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iii

“Big whirls have little whirls that feed on their velocity, And little whirls have lesser whirls
and so on to viscosity.”

Lewis E. Richardson, 1922
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Mesoscale and submesoscale dynamics in the Caribbean Sea

by Elise BEAUDIN

Submesoscale processes are characterized by spatial scales of 1-10 km and timescales of hours to days.
Observational data and high spatial resolution ocean modeling have recently exposed and confirmed
the presence of these rich structures in the upper ocean. They play a crucial role in mixed-layer restrati-
fication and vertical transport of ocean tracers, therefore being substantial for mixing and biogeochem-
ical processes. This thesis aims to study the submesoscale dynamics in the Caribbean Sea using high
(1/32°, 3.5 km) and very-high (1/96°, 1.2 km) resolution models. The simulations were carried out
using SUREF (Trotta et al., 2016), a NEMO-based relocatable ocean modeling platform for downscaling,
with GOFS16 (1/16°, 6.8 km) as initial and boundary conditions. The focus was put on a two-weeks
period in February 2017, where a large anticyclonic eddy was found propagating westward in the
northwest part of the basin. Research in this thesis includes a description of the mesoscale dynam-
ics in the Caribbean Sea during the chosen time period with the GOFS16 model, which was found to
compare nicely with observations from CTD and satellite data. The present study demonstrated that
the development of submesoscale motions in the Caribbean sea was made possible, with a transition
on a time-scale of days, at a horizontal resolution of 3.5 km. Submesoscale structures included thinner
filaments and small-scale eddies (~ 10 km) of large Rossby number. The steepening of the kinetic
energy spectra slopes with depth confirmed that the submesoscale motions were concentrated in the
upper-oceanic layer, where restratification of the upper mixed-layer has been observed. The presence
of submesoscale processes in the domain led to subsiding of the anticyclonic eddy. Frontogenesis and

topographic wakes were the main mechanisms for the generation of submesoscale dynamics.


HTTPS://WWW.UNI-KIEL.DE/DE/
https://www.international.uni-kiel.de/de/kurskatalog/fakultaeten/math-nat
https://www.geomar.de/

vi

Zusammenfassung

Submesoskale Prozesse sind durch rdumliche Skalen von 1-10 km und Zeitskalen von Stunden bis
Tagen gekennzeichnet. Beobachtungsdaten und Modellierungen der Ozeane mit hoher raumlicher
Auflosung haben kiirzlich gezeigt, dass diese Strukturen im oberen Ozean vorhanden sind. Sie spie-
len eine entscheidende Rolle bei der Restratifizierung des Mixed-layers und beim vertikalen Transport
von Tracern, weshalb sie fiir Vermischungsprozesse und biogeochemische Prozesse von erheblicher
Bedeutung sind. Diese Thesis zielt darauf ab, die submesoskale Dynamik im Karibischen Meer an-
hand von Modellen mit hoher Auflosung (1/32°) und sehr hoher Auflosung (1/96°) zu untersuchen.
Die Simulationen werden mit SURF (Trotta et al., 2016) durchgefiihrt, einer auf NEMO basierenden
Plattform zur Ozeanmodellierung fiir das Downscaling mit GOFS16 als Anfangs- und Randbedin-
gung. Der Fokus liegt auf einer zweiwochigen Periode im Februar 2017, in der ein grofSer antizyk-
lonischer Wirbel (Eddy) gefunden wurde, der sich im Nordwesten des Beckens nach Westen ausbreitet.
Diese Thesis enthilt eine Beschreibung der mesoskalen Dynamik im Karibischen Meer wahrend des
gewdhlten Zeitraums mit dem GOFS16-Modell, das sich gut mit Beobachtungen aus CTD- und Satel-
litendaten vergleichen ldsst. Die Simulationen bei einer Auflosung von 3,5 km zeigten, dass eine Er-
hohung der horizontalen Auflosung die Entstehung von ageostrophischen submesoskalen Merkmalen
mit sich bringt, die die Restratifizierung des Mixed-layers verursachen und den mesoskalen Fluss bee-
influssen. Dabei entstehen zusétzliche kleinskaligere Strukturen in den ozeanischen Tracern und den
dynamischen Feldern, z.B. diinnere Filamente, die mit der kleinskaligen Frontogenese einher gehen.
Die Oberflichendynamik umfasst kleinere Wirbel (~ 10 km) mit grofSer Rossby-Zahl, was die starke
Ageostrophie submesoskaler Bewegungen unterstreicht. Die Verstdrkung der submesoskalen Merk-
male geschieht hauptséchlich in der oberen Schicht, was durch die zunehmende Steigung der Nei-
gungen der kinetischen Energiespektren mit der Tiefe bestitigt wird. Am Rand des antizyklonischen
Wirbels, in dem die ageostrophischen Bewegungen hauptsachlich auftreten, findet sich eine starke
Restratifizierung innerhalb der Mixed-layer in Zeitskalen von Tagen. Die Erhohung der horizontalen

Auflosung fiihrte zum Absinken des Zentrums des antizyklonischen Wirbels.
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Chapter 1

Introduction

The ocean circulation arises from the combination of a thermohaline component,
and a wind-driven component. The thermohaline part is associated with heat fluxes
and change in the salinity due to evaporation, precipitation and runoff, whereas
the wind drives the near-surface frictional layer, initiating waves, inertial currents
and Langmuir cells (Talley et al., 2011). Oceanic flows are, by nature, turbulent.
These turbulence, which occur on many space and time-scales cause the flow to
fluctuate in space and time. Turbulence arises from instabilities in the flow, which
tend to occur when inertial forces become larger than other forces in the momentum
balance (Olbers, Willebrand, and Eden, 2012). The physical oceanography processes
that contribute to the ocean circulation variability, or turbulence, can be observed on
a very wide range of spatial and temporal scales, spanning from molecular processes
O(1 mm) to the large-scale circulation O(>1000 km). In the current context, the ocean
dynamics is broken down into three spatial scales: the large-scale, the mesoscale and
the submesoscale.

FIGURE 1.1: Submesoscale dynamics seen from sea-surface tempera-
ture with 500 m simulation over the Gulf Stream. (Gula et al., 2014)
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The large-scale motions are embedded within immense gyres spanning several
thousands of kilometers, driven by the wind-driven and thermohaline circulation,
going clockwise in the northern hemisphere and anticlockwise in the southern hemi-
sphere. The water flows for about ten years around the gyres and hundreds of years
through the full ocean. The turbulent motion of the large-scale flows leads to the
mesoscale dynamics, dominated by eddies and strong ocean currents such as the
Gulf Stream. The horizontal length scales are kilometers to hundreds of kilometers,
and time scales are weeks to months, sometimes years. These scales are associated
to planetary waves such as Rossby and Kelvin waves. Mesoscale turbulence, mainly
led by fronts and baroclinic instabilities within the mesoscale eddy field, yields the
submesoscale motions.

Submesoscale processes are characterized by a horizontal spatial scale of 1-10
kilometers, and occur on a time scale of several hours to several days. They are cor-
related with a loss of geostrophic balance and take the shape of smaller eddies or
narrow filaments (Fig.1.1). Their importance is highlighted in the restratification of
the upper ocean and in enhancing the vertical velocities and small scale turbulence
through the relative vorticity. They consequently play a role in the general circu-
lation, but also at smaller scale, regarding mixing and transport of biogeochemical
tracers. For example, they generate relatively strong vertical motions in the upper
ocean, that exchange gases with the atmosphere. This mechanism acts as a pump
that supplies nutrients to phytoplanktons and the euphotic zone (Lévy et al., 2012).

Numerical modeling in ocean science has brought major advances in under-
standing of the ocean and its interactions with the atmosphere (Talley et al., 2011).
Ocean general circulation models solve dynamical equations using numerical meth-
ods along with approximations which depend on the resolved scale. The first three-
dimensional ocean model was developed in the 1960s at the NOAA Geophysical
Fluid Dynamics Laboratory and then available computational resources had it re-
solve horizontal scales of hundreds of kilometers. Simplifications to the physics and
limited domain sizes allowed, in the 1970s, the resolution of mesoscale eddies of tens
of kilometers, helping in understanding their interaction with the large-scale circula-
tion. Until the early 2000s, the coarse grid resolution could not permit submesoscale
processes. Simulations carried out with increased grid resolution, combined with
high resolution resolution surface satellite images and following in situ measure-
ments started revealing the rich and turbulent structure of the submesoscale fronts
and instabilities, occurring widely in the upper ocean (Capet et al., 2008a).

In this thesis, a high and very-high resolution model is used in order to un-
derstand what are the features emerging while transitioning from a mesoscale to
submesoscale-permitting horizontal grid, in the specific case of the Caribbean Sea.
the dominant mechanisms for generation of submesoscale dynamics are investi-
gated in ocean fronts occurring at the rim of an anticyclonic eddy, in the time-period
of February 2017.

The following sections focus on describing the passage from large-scale to mesoscale,
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to submesoscale regimes, and point out the characteristics specific to each scales
along with the underlying theory.

1.1 Theory and previous studies

The ocean currents are forced by heat, salt and momentum fluxes. Kinetic energy
is transferred through the different scales in order to keep a climatic dynamical
balance, from large-scale to small-scale motions following a dynamical route (see
Fig.1.2) to dissipation. The passage from the balanced geostrophic motion to smaller
unbalanced motions is done through different routes, such as energy loss at the bot-
tom boundary layers (BBLs), spontaneously emitted internal gravity waves (IGWs)
by eddies, or other processes that break the momentum-balance constraints and per-
mit a forward energy cascade towards smaller scales (McWilliams, 2016). Subme-
soscale dynamics acts as a major conduit to dissipation.

the flow of energy and information in the oceanic general circulation

]
rotational | non-rotational
and | and
balanced : unbalanced
forward
energy
cascade

climate balanced I1G wave

. . o . .  ——isotropization — dissipation
forcing instabilties emission

/!

planetary mesoscale submesoscale microscale
scale

turbulent
bottom drag

>

FIGURE 1.2: Dissipation scheme in the ocean from planetary scale to
microscale. (McWilliams, 2016)

The different scales can be studied using the Rossby number:

Ro = fuL' (1.1)
the ratio of the inertial force (momentum advection) to the Coriolis force, where U is
the flow velocity scale, L is the length scale, and f the Coriolis parameter. For large-
scale flows, the length scale being typically of O(1000 km) and the flow velocity
quite small, the Rossby number is very small. The Rossby number increases with
decreasing scales, and pass through O(1) at the submesoscale regime. Flows with
sufficiently small Rossby number are said to be in geostrophic balance, meaning that
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the pressure gradient is balanced by the Coriolis term, yielding:

1 -
i, = —kxVp, (1.2)
8 f 0 p
where the subscripts g stands for geostrophic. A geostrophic flow moves along iso-
bars with the lower (higher) pressure on its right (left) in the Northern (Southern)
Hemisphere. In the ocean interior, away from the equator (f # 0), the flow is usually
geostrophic. The geostrophic velocities can be derived from the sea surface height

11, usually known from satellite altimetry data:

_ o
—fog = 85y (1.3)
91
fug = —gay (1.4)

Thus, it is possible to deduct the flow trajectory by looking at the sea-surface height,
and vice-versa. Assuming a geostrophic component of the flow, the total flow ve-
locity can therefore be decomposed into a geostrophic (g), and an ageostrophic (ag)
component:

il = ilg + g (1.5)

Mesoscale flows are mainly geostrophic, and ageostrophy appears for large Rossby
numbers, starting from the submesoscales. In order to genuinely understand the
submesoscale regime and its underlying mechanisms, we begin with thoroughly
describe the large-scale and mesoscale regimes, and then transition to a description

of the submesoscale dynamics.

1.1.1 Large-scale circulation

The ocean circulation can be described to a good approximation by the primitive
equations, i.e. the Navier-Stokes equations, in addition to a nonlinear equation of
state, hence coupling the fluid velocity to the active tracers. Assuming the fluid to
be incompressible:

V-ii=0, (1.6)

the ocean flow, at all scales, then obeys to the momentum equation:

Di = _ 1 .
ﬁ+20xu——ﬁv;ﬂ—g+}" (1.7)

the mass conservation equation:

Dp 0
Ty TPV =0 (1.8)

the equation of state:

p=p(T,Sp) (1.9)
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and the thermodynamics equation:

DQ DT _1Dp

=yt — - 1.10
Dt "Dt pDt (1.10)

where if is the full velocity vector (1, v, w) in the zonal, meridional and vertical
directions respectively, () is the angular veloitw vector, p is the density of sea wa-
ter, p is the pressure, F is the friction term, g‘uél\e gravitational force acting on the
fluid, Q is the heat and T the temperature. The time rate of change of a certain vari-
able within a fluid parcel, as it flows along its pathline, is described by the material
derivative:
;E;—Fﬁ'v (1.11)
The second term of the momentum equation () x i), in a rotating frame of ref-
erence, is the Coriolis force. It can be approximated by:

20 x it ~ fk x il (1.12)

where f = 2()sin ¢, is the Coriolis parameter and ¢ the latitude. f is greater at the
poles and changes sign at the equator. The friction term F comprises the wind-stress
and the viscosity. The viscosity includes the molecular viscosity, and the eddy vis-
cosity, referring to the transfer of momentum to the fluid by turbulent eddy mixing.
The eddy viscosity is mathematically described by a horizontal eddy viscosity term
(Ap) and a vertical eddy viscosity term (Ay).

Using scale analysis, we can simplify the momentum equation for large-scale
motions, considering these characteristic scales for mid-latitude (¢ ~ 45°) synoptic

systems:
U ~01-1ms ! horizontal velocity scale
W ~107ms™!  vertical velocity scale
L ~10°m horizontal length scale
H ~10*m depth scale
SP/p ~10°m?s~2 horizontal pressure fluctuation scale
T~L/U ~10°s time scale

The scale analysis for the horizontal component of the momentum equation is:

ou ou ou _1op

= + U= + we— =-———+ fv (1.13)
ot ox 0z paai N

u _ uu _ wu _ . fu~10-¢
T~10 6 TNlO 8 7~10 12 leZNlo—3

and the scale analysis for the vertical component of the momentum equation is:

aai: + uaa—w + waa—w :_lgi’_ g (1.14)
N L “Z POz =~

=

W06 YW p-12 0 W 1p-12


nadia
Sticky Note
vec{g}=\hat{k}g


6 Chapter 1. Introduction

The advection terms for the horizontal velocities can be neglected, leaving us
with a balance between the time-derivative of the horizontal velocity, the pressure
gradient, and the Coriolis term. In a steady state (d/dt = 0), they become the equa-
tions of for the geostrophic balance. In the vertical, the first term and the advective
terms can be neglected, leaving us with a balance between the vertical pressure gra-
dient and the gravitational force, called the hydrostatic balance.

To sum up, these few assumptions can be made for the large-scale motions:

1. Thin-shell approximation: The ocean depth O(4 km) is much smaller than the
Earth’s radius O(6000 km), and therefore can be neglected.

2. Hydrostatic approximation: In the vertical equation of motion, the friction and
the vertical acceleration are negligible, yielding a balance between the pressure
gradient and the gravity, or the hydrostatic balance:

dp _
5. =8 (1.15)

3. Boussinesq hypothesis: Density variations are neglected except in their contribu-
tion to the buoyancy force, where it appears in multiple of g.

4. Large Reynolds number approximation: Viscous terms are very small and can be
neglected.

Following these assumptions, the simplified momentum equations for large-

scale oceanic motions become:

Du ~ lop
Dt pd T T
Dv 1ap
or T ey T
1ap
0= o~

These equations thoroughly describe the dynamics of a fluid in a thin spherical
shell on a rotating sphere, for a slow and large-scale motion (Olbers, Willebrand, and
Eden, 2012).

1.1.2 Mesoscale dynamics

Mesoscale fluctuations are almost always present in the ocean. They occur over time
scales of O(1 month) and have a typical horizontal spatial scale of O(10-100 km).
The scale of the mesoscale eddies is of the order of the first baroclinic Rossby ra-
dius of deformation (R;), the horizontal scale at which rotational effects become as
important as buoyancy effects (Chelton et al., 1998). Mesoscale eddies emerge from
baroclinic and barotropic instabilities, and strong horizontal sheared motions ap-
plied on large-scale flows (Olbers, Willebrand, and Eden, 2012). These eddies often
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take the form of well defined rings extending to depths of hundreds to a thousand
meters.

Using again the scaling analysis, we can simplify the momentum equations for
the mesoscale. The characteristic scales for the mesoscale at mid-latitude are listed

below. The arrows indicate a change in comparison to the large-scale motion.

U ~1ms (1) horizontal velocity scale
W ~10"*ms !(1) vertical velocity scale
L ~10°m({) horizontal length scale
H ~10*m depth scale
5P/p ~10*m?s72(]) horizontal pressure fluctuation scale
T~L/U ~10*s(]) time scale

The scale analysis for the horizontal component of the momentum equation is:

o0 1L g (1.16)
ot ox 0z POX
N~~~ S~~~ N —— fU~10‘4

u — uu — wu — c
e A S R ST

Here again, neglecting terms of smaller amplitude, we get the geostrophic balance.
In certain cases, the horizontal and vertical velocities become more important, and
only then all the terms in the equation are of the same amplitude, therefore none of
them can be neglected and we are in quasigeostrophy (QG).

The scale analysis for the vertical component of the momentum equation is:

ot dx 0z pOZ -~
o~ —~~ —— 210

W10 N300 BV 10-12

The vertical acceleration is much smaller than the vertical pressure gradient and
the gravitational terms, which are of same magnitude, hence the hydrostatic bal-
ance holds for mesoscale processes. The vertical motion is much smaller than the

horizontal motion, hence the mesoscale flow is quasi-two-dimensional.

Quasigeostrophic potential vorticity

Mesoscale dynamics can be understood by studying the governing equations for
oceanic flow with the quasigeostrophic theory, especially in cases where the hori-
zontal and vertical velocities become more important. Geostrophy refers to a balance
between the Coriolis force and the pressure gradient forces, while quasigeostrophy
assumes an almost balance between those forces, with inertia having an effect. It
approximates the equations of motion for a highly stratified fluid in rotation, with
small Rossby number. It allows the Coriolis parameter to vary (f = fo + By). With
these assumptions, Olbers, Willebrand, and Eden, 2012 derives an equation for the
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conservation of the quasigeostrophic potential vorticity g:

Dq _ 2 d ( fo oy

The equation for the potential vorticity states that the summation of the planetary
vorticity (first term), the relative vorticity (middle term), and the stretching vorticity
(last term) is constant following a quasigeostrophic flow. fj is the Coriolis parameter
at latitude ¢o, B = (df/dy)|p, = 2Q2cos (¢o)/RE is the Rossby parameter, y is the
meridional distance from ¢, () is the angular rotation rate of the Earth, R is the

Earth’s radius, and the squared Briint-Véisalad frequency

2_ _89p
N? = o092 (1.19)

is a measure of seawater stratification. The stream function ¢ determines the entire

flow at any instant:

= _3;0 (1.20)
o +31i’ (1.21)
o= _J;)aalf (1.23)

Rossby radii of deformation

Chelton et al., 1998 demonstrated the that baroclinic Rossby radii of deformation can
be obtained by linearizing the quasigeostrophic potential vorticity equation (Eq.1.18)
about a zero background mean flow. Assuming the absence of buoyancy forcing,

wind stress, or frictional forces, and a separable vertical velocity

w(x,y,z,t) = p(z)W(x,y,t), (1.24)

then solving a Sturm-Liouville eigenvalue problem for the vertical structure of
the vertical velocity, ¢(z). The ordinary differential equation to solve, with inverse
eigenvalue c,, of normal modes m, is the following:

¢ N?(2)
2 =0

(1.25)

The boundary conditions are vertical velocity vanishing at the sea surface and ocean

bottom

$(0) = p(H) =0, (1.26)
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where H is the mean water depth. At latitudes outside of the Tropics (about or
greater than 5°, the Rossby radii of deformation are

Ry m=0,1,2,.. (1.27)

= fm
I
The analytical solution can be found using the so-called Wentzel-Kramers-Brillouin
(WKB) approximation. Using this method, the first baroclinic Rossby radius of de-
formation outside of the equatorial band is
WKB L0 d
Ry =~ R = / N(z)dz 1.28
1 1 | f|7T _H ( ) ( )
The WKB method is only valid for a weakly varying N2, which is usually not the
case within the upper layer. More acceptable results for the upper ocean are obtained
using a numerical integration scheme for estimating the speed velocity c,.
As an example, Chelton et al., 1998 found that the baroclinic Rossby radius of
deformation in the Caribbean Sea is 60-80 km.

1.1.3 Submesoscale dynamics

Submesoscale processes have an horizontal length scale of O(1-10 km) and occur on
time scales of hours to days. They are characterized by enhanced vertical velocities,
strong vorticity, and they mainly affect the upper-ocean dynamics (Thomas, Tandon,
and Mahadevan, 2008). The characteristic scales of the submesoscale motions are
listed in the following table, with arrows representing the changes in relation to the

mesoscale:

U ~10ms!(1) horizontal velocity scale
W ~10ms (1) vertical velocity scale
L ~10*m(]) horizontal length scale
H ~10*m depth scale
6P/p ~10>m?s™2  horizontal pressure fluctuation scale
T~L/U ~103s(]) time scale

The scale analysis for the horizontal component of the momentum equation is:

ou + ua—u + wau = _Lop + fo (1.29)
ot ox 0z p ox NG
Y ™ ~ " fu~10-3

P 102
oL 10

The Coriolis force is one order of magnitude smaller than the other terms, hence can
be neglected. The flow is ageostrophic.
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The scale analysis for the vertical component of the momentum equation is:

aaz: + u?}w + waaw = —1?7 - g (1.30)
~— \\,x/ \\,E/ p oz ~

—~—" g~3x10-2
Sh~2x1072

=

_ uw — ww —
W~10-2 W02 W 102
The vertical acceleration term is important, thus the hydrostatic approximation is

no longer applicable. Submesoscale motions have to be considered as 3-dimensional.

General characteristics

Submesoscale processes develop from vigorous and unstable mesoscale eddies. They
show significant departures from geostrophy, hence their large Rossby number (| Ro | >1).
In this context, the Rossby number, the ratio of inertial force to Coriolis force, can be
computed using the relative vorticity scaled by the Coriolis parameter:

Gz
Ro = I (1.31)
Submesoscale processes have Ro = (1), meaning that inertial motions overcome
the planetary force, leading to ageostrophy.

Klein et al., 2007 studied the upper ocean turbulence and showed that with a 2x2
km resolution numerical simulation of a nonlinear baroclinic unstable flow, the rel-
ative vorticity in the upper ocean layer exhibits large coherent structures, but with
strong variability at the submesoscales (8-20 km), consisting of thin filaments and
small vortices (see Fig.1.3). In the ocean interior, at 800 m, the relative vorticity field
is dominated by larger vortices (>100 km) and thicker filaments, more a mesoscale
aspect. The vertical profiles of kinetic energy of their submesoscale permitting simu-
lations highlighted this difference by showing a clearly more energetic upper ocean,
with most of the energy trapped within the first 1000 m and the maximum located
at the surface. The vertical profile of the enstrophy, quantity interpreted as the mean
Rossby number (1/((2)/ fo), was relatively large near the surface (close to 0.3), and
much smaller towards the interior (0.03).

The vorticity and w distributions are highly asymmetric with long tails and ex-
hibit significant skewness in favor for cyclonic vorticity and downward motions
(Fig.1.4). The positive skewness is explained by the fact that there are submesoscale
instabilities that occur when ./ f < -1 but do not occur for ./ f > 1. These asym-
metries should essentially be absent before the submesoscale transition, and deeper
after the transition (Capet et al., 2008c).

The breakage of the geostrophic balance led by submesoscale processes initiates
a forward energy cascade: smaller eddies dissipate the energy absorbed from large,
very energetic eddies. This cascade is visible from the energy spectrum. The con-
cepts of turbulence and energy cascade were first explained qualitatively by Richard-
son (1922), and quantitatively by Kolmogorov (1941). The theory of turbulence will
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FIGURE 1.3: Instantaneous relative vorticity at the surface (left) and
at 800 m (right). Klein et al., 2007.

not be explained here as it is beyond the scope of this thesis. Charney, 1971 ar-
gued that quasigeostrophic turbulence leads to a kinetic energy and tracer variance
horizontal and vertical wavenumber spectra converging towards k3, and this was
confirmed in the oceanic context from numerical simulations of a two-dimensional
mesoscale flow field (Capet et al., 2008a, Klein et al., 2007).

Capet et al., 2008a studied the mesoscale to submesoscale transition in the Cali-
fornian Current System, with five cases differing in their horizontal gridpoint spac-
ing: 12, 6, 3, 1.5, and 0.75 km. Their results showed that with a three-dimensional
finer resolution simulations, when resolving submesoscale processes, this led to a
flattening of the kinetic energy spectrum slope to -2 (Fig.1.5) which indicated a sig-
nificant degree of kinetic energization in the submesoscale regime in the upper ocean
layer (Capet et al., 2008a). The subsurface kinetic spectrum slopes remain steeper
than -3, expressing that it undergoes a less dramatic change.

of the mixed-layer depth (MLD), and the horizontal scale is of the order of the
mixed-layer Rossby radius of deformation:

Mathematical framework

After Mahadevan and Tandon, 2006 and Thomas, Tandon, and Mahadevan, 2008.
Submesoscale flows are characterized by a Rossby number and a Richardson num-
ber of O(1). The latter is expressed as the following;:

. N?
Ri = (1.32)
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FIGURE 1.4: From Capet et al., 2008a. PDFs for (left) {,/ fo at 10 (solid
line) and 70 m depth (dashed line) and (right) w (day ') at 20 m depth
at 0.75 (black lines) and 6 km resolution (gray lines).
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FIGURE 1.5: Wavenumber spectra for horizontal velocity (u,v) at

(left) 10 and (right) 70 m depth. Straight lines indicate the -5/3, -3

and -2 spectrum slopes, and the five curves correspond to different
cases with different resolutions. Capet et al., 2008a.

The Richardson number is essentially a ratio between potential and kinetic energies,
with the numerator being the potential-energy barrier that mixing must overcome,
and the denominator being the kinetic energy that the shear flow can supply when
smoothed away (Cushman-Roisin and Beckers, 2011 §14.2). The denominator is the

square of the vertical shear:

ou’  9v?
Sh — (a;’ +a§) (1.33)

Submesoscale flows are, to a large extent, balanced. This means that its dynamics
can be described by a single scalar field. However, the geostrophic balance is a too
simple model, and the values for Ro and Ri, both being of O(1) unable us to use the
quasigeostrophic (QG) model. The semigeostrophic (SG) model has been found to de-

scribe more accurately the dynamics of submesoscales and giving an insight into the
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dynamics of typical submesoscale features such as intense fronts and vertical circu-
lations. In the SG theory, the flow is decomposed into geostrophic and ageostrophic
components i = il + 1i;e, where the geostrophic velocities can be found using the
geostrophic balance. The SG equations are:

Dii s
LTf = —f(k x ilsg) (1.34)
__Lop
= a2 +b (1.35)
Db
o =0 (1.36)
V . ﬁag — O, (1.37)

with b the buoyancy.
Submesoscale processes can also be understood in terms of the Ertel’s potential
vorticity (PV):

q=(f+C)N*+ @ - Vb, (1.38)
where Jw 0v\ » Jw Ju\ »
Wy = (ay_az>i_<ax_az>f (1.39)
and - Jdu  dJu\ ,
Cz = <8x - ay> k (1.40)

are respectively the horizontal and vertical components of the vorticity of the flow
@, and Vb is the horizontal buoyancy gradient. At large scales, g is dominated
by the planetary vorticity fN? and at mesoscales, the vertical vorticity { N? becomes
important. Buoyancy gradients are important in the upper ocean, where density gra-
dients arising from frontal filaments or outcropping isopycnals are non-negligible.
In these cases, its contribution to the PV can be as large as the planetary PV, therefore
considerably reducing the total PV.

Mechanisms generating submesoscale dynamics

Mahadevan and Tandon, 2006 analyzed different mechanisms for the generation of
submesoscale vertical motion at ocean fronts. In an idealized experiment using a
500 m resolution grid, they observed the formation of mesoscale meandering den-
sity fronts as the flow evolved and became baroclinically unstable. Submesoscale
structures appeared with an intensification in vertical velocities within the mixed-
layer depth with intense downwelling (100 m/day) motions concentrated in narrow
bands (2 km).

Several mechanisms have been proposed to explain the formation of subme-
soscale structures and their impact on the flow. High resolution modeling and ana-
lytical studies showed that both forced and unforced instabilities drive submesoscale
motions. Some authors used idealized experiments (Klein et al., 2007, Brannigan et
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al., 2017, Mahadevan and Tandon, 2006), and recent publications showed real cases
(Trotta et al., 2017) and even observations (Capet et al., 2008a).

1. Frontogenesis. In the ocean, fronts are boundaries between two different water
masses that have different densities, very often associated with a large temper-
ature gradient (Fig.1.6).

~=— secondary circulation
isopycnals

FIGURE 1.6: Schematic of an intensifying straight surface front for
f>0. Capet et al., 2008c.

The generation of fronts, called frontogenesis, is stimulated by an intensifica-
tion of horizontal density or temperature gradients due to the presence of a
large-scale and mesoscale lateral strain (Hoskins and Bretherton, 1972). The
lateral strain rate is a measure of the deformation with respect to time:

SR = ((uy — vy)z + (v + uy)z)l/2

(1.41)
This horizontal shearing motion disrupts the geostrophic balance for the alongfront
flow, and generates an ageostrophic secondary circulation, in the cross-front
plane (Capet et al., 2008b). The secondary circulation tilts the isopycnals to-
wards the horizontal (i.e. restratification) in order to restore the balance. At
these sites, the strong secondary ageostrophic overturning circulation gener-
ates intense vertical velocities, and the Rossby number and the Richardson
number become of O(1) (Thomas, Tandon, and Mahadevan, 2008). Restrat-
ification is a process where warmer and lighter waters lay over colder and
denser waters, which happens trivially when the fluid is heated from above,
but can also happen dynamically. The stratification of a water column can be
studied using the Brunt-Viisila frequency (N?). Restratification driven by sub-
mesoscale baroclinic instabilities plays an important role in the heat and salt
budget of the ML.
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Thomas, Tandon, and Mahadevan, 2008 generated a submesoscale flow due
to frontogenesis from an idealized simulation experiment. They initialized a
numerical ocean model with an across-front density variation of 0.27 kg m—2,
a readily spontaneous frontogenesis, across 20 km over a deep mixed-layer of
250 m. As a result there was a localized intensification of buoyancy gradient,
large Ro, small Ri, strong lateral strain rate, and enhancement of the vertical

velocity.

Mahadevan and Tandon, 2006 studied the generation of submesoscale motions
due to strain driven frontogenesis, using an idealized model. They examined
the relationship between the horizontal strain rate, the relative vorticity, and
submesoscale vertical velocities (see Fig. 1.7). They observed a preponder-
ance of cyclonic vorticity (Ro>0), which can be explained by the SG dynamics,
where the rate of growth of cyclonic/anticyclonic motions is asymmetric. Re-
gions of high strain is associated with large relative vorticity, and regions of
high cyclonic vorticity are associated with intense downwelling (negative ver-
tical velocities). High strain rate and large Rossby number are found at regions

where submesoscale downwelling occurs.

2. Forced motions. Destabilizing atmospheric forcing such as buoyancy fluxes
(heat and salt fluxes) or down-front wind stress can lead to creation of sub-
mesoscale eddies. Both tend to reduce the stratification (hence the Richardson
number), as well as the potential vorticity (PV) of the upper ocean (Thomas,
Tandon, and Mahadevan, 2008). As an example for the buoyancy loss forc-
ing, Legg and McWilliams, 2001 observed that, for an idealized case, cooling
of barotropic eddies triggered submesoscale eddies that led to a much faster
increase in barotropic eddy kinetic energy than in the case where there was
no cooling, suggesting that cooling could be a pathway for the conversion of
available potential energy to barotropic eddy kinetic energy, leading to restrat-
ification of the upper-ocean.

3. Mixed layer instabilities. Submesoscale processes within the mixed-layer tend
to increase stratification. The mixed-layer (ML) is the upper-ocean layer where
ocean properties and momentum are homogenized by active turbulent pro-
cesses that cause mixing. The water density, highly correlated to temperature
by the state function, has also a reduced vertical gradient within this layer, and
increases dramatically at the pycnocline (the depth at which the density gra-
dient is maximum), usually located below the mixed-layer depth (MLD). The
work of Boccaletti, Ferrari, and Fox-Kemper (2007) showed that within the ML,
baroclinic instabilities develop as a consequence of density fronts out of the
geostrophic balance, resulting in the formation of submesoscale eddies of size
1-10 km that act to continuously restratify the surface mixed-layer. Baroclinic
instabilities draw its energy from the potential energy of the unperturbed flow
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FIGURE 1.7: Near surface field (15 m) from day 44 of the simulation.
(a) surface density anomaly, (b) vertical velocity, (c) normalized strain
rate S/ f, (d) local Rossby number calculated as Ro = / f, (e) an esti-
mate of the vertical velocity due to frictional effects at fronts, and (f)
Richardson number in the range 0-1. Mahadevan and Tandon, 2006.

and the disturbances grow at a scale rate near the local first baroclinic Rossby
radius of deformation (Stone, 1966).

4. Ageostrophic anticyclonic instability and loss of balance. The three main routes
for energy dissipation from a balanced flow through the loss of balance are:
(i) change in sign of the absolute vorticity A, (ii) change in sign of the ver-
tical buoyancy gradient N, which gives rise to convective motions, or (iii)
change in sign of the difference between the absolute vorticity and the strain
rate A — S, where unbalanced ageostrophic instabilities develop (McWilliams,
Molemaker, and Yavneh, 2001). Molemaker, McWilliams, and Yavneh, 2005
show that in regions where the local Rossby number is large, ageostrophic an-
ticyclonic baroclinic instability can arise spontaneously at submesoscales from
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a loss of balance yielding a forward energy cascade. Mahadevan and Tan-
don, 2006 tested whether ageostrophic baroclinic instabilities play a role in set-
ting up submesoscale structures in regions where loss of balance occurs. They
found that the region where A — S changes sign coincides with the most in-
tense downwelling site in the domain. They concluded that this suggest that
the conditions are appropriate for the loss of balance and the development of
ageostrophic anticyclonic instability.

5. Nonlinear Ekman effect. Down-front winds can generate intense downwelling
due to cross-front Ekman transport at the surface Thomas and Lee, 2005. This
downward motion induces localized mixing and an additional secondary ageo-
strophic circulation, reducing stratification (and Ri) in the surface boundary
layer, thus providing favorable conditions for submesoscale processes.
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FIGURE 1.8: Topographic wakes in an idealized experiment gener-
ated by the interaction between an incoming flow and a seamount.
McWilliams, 2016.

6. Topographic wakes. Submesoscale motions can arise from the interaction be-
tween the oceanic flow and the topography (Fig.1.8). The snapshot shows the
result of an idealized configuration of uniform stratification by McWilliams,
2016. The flow, with velocity of 0.05 ms~! is induced @1 vorticity at the con-
tact with the boundary, and subsequent rollups due to barotropic centrifugal-
instabilities lead to a significant input of vorticity into the basin through the
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formation of submesoscale coherent vortices. The vortical flow shows an im-
pact on the vertical velocity up to 500 m above. In the real ocean, both the
incoming flow and the boundary shape are non-uniform in z, making the so-

called wakes and their evolution fully tree-dimensional.

1.2 Mesoscale variability in the Caribbean Sea

The Caribbean is a semi-enclosed sea delimited by Central America, and the north-
ern part of South America (see Fig.1.9). It spans over 3500 km of longitude and 2500
km of latitude, and is separated from the Atlantic Ocean by the closely spaced chain
of Antilles Islands. The Caribbean Sea is important in terms of mesoscale dynamics,
as its location within Central America allows the propagation of mesoscale eddies
through its whole basin, forming a connection between the Southern and Northern
Atlantic oceans, hence interacting with the Atlantic Meridional Overturning Circu-
lation (AMOC).

Central
American
Rise

Nicaragua (§

P Ll o
2 @ Guajira &8
 Gulf of Gulf of/

quitos < 2arel 4 Colombia

Panama &

Venezuela

84w 785w 72°W 66°W

FIGURE 1.9: Map and bathymetry of the Caribbean Sea. Jouanno et
al., 2008.

The Caribbean Sea water inflow comes from the Subtropical Gyre (SG), the North
Equatorial Current (NEC) and the North Brazil Current (NBC). At the eastern side of
the Sea, those waters merge and form the Caribbean Current, composed of two jets
flowing westwards along the southern and the northern boundaries of the Venezuela
Basin: the southern Caribbean Current (sCC) and the northern Caribbean Current
(nCQC), respectively. As the sCC reaches the Colombia Basin, it divides into two
branches. The southward branch feeds the cyclonic Panama Colombia Gyre, itself
providing for the eastward Caribbean Coastal Undercurrent (CCU), located around
200 m depth (Andrade, Barton, and Mooers, 2003). The northward branch of the
sCC, larger and more energetic, merges with the nCC and together they flow to the
Gulf of Mexico mostly channeling through a trough southwest of Jamaica, and then
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flow out through the Yucatan Channel (see Fig. 1.10). The main propagation speed
of the Caribbean Current is about 0.3 ms~!, with the highest surface velocities of
0.6-0.7 ms~! found at Maracaibo and along Panama due to a northward deflection
caused by the geography of the coastline (Fratantoni, 2001).

Jouanno et al., 2008 investigated the mesoscale variability in the Caribbean Sea
using a 1/15° resolution general circulation model and found that the mean current
path near the Lesser Antilles at 30 m depth is dominated by a narrow and strong
flow through the Grenada Passage and a secondary flow through St-Vincent and St-
Lucia Passages. Both flows come from the return flow of the AMOC. At 150 m, the
inflow through the Grenada Passage is absent and the water input comes from the
southern branch of the Subtropical Gyre. The signature of both contributions is well
represented on mean Sea Surface Height (SSH) maps. The interaction and merging
of the two water contributions conjugated to the instability of the jet flowing through
the Grenada Passage is mainly responsible for the production and growth of strong
and deep baroclinic eddies within the Caribbean Sea.

y
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FIGURE 1.10: Main current paths of the Caribbean Sea. Jouanno et al.,
2008.

The Caribbean Sea is home to a strong and energetic mesoscale activity. While
most of the eddies are anticyclonic, we also find smaller and weaker cyclonic ed-
dies, mainly located near the South American coast or at the northern part of the
Venezuela Basin. Large and energetic anticyclones eddies form and propagate with
the Caribbean Current westward with speeds of 0.06-0.15 ms ! and maximum swirl
speeds of 0.3-0.6 ms~! (Jouanno et al., 2008). They have a diameter of 200-500 km
and a coherent vertical structure down to 1000 m depth. Richardson (2005) found
that about 8-12 eddies per year were formed within the Caribbean Sea, with a maxi-
mum from September to November and a minimum from February to May, and for
most eddies, the journey lasts about 10 months from the the Lesser Antilles to the
Yucatan Channel.

The transport into the Caribbean Sea was estimated to be about 28 Sv, coming
from three sources: the Windward Islands passages south of Martinique (~10 Sv),
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FIGURE 1.11: Temperature vertical profile (left) and T-S diagram
(right) in the Caribbean Sea in summer. Observational data taken
during the SO164 expedition. Niirnberg et al., 2002.

the Leeward Islands passages between Martinique and the Virgin Islands (~8 Sv),
and the Greater Antilles passages between Puerto Rico and Cuba (~10 Sv) (Johns
et al., 2002). The stratification of the water column in the Caribbean Sea is greatly
influenced by the sill depth of the Antilles Islands arc, as it obstructs the inflow from
the Atlantic ocean. Consequently, the upper 1200 m is highly stratified, between
1200 and 2000m it is weakly stratified, and below it is nearly homogeneous (Gordon,
1967).

The origin of the water masses can be obtained by studying the Temperature-
Salinity (T-S) diagram, and their vertical profiles (Fig.1.11). Observations were taken
from CTD stations during the expedition SO164 in the Caribbean Sea between May
22nd and June 28th, 2002. Water from both North and South Atlantic can be found.
The Caribbean Surface Water (CW) occupies the upper 60 m of the water column and
is composed of a mixture between the North Atlantic surface waters, the Amazon
River water, and the local freshwater runoff from South America. The surface waters
are therefore relatively fresh (<35.5 psu), and have a temperature of about 28°C. At
about 150 m depth we find at the salinity maximum the Subtropical Under Water
(SUW), a water mass formed in the central tropical Atlantic where evaporation is
greater than precipitation, with salinity of >37 psu and temperature of 22-23°, also
confirmed by Herndndez-Guerra and Joyce (2000). The salinity minimum of 34.8 psu
found around 800 m is the signature of the Antarctic Intermediate Water (AAIW).

The first baroclinic Rossby radius of deformation, the scale at which mesoscale
dynamics such as mesoscale eddies develop, ranges between 60-80 km for the Caribbean
Sea (Jouanno et al., 2008).

For a detailed description of the Caribbean Sea ocean currents and properties,
see Gyory, Mariano, and Ryan (The Caribbean Current. Ocean Surface Currents.).
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1.3 Obijectives

In the present study, a submesoscale-permitting simulation is performed by one-way
nesting in the Caribbean Sea in order to understand the implication of the change in
horizontal resolution on the mesoscale flow. Increasing the horizontal resolution can
affect the solution in space and time by permitting the emergence of features that are
not resolved with coarser resolution models. Starting at 1/16°resolution, the ocean
dynamics is simulated for a limited time-period at 1/32° and 1/96° resolution via
downscaling. This thesis aims to answer the following questions:

1. What horizontal resolution is needed for submesoscale motions to develop?
2. How long does it take for the solutions to decorrelate in time?

3. Which mechanisms generate the submesoscale motions?

It is important to acknowledge that this is not meant to be an extensive study of
the submesoscale processes occurring in the Caribbean Sea, since the results come
from only a limited running time-period of two weeks. This is a first approach to un-
derstand the possible implications of the submesoscale dynamics in the Caribbean

Sea.
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Chapter 2

Model and data

2.1 Numerical models

The simulations are performed using SURF (see Trotta et al., 2016), a NEMO-based
numerical modelling platform that allows a grid refinement of the ocean dynam-
ics, via downscaling. The data GOFS16 dataset is used as initial and boundary
conditions to perform downscaling and to study the submesoscale dynamics in the
Caribbean Sea. This section focuses on the models NEMO and the platform SURF.
The implementation of SURF into the Caribbean Sea and the datasets used for the

model validation are described further.

2.1.1 NEMO

NEMO is a free-surface, finite differences 3-D ocean model that solves the primitive
equations, i.e. the Navier-Stokes equations combined with a nonlinear equation of
state which couples the temperature and the salinity to the velocity of the fluid. In

the solving of the primitive equations, the following assumptions are made:

1. Spherical earth approximation: geopotential surfaces are assumed to be spherical,

so that gravity is parallel to the earth’s radius.

2. Thin-shell approximation : the depth of the ocean is neglected compared to the

radius of the earth.

3. Turbulent closure hypothesis: turbulent fluxes (effect of small scale processes on
the large-scale) are expressed as a function of the mean flow.

4. Boussinesq hypothesis: density variations are ignored except where they appear
in multiple of g, the gravitational acceleration.

5. Hydrostatic hypothesis: the vertical pressure gradient balances the buoyancy

force.

6. Incompressibility hypothesis: the three dimensional divergence of the flow veloc-

ity is zero.
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The complete system of equations to solve is:

aaih = —@xﬁ—;wﬁz)—ﬂ%xﬁh—plovhwfﬁ 2.1)
3’; = —p8 (2.2)
V.-ii=0 (2.3)
gf = -V - (i) + DT (24)
aaf = —V - (Sii) + D° (2.5)
p=p(0,5p) 26)

where if = (1,v,w) and the subscript / indicate the horizontal field, @ = V x il is
the vorticity, 0 is the potential temperature, S the salinity, p the pressure, g the grav-
itational acceleration, f the Coriolis parameter, and D DT and DS the parameteri-
zations of small scale physics for i, T and S respectively, including surface forcing
terms, eddy viscosity coefficient and eddy diffusivity coefficient.

The model variables are computed on a horizontally and vertically staggered
Arakawa-C grid (see Fig.2.1). The free surface, density and active tracers are located
at the centre of the cell (T-grid), the horizontal 1 and v velocities are located respec-
tively on the U- and the V-grid (left panel) and the vertical velocity w is located on
the W-grid, at the bottom and top interfaces of the cell (right panel).

Horizontal indexing Vertical indexing
LEVELS

] W ¢‘4’
I - ¢F+T¢,75

] W AW

- T 1

k I _:’“'. 1 W L
R s

kil LW o

~ = I
—?—— —
o
S|
L

=
=
—CIF)—— —
-(-4-{-

s X
ot
S
o I
SR
o

FIGURE 2.1: Structure and indexing of the Arakawa C-grid used by
NEMO on the (left) horizontal and (right) vertical. Madec and NEMO
team, 2008.
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2.1.2 SURF

The Structured and Unstructured grid Relocatable ocean platform for Forecasting
(hereafter SURF) is a numerical downscaling platform that does one-way nesting of
the primitive-equation NEMO model (Trotta et al., 2016). It is working on a virtual
machine environment. To enable the nesting in restricted area the modeling plat-
form requires a high resolution bathymetry and a detailed coastal geometry, initial
and boundary conditions from a large-scale model field (U, V, T, S and 7), surface
atmospheric forcing interpolated on the nested area, and specific model parameter
settings. The parent model usually has a coarser horizontal and sometimes verti-
cal resolution, and the numerical discretization and physical parameterizations can
also be different. The parent provides initial and lateral boundary conditions for
the SURF child components. The finer grid region is entirely embedded within the
domain of the coarse grid region.

It first interpolates the parent model onto the new child grid, using bilinear in-
terpolation on the horizontal, and linear interpolation on the vertical, and then ex-
trapolates the new gridded data over land. This later serves as boundary and initial
conditions for the numerical integration of the primitive equations.

The parameterization of the lateral subgrid-scale mixing of the active tracers and
momentum are done using a horizontal biharmonic operator. The horizontal eddy
diffusivity and viscosity coefficients are parameterized as a function of the parent

Axc\*
ac = a, (Ax;> (2.7)

where the subscripts ¢ and p stand for "child" and "parent". The vertical eddy vis-

coarser resolution model:

cosity and diffusivity coefficients are computed following the Richardson-number
dependent scheme of Pacanowski and Philander (1981).
The density is computed after the nonlinear equation of state of Jackett and Mc-

dougall (1995):
p(6,S,0)
1—p/K(6,S,p)

where p(6, S,0) is a 15-term polynomial and K(6, S, p) is a 26-term polynomial. The

p=0(0,Sp) (2.8)

depth-level formula is the same as used in the NEMO model:

where hy,;, hg and h1 have been determined through an optimization procedure
(Madec and NEMO team, 2008 §4.3.2), hy, is the model level at which maximum
stretching occurs, h, is the stretching factor (= 3 — 10), and k is the vertical index.
Rather than entering the parameters hs,,, hp and hy, it is possible to recalculate them.
This approach consists in setting dz, the minimum thickness for the top layer, and
hinax, the total depth of the ocean. Such an expression for the depth allows a nearly
uniform vertical depth level discretization at the top and the bottom of the ocean,
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FIGURE 2.2: Nested regions shown on an instantaneous map of sea-
surface height (m) of the parent model.

with a smooth transition in between, concentrating the vertical resolution near the
ocean surface. The model uses partial cell discretization, so the bottom boundary
layer thickness varies to better fit the bathymetry.
The time step is chosen so that the CFL condition is respected:
At

=ag— < < .
C qu_lﬁAt_Ax/a (2.10)

with 4, the numerical horizontal viscosity.

The lateral open boundary conditions are performed using the Flather radiation
scheme for the barotropic velocities (Oddo and Pinardi, 2008), and the flow relax-
ation scheme for the baroclinic velocities (Madec and NEMO team, 2008 §8.4.2).

2.2 Implementation in the Caribbean Sea

The SURF platform was implemented in the Caribbean Sea, a region of highly vari-
able bathymetry and energetic mesoscale activity. An experiment with two nestings
has been performed within the selected time period of February 8th to 23rd, 2017, a
choice motivated by the strong anticyclonic activity in the northern part of the basin,
as seen on satellite data. The nested regions are presented in Fig.2.2.

2.2.1 Initial and boundary conditions

The dataset used for the parent model is the Global Ocean Forecasting System with
1/16° resolution (GOFS16). It is based on NEMO v3.4 circulation ocean modeling
system and assimilated salinity and temperature profiles, sea surface temperature,
along track sea surface height, and sea-ice concentration on a daily basis. It has an
horizontal spacing of 6.9 km at the equator and increasing poleward to ~ 2 km. It has
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98 uneven vertical levels with partial step. The bathymetry used is a combination of
ETOPO2 for the deep ocean, GEBCO for the continental shelves, and BEDMAP?2 for
the Antarctica. The forecast system is forced with a 3-hourly momentum, radiation,
precipitation fluxes from the operational Global Forecast System (GFS) fields. The
outputs are a 1-day simulation of three-dimensional temperature, salinity, velocity
fields, sea-surface height, and, sea ice thickness, concentration and driftand. It also
produces a 6 days long forecast initialized by the former daily analysis. The data are
available from 2017 to date. See Iovino et al., 2016 for more.

2.2.2 Atmospheric forcing

The atmospheric field is the Global Forecast System (GFS), a weather forecast model
produced by the National Centers for Environmental Prediction (NCEP). The fore-
cast system is forced with a 3-hourly momentum, radiation, precipitation fluxes
fields. The surface-heat balance results from the atmospheric fluxes computed using
the CORE bulk formulation, and there is no SSS restoring.

2.2.3 Bathymetry

The General Bathymetric Chart of the Oceans (GEBCO) is used for the bathymetry,
a continuous terrain model for oceans and land at 30 arc-second interval (~ 830 m).
The bathymetry in the Caribbean Sea domain is shown in Fig.1.9.
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FIGURE 2.3: Bathymetry of the Caribbean Sea, from GEBCO.

2.2.4 Model configuration

The first nest (hereafter NEST32) has a 1/32° horizontal resolution (1:2 grid ratio
with the parent), with one day of spinup, and the second nest (hereafter NEST96)

depth (m)
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has a 1/96° resolution (1:3 grid ratio with its parent, NEST32), with 3 days of spinup.
The spinup procedure is represented on Fig.2.4. The parent and children model
setup and the model parameters of the experiment are listed in table 2.1.

February 2017
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

[Gorsic — | B B R B B B SR BN R R >

Nest 32

Nest 96

FIGURE 2.4: Spinup procedure. 1 day for the first nest (NEST32), and
3 days for the second nest (NEST96).

The stretched z-coordinate partial step were used for the vertical discretization.
Fig.2.5 shows the distribution of the vertical levels for each resolution, according to
equation 2.9. The parameters were chosen so the oceanic upper-layer has a subme-
soscale resolving resolution. The method chosen for the vertical levels depend on
the maximum depth of the domain. The maximum depth of the two nesting differ
by almost 2000 m, hence the difference between the two curves. As a result, the

surface for the second nesting is better resolved.
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vertical index

FIGURE 2.5: Distribution of the vertical levels with a focus on the first
100 m (box).

2.3 Datasets and model validation

We describe in this section the datasets used to assess the representativeness of the
mesoscale features in the Caribbean Sea seen from the model data GOFS16. Two
datasets are used in mean for comparison: the HadISST reconstructed SST data, and
satellite data from AVISO for SSH and geotrophic velocities.
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| Parent

Nest 1

Nest 2

Time
Time period

2017.02 08-23

2017.02 09-23

2017.02 12-23

Espinup (days) - 1 3
time step (s) 200 100 36
Output daily hourly hourly
Spatial grid Horizontal grid
Ay, Ay 1/16° 1/32° 1/96°
~ 6.8km ~ 3.5km ~ 1.2km
longitude (°E) global [-89.0, -58.0] [-84.0, -73.0]
latitude (°N) global [7.9, 20.525] [14.0, 18.20312]
Ny X 1y - 993 x 405 1057 x 405
Vertical grid
z-coordinate with partial step
n, 98 100 100
Nsur=-4068.77 m, hp=82.4 m | z;,,,=8499.12 m Zmax=6227.62 m
h1=6.815951 m dz,i,=0.6 m dz,,i»=0.6 m
hey=12.0, hy,=30.35101 hey=16.0, hy,=55.0 he=16.0, hy,=55.0
Physics Horizontal subgrid-scale physics
Viscosity coeff. -0.5%107, bilaplacian -5.0x 107, bilaplacian | -3.125x 108, bilaplacian
Diffusivity coeff. || 80, laplacian 40, laplacian 20, laplacian
Vertical subgrid-scale physics
TKE mixing Pacanowski-Philander mixing
Viscosity coeff. 1.2x107% 1.2x107° 1.2x107°
Diffusivity coeff. || 1.2x107° 1.2x107° 1.2x107°
EVC Mix. coeff. 10 10 10

Model parameters

Bottom

Drag coefficient
Turbulent KE

1.0x 1073
2.5 x 1073m?/s?

TABLE 2.1: Parent and children model setup and model parameters
of the experiment.
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2.3.1 Sea-surface temperature observational data

The HadISST is a monthly global field of SST on a 1°x 1° grid available from 1871
to now. The SST data are taken from the Met Office Marinee Data Bank (MDB).
The SST field is reconstructed using an EOF-based technique, the reduced space
optimal interpolation (RSOI), followed by superposition of quality-improved in situ
SSTs from ships and buoys, and bias-ajusted SSTs from the satellite-borne advanced
very high resolution radiometer (AVHRR), to restore local details. See Rayner et al.
(1966) for more.

2.3.2 Sea-surface heights satellite data

Satellite data can provide a good mean to compare model data with observations,
and therefore assess the quality of the model data. In this optic, we use data from
AVISO, near-real time L4 sea-surface height and derived variables processed from
the DUACS multimissions altimeter data processing system, combining altimeter
data from Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1,
T/P, ENVISAT, GFO and ERS1/2. The product includes sea level anomalies com-
puted with respect to a twenty-year mean, and derived additional variables, such as
absolute dynamic topography (ADT) and geostrophic currents.
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Mesoscale variability in the
Caribbean Sea

3.1 Model validation

3.1.1 Ocean tracers

The sea-surface temperature of GOFS16 and HadiSST datasets is shown in Fig.3.1.
The mean temperature field for GOFS16 is computed over the time period Feb. 8th-
23rd, 2017, and the HadiSST is the monthly-mean of February 2017. In general, the
model data is a a little bit colder than the observations, but the mesoscale features are
similar. The warmer temperature are found in the Colombian basin and towards the
Cayman basin, as well as along the meandering Caribbean Current. The Venezuela
basin shows to be slightly warmer for the observations, and the along-coast water
temperature of northern South America is slightly colder for GOFS16.

The T-S diagrams of model data GOFS16 between Feb. 8th and 23rd, 2017 and of
observations taken from CTD stations during the expedition SO164 in the Caribbean
Sea, between May 22nd and June 28th, are 2002 displayed in Fig.3.2. It is noteworthy
to mention that the observational data were taken in spring, as the model data cover
a two weeks period in winter. However, the lack of observations in the Caribbean
Sea obliges this comparison. The vertical profile of temperature and salinity, and
of the Brunt-Viisild frequency (N?) of GOFS16 is shown in Fig. 3.3. The upper
layer (60 m) is the relatively fresh water mass Caribbean Water (CW), with salinity
around 35.5 psu and lower, and high temperatures of 26-28°C arising from the air-
sea heat fluxes. The salinity maximum is attributed to the Subtropical Under Water
(SUW), with a salinity of 37 psu. As seen on the vertical profiles, the SUW is located
between 150-170 m, and has a temperature of 22-26°C. The salinity minimum of
34.8 psu found around 700 m in the model and 800 m in the observations is the
signature of the Antarctic Intermediate Water (AAIW), with temperatures of 4-6°C.
In general, there is a good agreement for the deep water branch. It is fresher and
slightly warmer in the observations for the upper layer, which can be explained by

the offset in season.
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FIGURE 3.1: Time-mean SST of GOFS16 (top) and HadiSST (bottom).

The GOFS16 time period is from Feb. 8th-23rd 2017, and HadiSST is

the monthly mean of February 2017. The GOFS16 has SSH contours
in cm overlayed.

3.1.2 First baroclinic Rossby radius

The first baroclinic Rossby radius of deformation is calculated using the definition
from Chelton et al., 1998: .
A L / N(z)dz

= o )
In the Caribbean Sea, the average value for the Coriolis parameter f ~ 3.6 x 10°s71,
N? varies vertically according to Fig.3.3 on the right panel, reaching down to H =5
km. The first baroclinic Rossby radius was found to be A; = 75 km, which falls
between the range 60-80 km provided by the author. Given that GOFS16 has a hor-
izontal resolution of 1/16°, which corresponds to 6.8 km in the Caribbean Sea, it is

expected that the mesoscale dynamics is well resolved by this dataset, in this region.

3.1.3 Sea-surface height

The general circulation pattern and the presence of mesoscale eddies can be un-
derstood based on the SSH shown in Fig.3.1 and 3.4, due to the constraint of the
geostrophic balance. In the Colombia basin, the presence of two big cyclonic eddies
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FIGURE 3.2: T-S diagram of (left) model data GOFS16 and (right) ob-
servations taken during the SO164 expedition. Note that model data
are in winter, as for observation data are in spring.

with centre of ~ —42 cm is clear both in the model data and the observations. These
eddies are part of a strong cyclonic circulation, which is referred to as the Panama-
Colombia Gyre in Jouanno et al. (2008). Around 70°W below Dominican Republic,
where the north Caribbean current flows, GOFS16 shows the existence of a cyclonic
eddy with SSH of -6 cm at the centre. It is not clear in GOFS16 if this cyclonic eddy is
present. The signature of the south Caribbean current (sCC) clear in the two models,
entering the sea in the lower part of the lesser Antilles, joining the north Caribbean
current (nCC) around 75°W, then partly entering the Panama-Colombia basin, while
the remaining water leaves the Caribbean Sea through the Chibcha Channel. An-
other interesting feature is the big anticyclonic eddy with center at 78°W and 16°N.
Its imprint in the SSH is undeniable in the two models, but GOFS16 exhibits a higher
amplitude of the centre (2 cm more).

3.1.4 Geostrophic velocities

We compare the GOFS16 geostrophic velocities to the derived geostrophic veloci-
ties from sea-level satellite data. Fig.3.4 shows the time-mean (8-23 Feb) geostrophic
velocities of GOFS16 (top) and of satellite data (bottom), with SSH and SLA in col-
ors. Very similar patterns are observed : the boundary current along the northern
South American coast, the Panama-Colombia cyclonic gyre composed of two smaller
cyclonic circulations, the meandering nCC joining the sCC around 75°W, smaller
cyclonic eddies between 65 and 73°W, and finally the strong anticyclonic eddy at
78°W and 16°N. Amplitudes of the velocities also show to be similar. The question
whether the anticyclonic eddy is a typical eddy of the Caribbean sea or not remains,
but it is at least present in the observations.
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FIGURE 3.3: GOFS16 temperature and salinity vertical profiles (left)
and brunt-vaisala frequency N? (right).

3.2 Parent model (1/16°)

The parent dataset used for the experiment is the GOFS16 dataset, it has a resolution
of 1/16°, which corresponds to 6.3-6.9 km in the Caribbean Sea. The instantaneous
map of the total velocity on Feb. 8th is shown in Fig.3.5 shows, at 10 and 150 m
depth. The MLD in the Caribbean Sea was found to be around 100 m (Fig.3.6), so
we are looking at the velocity field above and below the MLD. The current path near
the Lesser Antilles is different for 10 m depth and 150 m depth. At 10m, the flow is
dominated by a strong and energetic surface jet flowing through the Grenada Pas-
sage. This input to the Caribbean circulation comes from the Brazil current, the
narrow poleward return flow of the Subtropical Gyre. At 150 m, the inflow in the
central islands is coming from the return flow of the Meridional Overturning Circu-
lation (MOC) from its North Brazil current branch, and enters the Venezuela basin
through the St-Lucia Passage. The paths of the circulation vary greatly between 10
m and 150 m depth. In the first case, the main flow follows the South American coast
westward and forms the southern Caribbean Current (sCC) by merging with water
coming from the Guadeloupe Passage around 66°W. It slightly deflects northward
at Maracaibo and continues its way, meandering. One part turns south to join the
Panama-Colombia cyclonic gyre, present in the two SSH local minima (Fig.3.1, top
figure), and another part joins the anticyclonic eddy located at 77°W-16°N. The wa-
ter leaves the sea at high speed through the Chibcha channel, still visible at 150 m
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FIGURE 3.4: Mean geostrophic velocities and SSH for (top) GOFS16
and (bottom) satellite data from AVISO. The time-mean is computed
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depth. At this depth, however, the along-shore current at the South American coast
is rather flowing eastward, a result of the water exiting the cyclonic gyre. A striking
feature is again the strong anticyclonic eddy still seen at 150 m depth, with swirling
speed up to 0.5 ms~!. In general, the Caribbean circulation is highly turbulent and
energetic in this time period. The Caribbean Current meanders through the whole
basin around the several energetic cyclonic and anticyclonic mesoscale eddies.

The vertical extent of the different currents is examined by looking at the zonal
cross-section at 77°W, cutting right through the anticyclonic eddy. Temperature
(top), salinity (middle), and zonal velocity (bottom), all with density contours over-
layed, are shown in Fig.3.7, on (left panels) Feb. 8th and (right panels) Feb. 22nd.
The vertical structure of the zonal flow reveals the following features:

e The Panama-Colombia Gyre is located between the southern shelf at 9°N and
13°N, following where the outcropping of the isopycnals, and is extending
down to roughly 200 m, with its core located at 50 m. Both the temperature are
only slightly affected, as they become more homogeneous in the upper 50 m,
above the MLD, with salinity of 36.2 psu and temperature of 28°C.
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FIGURE 3.5: Velocity field for GOFS16 at the (top) surface (10 m
depth) and at (bottom) 150 m depth, on Feb. 8th, 2017.

e The MLD, ranges from 50 m in the cyclonic gyre core to 150 m in the anti-

cyclonic eddy core. At these depths, the temperature is maximum, reaching
28.8°C, and the salinity ranges from 36.6 to 37.6 psu.

A deep elongated eastward current is located at 13°N, extending from 100 to
1000 m, with its core at 500 m. Probably being part of the Caribbean Coastal
Undercurrent, flowing along the South American northern coast.

The anticyclonic eddy is visible in the zonal velocity structure and outcropping
of isopycnals. The core is located about 16°N, it has a vertical extent down to
1000 m, and warmer and fresher water (~ 35.6 psu). The salinity is greatest at
150 m in the anticyclonic eddy, reaching a value of 37.6 psu.

Between the first and the last day of the present time period, the general fea-

tures of the mesoscale flow do not show any major changes, except for the internal

variability of the currents in the interior. The distribution of the tracers follows the

progression of the anticyclonic eddy. From the isopycnals, we can see that the anti-

cyclonic eddy has moved slightly towards the west.
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FIGURE 3.6: Mixed-layer depth for GOFS16 on Feb. 8th, 2017.

3.2.1 Anticyclonic eddy

The choice for this two weeks time period was motivated by the presence of the
strong anticyclonic eddy located around 77°W-16°N, because the submesoscale struc-
ture occurs principally on the periphery of mesoscale eddies (Capet et al., 2008a).
From the SST and SSH field daily time-laps of the parent model (Fig.3.8), we can see
that within these 14 days, the eddy has moved from approximately 77°W to 78.3°W,
giving it a westward propagation speed of roughly 0.12 ms~!, which falls between
the given range from observations of 0.02-0.15 ms~! for westward propagating anti-
cyclonic eddies. The temperature and the meridional velocity across the anticyclonic
eddy (at 15.6°N) is shown in Fig.3.9, along with the Rossby number field and the ve-
locity field. These plots are snapshots of daily average on Feb. 12th.

Its imprint is marked by the outcropping of oy = 23 kgm 3, where the water is
warmer than the surrounding water. The SSH reaches a maximum height of 11cm
at the center. The temperature is maximum at about 100m depth where it reaches a
value of 27.5°C. The meridional velocity cross-section shows that the eddy stretches
vertically down to 1000 m. Its latitudinal extent is from 13°N to 17.5°N, giving it a
diameter of roughly 500 km, which is also falls into the typical range for mesoscale
eddies in the Caribbean Sea, being however considered as a large eddy. Its core, vis-
ible from the null velocity values and the SSH field overlaying the Rossby number,
is located at about 16°N. The Rossby number is computed from the relative vortic-
ity scaled by f. Since the Coriolis parameter is positive in the northern Hemisphere,
positive values of Ro indicate cyclonic circulation (red), and negative values indicate
anticyclonic circulation (blue). The correspondence with the velocity field make the
direction of the circular motions clearer. The core of the eddy as well as several large
horizontal stretches show a clockwise motion, which is what we would expect for
an anticyclonic eddy. There are few elongated filaments of cyclonic motions within
the eddy and on its periphery. The next step is to increase the resolution and observe
if the submesoscale activity has been enhanced.
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Chapter 4

Submesoscale variability

Instabilities tend to form where fronts meet, like at the periphery of mesoscale ed-
dies. At the rim of the anticyclonic eddy found at 16°N and 77°W, enhancement of
submesoscale fluctuations through the development of instabilities is expected to be
witnessed. To study the emergence of submesoscale dynamics in this area, starting
with the parent model at a horizontal resolution of 1/16°, simulations at higher hor-
izontal resolution were done via downscaling. The ratio of the spatial refinement is
strongly recommended to be less than 5 to avoid reproducing unrealistic dynamics,
so in the present study the ratios were kept at 1:2 and 1:3. The first nesting has a
horizontal resolution of 1/32° (~ 3.5 km) and comprises the whole Caribbean Sea.
The second nesting, embedded within the first nesting, has a horizontal resolution
of 1/96° (~ 1.2 km) and fully encloses the anticyclonic eddy.

A hint to the effect of horizontal resolution on temperature is displayed in Fig.4.1,
showing the instantaneous SST on Feb. 19th, for the 1/16°,1/32°and 1/96°resolutions
overlayed. In this chapter, results from the effect of horizontal resolution on ocean
tracers and ocean dynamics in the Caribbean Sea is presented, with a focus on a
smaller region at the rim of the anticyclonic eddy in the last section.

2017-02-19 depth=surface °C
7 27.8

18°N
27.3

1aen | 26.8

26.3
10°N

25.8

85°W 80°W 75°W 70°W 65°W 60°W

FIGURE 4.1: Instantaneous SST on Feb. 19th. The simulations with
resolution 1/16°, 1/32° and 1/96° are overlayed, corresponding to
6.8, 3.5 and 1.2 km, respectively.
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4.1 General characteristics

4.1.1 Effects of submesoscale on ocean tracers

The effect of horizontal resolution on sea-surface temperature is shown in Fig.4.2.
The resolution increases from top to bottom panels. The NEST32 and NEST96 are
daily averages of the hourly outputs.
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FIGURE 4.2: Sea-surface temperature with velocity field at 10 m depth

overlayed, on Feb. 18th for GOFS16 (top), NEST32 (middle), and

NEST96 (bottom). NEST32 and NEST96 are daily averages of hourly
outputs.

The coherence among the resolutions is high, and the dominant mesoscale pat-
terns across all solutions is still visible. The smaller grid resolution permitted the
emergence of an additional structural complexity at smaller scale. Temperature
gradients are enhanced for higher resolution, a feature recognizable from filaments
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emerging and getting thinner. These gradients in temperature are prevalent at the
edge of the mesoscale anticyclonic eddy, where submesoscale wiggles in temper-
ature are also observed. The difference in structure is larger between GOFS16 and
NEST32, than between NEST32 and NEST96. Between the coarser resolution and the
intermediate one, the difference is marked by the emergence of temperature fronts
at the edge of the eddy, and an intrusion of a filament of colder temperature within
the eddy. The highest horizontal resolution differs from the intermediate one by
the presence of even smaller features and thinner fronts, but the general picture is

somewhat very similar.

4.1.2 Vorticity and vortical asymmetry

The degree to which the presence of submesoscale instabilities in the anticyclone
eddy can be determined is by looking at the surface relative vorticity {,, since through
vertical vortex stretching induced by frontogenesis, strong relative vorticity is gen-
erated within the mesoscale (Brannigan et al., 2017; Capet et al., 2008b). The Rossby
number (Ro= ./ f) at 10 m is shown in Fig.4.3 for all resolutions, on Feb. 18th.

The presence of the anticyclonic eddy is highlighted by the positive SSH contour
lines, in all resolutions. At 6.8 km resolution (top panel), the GOFS16 simulation, Ro
is mainly within the geostrophic range, between -1 and 1, arguing for little to no ev-
idence for submesoscale instabilities occurring at the periphery of the anticyclone.
There is a large and long filament of cyclonic vorticity (Ro ~ 1) around 79.5°W,
wrapping itself around the large eddy. Filaments of negative vorticity values are
not observed. For the 3.5 km resolution (middle panel), filaments of large Rossby
number values (| Ro | >1), both positive and negative, start to develop at the edge of
the eddy, and across the Chibcha channel. This is indicative of a transition to a more
ageostrophic regime. The submesoscale flows have relatively small Rossby numbers
(IRol<3), but still a large geostrophic component and thus an imprint into the SSH.
The 1.2 km resolution shows a coherent picture with the mid-resolution experiment.
Nonetheless, it also reveals much stronger variability in the relative vorticity field
at the submesoscales (~ 10 km), consisting of several small-scale vortices as well
as thinner filaments of larger Rossby number. The width of the filaments decreases
with each increase in resolution, as it was observed in Brannigan et al. (2017). Over-
all, for the three resolutions, the filaments are mostly of positive vorticity, and the
vorticity is generally smaller towards the centre of the eddy.

The surface relative vorticity shows an increase of ageostrophic flows associated
with an increase in horizontal resolution. As seen in Fig.4.4, the relative vorticity
field at 800 m at 1.2 km resolution, these changes are not even across depths. Com-
pared to the surface relative vorticity field (Fig.4.3 bottom), the 800 m has a less
vortical intensity, resembling that of the 6.8 km resolution. Filaments are thicker and
the mesoscale patterns are more heterogeneous. The few very strong vortices that
still remain are all located at boundaries. Boundaries are efficient sources of strong
vorticity. The difference in regime between depths demonstrates that submesoscale
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FIGURE 4.3: Rossby number ({,/ f) at 10 m depth, on Feb. 18th, for
GOFS16 (top), NEST32 (middle) and NEST96 (bottom).

activity seems to be concentrated at the surface. To sum up, the coarse resolution
flow is mostly geostrophic, dominated by the Coriolis acceleration. The higher hori-
zontal resolution simulations exhibit large Rossby numbers at the surface. Thus, we
expect the submesoscale flows to be significantly ageostrophic in the upper layers,
and close to geostrophy in the ocean interior.

The difference in properties between the ocean surface and the ocean interior
can be studied when looking at the vertical profile of dynamical quantities such as
the kinetic energy (Fig.4.5, left). The profile is an averaged over the area delimited
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FIGURE 4.4: Relative vorticity at 800 m depth for NEST96 on Feb.
18th, with SSH (cm) contours. Daily average of hourly output.

by 78.4-78.2°W and 15.8-16.4°N. For all resolutions, the kinetic energy is trapped
within the first 800 m, but GOFS16 kinetic energy goes faster towards zero, than the
two other solutions. The energy is highest within the surface layer, with most of it
trapped within the first 100 m. An increase in surface kinetic energy associated with
an increase in horizontal resolution is observed, in this area of the size of subme-
soscale. At the surface, the kinetic energy is greatest at 1.2 km resolution, sign of
strong submesoscale activity. On the right panel of this figure, the vertical profile of
the Brunt-Vaisila frequency (N?) shows stronger stratification at the ML base, dom-
inated by GOFS16. Within the ML, between 50 and 100 m, stratification increases
with horizontal resolution. The increase in stratification in the surface layer is com-
pensated by a destratification at the ML base.

The first baroclinic Rossby radius of deformation was computed for the three
resolutions using the averaged of the N? vertical profile, and was found to be 75 km
in all cases.

The distribution of the surface vorticity (Fig.4.6) indicates that the horizontal res-
olution does impact the nature of the flow. In the three cases, the mean total Rossby
number is negative (top panel), and the distributions exhibit a vortical asymmetry,
expressed by the positive skewness. The GOFS16 simulation already has values of

I Ro | >1, meaning that the flow also exhibits an ageostrophic component. The mean
Rossby number and skewness listed in the following table:

GOFS16 NEST32 NEST96

Mean -0.1 -0.06 -0.04
Skewness 0.67 0.52 0.56

The skewness values are rather small, and the positive tail is thick. No trends for
neither the vorticity nor the skewness can be concluded. The vorticity range expands
as the horizontal resolution increases. The submesoscale transition is perhaps more

evident from the Rossby number mean time series. The positive (cyclonic) mean
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FIGURE 4.5: Vertical profile of kinetic energy (m?s~2) and Brunt-

Viisala frequency (s~1) for GOFS16 (blue), NEST32 (red) and NEST96

(green), on Feb. 18th, averaged over the area between 78.4-78.2°W
and 15.8-16.4°N.

time series is shown on the bottom left, and the negative (anticyclonic) mean time
series on the bottom right. The different resolutions start at different days accord-
ing to their spin-up initialization. NEST32 shows a significant transition to subme-
soscale of 6 days, where both cyclonic and anticyclonic means grow almost linearly
until it stabilizes. The NEST96 vorticity range grows for the first 2 days, time needed
to adapt to the new grid, then joins the NEST32 curve. The cyclonic vorticity mean
is always larger than the anticyclonic mean.

Overall, the difference in vorticity is more striking between the GOFS16 and the
NEST32 experiments, than between the NEST32 and the NEST96 experiments. The
NEST96 experiment seems to be more a refined version of the NEST32 rather than
showing additional features only permitted at this resolution. Neverteless, it is evi-
dent that the passage between the 1/16° and the 1/32° allows submesoscale eddies
to develop in the Caribbean Sea. It is important to note that the increase in resolu-
tion also brings the emergence of several islands as well a refined bathymetry which
could also have an impact on the flow structure.

4.1.3 Energy spectra

The power spectrum of kinetic energy (KE) is used to characterize the energy distri-
bution in terms of lengthscales. In Fig.4.7 is shown the KE spectrum on the last day
of the simulation, over the whole area covered by NEST96, at 0, 100 and 400 m depth.
The KE spectra were computed following Klein et al. (2007). They are mean spec-

tra calculated over boxes of 2° x2° where no NaN values were found. Considering
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FIGURE 4.6: Surface relative vorticity (scaled by f) distribution and
mean time-evolution, over the area enclosed in the box.

that an increase in resolution refines the bathymetry, therefore bringing more bound-
aries within the domains, the number of boxes might differ per resolutions and per
depth. The values are detrended, and a Hanning window is applied to the 2D fields
prior computation of the Fast Fourier Transform (FFT). The Power Spectrum Density
(PDS) is found by integrating the FFT over the radial wavelength numbers. For the
visual matters, the wavelengths (km™1) are transformed into lengthscales (km), in
order to facilitate the lecture between the different regimes. The KE spectrum com-
puted from the geostrophic velocities (themselves computed from the SSH) is also
shown, as well as the barotropic KE spectrum (except for GOFS16 because some el-
ements were missing in order to compute the barotropic velocities). Also displayed
are the -4 (full line) and -5/3 (dotted line) theoretical curves.

The surface flow is showing different behaviours depending on the resolution.
The surface flow of GOFS16 is in accordance with the SSH spectrum, confirming the
geostrophic equilibrium mentioned earlier for GOFS16. In the case of NEST32, the
difference varies among the length scales. The surface flow is closer to geostrophy

at large length scales, and the smaller scales become more energetic, starting from
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FIGURE 4.7: Kinetic energy spectra (km) of GOFS16, (middle)

NEST32, and (bottom) NEST96, at 0, 100 and 400 m depth. The blue

curve is the KE spectrum estimated from the SSH, the orange curve

from the total velocities, and the green curve from the baroclinic ve-

locities. The theoretical lines of k—3/3 (dotted) and k—* (black) are
displayed for comparison.
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20 km, showing that more energy is put into the ageostrophic component. NEST96
surface KE spectrum follows the geostrophic one until 8 km length scale, where the
geostrophic flow component experience a sudden increase in energy.

The KE spectra exhibit significant differences between the different depths. For
GOFS16, the spectra monotonically decrease in energy with depth, keeping however
a constant value for large scales, then following the k=5/3 from 100 to60 km, then
steepening. The KE spectra of NEST32 have less energy with depth. At 400 m,
the KE spectrum is lower than that estimated from the barotropic velocities. The
surface flow of NEST96 is shallow (=~ k~*) for a large spectral band, highlighting the
strong energy in the small scales at the surface. As the depth increases, the smaller
wavelength bands have steeper spectra, implying less energy in the smaller scales.
The deep flows for NEST32 and NEST96 are close to the barotropic ones, suggesting
that the energy is mostly captured by this mode at great depths.

In terms of spectral bands, GOFS16 has more energy concentrated in the length-
scales >10? km, than for the two nestings, at the surface. There is more energy in the
geostrophic component in NEST32 than GOFS16, in general. For lengthscales be-
tween 50-100 km, NEST32 is more energetic, and NEST96 is the least energetic. Be-
tween 10-50 km, a similar behaviour is observed. The fluctuations towards smaller
scales (< 10 km) for NEST96 could be attributable to the presence of noise within the
simulation.

4.1.4 Effect on the anticyclonic eddy

The increase in horizontal resolutions appears to affect the dynamics of the anticy-
clonic eddy. The SSH value at its centre as well as its westward propagating velocity
are both lessened when increasing the resolution. Between between Feb 12th and
23rd, the westward velocity of the eddy was 0.12 ms~! for GOFS16, 0.08 ms~! for
NEST32, 0.11 ms~! for NEST96, and the maximum SSH value, corresponding to the
centre of the eddy, decreases with resolution (Fig.4.8). After 5 days of simulation
with NEST32, the centre of the eddy always stays lower than that of GOFS16, with
a difference of 1-2 cm. The center of the eddy in the NEST96 simulation keeps de-
creasing after the first day of simulation, first following its parent model NEST32,
then continues on a decreasing evolution contrary to NEST32 from its 4th day of
simulation. On Feb. 22nd, the difference between GOFS16 and NEST32 is 3 cm, and
between NEST32 and NEST96 4.5 cm.

4.2 Case study: rim of the anticyclonic eddy

This section focuses the analysis on a smaller domain, at the rim of the anticyclonic
eddy (Fig.4.9), into which the submesoscale processes are more clearly depicted.
The results presented in this section are based on the 1/32° resolution (3.5 km).
The 1/96° resolution is discarded here because the significant presence of numerical
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FIGURE 4.8: Time series of the maximum value of SSH (m) corre-
sponding to the centre of the anticyclonic eddy.

noise in the simulations could possibly be an initiator of spurious submesoscale fea-
tures. For the following section, the geography of the chosen area will be described,
and the event of the shedding of a submesoscale eddy is investigated through some
dynamical variables in order to understand the response of the background oceanic
state to the submesoscale eddy permitting grid.

78.8W 78.4W

85°W 80°W 75°W 70°W 65°W 60°W

FIGURE 4.9: The domain of analysis of this section is located at the

rim of the anticyclonic eddy (hatched box). The bathymetry of the

small domain, from GEBCO, is shown on the right. Contours are
made every 200 m, and colors are from 0 (red) to 2500 m (blue).

The domain ranges from 79.2 to 78.0°W, and from 15.4 to 17.0°N, corresponding
to a 130x180 km box. The choice of the area is motivated by the strong localized
blooming of submesoscale activity, as seen from the Rossby number and the veloc-
ity fields in the previous sections. From the bathymetry map, using the data from
GEBCO, we note the presence of two islands between 15.6 and 16°N, and a major
drop down to 2500 m deep in the south of these islands. Above the islands, the ocean
floor is shallower (about 1000 m) but still not entirely uneven.

Between Feb. 15th and 22nd occurred the shedding of a submesoscale eddy at
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FIGURE 4.10: Shedding of a submesoscale eddy seen from the veloc-
ity field at 10 m depth at 3.5 km resolution. Time period is from Feb.
15th to 22nd, shown every 12h from hourly outputs.

the rim of the anticyclonic eddy (Fig.4.10). The event is presented from hourly snap-
shots every 12h from the beginning, at 10 m depth. The northeastward velocity on
the right side of the domain is attributable to the large anticyclonic eddy. Around
78.7°W and 15.8°N, at the southern tip of the biggest island of this small domain,
there is a separation of the incoming flow with velocity of 0.5 ms~!. A submesoscale
eddy (SME) of cyclonic vorticity starts to form on Feb. 15th. The SME becomes a
clear ring from the next day, and propagates along the anticyclonic eddy current,
northward, then joins in the branch of the eddy, and merges with it (not shown). It
has a diameter of roughly 7 km, which falls within the submesoscale range.

Fig.4.11 shows the density, horizontal velocity, vertical velocity, Rossby number,
strain rate, and temperature on Feb. 18th, when the SME is most visible. The SME
arises from the interaction between the oceanic flow and the island, as it occurs in
the case of topographic wakes. The incoming flow is induced high positive vorticity
(Ro=3.77) at the contact with the boundary (Fig.4.11 d)), and its counter part with a
high negative vorticity (Ro=-3.44). The lateral strain rate is also large at this location,
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and strong negative vertical velocities (downward) are following the movement of
the SME. Other interesting features are that its imprint on the SSH is visible, meaning
that it is not merely ageostrophic. Moreover, temperatures at the SME are slightly
colder than the surrounding, perhaps related to the cyclonicity of the motion.
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FIGURE 4.11: Rim of the large anticyclonic eddy, at 1/32°resolution

(~ 3.5 km). Daily average of hourly outputs. At 10 m depth: a)

density, b) horizontal velocity, c) vertical velocity, d) Rossby number

(C2/f), e) Strain rate, and f) sea surface temperature. Black contours
show the SSH, expect for Ro where it shows the density.

The time-evolution of the Brunt-Viisala frequency (N?) is shown in Fig.4.12, for
GOFS16 and NEST32 for means of comparison. The average is made over the small
black box shown in the bottom right corner. Day 1 corresponds to Feb. 9th, day 6 to
Feb. 14th, and day 12 to Feb. 20th. In these 12 days, for both cases, the maximum
value located at the MLD increases of 0.8 x 10~% s~2. The position of the maximum
increases slightly from 180 m to 170 m. The day 6 curve moved of 0.5 x 10~ s2
for GOFS16 and of 0.3 x 10~* s~2 for NEST32, with respect to the first day. Overall,
there is an increase in stratification at the ML base, and a small decrease (0.5-1x10~*
s~2) in the upper ML, for GOFS16 and NEST32.
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Chapter 5

Discussion and conclusion

5.1 Discussion of the results

This thesis explored the impact of the horizontal resolution on the ocean dynamics in
the Caribbean Sea, for a two-weeks period in February 2017. The mesoscale and sub-
mesoscale motions with their respective characteristics were studied through simu-
lations at different resolutions, permitting or not submesoscales. The simulations
were carried out using the one-way nesting numerical platform SURF, for the time
period Feb. 8-23rd, 2017. The first nesting (1/32°, 3.5 km) comprised the whole
basin, while the second nesting (1/96°, 1.2 km), embedded within the first nesting,
covered an anticyclonic eddy and about.

In chapter 3, the mesoscale variability in the Caribbean Sea was studied using
the GOFS16 data, which has a horizontal resolution of 1/16°, corresponding to 6.8
km in the Caribbean Sea. This region, special for being a semi-enclosed sea with a
highly variable bathymetry, has its waters mainly composed of the warm Caribbean
Water with (T, S)=(27°C, 35.5 psu), the saline Subtropical Water with (T, S)=(23°C,
37 psu), and the deep fresh and cold Antarctic Intermediate Water (T, S)=(5°C, 34.8
psu). The water flows across the whole basin via the meandering Caribbean Cur-
rent composed of two branches. The northern branch comes from the Subtropical
Gyre which enters the basin through the Mona and the Anageda Passages, and the
southern branch comes from the North Brazil Current and the North Equatorial Cur-
rent entering via the Lesser Antilles islands, follows the South American coast, then
splits as one part goes into the Panama-Colombia gyre, and the other merges with
the northern branch. The two branches merged together leave the basin through
the Chibcha channel, and flow out to the Gulf of Mexico. The GOFS16 instanta-
neous map of surface velocities showed a very energetic eddying ocean dynamics.
Down to 150 m, strong velocities still remained, especially the signature of a large
anticyclonic eddy located at 78°W-16°N. This eddy, visible from the outcropping
isopycnals corresponding to 0y = 23.0 kgm 3 at the surface, extends down to 1000
m, and has a warmer and fresher core than the surroundings. The MLD at its loca-
tion reaches >120 m, where usually it is around 30-60 m in the Caribbean Sea. This
eddy is propagating westward with a speed of 0.12 ms~!. With a diameter of 500 km,
this anticyclonic eddy is considered large, but all its characteristics falls between the
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normal ranges for westward propagating anticyclonic eddies in the Caribbean Sea.
The first baroclinic Rossby radius of deformation was found to be 75 km, meaning
that below this, instabilities in the flow lead to a departure from geostrophy.
Instabilities tend to form at fronts, like at the periphery of an eddy. In this optic,
the results presented in chapter 4 were focusing on the area where the large anticy-
clonic eddy was evolving. The impact on ocean tracers, ocean dynamics, and the
vertical of these effects were studied. The main questions are answered in what

follows.

1. What horizontal resolutions is needed for submesoscale motions to develop?

While the 6.8 km resolution model very well represented the mesoscale dynam-
ics of the Caribbean Sea, it did not exhibit submesoscale features. Results showed
that the simulations at 3.5 and 1.2 km resolution allowed the development of sub-
mesoscale motions, such as eddies of size 5-20 km and thin filaments of ocean
tracers. From the first nesting emerged such features, as well as a more strati-
fied upper-ocean layer and a more energetic ocean surface. The Rossby number
distribution showed an effective increase of ageostrophic motions with the in-
crease of horizontal resolution, demonstrating that the transition to submesoscale
regime already happens at 3.5 km resolution. Submesoscale motions got more
important at 1.2 km resolution, as much larger Rossby number were observed
(>10), that were not permitted at the first nesting. At the same time, however, this
high resolution led to the development of strong numerical noises that could re-
sult in spurious submesoscale motions, as the fluctuating KE spectra of NEST96
for small wavelengths is suggesting. These numerical problems can be solved
with sensitivity experiments for the viscosity and the diffusivity coefficients. The
difference in the vorticity fields is more striking between the GOFS16 and the
NEST32 experiments, than between the NEST32 and the NEST96 experiments.
The NEST96 experiment seems to be more a refined version of the NEST32 rather
than showing additional features only permitted at this resolution. Overall, it can
be stated that submesoscale motions in the Caribbean Sea are able to develop at
3.5 km resolution, and a further increase in resolution should be done carefully.

2. How long does it take for the solutions to decorrelate in time?

The coherence among the resolutions was high, as the SST field demonstrated,
and the dominant mesoscale patterns across all solutions was still visible. Yet,
the different solutions did not evolve in the same way or at the same rate. As
the time-evolution of the mean surface relative vorticity exposed, submesoscale
permitting simulations showed a clear departure from the parent model. The
adaptation to the new grid was shown by a sudden increase in vorticity (both
positive and negative). It took around 6 days for the first nesting to find stability,
and around 3 days for the second nesting. The three solutions diverged in this
context, but it is hard to tell if they were actually uncorrelated. The decorrelation
between the solutions was more clearly demonstrated in the time-evolution of the
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SSH maximum of the anticyclonic eddy centre. The increase in horizontal reso-
lution, allowing smaller features to develop, led to the subsiding of eddy centre,
and there was a small indication for slowing down the eddy propagation speed.
The solution of the first nesting departed from its parent model after 5 days of
simulation. From that point, the trends were similar (both increasing), but the
solutions were always separated by 1-2 cm. In the case of the second nesting, the
solution with its parent model (second nesting) diverged after 4 days of simula-
tion. After that day, the SSH maximum was continuously decreasing, showing
opposite trend to the two other simulations. To summarize, the decorrelation

among the solutions occurs on a time-scale of days.

3. Which mechanisms generate the submesoscale motions?

Results showed that an increase in horizontal resolution led to the emergence of
submesoscale features in the oceanic flow, such as submesoscale eddies of size
5-20 km. Tracers properties were found to be highly dependent on the resolu-
tion, as filaments of tracers were getting thinner and concentration higher, as ob-
served in Brannigan et al., 2017. Large temperature and density gradients are in-
dicative of frontogenesis activity, a key element of the upper-ocean submesoscale
transition (Capet et al., 2008b). One prominent characteristic of flows with large
Rossby number is restratification of the upper-ocean mixed-layer. Such feature
emerged in the simulations when comparing the Brunt-Viisild frequency profile
at the three resolutions in a small area of high submesoscale activity. The first 100
m revealed a strong restratification further compensated by a destratification at
the ML base. Several authors suggest that this restratification is led by the sur-
face frontogenesis mechanisms triggering divergent motions, which at the same
time inhibits the same process to occur at depth, through vertical velocity. In the
present simulations, baroclinic instabilities developed as a consequence of density
fronts out of geostrophic balance, resulting in submesoscale eddies that further
acted to restratify the surface mixed-layer. Whether external forcings or subme-
soscale eddies are responsible for the upper mixed-layer restratification was not
totally clear, since the case study showed that in certain areas, restratification oc-
curred at the mixed-layer base, while a destratification at the surface was caused
by the atmospheric forcing. Nevertheless, the high kinetic energy trapped within
the upper-ocean layers indicated that the submesoscale motions developed at the
surface.

The filaments were mostly of positive vorticity, perhaps a sign of the dominance
of instabilities occurring for f>0. The positive skewness could also be explained
by the presence of the anticyclonic vortex in the domain. Results from Boccaletti,
Ferrari, and Fox-Kemper, 2007 showed that the positive skewness appears as
soon as the baroclinic instability enters in the nonlinear stage and continues to
grow, which supports the idea that Mixed-Layer Instabilities (MLIs), a common
feature in the surface mixed-layer. In our case, the skewness values are rather
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small, and the positive tail is thick. Even so, the cyclonic vorticity mean is always
larger than the anticyclonic mean, arguing for the preponderance of a cyclonic
development in the submesoscale, which is expected.

The case study of the shedding of a submesoscale eddy (SME) at the rim of the
large anticyclonic eddy demonstrated that the SME arose from the interaction
between the oceanic flow and the island, as it occurs in the case of topographic
wakes (McWilliams, 2016). At the very location of the SME, large positive Rossby
number and large lateral strain rate were observed. Enhanced downward verti-
cal velocity was also observed at this site, which is in accordance with Thomas,
Tandon, and Mahadevan, 2008, who mentioned that at sites where lateral strain
rate is large, strong ageostrophic overturning circulation generates intense verti-
cal velocities. These vertical velocities usually activate restratification in the ML,
but the latter was not observed.

To summarize, in the present study, frontogenesis and topographic wakes have
clearly shown to be major initiators of the submesoscale processes.

5.2 Conclusion

Ultimately, it is noteworthy to mention that this dissertation is the result of a first
approach to study the submesoscale dynamics in the Caribbean Sea, and that the
research has been conducted using data from a short time-period in February 2017.
The present study demonstrated that the development of submesoscale motions in
the Caribbean sea was made possible at a horizontal resolution of 3.5 km, given that
the first internal Rossby radius of deformation is 75 km. High resolution simulations
confirmed that submesoscale structures are concentrated in the upper-oceanic layer
and are a major component of the surface dynamical modes. Transition to the sub-
mesoscale regime happens on a time-scale of days. These small-scale ageostrophic
motions, allowed by the new submesoscale-permitting grid, showed significant im-
pact on the mesoscale flow. Their generations were mainly the caused by frontogene-
sis and topographic wakes. As a result, dynamics in the surface layers involved large
Rossby numbers, enhance kinetic energy, and surface restratification. The present
study also confirmed that the near-surface dynamics is impacted by an increase in
horizontal resolution, while the ocean interior remains in geostrophic balance.

5.3 Future work and outlook

It is important to note that the increase in resolution also brings the emergence of
several islands as well as a refined bathymetry and coastlines, all which could also
have an impact on the flow structure. For example, the subsiding of the centre of the
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anticyclonic eddy with an increase in horizontal resolution could be the result of sub-
mesoscale vortices at the periphery feeding on the eddy’s kinetic energy. This argu-
ment is supported by the energy spectra (Fig.4.7) where for an increase in horizontal
resolution, the amount of energy stored in smaller scales also increases, diminishing
at the same time the energy density at the mesoscales. Likewise, the increase in hori-
zontal resolution also increases the amount of details in the bathymetry, from where
islands emerge and the ocean floor becomes more uneven. In shallow regions, like at
the site of the anticyclonic eddy, the interaction between the flow and the bathymetry
is enhanced, something that could lead to a loss in energy. It is not clear whether the
small submesoscale vortices are the main cause for mesoscale eddy to lose energy or
if it is exclusively due to the more refined bathymetry. In order to isolate the effects
of the bathymetry, one would have to create a simulation in which the horizontal
resolution is increasing, but the bathymetry would be kept somewhat constant, by
removing some of the emerging islands for example.

It was shown in this thesis that submesoscale motions are confined in the upper-
ocean, and have a significant impact on the mesoscale flow. A question that arises
is whether submesoscale dynamics have an impact on the transport of ocean trac-
ers. This was studied by Smith, Hamlington, and Fox-Kemper, 2015 and Smith, 2017
for idealized cases, where they showed that turbulent stirring in the submesoscale
range affects the heterogeneity in spatial distributions of ocean tracers such as car-
bon dioxide, nutrients, plankton, and oil. The Caribbean Sea being an important
region for phytoplankton blooms (Fig5.1), it would be interesting to study how does
the increase in horizontal resolution impact the transport of passive and active trac-

ers.
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FIGURE 5.1: Chlorophyll-a concentration (mg m?3) on a logarithmic
scale in the Caribbean Sea, on Feb. 13th, 2017, from NASA ocean
color satellite data.
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