. 38). These patterns correspond to the smaller waves
observed in Fig. 37a. In the section depicting the vertical temperature gradient,
these waves become particularly evident within layers of enhanced stratification,
see the diamond pattern between the two eddies in Fig. 38a.

These wave patterns can also be inferred from vertical velocity, shown along the
same section, see Fig. 39. An additional analysis of the vertical velocity field at
two different time steps further illustrates the profound impact of eddies on the
dynamics throughout the entire water column (Fig. 39). The strongest velocities
are observed between 1500 m and 3500 m and near the seamounts, with the for-
mer indicating the baroclinicity of the flow. Notably, nearly vertical stripes appear
throughout the water column at the eddy rims, particularly pronounced in Fig. 39b.
The location of these vertical stripes coincides with the intense eddy velocities at
the eddy rim. The topography and the flow thus generate these strong velocities,
which extend throughout the water column.

The comparison between ICON-SMT and ICON-SMT-Wave shows significantly
stronger vertical velocities throughout the water column in the tidally forced model
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Figure 39: A snapshot of the vertical velocity section through the Walvis Ridge and two
anticyclones (IDo and IDs). The section is shown for ICON-SMT and ICON-
SMT-Wave at the same time step, a and c respectively. And an additional snap-
shot of ICON-SMT is given a month later (b). The section is crossing the Vema
seamount. Note the adapted color limits for ICON-SMT-Wave. The eddy posi-
tions are indicated with vertical red lines.

(Fig. 39a and c). The vertical velocity indicates that internal waves are reflected
near the surface. This pattern shows strong similarities to idealised simulations of
internal tide generation at a ridge, see e.g. (Musgrave et al., 2022).

4.5.3 Hovmoller Plots

To investigate the waves generated by the eddy-seamount interaction, we present
both zonal and meridional Hovmdller plots for the ICON-SMT and ICON-SMT-
Wave models in Fig. 40. The sections are indicated with red lines in Fig. 37. Addi-
tionally, we include the longitude and latitude of the core of Eddy IDo, tracked in
Fig. 33, showing its movement toward the Northwest. We observe strong pertur-
bations in the velocity field, highlighting the region of the highest eddy velocities,
roughly between 1° - 1.6° longitude, which coincides with the region of maximum
kinetic energy at 1641 m (Fig. 34). The Hovmoller plots reveal stripes with varying
inclinations, which may suggest different wave propagation speeds (fast vs. slow).

NEAR INERTIAL WAVES The steeper stripes, marked with green lines in Fig. 40c,
have a period of g cycles over 7 days. The phase indicates northeastward propa-
gation, which aligns with the findings from the animation and also Fig. 37a. The
frequency is slightly larger than the local near-inertial frequency (NIW) at 32°S.
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From the frequency and propagation direction of these NIWs, we derive that they
must originate from the Southern Ocean at roughly 43°S — a location with strong
storm activity. In the tidally forced model, the NIW signal is superimposed by
the tidal wave signal. From the inclination of the wave fronts, we infer a south-
eastward propagation of the waves, which is also consistent with the observations
from Fig. 37a.

STEADY LEE WAVES The Hovméller diagram also indicates a standing wave pat-
tern (visible as horizontal stripes that remain fixed in location for approximately
two weeks; see purple arrow in Fig. 40). As discussed above, this signal corre-
sponds to a standing wave that is caused by the eddy swirl velocity interacting
with the local bathymetry. It can also be identified from an animation of Fig. 37
(not shown). Such standing waves have also been reported in previous studies, e.g.
topographically-generated internal waves over the Charleston Bump in the Gulf
Stream (Marez et al., 2020a). Notably, the standing wave emerges only when eddy
IDo is nearby, indicating that it is induced by the eddy rather than the background
flow.

LEE WAVES In addition to the NIW signal, we observe waves originating from
the eddy rim propagating outwards in all directions (indicated by blue lines in
Fig. 40). These waves correspond directly to those observed in Fig.37a and Fig.38,
reinforcing our assumption that they are lee waves. On top of these larger beams,
we also detect a smaller wave pattern traveling along the individual beams, in-
dicated by yellow arrows in Fig. 40. However, it remains unclear whether these
patterns represent real waves or are artifacts arising from interference or other
model limitations, particularly when considering the temporal and spatial resolu-
tion constraints of the model.

GEOSTROPHIC ADJUSTMENT Internal waves can originate from geostrophic ad-
justment, a process in which the ocean responds to an initial imbalance by gener-
ating waves and adjusting to a new equilibrium state. In our simulation, all state
variables that are required to provide an initial state of ICON-SMT are interpolated
from the coarser simulation of ICON-R2Bg. Since this includes an interpolation of
the horizontal velocities, it can be assumed that those are largely in agreement
with the pressure field but also with the local forcing conditions. However, certain
features, such as the transition from coarse to fine bathymetry, may still induce
adjustment effects. An animation of the vertical velocity field at 1641 m shows
indeed some fast adjustment processes in the form of fast gravity waves. These
waves originate, however, rather from bathymetric obstacles than from characteris-
tic flow patterns like eddies. Notably, eddies such as ID5 do not emit waves during
the initial phase, indicating that their structure remains largely unaffected by the
geostrophic adjustment process.
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Figure 40: Snapshots of vertical velocity from ICON-SMT (left) and ICON-SMT-Wave
(right) at 1641 m. The time series is illustrated as zonal (upper) and meridional
(lower) Hovmoller plots. Sections are chosen to intersect the Vema Seamount
at 8.39°E, 31.60°S. The red line in the center of the plot marks the eddy cen-
ter, detected using an eddy tracking algorithm (see Fig. 33). Vema seamount is
visible as a grey bar in the middle of the figure. The Walvis Ridge can also be
seen at 2°E in zonal section (upper). Green lines highlight wave patterns with
a period of approximately 9-10 cycles per 7 days. The blue line denotes a wave
pattern with significantly higher frequencies. Yellow arrows point to wave pat-
terns visible on striped structures. Note that the time series of ICON-SMT-Wave
is starting 6 days after ICON-SMT and ends also 6 days later. Note that the
ICON-SMT time series starts with initialization from a coarser model run, and
we assume a robust spin-up after two weeks. The same colorbar is applied as in

Fig. 39a.
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4.6 CONCLUSION

This study examines mesoscale oceanic eddies and their impact on ocean vari-
ability in the Agulhas Ring Path near the Walvis Ridge, using a submesoscale-
resolving ICON configuration. By applying an eddy tracking algorithm, we com-
pile four-dimensional datasets of six anticyclones, enabling a detailed analysis of
their evolution and influence. While propagating through the Cape Basin, the ed-
dies have a dominant influence on velocity and stratification throughout the water
column. Spectral analysis of the composites reveal, that the energy levels are 1-2
orders of magnitude higher within the eddy than the background.

We observe multiple eddy-bathymetry interactions, including three eddies cross-
ing the Walvis Ridge and one interacting with the Vema Seamount, a solitary peak
rising to 35m below sea level. These interactions significantly impact ocean vari-
ability, stratification, and the wave field. The Vema Seamount interaction, in partic-
ular, leads to strong reduction in eddy kinetic energy over a month and an increase
in mixed layer depth from 100 m to 400 m. This event also generates a striking Kar-
man vortex street with alternating vorticity patches.

Additionally, bathymetric interactions induce wave generation, with propagat-
ing wave patterns visible in vertical velocity snapshots and Hovméller plots. These
waves, including lee waves, extend from the mixed layer to deeper stratified lay-
ers (e.g., 4200m depth) and are present in both ICON-SMT and ICON-SMT-Wave
simulations. Multiple eddies (IDo, ID5, and ID1) generate similar wave patterns
when interacting with the Walvis Ridge, highlighting the widespread influence of
eddy-topography interactions.

Finally, as eddies traverse the Cape Basin, standing wave patterns emerge in
animations and Hovmédller plots, indicating persistent wave features.

We summarize the key conclusions as follows:

e Formation of Kdrmédn vortex street with patches of positive and negative
vorticity advected by the eddy swirl

* The interaction of the eddies with Vema Seamount and the Walvis ridge
modifies the stratification, particularly in the mixed layer and pycnocline and
beyond.

* Spectral analysis of the composites reveal, that the energy levels are 1-2 or-
ders of magnitude higher within the eddy than the background. The energy
levels are even more enhanced within an eddy that interacts with the Vema
seamount.

* We observe topographically generated waves produced by Agulhas rings as
they cross the Walvis Ridge and interact with the Vema Seamount. These
waves propagate throughout the water column. Although weaker we also
observe these waves when anticyclones cross the Walvis Ridge.

¢ Additionally, we identify lee waves in the form of standing waves, generated
by the presence of the eddy.

This initial exploration highlights the potential of kilometer-scale models for
evaluating small-scale ocean dynamics, such as the interaction of mesoscale-sub-
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mesoscale eddies and internal waves, in a more complex and dynamically rich
environment.
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Wir mochten gerne die Welle kennen,
auf welcher wir im Ozean treiben,
allein wir sind diese Welle selbst.

— Jacob Burckhardt, 1867

In this thesis, ‘Kilometer-Scale Ocean Turbulence and Waves in the North and
South Atlantic’, we explore mixed layer instabilities and internal waves using
a novel telescoping model with continuous grid refinement to achieve unprece-
dented resolution.

We demonstrated that both applications of the novel ICON-SMT configuration
can successfully reproduce geostrophic turbulence, as validated against the latest
remote sensing techniques, such as SWOT, as well as in situ observations from our
concurrent observational campaign. Spectral analysis of frequency and wavenum-
ber spectra of sea surface height (SSH) and kinetic energy revealed a remarkable
agreement with observations. However, we note that observational datasets remain
too coarse to fully evaluate the model at its finest resolved scales. Our results high-
light that once submesoscale processes are resolved in ocean models, variability
increases not only at the kilometer scale of submesoscale eddies but also at larger
scales. This enhanced variability improves agreement with both established and
novel satellite and in situ observations compared to coarser model configurations.
We further demonstrated that ICON-SMT-Wave is able to resolve a large fraction
of the internal wave field.

We employed this model in the North and South Atlantic to find answers for
three research questions:

How well do theoretical estimates and parameterizations capture the restrati-
fication of mixed layer fronts by submesoscale instabilities in a kilometer-scale
ocean simulation with realistic forcing?

We have successfully demonstrated that our model configuration can resolve
mixed layer submesoscale eddies. Once these processes are resolved, submesoscale
eddies drive the overturning of ocean fronts, resulting in frontal re-stratification
and a downward buoyancy flux, which is in agreement with theoretical predic-
tions and results from idealized simulations. To quantify this, we identified and
analyzed 45 fronts, calculating the eddy-induced overturning and re-stratification
through their associated buoyancy fluxes. Mixed layer eddy parameterizations can
capture the effect of the mixed layer overturning within an accuracy that lies within
an order of magnitude. We further analyzed whether submesoscale eddies form
at the rim of mesoscale eddies and to what extent parameterizations capture their
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impact. Overall, the eddies experience less re-stratification along the eddy rim than
suggested by the parameterizations.

What impact do mixed layer eddies and tides have on high-frequency ocean
dynamics?

Our results show that submesoscale dynamics are crucial for achieving improved
energy levels at intermediate scales and for obtaining a -2 spectral slope, consistent
with ADCP observations. In contrast, comparisons with SWOT reveal a consistent
-11/3 slope in the SSH wavenumber spectra across both model configurations and
observational data, highlighting the robustness of this spectral characteristic in sea
surface height variability. The frequency-wavenumber spectra confirm that we re-
solve a considerable portion of the internal wave band, successfully representing
the first three baroclinic modes.

We demonstrated that tidal dynamics play a crucial role in shaping the energy
distribution at the high-frequency end of the SSH and KE spectra. Tidal forcing
enhances the realism of the spectra by reproducing expected tidal peaks and sub-
harmonics while also injecting energy into intermediate frequencies, suggesting
that wave-wave interactions are key to the spectral energy distribution. However,
the model overestimates spectral peaks while underestimating energy levels be-
tween them. This effect is significantly reduced in ICON-SMT-Wave but remains
more pronounced in the coarser ICON-R2Bg-Wave configuration. These findings
suggest that both configurations lack some degree of wave-wave interactions, with
the deficiency being more severe in the lower-resolution model.

What is the influence of mesoscale eddies and their interaction with bathymetry
on high-frequency variability? Which role do topographically-generated inter-
nal waves play here?

We employed a novel methodology to assess the influence of mesoscale ed-
dies on ocean variability. By combining an eddy tracking algorithm with compos-
ite analysis on the high-resolution data from the high-resolution configurations
ICON-SMT-Wave with tidal forcing, ICON-SMT without tidal forcing and the
coarser resolved ICON-R2Bg-Wave with tidal forcing, we examined their behav-
ior and variability, including horizontal kinetic energy spectra. Spectral analysis
of the composites reveals that energy levels within eddies are 1—2 orders of mag-
nitude higher than the surrounding background, with a significant increase dur-
ing interactions with the Vema Seamount. We demonstrate, that a portion of this
energy is transferred into the generation of internal waves. We further observed
topographically-generated internal waves as Agulhas rings cross the Walvis Ridge,
with these waves propagating throughout the entire Cape Basin.

Next Steps: This chapter represents an initial exploration, and further investi-
gations are planned. Specifically, we aim to leverage our model configurations
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with and without tidal forcing to better quantify the energy transferred to Lee
waves and estimate the contribution of tidal waves. Additionally, we plan to assess
whether Lee wave generation by mesoscale eddies can be identified within our two
year observational datasets.

Kilometer-scale models showcase impressive capabilities, but this thesis also
showed where those model still have limitations. For example, their short run times
may lead to uncertainties in attributing fluxes to specific processes or model drift.
Technical constraints also hinder the ability to assess the impact of mixed layer
eddies on subdecadal or decadal timescales. While the resolution is sufficient for
resolving mixed layer instabilities under winter conditions, it struggles with thin
mixed layers and cannot fully capture the required dynamical range. Addition-
ally, the coarse atmospheric forcing limits realism by missing high-frequency wind
motions and related wave generation. However, ongoing development of coupled
kilometer-scale models may soon address these challenges. Overall, these models
represent a significant step forward in ocean simulations, enabling new research,
but still face technical and dynamical limitations. We also look forward to future
SWOT datasets with reduced noise and other observational campaigns, which will
allow for more detailed evaluations on smaller scales.

I hope that these findings contribute to improve our understanding of mixed
layer instabilities and waves in kilometer-scale ocean models. May this small step
help refine ocean and ultimately climate models, guiding us forward on our voyage
that never ends.
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