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RESUMO

Escoamentos geofisicos sao aqueles escoamentos que sao afetados pela
rotacao da Terra. Simulacoes computacionais envolvendo este tipo de escoamento
tem diversas aplicacoes como, por exemplo, em estudos sobre mudancas climaticas
e em previsoes de tempo e do escoamento oceanico, imprescindiveis para o bem-
estar da sociedade moderna. Em especial no caso do Brasil, a importancia destas

simulagoes é ainda maior devido a sua ampla aplicacao na industria do petréleo.

Porém, devido ao imenso nimero de Reynolds conferido a estes es-
coamentos, os recursos computacionais disponiveis atualmente (e decerto no futuro
préximo) nao sao suficientes para simulé-los integralmente. Modelos regularizados
sao modelos simplificados concebidos para lidar com este problema, pois permitem
a reducao dos graus de liberdade em virtude de alteragoes nas equagoes originais

que encurtam a cascata de energia e propiciam o uso de malhas menos refinadas.

Nesta tese, foram estudados dois modelos com extenso uso em escoa-
mentos geofisicos: 0 Modelo da Vorticidade Barotrépica (modelo BV) e o Modelo de
Boussinesq. Para o modelo BV trés tipos de regularizacoes foram consideradas: a
regularizacao alfa com deconvolugao modificada de Tikhonov-Lavrentiev, a regular-
izacao Bardina e a regularizacao alfa com deconvolucao aproximada de van Cittert.
Algoritmos com discretizacao temporal de Crank-Nicolson e espacial em elementos
finitos foram propostos para estas regularizacoes e demonstrados incondicionalmente
estaveis e otimamente convergentes. Também, simulagdes computacionais foram
feitas, tanto para validar a teoria desenvolvida, como para avaliar o desempenho
destes modelos em malhas com pouco refinamento, em situagdes mais préximas

aquelas que ocorrem em aplicagoes reais.

No caso do modelo de Boussinesq foram estudadas quatro tipo de

regularizacoes: alfa, omega, Leray e Leray modificada, todas com deconvolugao

XVvil



aproximada de van Cittert. Para estas regularizagoes, algoritmos do tipo Crank-
Nicolson/elementos finitos, junto com algumas técnicas bem sucedidas quando apli-
cadas as equagoes de Navier-Stokes, foram propostos e analisados numericamente.
E mostrado que os algoritmos conservam energia e sao incondicionalmente estaveis
e otimamente convergentes. Em complemento, simulacoes computacionais sao apre-
sentadas, tanto para validar a teoria de convergéncia, como também para avaliar o
desempenho de cada regularizacao em situagoes mais realistas. Nestas simulagoes,
¢ mostrado que a regularizagao de Leray, além de ter grandes vantagens do ponto
de vista computacional, pois permite controlar a ordem do erro de consisténcia do
modelo sem alterar significativamente o tempo computacional, produziu, em malhas
com pouco refinamento, as melhores solugoes em comparacao as solugoes esperadas

para os experimentos.
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ABSTRACT

Geophysical flows are the flows influenced by the Earth’s rotation.
Computational simulations involving this kind of flow have several applications,
such as climate changes studies and weather and ocean forecasts which are essen-
tial for the welfare in modern society. In particular for Brazil, the importance of

geophysical simulations is even greater due to applications in the oil industry.

However, due to the extremely large Reynolds numbers associated with
geophysical flows, the current available computational resources (and certainly in the
near future) are not enough to simulate it entirely. Regularized models are simplified
models designed to deal with this kind of problem, because they reduce the degrees
of freedom in simulations by virtue of small changing the original equations, which

shorten the energy cascade and enable to the the use of less refined meshes.

In this work, two models with extensive application in geophysical flow
are studied: the Barotropic Vorticity model (BV model) and the Boussinesq model.
First, in the case of the BV model, three different regularization techniques are
studied, namely, the alpha regularization with modified Tikhonov-Lavrentiev decon-
volution, the Bardina regularization and the alpha regularization with van Cittert
approximate deconvolution. Crank-Nicolson in time, finite element in space algo-
rithms for these models are proposed and rigorously proven to be unconditionally
stable and optimally convergent. Also, computational simulations are performed
that validate the developed theory for the proposed regularized models, and shows

their effectiveness on coarse meshes in situations similar to real applications.

In the Boussinesq model case, four regularizations are studied, namely,
alpha, omega, Leray and modified Leray, all of them with van Cittert approximate
deconvolution and some techniques which have enjoyed success when applied to the

Navier-Stokes equations. Crank-Nicolson/finite element algorithms, are developed

Xix



and numerically analysed. They are proven to be unconditionally stable and opti-
mally convergent. Moreover, computational simulations are performed to validate
the convergence theory and to evaluate the performance of each regularization in
more realistic situations. In these simulations, the Leray regularization, in addition
of presenting substantial computational advantages because it enables controlling
the model consistency error order with no significant increase in computations, pro-

duced the best solutions in coarse meshes when compared to the expected solutions.

XX



1 INTRODUCTION

1.1 Problem statement

Geophysical fluid dynamics (GFD) is the study of flows influenced by
Earth’s rotation. It is the foundation for understanding atmospheric and oceanic
flows. Its difference from traditional engineering flows is due to the presence of ficti-
tious forces caused by the description of the flow in a non-inertial rotating reference

system: the Earth’s surface.

Presently, GFD is related to at least two important scientific subjects:
weather forecasting and climate modeling. It is also important to other scientific
fields such as meso and large scale studies in oceanography and meteorology, plank-
tonic migration in marine biology, waves, tides and sedimentology studies and pol-
lutant dispersion in atmosphere and ocean. Moreover, it has important commercial
and social applications such as navigation, agriculture, coastal engineering, natural

disasters prediction and mitigation and, especially in the Brazil case, oil exploration.

Asin engineering flows, modeling geophysical flows is a challenging task,
the reason being that geophysical flows are described by the Navier-Stokes equations
(NSE). NSE are well known by mathematicians because of their complexity. Even
after centuries of effort, fundamental theoretical aspects such as existence of strong
solutions in the three-dimensional case remains unsolved. In the year 2000, the
Clay Mathematics Institute offered a one million dollar prize to anyone who makes
substantial progress presenting a proof or a counterexample. To the best of our

knowledge, until this moment the problem remains unsolved!

As in other fields of fluid dynamics, analytical solutions for geophysical
flows may be achieved only in a very limited number of cases, so instead one needs to

employ advanced numerical methods and computational simulations. Geophysical



flows simulations was one of the first applications of general-purposes computers
to numerical simulations. In 1950, Jule Charney, Ragnar Fjortoft and John von
Neumann in their seminal work entitled “Numerical integration of the barotropic
vorticity equation” [17] accomplished the first computational weather forecast using
the legendary ENTAC world’s first computer (see [72, 71] and references therein for
a historical survey). Since that time, several mathematical models and numerical
methods have been devised in order to, along with the computer advances, simulate
oceans and atmosphere. Among the available methods, the Finite Element Method
(FEM) is one of the most powerful method ever conceived in order to approximate
solutions of boundary-value problems, such as NSE. It has gained importance due
to its relative ease to deal with non-structured meshes and arbitrary geometries, as

those often necessary in geophysical applications.

Associated with the difficulty of solving NSE it is the phenomenon of
turbulence. In particular, the correct representation of geophysical flows, due to
high Reynolds number, depends on the development of advanced techniques to deal
with turbulence. High Reynolds number flows have a wideband spectrum. A simple
estimation based on the Kolmogorov theory [92] shows that a typical geophysical
flow with horizontal length scale of 100 km and a Reynolds number of 10'° will
dissipate energy in a length scale of centimeters. Therefore, simulations resolving
all the necessary scales involved in geophysical flows (Direct Numerical Simulation

- DNS) are far beyond the reach of current computers.

Among the different techniques to deal with this problem, Large Eddy
Simulation (LES) and Regularization Models are two of the most promising meth-
ods. LES consists of calculating the large structures of a flow by modeling the
effect of small scale structures on the large structures. This is accomplished by
filtering the Navier-Stokes equations and resolving the filtered equations, whereas
the resulting subfilter stress, which represents the interaction between the resolved

and unresolved scales, is modeled. This approach is valid because, according to the



Kolmogorov theory, the large structures, which are related with external forces and
boundary conditions, are specific for each flow, whereas the small structures have a
universal behavior [92, 5]. On the other hand, regularization models were initially
created for theoretical purposes. For example, the Leray-a model is a well-posed
earlier regularization proposed by Jean Leray in 1934 in order to analyse the Navier-
Stokes equations [64]. A common feature for regularization models is that they are
well-posed and regular from the mathematical point of view. The regularization
meaning the disappearance of supposed existing singularities in the original Navier-
Stokes equations [97]. Recently, a considerable interest has arisen for regularization
models as simpler models to deal with turbulence in numerical simulations. In this
approach, the regularization model is obtained from the direct regularization of the
convective flux [34]. Thus, the computed solution is a regularized approximation of
the NSE solution, rather than a local, spacial average of the fluid velocity (as in LES
models [66]). However, some studies have shown that regularization models can be
interpreted as LES models using the so-called regularization principle [32, 33, 34].
The main advantage of these approaches in relation to DNS modeling is that the
number of degrees of freedom in numerical simulations are significant fewer in LES
and regularization models. More recently, some LES models such as the Approxi-
mate Deconvolution Models [100] and regularization models such as alpha models

started to be tested in the geophysical framework [47, 112, 22, 41, 42].

Despite computational simulations being widely applied in geophysi-
cal flows, studies involving new numerical schemes and their mathematical analysis
are uncommon, possibly due to the wide range of numerical schemes available and
the difficulty to perform a mathematical analysis in realistic conditions. Neverthe-
less, this kind of study, even in non-realistic situations, are useful to produce more

accurate results with less computational cost.

In light of the above, this thesis focuses on application and mathemat-

ical analysis of regularization modeling techniques to geophysical flows. Thus, new



algorithms using FEM discretizations were developed, analysed, and computational
tests were performed in a geophysical context in order to understand and evaluate

their performance in simulations.

1.2 Relevance

The subject of this thesis is closely related with some current issues,
such as oil exploration in the pre-salt layer, climate change, and weather and ocean
forecasting. Apart from being motivated by interesting fluid dynamics and numer-
ical analysis open problems like those described in the previous section, it is also

encouraged by its substantial applications of social interest.

From the point of view of fluid dynamics and numerical analysis, this
thesis deals with subjects such as the development of stable and robust algorithms in
order to apply regularization models in geophysical fluid dynamics. There is strong
evidence, such as that presented in the next section, to believe it would be fruitful

in this application, and provide more accurate results with less computational cost.

On the other hand, from the point of view of applications, the following

three issues guided the development of this thesis:

1. Brazil has become an important oil producer. With the recent discovery of the
vast oil reserve in the pre-salt layer, Brazil can become one of the largest oil
producers in the world. However, oil exploration in the pre-salt layer is very
challenging. An important tool to assist oil exploration in the sea is the use of
reliable ocean models. They are necessary both for logistics in oil exploration and
to mitigate the environmental impact caused by oil spills. Moreover, ocean and
atmosphere forecasting also helps in navigation. For logistics, ocean simulations
can supply the velocity field, which is essential to design oil platforms. From

the environmental point of view, ocean forecasting is very helpful in cases of oil
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spills because it provides information about the fate of the oil slick. It is very
important, especially in the case of Brazil, where there exists natural sanctuaries

such as the Abrolhos bank, for instance.

2. Climate modeling allows a better understanting in man’s role in climate change.
With a huge heat capacity, oceans are particularly important because they absorb
and store heat, damping temperature fluctuations. However, oceanic simulations
can only be performed on coarse meshes in order to be computationally viable.
Moreover, most of them employ URANS (unsteady Reynolds averaged Navier-
Stokes) and the eddy viscosity hypothesis. Thus, they are likely to provided
limited results, affecting large scale features [41, 54]. Therefore, it is necessary

to develop more appropriate techniques to deal with subgrid scale motion.

3. In addition, regularization models can have a positive impact on atmospheric
and oceanic forecasts. Geophysical flow forecasts depend heavily on the initial
conditions, resulting in a very small prediction time [57]. Thus, Control Theory
has to be applied to guarantee accurate predictions. Most of these techniques
assumes a perfect model, that is, a model without bias whose only source of error
is the uncertainty in initial conditions. Therefore, the more accurate the model

is, the more suitable the Control Theory will be for this kind of problem.

Computational fluid dynamics has also been used increasingly in envi-
ronmental applications and social welfare. At present, in order to build new indus-
tries, harbours and oil platforms, governments, in several contries including Brazil
require environmental impact studies involving ocean and/or atmospheric model-
ing. In addition, computational simulations are extensively used to help assess and
control damage in environmental accidents, such as the 2010 British Petroleum oil
spill in the Gulf of Mexico, the 2011 Puyehue volcano plume in Chile and the 2011
tsunami in Japan. All these applications may be immensely benefit by more accurate

techniques to simulate the ocean and atmosphere.



1.3 Theoretical background and objectives

Geophysical flows present some differences compared to traditional en-
gineering flows. The main differences are: the motion is thin (small aspect ratio)

and is influenced by Earth’s rotation.

The small aspect ratio results from the problem asymmetry due to dif-
ferences between vertical and horizontal scales in the Earth’s surface. Large scale
geophysical flows have an aspect ratio similar to a sheet of paper. Typical hori-
zontal scale is 10° meters and depth scale is 10® meters. As a result, the vertical
velocity component is much smaller than horizontal velocity. Thus, some approxi-
mations following from the small aspect ratio are often assumed in order to derive

mathematical models for geophysical flows.

In addition, Newton’s second law is formulated for inertial frames. How-
ever, Earth’s surface is not an inertial frame because of Earth’s rotation. Thus
apparent forces must be considered in order to mathematically represent the flow
in coordinate systems in the Earth’s surface: the Coriolis and centrifugal forces. A
scale analysis shows that the centrifugal force and vertical component of Coriolis
force are negligible in comparison to other terms, but the horizontal component of
the Coriolis force can be comparable to the other terms in the horizontal momentum
equations depending on the length scale of the flow [91]. The relative importance
of Earth’s rotation effect is estimated by the nondimensional Rossby number (Ro)
defined as:

U

ho= 2Q g sin(¢) L

where U and L are respectively characteristic horizontal velocity and length scales,

Qg is the planetary angular velocity and ¢ is the latitude of the flow.

The Rossby number describes the ratio of inertial and Coriolis acceler-

ations. When Ro << 1 the flow is said to be geophysical.



Geophysical flows can be studied by mathematical models resulting
from different levels of aproximations, which, despite their simplifications, can still

represent several important physical phenomena. The main geophysical models are:

Primitive Equations

Boussinesq

Shallow Water

e Quasi-geostrophic

The most complete mathematical model used to simulate geophysical
flows is the Primitive Equations Model, which describes flows with small aspect
ratio subject to the Coriolis, gravitational and external forces and with pressure
field determined by density and free surface fields. It is often used in atmospheric

and oceanic forecast systems, and in climate modeling. The system of equations:

0 0 1 0?2
guHd uy - Vyguy Tl 20 xug + —Vgp —vgAguy — vy u2H =f,
ot 0z 20 0z
dp
et -0
6Z +pg 9
15
Vg -ug+ aw =0,
0z
P = F(pv ¢z)7
0¢; 0¢; o,
o +uyg - Vygo; + wa + VH,(;ﬁiAHQSZ + V\/’@@(bz =0,

describes the primitive equations model [41, 14], where uy is the horizontal velocity

o0 0

vector (u,v), w is the vertical velocity component, Vg = (%, By

) is the horizontal
gradient operator, (1p is the angular planetary velocity, pg is the fluid reference
density (constant), p is the density, p is the pressure, vy is the horizontal kinematic
viscosity, vy is the vertical kinematic viscosity, f is the resultant external force, F' is
a functional for the thermodynamic state equation, ¢; are the thermodynamic state

scalars (temperature, humidity or salinity), vy 4, is the horizontal diffusivity of the

scalar ¢; and vy 4, is the vertical diffusivity of the scalar ¢;.
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Another important model is the Boussinesq Model. The Boussinesq
Model allows us to represent flows in the presence of density stratification in which

the Buoyancy force is important. The Boussinesq model is given by

0 1
—u—i—u-Vu—i—ZQxu—i——Vp—uAu—l—p’gk:f,

ot Lo
V-u=0,

op'
E—Fu-Vp'—ypzAp':O,

where u is the velocity vector, p is the pressure, py is the reference density (constant),
p' is an active tracer (temperature or salinity, for example), ¢ is the gravitational
acceleration, v is the kinematic viscosity, f is the external force and v, is the p/
diffusivity. Note that momentum and tracer equations are constrained by the buoy-
ancy term in the Boussinesq Model, therefore flow is forced by spatial differences in

the density field.

In addition to Primitive equations and Boussinesq Model, the two-
dimensional Shallow Water Model describes a flow with a small aspect ratio
and under the action of pressure gradients caused by gradients in the fluid free

surface field. In the geophysical case this kind of flow is described by [91]:

811}]

W%—uH-VuH—kauH—VAuH+th:f,
oh

where f = 2Qsin(¢) is the Coriolis parameter and h is the water depth.

Finally, one of the simplest models is the Quasi-geostrophic Model.
The geostrophic equilibrium is the fundamental state (or mean state) of a geophysical

flow, in which the pressure gradients and Coriolis force are in balance, i.e.,

1
fk X uy = —;Vp
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The Quasi-geostrophic model results from an assymptotic expansion of

the velocity field in the Rossby number Ro, that is,

u (z,y,t, Ro) = ug (x,y,t) +up (z,9,t) Ro + uy (z,y,t) Ro* + ...

Using this expansion, a closed set of equations is obtained from the
shallow water model representing the balance of the first order terms around the
zeroth order geostrophic balance (mean state). The balance of the first order terms
is the quasi-geostropic model [91, 47, 100], also known as Barotropic Vorticity model,

given by

Ow oY 3
ROE + RoJ(¢,w) — 9 (%) Aw = F,

A = —w.

which w is the vorticity, ¢ is the streamfunction, J(-,-) is the Jacobian, Ro is the

Rossby number, d;; is the Munk scale, L is the length scale and F is the forcing.

The four models above mentioned can describe a vast variety of geo-
physical phenomena such as the general ocean and atmosphere circulation, meso-
scale processes (vortices and cyclones) and also planetary (Rossby), plane, Kelvin

and Poincaré waves [91].

Due to the high Reynolds number associated with geophysical flows
direct numerical simulations (DNS) are unfeasible. Therefore, computational simu-
lations are carried out in meshes which cannot resolve all necessary scales anticipated
by the Kolmogorov Theory of energy cascade, and some methods are necessary to
deal with the small scales which are not resolvable. Traditionally, small scale mod-
eling in geophysical flow simulations is made using the Reynolds Stress tensor and
the Boussinesq eddy viscosity hypothesis, which is a fundamentally dissipative tech-
nique [47, 100]. This approach has been used because it provides the correct rate of
energy dissipation [100] and improves numerical stability [47, 54]. However, accord-

ing to [47], increased values of viscosity reduce the flow variability in large scales
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causing meaningful differences between coarse resolution meshes and DNS. The ef-
fects of high eddy viscosity values on climate simulations are studied in [54], and
they observed several places in the ocean where computed solutions were severely
affected by this problem. They also noted that reducing eddy viscosity leads to a
generally improved ocean circulation at the expense of increased numerical noise.
Thus, decreasing eddy viscosity values is not enough to solve this problem, and the

solution is probably related to a better representation of small scale flow.

Besides, the small aspect ratio in geophysical flows results in a quasi-
two-dimensional flow and, hence, a possible coexistence between the enstrophy cas-
cade and the inverse energy cascade [103, 102, 28]. Thus, an approach consistent

with phenomenology is imperative.

LES and regularization models are projected to deal with this kind of
problem. Geophysical flows inspired the first LES model through the seminal work of
Joseph Smagorinsky [104], but the subsequent development has been made based on
engineering applications [100, 28]. Recently, a new interest in LES and regularization
models has emerged for geophysical applications with alpha [47, 112, 41, 42] and
ADM [6, 100] models.

The Navier-Stokes-a (NS-a) model has received much attention due
to its attractive physical and mathematical properties. For example, NS-a admits
regular unique solutions [24, 77|, is frame invariant [38], conserves energy, helicity
and 2D enstrophy [25, 93] and cascades energy at the same rate as Navier-Stokes
equations in wavelengths up to «, after which it accelerates energy dissipation [25].
Furthermore, it allows a significant reduction of degrees of freedom in computer
simulations. Despite of being presented as a regularization model, NS-« can also be

interpreted as a kind of LES model [20, 31, 38|.

Based on NS-a model, alpha models has been developed for geophysical

flows; for example, the Quasi-geostrophic-a model [47, 100], the shallow water-«
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model [112], the Boussinesqg-a [22] and the Primitive equations-a model [41, 42].

They also present computer simulations which are promising.

In addition to the NS-a model, other alpha-type models has been re-
cently developed for NS equations, such as the NS-w [61, 65], Leray-a [32, 33],
Modified Leray-« [51], Bardina [3, 15] and NS-Voigt [15, 56, 68] models and their
deconvolution generalizations [93, 64, 76, 75, 9] which improves accuracy and com-
putational cost. Some of these can also be interpreted as a kind of LES model

32, 33, 34].

In light of the above, there is significant evidence to believe that reg-
ularization models can perform better than traditional eddy viscosity models in
geophysical flow simulations with a viable computational cost. In the case of engi-
neering flows, FEM algorithms were proposed and analysed to alpha [65, 76], omega
[65, 75], Leray-a [64, 9] and zeroth order ADM [74]. Traditionally, algorithms are
proposed and analysed for stability, which is related, in the appropriate norm, to the
physical intuiton of energy conservation. It is also common to include error anal-
ysis showing convergence in appropriate norms. Then, computational simulations
are made to determine whether the model can reproduce a known pattern observed
in some benchmark test. However, algorithms, mathematical analysis and compu-
tational tests are still necessary for geophysical analogues of these regularization

models.

In GFD, flows are routinely studied separately as barotropic and baro-
clinic flows! (see, e.g. [91]), the reason being the difference in terms of temporal
and spatial scales between these two kind of flows. In this thesis we addressed GFD

considering these two points of view:

1. Can state-of-art regularization models improve coarse mesh large-scale geophys-
ical barotropic simulations? The first part of the thesis investigates this ques-

tion, performing a numerical analysis of the Quasi-Geostrophic model for three
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different regularization techniques, namely, alpha with Tikhonov approximate

deconvolution, Bardina and alpha with Van Cittert approximated deconvolution.

2. How can state-of-art regularization models affect numerical solutions obtained
in the case of computational expensive baroclinic density current simulations?
This question is addressed in the last chapter, in which we studied the Boussi-
nesq model through four generalized deconvolved regularizations, namely, alpha,

Leray-a, omega and Modified-Leray-a.

Thus, the main objective of this thesis is to propose robust algorithms
to apply regularization models in geophysical flows. In addition, we intend to attain

the following specific goals:

1. Provide algorithms through FEM discretizations to apply regularization

techniques in models used in geophysical fluid dynamics.
2. Study these algorithms from the point of view of numerical analysis.

3. Implement them and carry out simulations in order to evaluate their

performance.

All these aspects, with mathematical and scientific motivations, are the object of

careful analysis and understanding in this thesis.

In Chapter 2 we study a Crank-Nicolson Finite Element scheme to
an alpha regularization with deconvolution of the Barotropic Vorticity (BV) model
of geophysical flows, called the BV-Tikhonov model. The BV-Tikhonov model is
a deconvolved version of the BV-a model where the Tikhonov regularization is
modified to give an approximate deconvolution of the Helmholtz filter. We prove

the scheme is unconditionally stable and second order accurate. We also test the

!Barotropic flows are those which the density is only a function of pressure. Otherwise, the
flow is called baroclinic [110].
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BV-Tikhonov model in the traditional double-gyre wind forcing benchmark. We
show, when the coarse mesh BV model solution degenerates, the BV-a model can
retrieve the high resolution pattern, but solutions are dramatically improved by
the choice of the deconvolution parameter in the BV-Tikhonov model. We believe
this behaviour is related to the second order consistency error term shown in the
convergence analysis, which could affect the model solution in coarse meshes, but

could be handled by a careful choice of the deconvolution parameter.

In Chapter 32 we study a Crank-Nicolson in time and Finite Element
in space numerical scheme for a Bardina regularization of the barotropic vortic-
ity model. We derive the regularized model from the simplified Bardina model in
primitive variables, present a numerical algorithm for it, and prove the algorithm
is unconditionally stable with respect to the timestep size, and optimally conver-
gent in both space and time. Numerical experiments are provided that verify the
theoretical convergence rates, and also that test the model /scheme on a benchmark
double-gyre wind forcing experiment. For the latter test, we find the proposed
model /scheme gives a good coarse mesh approximation to the highly resolved direct
numerical simulation of the barotropic vorticity model, and compares favorably to

related regularization model results.

In Chapter 43 we study the BV-a-Deconvolution model. It is a fam-
ily of regularizations of the Barotropic Vorticity model that generalizes the BV-«
model and improves its accuracy. An unconditionally stable and optimally con-
vergent scheme for the BV-a-Deconvolution model is proposed and we show that
it is O(a*¥*2), where N is the deconvolution order, whereas the BV-a model is
at most second order accurate. We perform numerical simulations to confirm the
predicted convergence rates and test the model in the traditional double gyre wind
experiment. For the latter test, we show that the BV-a-Deconvolution model can
retrieve the expected high resolution pattern, being more accurate for larger values

of deconvolution order.
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In Chapter 5 we study numerically four regularization models with de-
convolution for density currents, namely, Boussinesq-a, Boussinesq-w, Boussinesq-
Leray and Modified-Boussinesq-Leray. A Crank-Nicolson in time and Finite Ele-
ment in space algorithm is proposed and proved to be unconditionally stable and
optimally convergent, which is verified through convergence rates in computational
simulations. Finally, the regularization models are compared through the Marsigli’s
flow benchmark for Re = 2000 and Re = 5000. We found that Boussinesq-a and
Boussinesq-Leray models produced the most accurate solutions for low Reynolds
number. Moreover, as expected, all regularized models had their solutions improved
when deconvolution order was increased. On the other hand, the Boussinesq-Leray
provided the best solution for high Reynolds number. Besides, from the computa-
tional point of view the Boussinesq-Leray model presents great advantages due to
its decoupling between momentum and filter equations which permits to increase

the deconvolution order with no significant increase in the computational cost.

Finally, in Chapter 6 we present the main conclusions and suggestions

for future works.

2The content of this chapter is coauthored by Professor Carolina C. Manica and Professor Leo G.
Rebholz, being accepted in 1 December, 2014, for publication in the journal Numerical Methods for
Partial Differential Equations with the title Numerical study of a Regularized Barotropic Vorticity
Model of Geophysical Flow.

3The content of this chapter is coauthored by Professor Carolina C. Manica and was published
in Volume 5, Number 4, Pages 317-338 (2014) of the International Journal of Numerical Analysis
and Modelling, Series B, with the title Improving numerical accuracy in a reqularized Barotropic
Vorticity model of geophysical flow.
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2 BAROTROPIC VORTICITY MODEL
WITH TIKHONOV-LAVRENTIEV
DECONVOLUTION

2.1 Introduction

Nowadays, numerical simulations of geophysical flows have several ap-
plications, such as climate change studies, weather and oceanic forecast, biological
transport in the ocean, pollutants dispersion and oil exploration. The Barotropic
Vorticity Model (BV model) is one of the simplest models used to represent geo-
physical flows. It is defined in dimensionless form by [47, 100]

w 3
Ro% + RoJ(¢,w) — %2 — (2)’Aw =F,

where w is the vorticity, ¢ is the streamfunction, J(v,w) = g—fg—‘; — g—z’g—‘; is the
Jacobian, Ro is the Rossby number, d,, is the Munk scale, L is the length scale and
F is the forcing term. The BV model can be used to represent the meso and large
scale flow in the atmosphere and oceans. It is commonly used in oceanography to
study the midlatitude oceanic circulation. Furthermore, it can also be extended to
multilayer to describe the vertical motions in the ocean [78, 99]. Presently, it has
been used in studies involving data assimilation [113, 21], climate [95, 73, 36] and

oceanic processes [12, 108].

Despite the fact that the BV model is a simplified model in comparison
with the full primitive equations of geophysical flows, solving it numerically is still
challenging when long-time integration is necessary, as in climate modeling [100].
Traditionally, essentially dissipative methods such as eddy viscosity parametrization
have been used to represent the under-resolved part of the flow. However, accord-

ing to [47] artificial viscosity tends to reduce variability and nonlinear structures
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are often destroyed by excessive dissipation [37, 47]. Thus some methods such as
Approximate Deconvolution Models [100, 99], BV-« [82, 81, 47] and BV-Bardina
[59] have been developed with success to improve accuracy and reduce the degrees

of freedom in computational simulations.

The BV-a model [47] is a regularization of the BV model in which the
alpha terms modify the fluid nonlinearity without introducing additional dissipative
terms or increasing the viscosity coefficient in the BV equations. In the BV-a model
the nonlinearity is altered so that the flow at length scales that are smaller than
the alpha length scale are nonlinearly removed by motions at the larger scales. The

Barotropic Vorticity-o model (BV-«) is given by

Roli + Bo(b.) 2% - (3" =7, 22)
Ay = —1, (2.2b)
—0?AT + T =w, (2.2¢)

where @ is the filtered vorticity and « is the filter length scale. A more complete

description of BV-a is presented in [47].

However, from the equation (2.2c) we can see that the BV-«, as well as
its analogue counterpart for the Navier-Stokes equations, has an O(a?) consistency
error. Experiments have shown in the Navier-Stokes equations case (see [105] and
references therein) that alpha models can have large error growth and that this error
growth can be attenuated when accuracy is increased by replacing the filtered field
by some higher order aproximation of the original field. Deconvolution regulariza-
tion is a kind of regularization in which the filtered velocity @ (or vorticity in the
BV model case) is substituted in the regularized model by Du where D is a proper
deconvolution operator. The Tikhonov-Lavrentiev regularization is a general ap-
proach to deal with ill-posed problems which allows to select desirable solutions in
the least square method. It can also be employed to produce a suitable approximate

solution to the deconvolution problem. In [105] the filtered velocity @ is replaced
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by D,u where the deconvolution operator D, = [F + p(I — F)]™! is the modified
Tikhonov-Lavrentiev regularization of the formal filter inverse F~' and 0 < p < 1
is a regularization parameter. Following the study presented in [105] on the appli-
cation of the Tikhonov-Lavrentiev deconvolution in the Navier-Stokes context, in
this chapter we study a family of Tikhonov-Lavrentiev regularizations of the BV
model, hereafter called BV-Tikhonov model, that results by replacing @ by D,w in
(2.2b). We note that in this framework the original BV-a model results from the

BV-Tikhonov family in the case in which p = 1.

In order to apply the Tikhonov-Lavrentiev deconvolution in the BV-
a model, we propose and study a Crank-Nicolson in time, finite element (FE) in
space algorithm to approximate solution for the BV-Tikhonov model. We believe
the advantage of BV-Tikhonov model over other techniques to deal with turbu-
lence is in its simplicity, as there is only one filtering procedure that needs to be
performed and in its direct control over the regularization intensity through the pu
parameter. Moreover, although a significant amount of work has been done on the
related vorticity-streamfunction formulation of the Navier-Stokes equations (see [4]
and references therein) and for steady state analysis of numerical schemes for BV
model [26, 27|, a numerical analysis for the BV-av model has not been performed.
Thus, the main objective of this chapter is to provide a FE algorithm for the BV-
Tikhonov model and study it from the numerical analysis point of the view. To the
best of our knowledge, this is the first time that the FE method is applied to obtain

approximated solutions for the BV-Tikhonov model.

The chapter is organized as follows: Section 2 introduces some notation
and mathematical prelimimaries. The BV-Tikhonov algorithm and its stability are
presented in Section 3. Convergence analysis is presented in Section 4. In Section 5
simulations are performed in order to estimate model convergence rates and to test
the BV-Tikhonov model in the more realistic double gyre wind forcing experiment.

Finally, the main conclusions and final remarks are summarized in Section 6.
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2.2 Preliminaries

Let ©Q C R? be a polygonal domain and 75, be a regular discretization
of Q. Let H' be the Sobolev space W3 (2) and H; its subspace with zero boundary
condition. Let Y}, be the continuous finite element (FE) with £th degree polynomial
on each element of the triangulation 7, [18] and X}, be the subspace of Y}, with zero
boundary values. Denote by (-,-) and || - || the inner product and norm in L*(Q)

and || - ||z for the norm in the space H*.

For continuous in time functions we denote for 1 < m < 0o

1

T
I e 1= esssupll (¢, )l and £l = { /0 OOl

te(

For the discrete case we denote

1

M
1 m
1 e 2= esssup L7 s 171 i= { 12} ™
0<n<M

n=0

As in [100], we consider slip boundary conditions for the velocity which
translate into homogeneous Dirichlet condition w|sg = 0 and the impermeability
condition ¥|sq = 0. Multiplying (2.1) by appropriate test functions and integrating
by parts, the BV model reads in its variational formulation: find (w,v) € H} x H]
such that

(% X) +b(.w. ) — (2 0) + (3 (Vw, V) = (FA) VA€ H),  (230)
(Vip,Vx) = (w,x) Vx € Hy.  (2.3Db)

where b(-, : ) = <J(-7 -), > represents the trilinear form.

Now we present some definitions and lemmas which are helpful in the

subsequent analysis.

Lemma 2.1 (Skew-symmetry of the trilinear form). For v, £ € X}, and x € Yy,

b(wv X 5) = —b(i/% 57 X)
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Proof. We start from the vector identity
(VY xk)-Vx]E= [V (VY xk)|xé = [(VY x k) - VE]x — V- [(VY x k)x¢].

Integrating and using the divergence theorem, the result follows because of the cyclic

continuity inside elements and since £ € X,. m

We also make use of the following estimate for the non-linear term

Lemma 2.2. Let (,¢ € H} and £ € H> N H} we have

b(&. 6, Q) < CIVENIVAlIC-

Proof. The result follows using Holder’s inequality with p,q = 4 and r = 2 and the
embedding H' — L*. O]

Given € € H}, let P€ € X" be the standard L? projection of £ onto X"
such that

and II¢ € X" be the Elliptic projection of £ onto X" such that
(V(§—-TIE),V¢) =0V € X",
Lemma 2.3. Given £ € H* we have the following estimates [109]

i) 1€ = Pl < CRM €,
i) [V (€ = PE)I| < ChE||€] k1,
iii) |V (§ = TE)|| < CREI€ 1.

Taylor expansion with integral remainder [60] gives

Lemma 2.4. Assume f € CO(t", "1 L?(Q)). If f is twice differentiable in time
and fy € L*((t", ") x Q) then

25714—1

It el < 28 [ el

tn
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If f € CO(t",t" L2(Q)) and fur € LA((t™,t"T) x Q) then

‘ ‘ 2

IfVf et t"; L2(Q)) and V fy € L*((t",t"11) x Q) then

tn+l

<8 [ P
t

n

n+1l_ rn 1
o — ftte)

tn+1

IV (7 = pam )P < a8 / IV ful .

n

The convergence analysis relies in the following discrete Gronwall in-

equality [45]:

Lemma 2.5. Let At € Ry and H,ay, by, ¢, dn, € Rsg (n € Zsg) such that

1 l l
a + ALY by SALY dnay + ALY e+ H forl > 0.

n=0 n=0 n=0

Suppose that d,At < 1 ¥n. Then,

! 1 1
aH—Athn < exp (Atzl_i—”tdr) <Athn+H> for 1 > 0.
n=0 n=0

n=0
We also make use of the Young inequality given by
Lemma 2.6.

€ 2 112
ab < 5a” + 5.0 for e > 0.
2.2.1 Discrete filtering and the modified Tikhonov deconvolution

The discrete Laplacian operator Ay : H} — X" is defined in the usual

way by
<Ah¢,x> = —<V¢,Vx>, vy € X"
As [66], given ¢ € L?, the continuous and discrete filters are defined
respectively as the unique solution ¢ = F¢ in X and Eh = F,¢ in X" of
a*(Vo,VE) +(0,€) = (¢,€) VE € X,
a*(V§"',VE) +(3",€) = (9,6) vE € X"
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We also define the continuous and the discrete modified Tikhonov De-
convolution operator by: given the filter radius a > 0 and 0 < g < 1, the continuous

D,, and its discrete counterpart, denoted by DZ, are defined to be

D,=[(1=wF+ul] =[F+ul—-F)]",
Dl =[(1 = ) Fy + pl] " = [Fy+p(I — E)]

From the D, and DZ definitions, we can see that the modified Tikhonov-Lavrentiev
deconvolution can be interpreted as a Tikhonov-Lavrentiev deconvolution with the
“Tikhonov matrix” being the high pass filters I — F' and I — Fj,. Clearly from the
D? definition, DF,¢ can be determined by

1a* (VD! Fro, VE) + (DhFup, &) = (¢,€) V€ € X

The following lemma regarding DZ is presented in [105]

Lemma 2.7. The operator DZ is bounded, self-adjoint and positive definite on X".

For ¢ € X, the following bounds holds

1DE" || < (|-
VDB < sC(Q)|[ V-

The following estimate for ¢ — DZg_bh is also presented in [105]

Lemma 2.8. For all ¢ € X with A¢ € L*(Q), we have

—h p— p—
l6 — Dy || < pa®||6lls + (ah® + B ) |[Glliss + (1 ah® + B )| Dyl

2.3 The Finite Element algorithm and its stability

Our motivation for studying the BV-Tikhonov model is the search for
efficient, unconditionally stable and accurate methods in order to simulate geophys-

ical flows. We propose now a finite element discretization in space, together with
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a Crank-Nicolson in time discretization. As is common in such discretizations, we

v ol n+d . tngent!
5— and ("72 = o —.

denote the half timestep by v" t3 =
Algorithm 2.1 (Crank-Nicolson - BV-Tikhonov model). Let w) and ) be the
L*(Q) projections into X}, of wg € X and vy € X, endtime T, F € L>=(0,T; L*(Q2)),
and timestep At > 0. Set M = Alt and for n=0,...,M-1, find (w”,w”,Dﬁmh) €

Xy x X, x Xy, satisfying:

Ro(¥88 3y 4 Ro bt h w0 — (240 )

F(B0) 3 (Twp 2 W) = (FrH )\> WA € X", (2.5a)
(Vuptt, vx> (Dhwy, o x) Vx € X", (2.5b)
pa*(VD'wy o ,VE) + (Dhwy, o L&) = (wpth, &) vE e XM (2.5¢)

We are going to show that Algorithm 2.1 is unconditionally stable.

The first step is to demonstrate that Algorithm 2.1 conserves enstrophy and kinetic
energy. We start defining the Modified Kinetic Energy, the Modified Dissipation
and the Enstrophy in the BV-Tikhonov model respectively by

E4($,w) = 3[IV* + ua®|| Dy,

3 _ _
et w) = (%) pa | VDI |? + (%4)°|| Dl |2,
E(w) = gllwl*.

We obtain the following lemma:

Lemma 2.9 (Conservation of kinetic energy). The solution of (2.5a) satisfies

M-1 M—1
+3  n+i O
B wp) + 5L (v P wy, 2) = B, W)+ SE > (F ).
n=0 n=0

In particular, if 5y = 0 and F = 0 we have E*(pM wM) = EF (42, w?).

1 gl .
Proof. Rewriting the non-linear term in (2.5a) as b(wZJrQ : Rothr2 + 1y, \), choosing

1
A= ¢Z+§ and using Lemma 2.1, we obtain after we multiply by %
n W ”+2 n
wrtt =ty + A (3 (VT Tty — L gt 26)
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Now, we analyze the two terms on the LHS. For the first, subtracting

(2.5b) in time step n from (2.5b) in time step n + 1 and choosing x = wh gives

(DT — G r 2 = (Wit — vy, vyt = ATV (g g

—n+1

Averaging in (2.5b) and choosing x = Dh( — w}), we obtain

—h Py —h
(Vo VDL (@ ) = (Dl DT -ty = LTI

Subtracting (2.5¢) in time step n from (2.5¢) in time step n + 1 and

1
choosing & = w:+2, we have
2 VDh s _ v Dh n+1 —qh N TR | _.n n""% 2.9
pa(V Dy (w) o), v >+< p(wp ™ —wih) 7)) = (wy wis Py, 2)(2:9)
Combining (2.7) and (2.8) in (2.9) we obtain, after we use the definition
of Ef(¢,w),

1
BA(gpt o) — B, W) = (Wit — w0 ). (2.10)

For the second term in (2. 6) averaging in (2.5b) and (2.5¢) and choosing

respectively y = wh "2 and §=D,w 2,

—h 1
<v¢h+2 YV, nts ?) = (Dhw, nts Jwp Ty, (2.11)

" " n—h
po? [V DR 2 |24 [ D™ |2 = (w2, Dhuwp ), (2.12)

Combining (2.11) and (2.12) we have

h h
n+i n+2 n+i
uo? VD |2 4 [ Dl 12 = (Vi W, (2.13)

Using (2.10) and (2.13) in (2.6)

AW, W) = BAE, o)

b8 () (a2 | VDb E P4 DR ) = B
(2.14)

The result follows summing from n =0,1,..., M — 1. n
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We also have

Lemma 2.10 (Conservation of enstrophy).

Ewpl) + AL (%) Zuv R =
M
Z@wh wy )+ AN T (Frs Wt ). (2.15)
n=0

In particular, if 5,y = F = 0 and Ro is sufficiently large E(w)') = E(wW?).

1
Proof. Choosing A = wZ+2 in (2.5a), using Lemma 2.1, multiplying by we obtain

1
+ oy 2+l 1 o+l
gt 2 4 2 (30)% | Ve 2 = [lwop 2 4+ BE(2a T ot E) 4 AL(F .
(2.16)

Summing from n = 0, 1, ..., M —1, the result follows, after we use the £(w) definition.

]

Lemma 2.11 (Stability). Algorithm 2.1 is unconditionally stable. Its solutions

satisfy
3 M Tarl” n+3

pol (| Dpwd® "I2 4+ (Vo2 + ()Y (na®|IVDw, 2 [P+ $l1Arg, 2 %) < C(data)
n=0

n+
Jlaop |1+ B2 (%) ZHV 2||2 < C(data)
n=0

Remark 2.1. The bounds in Lemma 2.11 are sufficient for the Leray-Schauder fixed
point theorem to be applied, in order to prove existence of a solution at each timestep
(as in [60]). Uniqueness can be proven in the standard way, and will hold provided

a timestep restriction.

Proof. First we bound the streamfunction in the first inequality in the lemma above.

Using (2.14) and the Cauchy-Schwarz inequality we have

AR Wit — BAE, o)

3 1 n+i
+ AL(80)? (ja?||V DLy |!2+HD" +2 H ) < AL FEEE | (VY.
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ntd
Averaging in (2.5b), choosing y = wh+2 and using Cauchy-Schwarz and
—h

Poincaré inequalities we have ||th+2|| < CPFHthh : |. Thus, using Young’s

inequality with ¢ = (5%)

h iy
32
D,uwh : “)

h
n n n+3
B @) — B, o) +45 (%) (e |V Djwr |12 + 3]
<

302 1
(&) FEAt|Fre3|2,.

from which the result follows summing from n = 0,1,..., M — 1 and using the

E.(¢,w) definition.

Now we bound the vorticity w. Using (2.16) and Cauchy-Schwarz and

Poincaré inequalities

(W) — E(wp) + At (22)3 | e T |2

< AU PRy |V 2|+ ALCpp ||V ||| Ve |

The result follows using Young’s inequality with ¢ = %(%) the £(w) definition

and summing from n =0,1,.... M — 1. O]

2.4 Convergence analysis

Now we present our main convergence result for the discrete BV-Tikhonov

model

Theorem 2.1 (Convergence). Consider the discrete BV-Tikhonov model. Let (w(t), 1 (t))
be a smooth strong solution of the BV model satisfying free slip boundary conditions
such that the norms of (w(t),v(t)) on the right hand side of (2.17) and (2.18) are
finite. Suppose wy,, v, € X" x X" solves the Crank-Nicolson approzimation (2.5a)-
(2.5¢) of the BV-Tikhonov model with X;, = (P,)> N X. Then for At small enough
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(in order to apply the discrete Gronwall inequality), we have

o —ally < F(A% B gt.0) + OB o]

o0o,k+1°
(2.17)
3M*1 1 n+i 2\1/2 8/
((6TM) Z %HV(w(t"*i) — Wy, 2)“ ) < F(At,h,u,@) -+ CAtQ(aTM) Hwtt”Z,O
n=0
T C(ETM)S/Qhk”’W‘Hz,kH (2.18)
where
F(at,h,a) = C*{hk(ﬁ)w |:C(6TM)3H‘WI/2|H2J€+1 + ON[Y" 2 |las1 + hC|l|w 2| ll2,5e1

+ (a4 B)Cll[w' 2241 + (10 + B)C | Dy |21 + hCRo[|w'[|[3 441 + CRol|[ Vw134

+ CRol|["2[||3 411 + (o + h) CRol|w'/2

31+ (12 + h)CRo||| Duw' |13 s

+ (a+ 20+ ) CRol| [V 2|3 1 + hCRo|||¢' (|13 1 + hCRo[|w"?|3 a1 + CRolllw*|II3,

+ (@ B)CROl|w |3 iy + (o + Bt p20) CRO|w 3y + (120 + 1) CRoll| Dyt |3 1

3
+ pa? () C ||l |12 + CRoll w1, + Roll[Ve[|3, + Rolljw”|

On

2 ks + Rolllw 11132
+ A2 ()" CRo[ w20 + Ol Vwullz0 + Cllullao + Cl[ V92, + Cllwull?,s
+ OV, + Cllvul ]}

k is the polynomial degree in the vorticity and streamfunction finite element space.

Remark 2.2. The smallness assumption on the time step At above mentioned is

given by At < (5M/L)3(C—|—OR02||VWH+% 124 CRo?||w™ "2 [y ' The constant C*
depends on (‘5M/L)3 like exp ((%m/L) 73T).

Corollary 2.1. Suppose that the indicated norms on the right hand side of (2.17)-

(2.18) are finite. Then the error in the Crank-Nicolson finite element scheme for
the BV-Tikhonov is of the order

M-—1

1 gl /2

o = nlllp + ((3)° X AT e+ - H)|7)

n=0
= O(h" + A + pa?).
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Moreover,

1t = ¥nlll2g < O(R* + AL + pa®).

Proof of Theorem 2.1. The solution w of the BV model (2.3a) satisfies

Ro(2 552 un) + Ro b(umh o) = (252 ) + (50) (Tt W)

= <]:”+%,vh> + Intp(w™, ™ vy) Yo, € X" (2.19)
where

Intp(w™, Y™ vp) = R0<w"+l_“’n - wt(t”+%), vp) + (5TM)3<Vw"+% — Vw(t’“r%), Voy,)

At
(2.20)
n !’ n !’ 1 1 1 1
. 81/)8:§ _ 3w(gx+§)’vh> + Ro [b<wn+§’wn+§’vh) _ b(¢(tn+§),W(tn+§),Uh)] )
(2.21)
Now we define
€ i=w—wy = (w—Pw) — (wh—Pw) =e, — ey,
E:=¢—t,=(—1Y) — (Y, — ) = E| — By,
1
Subtracting (2.5a) from (2.19), adding and subtracting b(@bz+§,w"+%, vp,) and choos-

+

. n .
ing vy, = ¢, * we obtain

n l n l n l
Ro(||ler |12 — [lef]?) + 2A¢ (20)* [ Wey 2|12 = 2A¢ (50)* (Ve 72, Ve, ' 2)
ntl 1 ntl ol ool ntl
—2At<%,eh+2>+2RoAt[b( h+2,el+2,eh+2) +b(E"+%,w"+%,eh+2)]
1
— 2AtIntp(w™, Y™ €Z+2 ). (2.23)

n+l 'n,—|—l 7’1,-‘y-l ntx
because (¢ — e, e, *) =0and b(y,, *,e, 2,e, *) =0.

Now, we bound the terms on the RHS of (2.23). Using Cauchy-Schwarz

and Young inequalities with € = % and Lemma 2.3 we obtain

|(20)* (Ve 2, Vel 2) | < L (80)Y| Ve 2 2+ 120 (30) [ 3|2, (2:24)
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Integrating by parts, using Cauchy—Schwarz, Poincaré and Young inequalities with
1
€= %(‘STM) and Haeh | < HVe ||, we obtain

(2208 3y < L (B ) [ Wer P 4 O (L) VE™ |12, (2.25)

We have to estimate |[VE™2||. Averaging and subtracting (2.3b) from (2.5b),

. nt1 . . 7. iy .
choosing vy, = F, * and using Cauchy-Schwarz and Poincaré inequalities, we obtain

., -
[VE P < Y™ —w ) |[VEH| + DT o ||V EH)

(2.26)
Using (2.26) and Lemma 2.7 we obtain
9P < VL + O+ Ol ol o
(2.27)

Using (2.27), Lemma 2.8 and Lemma 2.3 in (2.25) we obtain

| 8En+2 n—+

OEE E| < L (80)° [ Vep P

+C(£) (CIVETZ |2 + Cllet™ 12 + Clle | + €| Dl

Ly
< LA IV P+ O(% L)l HP + () POl 2 [ + BP0 w2 7
+ w2 |w 2 |3 + (o

(h 4 W)W E 2, + (ah 4+ 2549) | D, H R, ).

(2.28)
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Using Lemma 2.2, Young inequality with € = ﬁ (%) Poincaré inequality, (2.27)

and Lemma 2.8 and for £ > 1 we have

[Ro b(E™ 3,03, 61" 2)] < & (30)*)|Vep 2|2 + CRo ()| Va3 B[ VE™

< (B IVer 2P + CRo () IV [ lep 2 2

+ RO () |V B (A2, + B0 2, + O Dl tE — W)
< L)’ 1Ver P + CRo (1) [V 3 e 2| + CRoP () [+ w4
W[V R R+ et S+ (R R e

+ (Ma2h2k+h2k+2)”DumHk+l + (u2044+a2h2k+2h2k+2 —l—,uOéthk)van—i_%H%].

(2.29)

Using Holder’s inequality with p = oo and ¢ = r = 2,

n+l n+ n
U

n+3 +1 +1
T ) <V ol Ve TR

n+2

From ||V, 2 — Vi 2|y = |[VE™ 2|4 and using Agmon’s inequality and the

regularity estimate [|¢||;,42 < C||w||;, for ¢ satisfying (2.5b)

+ n n n n
IV lloe < IVE™ 2|l + V"2 [loo < [VE™ 2|l + Clg™ 25

< |VE"™ 3| + Ol 2 4 (2.30)

We have to estimate the term |VE™2||o. Let I" be a global Langrangian inter-
polator, we have [|VE™3[ls < V(1'% — 4 8 + [V (3 — TP |
Using an inverse inequality for |V (1" tz — n+2)||oo (Theorem 4.5.11 in [11]) and
a standard estimate for |V ("2 — I")"2)||, (Theorem 4.4.20 in [11]) we have

IVE™3 |l < CRH [V (I — g )+ CRA 45
< ChTY|V(IMymts — s — BrF2)|| 4 CHE g2y
1 1
< ChYVE, || 4+ ChE [y 2 [ (2.31)

29



Thus, for 0 < A <1 and for £ > 1 we have

n+3 — n+3 n+l ntl
Ve 2 lloo < CRTHIVE, 2[4+ Cllw™ 2 [l + Clly" 2[5

Therefore, for h < 1 and k£ > 1 and using Lemma 2.3

(T2 2 e )| < (CRYIVELT? ||+l [+ [0 o) €2 [ Ve 2|

1 +3 +3 1 1 +3
< C||w”+2\|k+1HVEZ Ve 2 1+ Ol 2+ 1 ) €T 11962

Using Young inequality in both terms with € =
for k>1

1601R (%) (2.26), Lemma 2.3 and

|ROb( n+2’ 7i+2, Z+2>|<

L (8)%)| Ve 72 + 8Ro (& )II@D”* 12,4l )2

48R0 () bRy (e 27 4+ 1T E P + [ DI — w4 e+ )
1

n+ n n+i
< L (B IV + CROA () w3 R llep 1 + CRo (&)’ [h%”Hw 2k
h2k+2||wn+§‘|k+l +h2k|lwn+§|’411+ (,u2oz4—|—ah2k+h2k+2 +M@2h2k>"wn+%“i+1
+ W+ (a2 4 B WL, 4 (nah® 4 B2 | DR

(2.32)

It remains to bound Intp(w™, ¥™; e ) Using Cauchy-Schwarz, Poincaré

and Young inequalities with € = é(%“) and Lemma 2.4 in (2.20), we obtain

tn+1
Rol("5555" — w(t"4), )| < (319 P+ APCRAEY [ ol
t

n

(2.33)

Using Cauchy-Schwarz and Young inequalities (e = %) and Lemma 2.4

gl
|(20)° (V™3 — Vw(t"3), Ve, " >\ < L (2)|ve n+2||2+AtSC(TM)3/ V|| 2dt.

tn

(2.34)
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Integrating by parts, using Cauchy-Schwarz and Young inequalities with € = %(%)3

we obtain, after we use Lemma 2.4,

n+ n+3
) by == [ (- ) 2|
tntl

sﬂ%waW+mw<f[ bl 0.35)

n

n 1 . . .
Adding and subtracting b(zﬁ(t”*é),w"*%,ehﬂ) in the nonlinear term and using

Lemma 2.2, Young inequality with € = 1—16 (%‘4)3 and Lemma 2.4 we obtain

bemth e ) — bt e, )| =

< Cllurs —we || Ve Ve, + O[T D), Vel - e

tn+1

< &IV oar (@) v [ i

gl
L OAB (L) |V / w2t

tn+1

< (5106 + ArC () [V ] + arO ()’ / Il it
gt
+ARC (L) VeEt | + aBC(L)? / Jeou . (2.36)
tn

Summing in (3.35) from n = 0 to n = M — 1 and using (2.33), (2.34), (2.35) and
(2.36) we obtain

=

-1

ZAt\Intp(w”,Wh;eZ+%)] < N7 A ()| gep” H + At'CRo* (&= ) lweee 5,0
n=0

+ APC(2) [ Vanl3g + ALC(E) wull3o + ALC(E£) V0,

+ APC () lwnlldy + AEC ()| [V 2|1, + ALC (L) [ullds- (2.37)
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Now, using (2.24), (2.28), (2.29), (2.32) and (2.37) in (2.23) and summing from

n=0ton=M —1 we obtain

n+
Ro(|le[I* = lep®) + At (%) Z Ve, 22 < WRC (32) w113 141
n=0

P20 ()P w2l g + C(55)° [P0 1113 5

+ (PR 4 W) W[ gy + (0% 4 hH2) || Dy By

+ hC ()

k 1 k 1 4 k L 4 1 4
+ CRo? ()" [hQ P2 1 s + BNV 1+ PN 1 ey + P w2 2
+ (a2h2k 4+ h2k+2)\|]w1/2 4

+ (4% + aZh% 4 20 4 o h?) [V 214 + CR? () | W2 [0 211 o

(102 h2 4+ W22 || D 4

k 1 k k k Y
+ B[ G s+ R 21+ e w2+ (b + B2 w1

+ (ua2h2k+h2k+2)|]|DHw > (u2a4+a2h2’“+h2’“+2+ua2h2’“)\|\wl/2\!\ik+1}

+ At'CRo* (= ) Hwttt‘|20+At4C(6M) |thtH20+At4C(5M) 14221130

+At4C(5M) H‘VW/Q‘HMJFA#C(W) HwttH41+At4C( ) || Ve

oM

11

nal nal n+
+ APC () [pullt, + Z At(£)°(C + CRO?| Vw2 |} + CRO?w™ 2 |744) ep 2|2
n=0

Sm/L .
If At < ( ) using Gronwall Lemma, we have
C+CR02||Vw"+2 ||2+C’R02||w”+2 12,1

n—+ *
Ro(lley! || — lleh*) + At(%) Z Ve 32 < € {3 111 gy

+h*C (&) IIW/QHIMH+h2k+20(5M) w2113 1+ C () [ 2ol 1113 2

+ (02h% 4 hP2)|||W 21341 + (na2hF 4 n2H2) ”|D,uwl/2|||2,k:+1]

3
+ CROA () [+ [ + DIV 2 1 + B2 21 s + 120 o 114
(2B B Wy + (2B 4 22 Do
) [ 2016 1

+ h2k+2|||wl/2|”4,k+1 + 1| ’Wl/QHM,l +p 044”‘001/2“‘4,2 + (ah% + h%ﬁ) le/QHik—H

+ (pPat + a®h® + 20212 4 10 h?)|||[ Vw2 ||1, + CRo? (5

Snr

I (ua2h2k+h2k+2)|]|Duw 2 (u2a4+a2h2k+h2k+2_i_ua2h2k)mw1/2mik+l}

+ At'CRo* (5= )’ ||wttt||20+At4C( )2 | Vw3 + AC (5 ) [Yull3o + At*C (7 ) lweell 41
+ ABC(L) (VO[3 + AECE) | Ve?|[], + APC(E) Il } (238)
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where

M-—1 3
. (L)’ (c+oraiverdgrorajundie, )
C* .= exp {At E M - - } (2.39)
1-8¢(£ ) (croraivar 3 izrorelr 31z, )

n=0

Estimate (2.17) then follows from the triangle inequality and (2.38).

For estimate (2.18), we use (2.38) and

HV(w(t"Jr%) - W}TLH_%)”Q < “V(w(tn+%) — w”'*'%)HQ 4 Hve’j_‘"%HZ + Hvez-i-%HQ

< ﬁ—g/tt lwsel[2dt + Ch* w37 + Vel 2.
O
Proof of Corollary 2.1. The result follows directly from
IV ((3) — g =) [P < IV (e 3) — 7 3) | + [V Em3 |2 (2.40)

after we apply inequality (2.27), Lemma 2.8, Lemma 2.3, sum from n =0, ..., M — 1
and Theorem 2.1. O

2.5 Numerical experiments

In this section we provide results obtained with the proposed scheme.
We start by validating our computational implementation and estimating conver-
gence rates using an analytical solution. Then, we perform simulations of the tradi-
tional double-gyre wind forcing experiment. The computational tests were made us-
ing the software FreeFem++-[40]. The resulting nonlinear system was solved through
a newtonian iteration. Moreover, a multi-frontal Gauss LU factorization imple-
mented in the package UMFPACK (provided with FreeFem++ software) was used

as our linear solver.
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2.5.1 Convergence rates

First, we estimate convergence rates for the BV-Tikhonov model using
an analytical solution and results produced in meshes with different spatial resolu-

tion. We calculate convergence rates using the error at two successive values of h by

postulating that e(h) = Ch? and solving for 8 with 8 = In(e(hy)/e(h2))/In(hy/hs).

Setting F = —m exp[—% (%)%] cos mx sin y and adopting Q2 = [0, 1] x

[—1, 1], the following time dependent solution for BV (with homogeneous Dirichlet

boundary conditions) is obtained

Y = exp [— %O%)?)ﬂ sin 7wz sin Ty,
2 272 S\ 3 . .
w = 21" exp [— E(T) t] sin mx sin Ty

which we use to estimate convergence rates for BV-Tikhonov model.

We use results obtained in regular rectangular meshes with A equal to
Vs, 1Js, 1he, 1/32, 164 and 1/128 to calculate the convergence rates for ov/r = (.02
and Ro = 1.0. In all cases we chose @ = h and p© = 1, and the timestep was
chosen in terms of h in order to balance the errors sources from the convergence
theorem. That is, for P, elements and o = h, the L*(0,T; H*(Q)) vorticity error
and L>(0,T; H'(Q)) streamfunction error from the theorem is O(At*+h), and thus
we chose At = Vh (but slightly rounded so that At evenly divided T"), and thus here
we expect first order convergence in these norms as At, h — 0. For P, elements,

we chose At = h, and expect second order convergence of these norms.

Convergence rates for BV-Tikhonov model are presented in Table 2.1.
From the table, we observe that convergence rates approach the expected estimates

for the given norms in the convergence theorem both for P1 and P2 elements.
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Element | h™! | ||lw — wyll21 | Rate | [[w — wp|lwo | Rate | [ — p|l21 | Rate

P 4 24.189 1.9868 2.1732
(At = Vh) | 8 12.376 0.97 0.61369 1.69 1.0117 1.10
16 6.1545 1.01 0.16167 1.92 0.39299 1.36
32 3.0614 1.01 0.041218 1.97 0.16706 1.23
64 1.5259 1.00 0.010349 1.99 0.078803 1.08
128 0.76181 1.00 0.002606 1.99 0.038768 1.02

Py 4 6.3875 0.79216 1.7969
(At = h) 8 2.7885 1.20 0.28037 1.50 0.74236 1.23
16 1.0076 1.47 0.078785 1.83 0.22489 1.72
32 0.33616 1.58 0.020767 1.92 | 0.059414 1.92
64 0.10476 1.68 | 0.0052803 1.98 | 0.059414 1.98
128 0.02967 1.82 | 0.0013261 1.99 | 0.015067 1.99

Table 2.1: Convergence rates for BV-Tikhonov model with ‘5% = 0.02 and Ro = 1.0.

2.5.2 Double gyre wind forcing experiment

According to [37, 47], when BV equations are forced by a double gyre wind
forcing in a rectangular basin and dissipation is weak, the instantaneous vorticity and
streamfunction fields are highly variable but their mean fields present a well defined four
gyre pattern in which the two central gyres are driven by the wind and the northern and
southern ends of the basin are driven by the eddy flux of potential vorticity. Moreover, the
outer gyres are not a linear effect, instead it results from a mean balance between eddy
flux of potential vorticity and wind forcing which is susceptible to destruction by excessive

dissipation [47].

The double gyre wind forcing experiment has been used in several studies
as a model of more realistic ocean dynamics. Besides, it has been used as an interesting
benchmark test in order to analyze new techniques to deal with turbulence in geophysical
flows, e.g. [81, 47, 100]. In order to accomplish the double gyre wind forcing experiment,

F is set to Fysin(mwy) where Fy = 1.

Here we follow [100] and adopt the standard LES methodology: first we run

the double gyre wind forcing experiment in a high resolution simulation with BV model
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(no treatment of turbulence). After we run several experiments in a coarse resolution mesh
with BV model and BV-Tikhonov model and compare them with the high resolution BV

model solution as reference.

Following [37, 81, 47, 100], we run simulations in different regular triangular
meshes in the dimensionless rectangular domain [0, 1] x [—1, 1] considering h = 1/4 (which
corresponds to a grid with 4 x 8 squares), 1/8 (8 x 16), 1/16 (16 x 32), 1/32 (32 x 64) and
1/64 (64 x 128) where h is the mesh-width. Figure 2.1 presents the coarsest mesh used in

experiments.

ey
%

Figure 2.1: Mesh with h = /2 which corresponds to a grid with 4 x 8 squares.

Experiments were made starting from ¢ = 0 up until ¢ = 100 (corresponding
to 56.6 years in dimensional units) as in [100]. In this and in the next section we present
figures of the average fields of streamfunction (1)) and potential vorticity (given by ¢ =
Row+y) calculated using results from ¢ = 20 until 100 as in [100]. Moreover, we considered
two interesting cases: i) 9 /L = 0.02 and Ro = 0.0016 (which is presented in [100]) and ii)
v /L = 0.01 and Ro = 0.0002.

Firstly, we present the results obtained in the experiment using v/ = 0.02
and Ro = 0.0016. In this case, the high spatial resolution experiment with the BV model
was made in a regular rectangular mesh with 16,384 triangular elements (33,153 degrees
of freedom) corresponding to a grid with spatial resolution of 64 x 128 squares. Thus,
the mean length of the triangle edge is about 0.015 which permits to resolve the Munk

scale (6pr). Solutions for the high resolution experiment using At = 0.001 are presented in
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Figures 2.2(a) and 2.3(a). We observe that the high resolution solution produced by our
FE scheme can reproduce the four gyre pattern found by [100] in their DNS experiment.

Now, we evaluate the results produced with BV model in the coarse 4 x 8
mesh using the timestep At = 0.001. In Figures 2.2(b) and 2.3(b) we can see, when mesh
resolution is reduced (h is increased), the BV model streamfunction solution become more
diffusive causing the degeneration of the four gyres pattern in two gyres, as is also observed
in [81, 47, 100]. According to [47], in this case the grid resolution is too coarse to resolve

the viscous boundary layer (Munk scale of 0.02).

Next, we present the solutions obtained with the BV-Tikhonov model (At =
0.001). Figures 2.2(c), 2.2(d), 2.2(e) and 2.2(f) present the streamfunction field and Fig-

ures 2.3(c), 2.3(d), 2.3(e) and 2.3(f) the vorticity field produced with the BV-Tikhonov

1

model for « = h and p equal to 1, i, i and L

g1> respectively. We can see that the BV-

Tikhonov model can recover the four gyre pattern in this experiment for all tested values
of the p parameter. However, the BV-Tikhonov solution can be dramatically different
depending on the value of the u parameter. For example, the BV-Tikhonov provides an

1

accurate solution in the coarse mesh when p = 5z and p =

1

@,butfor,uzlandu:%

some discrepancies are observed in the vorticity field.

Computational times for the BV model in the fine and coarse mesh and for
the BV-Tikhonov model in the coarse mesh are presented in Table 2.2. We see that the
BV-Tikhonov algorithm is able to recover the four gyre pattern in the coase mesh and it

is significant faster than solving the BV model in the fine mesh.

Fine | Coarse | alpha | p=1/4 | p=1/16 | = 1/64
9.82eb | 2.05e3 | 4.5e3 | 4.2e3 4.5e3 4.5e3

Table 2.2: Computational time (in seconds) obtained for Ro = 0.0016 in the fine (64x128)
and coarse (4 x 8) mesh with the BV model and in the coarse mesh (4 x 8)
with BV-Tikhonov model.

Next, we investigated the effect of different choices of the p parameter on
the solution of the BV-Tikhonov model. Figure 2.4(a) presents the time evolution of the

cumulative moving average kinect energy for different values of the p parameter in the
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above mentioned experiment. We found for all values of y parameter, solutions have more
energy than the high spatial resolution solution (with BV model). Moreover, in Figure
2.2 we saw that increasing p produces an intensification of the four gyre pattern. Thus
solution can be very sensitive to the value of u parameter tending to be more energetic
when g is larger. The intensification of the four gyre pattern in the BV-a model was
also observed in [47] and according to [82] is attributed to the enhancement of the inverse

energy cascade in the model.

We also tested the BV and BV-Tikhonov model in a 16 x 32 mesh using
At = 0.001. Results obtained with the coarse BV model are presented in Figures 2.5(b)
and 2.6(b). In this case the BV model solution does not degenerates in two gyres, but
instead the gyres are intensified in comparison with the reference solution. In Figures
2.5(c), 2.5(d), 2.5(e) and 2.5(f) we present the streamfunction fields and in Figures 2.6(c),
2.6(d), 2.6(e) and 2.6(f) the vorticity fields obtained with the BV-Tikhonov model for

1

a = h and p equal to 1, i, ig and L

35, respectively. In this case, we also observed that

the BV-Tikhonov solution can be very sensitive to different values of the p parameter.
For example, when =1 or py = i the gyres in the BV-Tikhonov solution are intensified
in comparison with the high resolution and coarse BV solutions. However, for p = 1—16
and p = (%4 the BV-Tikhonov model solutions are more similar with the high resolution
solution than the coarse BV model solution. Run times for the BV model in the fine and
coarse mesh (16 x 32) and for the BV-Tikhonov model in the coarse mesh (16 x 32) are
presented in Table 2.3. In this experiment we see again that the BV-Tikhonov solution,

as well as recovering the expected four gyre pattern, it is significant faster than solving

the BV model in the fine mesh.

Fine | Coarse | alpha | p=1/4 | p=1/16 | p=1/64
9.82eb | 3.69e4 | 9.19e4 | 9.00e4 | 8.73e4 8.99e4

Table 2.3: Computational time (in seconds) obtained for Ro = 0.0016 in the fine (64 x128)
and coarse (16 x 32) mesh with the BV model and in the coarse mesh (16 x 32)
with BV-Tikhonov model. The experiments were made in a Intel® Core™ i7

3.70 GHz.
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Finally, we present the results obtained in a experiment using /L = 0.01
and Ro = 0.0002. In this test, the high resolution solution is simulated in a 50 x 100
mesh (8,385 degrees of freedom and 4,096 triangles) using At = 0.001. Figures 2.7(a) and
2.8(a) present the reference solution. Here the streamfunction solution presents a distinct
six gyre pattern. This pattern is also very sensitive to the mesh resolution, as we can
see in Figures 2.7(b) and 2.8(b) in which the coarse (8 x 16) BV model solution using
the same At is presented. That is, in this case the BV model streamfunction solution
degenerates in two gyres and the vorticity field becomes very noisy. On the other hand,
the coarse mesh BV-Tikhonov streamfunction solutions (also for At = 0.001) for u equal
to 1, I, i~ and g; are presented in Figures 2.7(c), 2.7(d), 2.7(e) and 2.7(f), respectively,
and their respective vorticity fields in Figures 2.8(c), 2.8(d), 2.8(e) and 2.8(f). We can
see that the BV-Tikhonov solution can recover the external gyres for all tested values of
the p parameter. However, like in the previous experiments, the BV-Tikhonov solution is
also dramatically dependent on the choice of p value. For example, when y = 1 (BV-«
model) the gyres are slighly intensified and displaced in relation to the high resolution
solution. Nevertheless, when p = %6 and p = é they are in the right place with the
correct magnitude. Moreover, the vorticity field is somewhat less noisy than the coarse

BV model solution.

To sum up, in this experiment we observed that the BV-Tikhonov model
can retrieve the four gyre pattern in all tested cases, but solutions can be dramatically
improved by the choice of the pu parameter. We showed that the BV-a model (p = 1)
provides solutions with more kinetic energy in comparison with the reference solution.
Consequently, its solutions presents an intensified four gyre pattern. However, this problem
can be fixed by choosing ¢ < 1 in the BV-Tikhonov model. It is in agreement with the
convergence analysis presented above, wherein it was shown that the BV-Tikhonov model
has a second order consistency error which also depends on p (see Corollary 2.1). We
believe when p = 1 and the mesh is coarse (the meshwidth A is large and, consequently,
the a parameter), the consistency error can affect the BV-Tikhonov solution, probably
through the filter effect on the large to moderate scales (the resolved scales), but when

@ < 1 this kind of error is partially controlled enabling the model to produce solutions
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more similar with the reference solution. It is also insightful to analyze the D, F' operator
in the wave number space given by ﬁ’ = (14 pk?)~! where k is the wave number. In

Figure 2.4(b) we present the transfer function of D, F operator for « = 1 and p equal to

1 1
L i 16

and 6—14. In this figure we see that the resolved scale is less affected by the D, F
operator when p is decreased, at the expense of less regularization. We do not investigate
an optimal value for the p parameter, but we observed that values between u = % and
W= 6%1 produce the best results and when g is smaller than 6—14 the BV-Tikhonov solution
tends to the coarse BV solution. Thus, the BV-a model can retrieve the four gyre pattern
in coarse meshes in which the BV model solution degenerates. However, the BV-Tikhonov
model improves the BV-a in the sense that more accurate solutions can only be obtained

when p < 1, at the expense of less reguralization, which is related to the consistency error

in the regularized model and the undesirable filter effect on the large to moderate scales.

2.6 Conclusions

Geophysical flow simulations, due to their high Reynolds number, are presently
unfeasible with the available computational resources. Regularized models are simplified
models designed to reduce the degrees of freedom in simulations by virtue of small changes
in the original equations, which shorten the energy cascade enabling the use of less refined
meshes. In this article we studied the Tikhonov-Lavrentiev regularization applied to the
BV model of geophysical flows. Firstly, we proposed a Crank-Nicolson/FEM algorithm for
the BV-Tikhonov model and proved it is unconditionally stable and optimally convergent.
Then, theoretical convergence rates were confirmed through numerical simulations using
an analytical solution. Also, we tested the BV-Tikhonov algorithm in the more realistic
double gyre wind forcing experiment. We showed it recovers the expected pattern in the
case in which the coarse mesh BV model solution degenerates. Moreover, we showed that
a dramatic improve over the BV-a model (¢ = 1) can be obtained by a carefull choice
of the pu parameter in the BV-Tikhonov model. We believe it is due to the consistency

error caused by alpha terms which, despite being second order according to the presented
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convergence analysis, can be controlled decreasing the p parameter in the BV-Tikhonov

model, at the expense of less regularization.

A natural next step is to investigate the Van Cittert approximate deconvo-
lution technique applied to the BV-a model, which permits to control the order of the
consistency error in the regularization model. This technique has been developed and used
with success in the case of Navier-Stokes-a model [76, 94]. Application of the Van Cittern

approximate deconvolution in the BV-a model is studied in Chapter 4.
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(a) BV (high res.), (b) BV (coarse),
wmin = _1~40a ¢max =1.40 wmm = _1-397wmax =1.46
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(c) BV-Tikh., =1 (d) BV-Tikh., p =1
Z/Jmm = 71063 ¢maz =1.09 wmzn = 72~207wma:t =221

(e) BV-Tikh., p = (f) BV-Tikh., = &
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wmin = _1'68awmam = 1.60 1l)nun = _1~657¢maz =1.59

Figure 2.2: Streamfunction fields in the experiment with %v/r = 0.02 and Ro =
0.0016 for (a) the high resolution BV model solution, (b) coarse (4 x 8)
BV model solution and coarse (4 x 8) BV-Tikhonov solution for (c)

p=1,(d) p=1 (e) p=15 and (f) p= .
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Figure 2.3: Vorticity fields in the experiment with v /1 = 0.02 and Ro = 0.0016 for
(a) the high resolution BV model solution, (b) coarse (4 x 8) BV model

solution and coarse (4 x 8) BV-Tikhonov solution for (c) p = 1, (d)

=71 (e) p=qg5and (f) p =g
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Figure 2.4: (a) Effect of different values for av on the evolution of kinetic energy in
the BV-Tikhonov model. (b) Transfer function of D, F' operator.
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(a) BV (high res.), (b) BV (Coarse),
wmin = _1~40a ¢max =1.40 wmm = _2-287'¢)max = 2.36

(c) BV-Tikh., =1 (d) BV-Tikh., p =1
Z/Jmm = _2-85a¢maz =-3.02 'l/]mzn = _2~377 wmaz = 2.57

(e) BV-Tikh., pn = {& (f) BV-Tikh., p = &
"/}min = _1~83;'I/}mam =174 wmzn = _1~73vwmaz =1.78

Figure 2.5: Streamfunction fields in the experiment with ov/r = 0.02 and Ro =
0.0016 for (a) the high resolution BV model solution, (b) coarse (16 x 32)
BV model solution and coarse (16 x 32) BV-Tikhonov solution for (c)

p=1,(d) p=1, () p= 15 and (f) p = .
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(b) BV (Coarse)
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\_/

BV-Tikh., y = (d) BV-Tikh., = 1

(e) BV-Tikh., pu = {5 (f) BV-Tikh., u = &

Figure 2.6: Vorticity fields in the experiment with 9v/r = 0.02 and Ro = 0.0016
for (a) the high resolution BV model solution, (b) coarse (16 x 32) BV
model solution and coarse (16 x 32) BV-Tikhonov solution for (c¢) u = 1,
(d) p= 1, (e) p= 15 and (f) u = g;.
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(a) BV (high res.), (b) BV (Coarse),
wmm = —1.51, Ymas = 1.50 'l/)mm = _1-237¢maac =141

(c) BV-Tikh., =1 (d) BV-Tikh., p =1
wmin = *3353 Q;Z)maz = 3.40 'l/)mln = 72~25>wmaz =233

(e) BV-Tikh., p = {5 (f) BV-Tikh., p = &
Ymin = —1.65, Ymas = 1.79 Vmin = —1.35, Yimar = 1.54

Figure 2.7: Streamfunction fields in the experiment with ov/r = 0.01 and Ro =
0.0002 for (a) the high resolution BV model solution, (b) coarse (8 x 16)
BV model solution and coarse (8 x 16) BV-Tikhonov solution for (c)

p=1,(d) p=1 (e) p=15and (f) p= .
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(a) BV (high res.) (Coarse)

Ii

) BV-a, p=1 ) BV-Tikh. p =
(e) BV-Tikh., p = 1% ) BV-Tikh., - u =

Figure 2.8: Vorticity fields in the experiment with v /1 = 0.01 and Ro = 0.0002 for
(a) the high resolution BV model solution, (b) coarse (8 x 16) BV model
solution and coarse (8 x 16) BV-Tikhonov solution for (c) u = 1, (d)

p=1, () p= 15 and (f) p= g
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3 BAROTROPIC VORTICITY-BARDINA
MODEL!

3.1 Introduction

Geophysical flow simulations can assist in the study of climate change, weather
and ocean forecasting, biological and pollutant transport in the ocean, oil exploration, and
many other applications. One of the simplest models which can be used to represent these
meso and large scale flows is the barotropic vorticity (BV) model of geophysical flows,

which is given in dimensionless form by [47, 100]

3
Rl + Rod(w) - 5% - () dw = F, (3.12)

where w is the vorticity, ¥ is the streamfunction, J(i,w) = g—f‘g—‘; — %g—‘; is the Jacobian,

FRo is the Rossby number, s is the Munk scale, L is the length scale and F' is the forcing
term. The BV model is commonly used in oceanography to study midlatitude ocean
circulation, and it can also be extended to multilayer in order to describe the vertical
motions in the ocean [78]. It has recently been used in studies involving data assimilation

[113, 21], climate [95, 73, 36] and oceanic processes [12, 108].

Despite its simplified form (compared to, e.g., the primitive equations), the
BV system still contains a very large range of active scales, and it is not computationally
feasible to perform simulations that resolve them all, particularly when long time inte-
gration is necessary (e.g. climate modeling [78]). Traditionally, simulations are done on
coarse meshes and essentially dissipative techniques such as eddy viscosity parametriza-
tions have been used to model the under-resolved scales of the flow. However, according

to [47], increasing artificial viscosity tends to reduce variability, and nonlinear structures

!The content of this chapter is coauthored by Professor Carolina C. Manica and Professor Leo
G. Rebholz and was accepted in 1 December, 2014, for publication in the journal Numerical Meth-
ods for Partial Differential Equations with the title Numerical study of a Regularized Barotropic
Vorticity Model of Geophysical Flow.
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can be destroyed by excess dissipation [37, 47]. We study a regularization / large eddy
simulation (LES) approach to this problem, which is to try instead to resolve only the
large scales of the flow, and to model the effect of the small scales on the large scales.
Even though this is a two dimensional model, it is based on the vorticity equation, which
is known to have a forward enstrophy cascade, and thus this approach is valid in this

context.

The model we study herein was first proposed by Khouider and Titi in [59],
and is a reduction of the well-known (simplified) Bardina model to two dimensions with

the beta-plane approximation. We refer to it as BV-Bardina, and it can be written as

Ow _y 0Y  0m3
ROE + RoJ (¢,w) — T (T) Aw = F, (3.2)
AY = —w, (3.3)
—0?AG+ T = w. (3.4)

We will show in section 3.1.1 the derivation of the system (3.2)-(3.4) from the (simplified)

Bardina model in velocity-pressure variables.

The main objective of this chapter is to study a Crank-Nicolson-in-time,
finite element (FE) in space algorithm for approximating solutions to the BV-Bardina
model. After proposing the scheme, we analyze its stability and convergence, and prove it
is unconditionally stable with respect to the timestep size, and that it converges optimally
in space and time. Moreover, we estimate convergence rates using numerical simulations
and perform the benchmark double-gyre wind forcing experiment to evaluate the perfor-
mance of BV-Bardina on meshes with coarse spatial resolution. To our knowledge, this is
the first numerical analysis of a numerical scheme for a regularized /LES BV-type model, al-
though a significant amount of work has been done on the related vorticity-streamfunction
formulation of the Navier-Stokes equations (see [4] and references therein). Steady state
analysis of numerical schemes for BV and related models has been performed in [26, 27],
but of course analysis of the time dependent schemes has more (and somewhat different)
complexities. Related models have been studied from a computational point of view using
approximate deconvolution modeling [100, 99], and with the NS-a-derived model called

BV-a [47], and have enjoyed some computational success. We believe the advantage of

20



BV-Bardina over approximate deconvolution modeling is in its simplicity, as there is only
one filtering procedure that needs performed. BV-« is similar in form to BV-Bardina,
and we note that the only difference is in BV-« the Jacobian term has the form J (w,w).
Hence BV-Bardina can be considered as having more regularization than BV-a. Due
to their similarity, we compare solutions produced by the two models in our numerical
experiments section, and find that BV-Bardina gives better coarse mesh results on the
double-gyre wind forcing benchmark test. Moreover, similar numerical analysis to that
performed herein can be extended to BV-a schemes, which to our knowledge has not been

studied.

The chapter is organized as follows: Section 3.1.1 presents the BV-Bardina
model derivation, and Section 3.2 introduces some mathematical preliminaries. Section
3.3 presents the numerical scheme and its stability analysis. Section 3.4 presents the
convergence analysis. Numerical convergence rates tests and the double gyre wind forcing
experiment results are given in Section 3.5. Finally, some conclusions and remarks are

summarized in Section 3.6.
3.1.1 Barotropic Vorticity-Bardina model

We show here how the BV-Bardina model is obtained from the simplified
Bardina model. The Bardina model emerged in 1980 as a particular closure model to ap-
proximate the Reynolds stress tensor introduced by Bardina et al. [3]. It was later studied
analytically in a simplified form by Layton and Lewandowski [62], and Cao, Lunasin and
Titi [15]. Following [15], the simplified Bardina model can be written as

gltl—ku-Vu—uAu:—Vp,

V-u=V.-u=0,
—o?ATU+1 =u,
where o« > 0 is the filtering radius. Using the identity - Vu = V@ —uxVxu, we
have that

=12
gltl—uxqu—yAu:—V(p—i—h;'). (3.5)

51



Restricting now to two dimensions (0 in the z direction), we note that by a vector identity,
since U is divergence free, we have that V x [ﬁ X (V X ﬁ)] =-u- V(V X ﬁ). Now taking
curl of equation (3.5) and the filter equation provides

oV
(a:u)u-V(qu)yA(qu)zo. (3.6)
Letting w = (V X u) : l;‘, and 1 be the streamfunction associated with @, we have the
system (after applying curl on the filter equation),

Ow . B
E—I—J(%w) —vAw=0

A =—w
—? AT+ = w,

where @ is the filtered vorticity. Now using the beta plane approximation for the Coriolis

term and simplifying, we arrive at the BV-Bardina model

0w
ox L

dw

5 )BAw = F,

Ro—~ + RoJ (¢, @)
A = @,

—?AU+ W = w.

3.2 Notation and preliminaries

Let ©Q C R? be a polygonal domain, and 73, a regular, conforming triangula-
tion of Q. Define X = H}(£2) to be the subspace of H*(Q) with zero boundary condition.
Let Y}, be the continuous finite element space with kth degree polynomials on each element
of the triangulation 75 and X} be the subspace of Y, with zero boundary values. Denote

by (-,-) and || - || the L?(2) inner product and norm, and || - ||z the H*(2) norm.

For continuous in time functions, we denote for 1 < m < oo,

T 1
1 ook = esssup | £(t, )l and [ Fllmas == { / V£t e}
t€(0,T) 0

For discrete in time functions, we use the notation

1
I1F Mook = esssup [Lf" [k N1 lloo,r := esssup ||/,
0<n<M 0<n<M
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M M
I o= LD ™R e ™ W e s= { D 12 e
n=0 n=0
Define the trilinear operator b : X x X x X — R by
b(u,v,w) = (J(u,v), w).

This trilinear operator has skew-symmetric properties, which seems to be first dis-
covered by Fix in [23]. We state these properties here, and note that the proofs

follow by integration by parts, and the divergence theorem.

Lemma 3.1. For,£ € X, and x € Y",

i) b(1,6,6) =0; i) b(¥,x, 1) =0
Proof. See [23]. -

We have the following estimate for the trilinear term.

Lemma 3.2. Let (,¢ € X and £ € H> N X we have

(&, ¢. Q) < COQIVEN VIV

Proof. Using Holder’s inequality with p,q = 4 and r = 2, the result follows from

H' — L* and Poincaré’s inequality. O

Given £ € X, let P¢ € X, be the standard L? projection of & onto X},
such that

<§_P€7¢>:07 VQSGXha (37)
and let 1€ € X}, be the Elliptic projection of £ onto X}, such that
(V(€~TIE), Vo) =0, Vo € X, (3.8)

Lemma 3.3. Given £ € H* we have the following estimates [11]

i) 1€ = PEll < CRE e, (3.92)
i) [V (€ = PE)I < ChE|I€] k1, (3.9b)
i) ||V (€ = T < CR|€ ]l (3.9¢)
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3.2.1 Discrete filtering

We define the discrete Laplacian operator Ay : X — X}, in the usual

way by
<Ah¢,x> = —<V1/J,Vx>, Vy € X,. (3.10)
Discrete filtering is defined, for ¢ € L*(Q), by
a2 (V3" Vo)) + (@', vn) = (6, v), Yon € X

The following bounds are known to hold for filtered quantities (see [79]): For ¢ € X

we have the following upper bounds:

18"l < llel, (3.11)
V3| < c)|vel, (3.12)
IVE"|| < [[V| for ¢ € Xy (3.13)

Lemma 3.4. For ¢ € L*(), the discrete filtering operation satisfies
—h — 2,
I —¢"[1* < Cat[|AG|* + C(ah® + R**1) 7 6]7 1, (3.14)

and thus for k > 1,

16~ FIF < (Cat + Calt® + 12442) B2, 519
Proof. See [66]. O
Define the energy norm || - ||z and the energy dissipation norm || - || by

—hy 1 —h —h o0 1
I8l = (8.6")" = (1" + VS I) ",
—hy 1 —h —h N1
6l == (V9. V8") " = (IV6" I + a1 205" 7).
These norms are natural for the BV-Bardina model we study herein, and it is proven

in [79] that this energy norm is equivalent to the L?(2) norm, and this energy

dissipation norm is equivalent to the H'(£2) norm:
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Lemma 3.5. If the filtering radius « s chosen so that a < O(h), the natural energy
norm of BV-Bardina, || - ||z is equivalent to the usual L* norm in Xy for ¢ € Xp,,

there exists Cg independent of h, ¢ satisfying

ol < ol < Crlldlle- (3.16)

Additionally, the natural energy dissipation norm of BV-Bardina, || - ||, is equivalent

to the H' norm in Xj,: there exists C. independent of h,¢ satisfying
16l < IVoll < Cello]l. (3.17)

3.3 Numerical Scheme for BV-Bardina

Following [100, 47] we consider the model with slip boundary conditions
for velocity, which translates into the homogeneous Dirichlet condition w|sq = 0, and
the impermeability condition v|gq = 0. As in [47], we consider the additional homo-
geneous Dirichlet condition @|gq = 0 in the filter equation, which allows inversion

to be performed uniquely.

Our motivation for studying the BV and BV-Bardina models is the
search for efficient, unconditionally stable and accurate methods for the simulation
of geophysical flows. We present now a finite element discretization in space, together
with Crank-Nicolson time discretization. As it is common in such discretizations,

we denote the half timesteps by v"*3 = % and ¢"+3 = %

Algorithm 3.1 (Crank-Nicolson BV-Bardina model). Given wj and ) as the
L%(Q) projections into X}, of wg € X and ¢y € X, endtime T, F € L>(0,T; L*()),

——h
and timestep At > 0, set M = % and for n=0,...,M-1, find (w;*' Yyt Wity €

95



Xy X Xy, X Xy, satisfying

n+1

— ntd
Ro(= At_w27vh> + Ro b(wer%,WZJr% ,0p) — aw§:2 ,Un)

+(5%)3<V n+% V’Uh> = <Fn+%,’l)h> V’Uh c Xh, (318)
<V¢,’Z+1 Vx> <w"+1 7X> =0Vy € Xy, (3.19)
2<vw"+1 ,VE) + <w"+1 &) — (Wt &) =0 VE € X (3.20)

We prove next that Algorithm 3.1 is unconditionally stable with respect

to the timestep size.

Lemma 3.6. Consider Algorithm 3.1. wy, and 1y, satisfy the following bounds,

M-1
Ro[| Vo |* + At(%)” 1A 2|12 < O(data). (3.21)

n=0

and

E

C5' Rollw||? + At () Z 32 < C(data). (3.22)

n=0

Remark 3.1. The bounds (3.21)-(3.22) are sufficient for the Leray-Schauder fized
point theorem to be applied, in order to prove existence of a solution at each timestep
(as in [60]). Uniqueness can be proven in the standard way, and will hold provided

a timestep restriction.

Proof. We start proving estlmate (3.21). Choosing vy, = wh , using skew-symmetric
a¢h

properties of b, and that < ,1/12+2> = 0 since wnﬂ/ € X, we get that

n+1

Ro(Z T gty 4 (B (T vy = (Pl (323)

Rewrite the two terms in the LHS in (3.23). For the first, we average (3.19) at the

n and n + 1 time levels, then choose y = w,?“ w_,’}h to obtain

n+1

"=l (3.24)
n 7 3.24

———h
(VU2 V(T =)y = (T = e
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il
Next, subtracting (3.19) in n from (3.19) in n + 1 and choosing y = ¢h+2

_— 2_ e L ol
[ ||2 [l — (V (gt — )v% > <w"+1 _wgh,zph+2>. (3.25)

Subtracting (3.20) in the time step n from (3.20) in the time step n + 1, choosing
§= ¢Z+§ and using (3.24) and (3.25) we get

(H

1 —h
w2 [y

)+ lver ] _HV%H = (wpt! —w2,¢z+%>- (3.26)

For the second term in (3.23), we average (3.19) and (3.20), choose
h

, respectively, and combine the results to obtain

_ _ s
X=w, >and {=uw,

h h
—i—2 n+ +2 +2
(Vi *, Yy ?) = [V |17+l 1% (3.27)

n 1 . . s o. .
Then averaging (3.10), choosing y = wh+2 and using Poincaré inequality we have

V2| < Cprl|Any - (3.28)

Averaging (3.19), combining with (3.10), using Cauchy-Schwarz inequality and choos-
1
ing y = Ahz/JZ+2 we obtain

—h
1A 2] < w2 . (3.29)
Using (3.26), (3.27), (3.28), (3.29) and Cauchy-Schwarz in (3.23)
Bo (|Vupt|* + 2|| |2 = ||V = o))
+ (8) (vt Pl At ) < IRl Aney 2 (3.30)

The bound (3.21) follows after we use Young’s inequality with e = (‘STM)S and sum

fromn=1ton=M — 1.

et
It remains to show estimate (3.22). Choosing v, = wh+2 in (3.18),

n+l —mh n+1h n . . . .
using that <w , W} > = <wh wh>, skew-symmetric properties of b, inequality

(3.13) and Cauchy-Schwarz inequality we have

—h
<wn+1 n+1h>_@<w2’w_}rzh>+ (TM) <vwh+2 V n+3 >

n n+ aw n 1 1 n+3
= (F"2,w, >+< o ><HF 2|y Ve, 2+ Crrl Ve 2 Vw2
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Using the norm equivalence in Lemma 3.5 and Young’s inequality with
€= C’E(ﬁ)g, estimate (3.22) follows after we sum from n = 0 ton = M — 1 and use

estimate (3.21). O

3.4 Convergence

This section rigorously proves a convergence estimate in space and time

for the BV-Bardina algorithm.

Theorem 3.1 (Convergence). Let (w(t),1(t)) be a smooth strong solution of the BV
model such that the norms of (w(t), ¥ (t)) on the right hand side of (3.31) and (3.32)
are finite. Suppose (wp,¥n) € X" x X" solves the Crank-Nicolson approxvimation
(3.18)-(3.20) of the BV-Bardina model . Then for At small enough (in order to use

the discrete Gronwall inequality), we have

Rol||w — wh‘Hoo,O < f(At h,a) + CthH’w‘Hoo,kH’ (3:31)
L
CH (%) Z AH|V (w(t™2) = wp T2)*) 7 < F(At by ) + CAR(341) 7 el
+C(%r) " pk (3.32)

where

F(Ath,a) = O () P [CI 2 llapss + Ol 2l prs +C(5) ol

+ ROl g1 + 1153 42) + CRO(IVE 11 + 1161 1) + CRohl [ 14
+ CRo (| (1, + 11 113 41) + Bo(Ch+ CR¥) 1|13 4

(02 + a2RE 4 W) () [ @ o + Ro (V211 + 121 1)

+ Ro(Cll@ 2|13 41 + Clllw (1131 + Clllw 21113 k+1)}

+ Ro(52) " (ChFa? + CaPhF 1 4 CRF2) |0 2|3 4y + A (52) 7 [c(%)ﬂ“wtq“m

+C|[ull]. + CNVE 51 + Clllwael 3.0 + CHIV@E )11 + Cllbul 30} (3.33)

Remark 3.2. Suppose that the indicated norms on the right hand side of (3.31)-
(5.33) are finite. Then the error in the Crank-Nicolson finite element scheme for
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the BV-Bardina model is of the order

1 nti 1
ROH|w _wh”‘oo,o TM Z At||V (t"*2) — Wy, 2)||2) &
< O(RF + A + 2| |@"2]3 11)-
Moreover, using the result above, it is straightforward to show also that

HW ¢h|H (hk+At2+a2|||wl/2|||2 Jt)-

As discussed in [66], the term |||@"7?|||laxt1 can depend inversely on o
if k> 2 and if no assumptions are made either about w being periodic or having
normal derivatives vanish at the boundary. Hence for the choice of linear elements
(k = 1) with a < O(h), optimal spatial convergence can be expected, but not neces-
sarily for k = 2. However, our numerical experiments with k = 2 do show optimal

convergence.

Proof. The solution w of the BV model satisfies

Ro(<"=4" 0, ) + Rob(¢"3, w2 ) — Wan% Jon) + (45)° (Vw2 Vo)

At 4

= <F”+%,vh> + Intp(w™, ™ vy) Yo, € X" (3.34)
where

Intp(w"™, Y™ vy) = Ro(“nﬂ_‘" - wt(t”+%),vh> + (6TM)3<VUJ”'+% — VW(t"+%),Vvh>

B a¢7l+§ o +§),vh> + RO[b(¢n+%7wn+%,Uh) _ b(w(tn-i-%)’w(tn-‘-%),?)h)]

ox ox
(3.35)
Define
=W —wp = (w—Pw)—(wh—Pw) =e| —ep, (3.36a)
Bi=tp— iy = (6 — 1) — (n — [IY)) = B, — By, (3.36b)

h
il _
Subtracting (3.18) from (3.34), choosing v, = eh+2 using <e”+1 e’gh> <e"+1 ez>

1 ——h Th +1
and adding and subtracting b(wz+2,w”+% ,eZ+2 ) and b(wh 2 wnts, eZ+

), we
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obtain
L —h S \3 /o ey nt3
Ro({ey ™ ey ™) = (e el ) +2At(%) (Ve 2, Ve, 2 ) = —284(%5 e
n+il ntd Tl n+lh n+i 1 h 1 n+lh
—2AtR0[ (1/’ 27 2 ; 2 )—l-b(l/J 2w n+ts _wn+2’€h 2 )+b(En+§,wn+2,€h 2 )]
—h —h
—|—2At(%) (Ve," 2,V h+§ >—|—2At]ntp((,u",@ZJ7‘;tf,’Z—~_5 ), (3.37)
—h
since < il _en eZ+ > = 0. We next estimate the terms in the RHS. Using Cauchy-
Schwarz and Young inequalities
optl ntl oot nt3 2 ntd 2
(e )] < G (3 IIVen 1P +C () IVE™=| (3.38)
We estimate |[VE""z|| by averaging (3.19) and subtracting ¢ "2 satisfying the BV
1
model, choosing v, = E}:Hrz and using Cauchy-Schwarz and Poincaré inequalities to
get
n+32 n+3 " n+3 it 1 n+3
IVE, 21" < Cllw, * —w™* 2 |[VE, ?[| + Cllw""2 —w"2[[|[VE, 2. (3.39)
Now, use (3.39) and (3.11) to obtain
il
IVE™ 2 < IVELH 2+ Cley 2 + Clle 812 + CllortE = w2, (3.40)
Using (3.40), Lemma 3.4 and Lemma 3.3 in (3.38) we get
) [On* g
Sar k41
(3.41)

CL (B0)* | Vel 2|12 4 C () len 2 + (
h2k+2)”_n+2 Hk‘—i—l}

-
oE™3  n+i
’ 1 Eh >

oz

+ O3 |2, + (Cat + Ca?h® +

Cauchy-Schwarz and Young inequalities, inequality (3.13) and Lemma 3.3 provides
(3.42)

16 (TM) Ve n+2||2+0(%) h2k||w”+2\|2

: Veh >|
For the third nonlinear term, we use Lemma 3.2, Young’s inequality

3
(%) (el
) , inequality (3.40), Lemma 3.3, Lemma 3.4, Young’s Inequality

Ce

1 3
; — Sy
with € = 10RO(

L
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with e = 1 and for £ > 1, which yields

h
| Rob(E™%, w3, ™2 )| < Gl (8)| Vel ™ |12 + CRo ()’ Vwtz || VT2 |

IO+ OIS

— 20

+ CRo

(&) (| Vw2l + [0 2l ) + C RO (&) Ch 2wt 21,
+ CRo* (%) (Ca* + Ca’h?* + h2k+2)(||Vw”+2||1+ ||_"+2||k+1) (3.43)

For the second nonlinear term, we use Holder’s inequality with p = oo and ¢ = r = 2,

and (3.13) to find that

h —h
+1 1 1 +1 1 +1
|b(¢), 2wt —wtae )\ < Ve 2 lloollw™ 2 — @™ E || Ve 2. (3.44)

n+2

From HVEH = ||V (¥, —"*2)]|| o0, Agmon’s inequality and the reg-
ularity estimate ||¢||m12 < Cllw||,m for ¢ satistfying a Poisson equation with forcing

w we have

+1 1 1 1 1
IV95 2 lloo < IVE™ 2|loc + [ V4" 2]|oc < [VE™ 2 o + C 19" 2 I3

< |VE™3 | + Cllw 2 1.

We next have to estimate the term ||VE"+%||OO. Let I" be a global Lagrangian
interpolator, we have [|[VE™3 |0 < [|V(4™+5 — I3 | oo ||V (I m 3 — o 7).
Using an standard estimate for ||V ("2 — [""+2)]|| o, (Theorem 4.4.20 in [11]) and
||loo (estimate (4.4.22) of Theorem 4.5.11
in [11] withp=2,n=2,s=1and m =k + 1) we get that

an inverse inequality for ||V (I"ym+z — n+2)

1 n n
IVE™ 3| < CRYIV (I3 = 2) | 4 CRE= g5
< OB YV (I +s — gt s — B43) | 4 ORF Y[

< CRTYVE, 2| + CRE [y
Thus, for 0 < h <1 and for £ > 1 we have
n+y —1 ntg n+tl n+ti
IV, 2lloc < CRIVE, 2| + Cllw™ 2[[1 + CllY" 2 |54 (3.45)

61



Using (3.45) and Lemma 3.4 in (3.44) and for « = O(h), 0 <h <l and k > 1

e LU G
|b( ywht2 w2, e )’S

h
(CR Y VE 2|+ Cllw™ 3 |y + Ol 5 [[ggr) [l E — w ™ 3]|[| Ve 2|

< Ol H gt [VEFTH Tl 4 + (™l + Clm ) [ — o2 7l )

We continue bounding the second nonlinear term using Young inequality with € =

1(’(; or (‘SM ) inequality (3.39) and Lemma 3.4 we have

n+ i ﬁh 1 n+lh
‘R b( 2’wn+2 _wn+27eh 2 )’

3 . n4i —h 1
< Ro* () (Cl@" 2 2y llep 2 |12 + CR* 2w+ 5|2 [@F 2 |12,y + Cl@™t 2 |3, Jwmts — w3 %)
3 1 1 1
+CRo* () (Cllw™ % ||y + Cll" % [lj1)? jotE W2 4 Gt (5) Ve R |2
. + — —
< (&) RA(Cll@™ 212,y lley T2 (12 + Ch2EF2||wn |2, @312, + C(a + o?h% + h2F+2) o314, )

+ O (32)° Ro* (a* + 0B 4+ W2F42) @8 |2, (Cllwm™ 3|12 + Cllem 212 ) + S (25)° | Vep 2|
< CRo* (3= ) 22, ]l h+2||2+R (aM) CR+2 ([l 2 ||E g + @™+ 2 |[h )
-1
+O(£)  Ro? (o + a?h?* + R2+2) (@™ 2 {4y + Cllw™ 2|4 + Cllu™ 5 |IE ) + S (82)° ] Ve e,
(3.46)

Using Holder’s inequality with p = ¢ = 2 and r = o0, (3.45), Lemma 3.4 and Young

inequality with € = 1006;;0 (5%)3, we get for the first nonlinear term,

—h —h
bur el )

R €L

IN

n+y n n n
(CRYIVE, 2 [ + Cllw™ 2|y + Cllp™ 2 [ljga) R w2 4| Ve H

Ce ™ (9 n+
S (3)° Ve, 2|]2+CR0(5M) P2 (w2 ([ + ot 2|1+ 02 )

+ CRo(:2) W w3 |2, [V By 2|2

IN

IN

fima (1)1, 2“2+CR0(5M) P2 (w3 4 [ )
+CRo ( ) thH n+2Hk+1H e, 2H2+R0($) (Ch2k+2+0h4k)||w”+%||;4§+l

+ Ro(3=)* (Ch?a + Cah® 2 4 ORPH4)2 |uwrts |h . (3.47)
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It remains to bound the term Intp in (3.35). Standard analysis for the
interpolation error (see, e.g., [65] and [76]) provides the bounds

— n, " 2 3
At Z [Intp(w™, ¢"™; + )I < CRo*(5%) S A ||weeel 130 + € (52)° At Vweel 13,

+C(5M) At [[ulll3 0 + CRo*At* (52)° V02|14, + CRo? (aM) At ||wre 13,0

+ CRO? (3) At |Vw(t2) 141 + CRo* () At [[wullf o + S (5[ Ve VIR (3.48)

Using norm equivalence, (3.41), (3.42), (3.43), (3.46), (3.47) and (3.48)
n (3.37) we obtain

Cp'Rolled |2 + C7 1At (%) Z Vet 2|2

n n n +
Z (£)°(C + CRO®R*|[lw™ 3 |12y, + CRO||&"* 3 ||[74, + CRO?|[[ Vw3 13) ey 2 ||
n=0

3 1 _
+ (52) " [CRP N 213 kr + O P20 213 sy + (Cat + CaPh®E + CRPFF2) [ 4]

C (%) W |23 o1 + CRO* (52) h2 (19w 214, + 172111
+ CRO? (3 ) CR* 2w 2|14 11 + Ro* () (Ca + Ca?h? + h242) (|92 |14, + 154 141)
+CR02($) B2 [w 2[4 gy + Ro? (52) W21/ 1§
C()  Ro?(a* +a2h2’“+h2’f+2)(c|||wl/2|||4k+1+C|||w1/2 41+l )
+ CR () W42 ([[lw 2|4 + 119214 051) + Ro? (52)° (Ch#+2 + Ch*) |14 1
+ Ro? (527 (Ch* o + Ca?h? 42 4 Ch )| [w [ 4y + CRO? (52 )" At lwr 13 0

(TM) At4|||tht|H20+C’R02At4(5M) |||V¢1/2H|41+CR0 (5= ) At |weel 1.0
(L
a1

(

) At [l 3,0 + CR? (5 ) At Ve(t )] [4,1 + CRo? (52 ) At [l [1o-
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3
(5M/L)
C+CRo?h2M|w™F 2 |2, +CRo (&2 |2, | +C R0Vt 2 |27
the discrete Gronwall inequality from [44] to get

Next, assuming At < we can apply

M-1
— — 5M 3 n4 %
Ci' Rollel! |2 + C7 ALY’ S Ve <
n=0

* 3 _
C{(3)° [OR* 16 2113 s + CHPF2[w2][B s + (Cat + CaPh® 4 CH22) 3] 3 ]

oM

l©
+ C(2) WMl 23 o + CRO* () B2 (V2 14,0 + 10" 111)

+ CRo? 5# 3
M

1

CR**2|||w'[||3 441 + R0 (5= ) (Cat + Ca®h? + h2M2) (||| Vw2 151 + [l[@2]15

)
) B2 [ oy + RO* (55) R 42 I
)
)

)

3 1 1 1
+CRo? (o + a®h* 4+ B2) (C[|@" (11 1 + Clllw /2\ 131+ CllY 2 (l3641)

(
+CRo* (5=
(s
() h2 2 (w212 + M0 1) + Ro?(5%)° (CR42 4+ CRH*) [ 4.4

+ CRo?

On

) B
+ R’ () (Ch**a* + Ca®h? 2 4 OWF ) W Pl g + C(0) AL [ VeonI3 g

(5%
(ﬁ)BAt“III%IIIQOﬂLCN“( ) Ve Il 1+ C () At |l
o

g

c( ) At Ve( 1/2)H|41 +C(5M) At4|||¢tt|||470}, (3.49)
where
C* . eXp (Atjwz:l (#) (C+CR02h2k||Wn+§Hk+1+CRO2||w"+§|| +1+CRO2HVWH+7H ) )

1805 ) " (C+ORoER WA 2 +ORo2 M B 7 O RO TLm )

(3.50)

n=0
The estimate (3.31) now follows from the triangle inequality and (3.49). For estimate
(3.32), we use (3.49) and
a1 n+3 a1 +1 +1
IV (w(E2) —wp )P < [V (@ ("2) =™ 2) P+ Ve + | Ve, |
tn+1

P l +l
<82 [ e+ R + 9
tn

which completes the proof. O]

3.5 Numerical experiments

In this section, we provide two numerical examples to verify the the-

oretical results and show that good results can be obtained with the proposed
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model/scheme. The first numerical test is to confirm the predicted convergence
rates, and the second tests the model’s ability to find accurate coarse mesh solution
to a double gyre wind forcing benchmark test. We use the software FreeFem++[40]
to perform the computational tests; Newton’s method is used to resolve the nonlin-
ear problems at each timestep, and we use UMFPACK to solve the linear systems.
We note that we also tested linearized analogues of the proposed scheme, and found

overall worse results, particularly on the double gyre benchmark test.

3.5.1 Convergence rate confirmation

Now we estimate the convergence rates for the BV-Bardina scheme

using a known analytical solution. Using 2 = (0,1) x (—1,1), 7" = 1, and setting

272 (M

S )325] cos mx sin 7wy, we obtain the following time dependent

F = —ﬂexp[—

analytical solution for BV (with homogeneous Dirichlet boundary conditions):

Y = exp [— 2}%2(6%)315] sin 7 sin 7y,

22 ((SM

w =271 exp [— T T)gt} sin x sin 7y.

To estimate convergence rates, we considered h = /2 (which corresponds to a grid
with 4 x 8 squares), 1/8 (8 x 16), /16 (16 x 32), 1/32 (32 x 64) and /64 (64 x 128)
where h is the mesh-width. Figure 3.1 presents the coarsest mesh used in this
experiment. In the remainder of the text we will refer to our meshes as n x 2n for
n =4,8,16,32,64. In all cases we chose a = h, and the timestep was chosen in terms
of h in order to balance the errors sources from the convergence theorem. That is,
for P, elements and o = h, the L*(0,T; H'(Q)) vorticity error and L>(0,T; H(f2))
streamfunction error from the theorem is O(At? + h), and thus we chose At = VA
(but slightly rounded so that At evenly divided T'), and thus here we expect first
order convergence in these norms as At, h — 0. For P, elements, we chose At = h,

and expect second order convergence of these norms.

65



Table 3.1 presents the errors and convergence rates obtained for de-
creasing h and At, using 5% = 0.02 and Ro = 1.0. From the table we observe the
convergence of the numerical solution to the exact solution is optimal and agrees

with the convergence theory presented in this chapter, for both choices of elements.

Figure 3.1: Mesh with A = /4 which corresponds to a grid with 4x8 squares.

Element | 7' | ||lw —wyl|21 | Rate | [[w — wp|lo | Rate | [ — ¥n]ls1 | Rate

P 4 186.05 14.604 2.876
(At=+h)| 8 53.756 1.79 3.8843 1.91 1.388 1.05
16 18219 | 1.56 0.9873 1.98 0.6898 1.01
32 7.592 1.26 0.2479 1.99 0.3447 1.00

64 3.528 1.11 0.06205 2.00 0.17235 1.00
128 1.717 1.04 0.01552 2.00 0.08617 1.00
Py 4 76.697 17.162 0.18342

(At = h) 8 19.176 2.00 4.3026 2.00 0.047225 1.96
16 4.8116 1.99 1.0761 2.00 0.011906 1.99
32 1.2159 1.98 0.26905 2.00 | 0.0029831 | 2.00
64 0.3067 1.99 0.067264 2.00 | 0.0007462 | 2.00

Table 3.1: Convergence rates for BV-Bardina model with 6TM = 0.02 and Ro = 1.0.

3.5.2 Double gyre wind forcing experiment

We now test the model on the double gyre wind forcing benchmark test.
This problem has been used as a model of more realistic ocean dynamics in several
studies, and has also been used as a benchmark test to analyze new techniques to

deal with turbulence in geophysical flows [81, 47, 100]. When the BV equations
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are forced by a double gyre wind forcing in a rectangular basin and dissipation is
weak, the instantaneous field of vorticity and streamfunction are highly variable.
However, the mean fields show a well defined four gyre pattern in which the two
central gyres are driven by the wind with its same orientation, and the northern
and southern ends of the basin circulate in opposite direction, being driven by the
eddy flux of potential vorticity [37, 47]. The dominant balance is between the wind
forcing and the divergence of the eddy flux of potential vorticity with dissipation
playing only a minor role. The outer gyres are not a linear effect but, rather, are a
result of a mean balance between eddy flux of potential vorticity and wind forcing.
However this distinctive four gyre pattern is susceptible to destruction by excessive

dissipation [47].

The setup of this problem is as follows [100]. The domain is Q =
(0,1) x (=1,1), the forcing is F' = sin(wy), /L = 0.02 and Ro = 0.0016 (which
corresponds to Re = 200). The computations were run until 7" = 100, and time
averages were taken from 7" = 20 to 7' = 100. We follow [100] and adopt standard
LES methodology: first we run a high resolution simulation with the BV-model
(no treatment of turbulence), and then we run several experiments using coarse
resolution with the BV and BV-Bardina models and compare them with the high
resolution BV model solution as reference. For comparison, we will also run the
related BV-a model, and compute solutions to it using a scheme analogous to the

BV-Bardina scheme. All computations in this section use P, elements.

The high spatial resolution computation with the BV-model was made
using a uniform triangular mesh with 16,384 triangles (33,153 degrees of freedom,
corresponding to a grid with 64 x 128 squares), and thus the mean length of a
triangle edge is about 0.015, which is smaller than the Munk scale (§,/), and timestep
At = 0.001. Solutions for the high resolution experiment are presented respectively
in Figures 3.2(a) and 3.3(a), as time averaged streamfunction and potential vorticity,

respectively. We observe that the high resolution solution produced by our FE
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scheme matches that of [100] very well, and we note it does reproduce the four gyre

pattern observed by [100] in their DNS experiment.

We next ran the BV (no regularization) on a coarse analogous mesh
with 1,024 triangles and 2,145 degrees of freedom, corresponding to a grid with
16 x 32 squares (we use this same coarse mesh for all coarse mesh experiments), and
At = 0.001. In figures 3.2(b) and 3.3(b) we present respectively the streamfunction
and vorticity average solutions obtained in the coarse mesh. This figures clearly
show that solutions are negatively affected by decreasing the mesh resolution. More
specifically, in figure 3.2(b) the four gyre pattern is dramatically intensified when
compared with the high resolution solution, and in the vorticity field, figure 3.3(b),

we observe that solution has significant oscillations.

Next we present the results of running the BV model on the coarse
mesh using artificial viscosity, that is, we increase (%)Sfrom 0.02 to 0.04, still using
At = 0.001. Results are shown in figure 3.2(c) and 3.3(c), and it is clear that the
solution is dramatically different from the high resolution (%4) £.0.02 solution. This
is similar to what was reported in [37, 47|, since the four gyre pattern (figure 3.2(c))
degenerates in two gyres due to the excess of dissipation. We also observe that the
vorticity field (figures 3.3(c)) also degenerates with respect to the high resolution

solution.

Finally, we present our coarse mesh results obtained with the BV-
Bardina model (o = ;) in figures 3.2(d) and 3.3(d), and for BV-ar in 3.2(e) and
3.3(e). Both of these models successfully predict the four-gyre pattern, however by
comparing the intensities of the streamfunction, we observe the BV-Bardina model
to be more accurate. The BV-Bardina and BV-«a plots of filtered vorticity have

similar accuracy.

Run times for the BV model in the fine and coarse mesh (16 x 32) and
for BV-a and BV-Bardina in the coarse mesh (16 x 32) are presented in Table 3.2.
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In this experiment we see again that the BV-Tikhonov solution, as well as recovering
the expected four gyre pattern, it is significant faster than solving the BV model in

the fine mesh.

Fine | Coarse | Art. Visc. | alpha | Bardina
9.82e5 | 3.69e4 2.71e4 8.62e4 | 8.50e4

Table 3.2: Run times (in seconds) obtained for Ro = 0.0016 in the fine (64 x 128) and
coarse (16 x 32) mesh with the BV model and in the coarse mesh (16 x 32)

with BV-a and BV-Bardina models. The experiments were made in a Intel®
Core™ i7 3.70 GHz.

Remark 3.3. We have also tested the leapfrog with the Robert/Asselin filter algo-
rithm which is commonly used in meteorological and oceanic models. The leapfrog-

RA scheme [111] is given by:

Algorithm 3.2 (Leapfrog-RA BV-Bardina). Given w) and ¢\ as the L*()) projec-
tions into Xy of wg € X and g € X, endtime T, F € L>(0,T; L*(RY)), and timestep
At >0, set M = & and for n=0,...,M-1, find (w;*", ZH,W}L) € X, x Xy x X,
satisfying

Ro( S o) + Ro b(wp, " vn) — (9, vy

+(6TM)3<VQJZ, Vvh> = <Fn, Uh> Yoy, € Xh,
(Vi Ty) — (@ x) = 0 Vx € X,
oAV L VE) + (Wit €) — (Wit €) = 0 V€ € X,

where Fraw™ = w™ + % (w"™! — 2w™ + w™™) is the Robert/Asselin filter and v is a

dimensionless positive filter parameter. We have used v = 0.1.

The leapfrog-RA scheme has the advantage of decouple the vorticity
equation from the streamfunction and filter equations, but on the other hand it has a
timestep restriction due to its conditionally stability. We tested the leapfrog-RA ver-
sion of the BV-Bardina model and it has only run without blow up for At = 0.0001,
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which is /10 of the timestep used in the Crank-Nicolson version. However, both
schemes took the same computational time to attain similar solutions. Thus we
believe that Crank-Nicolson version of BV-Bardina can be more useful than the
leapfrog-RA wversion because it is unconditionally stable. In real geophysical appli-
cations, the use of unconditionally stable schemes can avoid the use of artificial
wiscosity to stabilize the model which would reduce the convergence order of the nu-
merical scheme. This is specially recommended in the case of a mon-dissipative

reqularization, as the Bardina regqularization.

Thus, for this experiment, we conclude that both BV-Bardina and BV-
«, correctly predict the four gyre pattern on the coarse mesh where BV is inaccurate,
with BV-Bardina being somewhat more accurate that BV-a.. The artificial viscosity

model was unable to predict the four gyre pattern.

3.6 Conclusions

In this work we proposed a Crank-Nicolson/FEM discretization for a
Bardina regularization of the BV model for geophysical flows. We proved that the
scheme is unconditionally stable and optimally convergent. Numerical simulations
were provided that verified the predicted convergence rates, and showed the effec-
tiveness of the model/scheme at finding good coarse mesh solutions for the double
gyre wind forcing benchmark test. Moreover, on the double gyre test, results were
found to be better than the related BV-a model. In the same way as was made
for the approximate deconvolution-BV model ([100] and [99]), we intend in a future
work to extent the BV-Bardina model for two layers in order to consider the first
baroclinic mode, which will allow us to evaluate this regularization in a situation

more similar with the true threedimensional ocean dynamic.
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(a) BV (high res.), ¥min=-1.39, ¥ma=1.39 (b) BV (Coarse), ¥min=-2.281, ¥qa:=2.361

—

Gy

(¢) BV + Art. Visc. (Coarse), ¥in=-1.794, (d) BV-Bardina (Coarse), pin=-1.616,
1/)maac:1~828 ’l/Jm(w:l.G?O

() BV-«a (Coarse), Yimin=-1.829,
Ymaz=1.745

Figure 3.2: Mean fields of streamfunction with Ro = 0.0016 for the high resolution
solution of the BV model (a), for the coarse (16x32) BV model solution
(b), for the coarse BV model + artificial viscosity (c), from the 8x16
BV-Bardina model (d) and BV-a model (e).
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Figure 3.3: Mean fields of vorticity with Ro = 0.0016 for the high resolution BV
model, and coarse mesh solutions for BV model and various models.
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4 BAROTROPIC VORTICITY-aa MODEL
WITH VAN CITTERT APPROXIMATE
DECONVOLUTION!

4.1 Introduction

Accurate simulations of geophysical flows are critically important in un-
derstanding climate change and ocean and weather forecast. Furthermore, they can
assist in prediction of biological and pollutant transport, oil exploration, and many
other applications. One of the simplest nonlinear models to simulate a geophysical
flow is the Barotropic Vorticity (BV) model, which, in dimensionless, form is given

by [47, 100]

Rofi + RoJ(y) % — (3’5 = 7. (412

AY = —w, (4.1b)

where w is the vorticity, ¢ is the streamfunction, J(¢,w) = %%Z — aa—fg—‘; is the
Jacobian, Ro is the Rossby number, d,, is the Munk scale, L is the length scale and
F is the forcing term. The BV model is widely used to study the midlatitude, wind-
driven ocean circulation, and it recently has been used in studies involving data

assimilation [113, 21, 58], climate [95, 73, 36] and oceanic and atmosphere processes

[12, 108, 96].

Despite its simplicity, the BV model is very sensitive to the mesh res-
olution [37, 81, 47, 100], making full representation of the solution computationally
expensive. This becomes critical when long time integration is necessary, as in

climate modeling. Traditionally, simulations are done on coarse meshes and (essen-

!The content of this chapter is coauthored by Professor Carolina C. Manica and was published
in Volume 5, Number 4, Pages 317-338 (2014) of the International Journal of Numerical Analysis
and Modelling, Series B, with the title Improving numerical accuracy in a reqularized Barotropic
Vorticity model of geophysical flow.
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tially) dissipative techniques such as eddy viscosity parametrizations have been used
to model the under-resolved scales of the flow. However, according to [47], increas-
ing artificial viscosity tends to reduce variability, and nonlinear structures can be
destroyed by excess of dissipation [37, 47]. Thus some methods such as Approximate
Deconvolution Modeling [100, 99], Barotropic Vorticity-a (BV-«r) [82, 81, 47] and
Barotropic Vorticity-Bardina [59] have been developed with success to improve ac-
curacy and reduce the degrees of freedom in computational simulations. The BV-a
model is a regularization of the BV model proposed in [47] that allows a significant
reduction of degrees of freedom in simulations. In BV-«, the nonlinearity is altered
so that the flow at length scales that are smaller than the alpha length scale are
nonlinearly removed by motions at the larger scales. Thus there is seemingly no
need to introduce additional dissipative terms or increase the viscosity coefficient,

which is often done in the BV equations. The BV-a model is given by

Rofis + RoJ(y) % — () = F (122
Ay = -, (4.2b)
—a?AT+T = w, (4.2¢)

where w is the filtered vorticity and « is the filter length scale. A more complete

description of BV-a is presented in [47].

Despite being physically accurate, the BV-a model naturally has a con-
sistency error from the BV model. It is clear from (4.2) that one cannot expect
accuracy better than O(a?). Since frequently a = O(h), the BV-a model is often
only second order accurate. Following [76], we attempt to fix the consistency error
in the BV-a model by increasing its accuracy through the van Cittert method of
approximate deconvolution [107, 1, 106]. The method constructs a family Dy of

approximate inverses to the filter F' as the truncation of the nonconvergent formal
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o0

power series F1 = Z([ — F)™
n=0

N

Dy=) (I-F)

n=0

In [93], it is shown how to apply the deconvolution operator in the

2N+2) “where N is the order of deconvolu-

Navier-Stokes-a to achieve accuracy O(a
tion. Thus we adopt the above mentioned approach and introduce the BV-a model

with deconvolution (BV-a-Deconvolution) by

RO%—?—FROJ(Q/J,w)—g—i—(%)SAw = F,
Aw = _DNw7

—PAT+T = w.

The BV-a-Deconvolution model, as we will show in the next sections,
will allow a reduction in the degrees of freedom in simulations but with a consistency

2N+2)

error O(a when compared to the BV model.

The paper is organized as follows: Section 4.2 introduces a finite element
scheme for BV-a-Deconvolution and some necessary notation and mathematical
preliminaries. Section 4.3 presents the stability analysis of the proposed scheme.
Section 4.4 presents the convergence analysis. Convergence rates are estimated and
the double gyre experiment is performed in Section 4.5. Finally, some conclusions

and remarks are summarized in Section 4.6.

4.2 The finite element scheme and preliminaries

Let © C R? be a polygonal domain and 75, be a regular discretization
of Q. Let H' = H'(Q) be the Sobolev space W} () and X := HJ () its subspace

with zero boundary condition. Let Y} be the continuous finite element (FE) space
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with kth degree polynomials on each element of the triangulation 7, and Xj be
the subspace of Y}, with zero boundary values. Denote by (-,-) and || - || the inner

product and norm in L?(2), and || - || the norm in the space H*.

For continuous in time functions we denote for 1 < m < oo,

T 1
[ flloo,k == esssup [ f(¢,-)[[x and || f||mx == {/ Lt ) dey .
te(0,T) 0

For the discrete case we denote

1
I1F Moo,k = esssup [ [k 117 llook == esssup [ £(£"2)]lx,
0<n<M 0<n<M
< n|m = 1/2 < nt+iym =
A e = { D F IR ™ NP i = { D NFEF D) e}
n=0 n=0

As in [100], in this work we will consider slip boundary conditions for
the velocity, which translate into the homogeneous Dirichlet condition w|sq = 0 and
the impermeability condition ¥|sq = 0. Multiplying (4.1) by test functions and
integrating by parts we have the following variational formulation to the BV model:

find (w,) € X x X such that
(22 2) 4+ b(eh,w, A) — (Z20) + (A)IVw, VA) = (F,A) VA € HY,  (44a)
(V,Vx) = (w,x) Vx € Hy, (4.4Db)

where b(-,-,-) == (J(.-),-) represents the trilinear form.

Analogously, the variational formulation for BV-a-Deconvolution is given
by: find (w,9,w) € X x X x X such that
20 2\) 4 b(th,w, A) — (22 0) + (B0 Vw, VA) = (F,\) VA € H}
(V, Vx) = (Dyw,x) Vx € H;
oz2<Vw, V§> + <w, §> = <w,§> VE € Hy

where, as in [47], we considered the additional homogeneous Dirichlet condition

W|an = 0 in the filter equation.
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Now we define two projection operators which are useful in the subse-
quent analysis. Given £ € X, let P€ € X" be the standard L? orthogonal projection
of £ onto X" such that

(6= P& ¢y =0Vp e X,

and let TI¢ € X" be the elliptic orthogonal projection of & onto X" such that
(V(§—-T1E), V) =0V € X",
Lemma 4.1. Given £ € H* we have the following estimates [109]

i) 1€ — PEll < CRA V¢l
i1) V(€ = PO < CRHIE e,
iii) V(€ = TE)|| < CR¥ (€]

Lemma 4.2 (Skew-symmetry of the trilinear form). For ¢, &€ € X, and x € Yj,
b(¥,x,€) = —b(¥, &, x), VEE X, (4.7)
Proof. We start from the vector identity
(VY xk)-Vx]E =V (VY xk)xé— [(VY x k) - VE]x = V- [(VY x k)x¢].

Integrating and using the divergence theorem, the result follows because of the cyclic

continuity inside an element and since & € Xj,. O]
We have the following estimate for the nonlinear term.
Lemma 4.3. Let (,¢ € X and £ € H*NX. Then

b(&. 6. Q) < CIVENIIVAlIC-

Proof. We use Holder’s inequality with p, ¢ = 4 and r = 2. The result follows from
the embedding H' — L*. O]
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4.2.1 Discrete filtering

Definition 4.1. We define the discrete Laplacian operator Ay : HE — X" in the

usual way by

<Ah¢>X> = —<V¢:VX>; VX € Xh'

Now we introduce the discrete filtering and the discrete deconvolution

operators.

Definition 4.2 (Discrete filtering operator). Given ¢ € L*(2), and o > 0, the
filtered q_bh =: F,,¢ is the unique solution in X" of

(V' VEY + (3", ¢) = (6,€) Ve € X",

Given ¢ € L*(Q), the discrete van Cittert deconvolution operator DY

1s defined by

N
Dyo=> (I—-Fy)'¢.

i=0
Definition 4.3. As in [76], we define the energy norm for the BV-a-Deconvolution

model to be
—h
1915, = (¢, Dié ). (4.8)
With this definition we have the following equivalence between norms
(see [76]).

Lemma 4.4. For ¢ € X" and for each natural number N, the energy norm defined

by (4.8) is equivalent to the zeroth order energy norm also defined by (4.8). That is,

[Pllz0 < ¢]len < \/NHCbHE,o-

The following inequalities are useful in the subsequent analysis.
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Lemma 4.5. For ¢ € X". We have the following inequalities

ID%3" | < Néllz0,
II—Fl <1,
1Dk ]l < (N + D)]¢,
18" < 19l

Proof. For first and second inequalities see [76]. For the third, we have

N
DXl < D I = Full"llgll < (N +D)l]l,
n=0

where we used the second inequality. For the last inequality, we choose the test

function equal to q_bh in the filter equation to obtain
—h —h —h
VO IP + 6711 = (b0 )
The result follows after applying the Cauchy-Schwarz inequality. n

Lemma 4.6. The operator D : X" — X" is a bounded, self-adjoint positive oper-

ator. For ¢ € X",

—h N+1
¢ =D"g" + (_ 1)( + )a2N+2AhN+1Fé\H—1¢.

Proof. See [76]. O

4.3 Numerical scheme for BV-a-Deconvolution

Let gf)(t”*%) = ¢((¢" " +1") /) for continuous variables and Tz = (6" +6m) /2
for both the continuous and discrete variables. Based in the above variational for-
mulation for the BV model, we define the following Crank-Nicolson type algorithm

for BV-a-Deconvolution model.
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Algorithm 4.1 (Crank-Nicolson - BV-a-Deconvolution model). Set M =

for n=0,....M-1, find (W™, ", w") € X}, x X;, X X}, salisfying:
) a1
Ro(“5 48 3y 4 Rob(y w8, n) — (22 3
+@) YVl V) = (FrHE >\> VA € X,
(Vo Vx) = (Dyw o ,x) Vx € X",

AV Ewi ™ VE) + (Fwpt!, &) = (wpth &) Ve € XM

T
Y and

(4.9a)
(4.9b)
(4.9¢)

where we assume that timestep At > 0, endtime T" > At, Rossby number Ro > 0,

Munk scale 5M > 0 and filter radius o > 0 are given.

Now we present a lemma that will be useful in the stability analysis:

Lemma 4.7. Let (wh, 1/Jh) € X" x X" be a solution of Algorithm 4.1. Then we have

N
(wn, n) = |Vl + a22 (1 = )2 wnl)?,

<th,Vz/}h> = <DNwh ,wh> || DNFh)%WhHQ

= [ Dh&n"|* + o ZHVI F) 7 @t

=0

Proof. Using Lemma 4.6 gives

<wh,¢h> = <DNwh71/}h> + ( _ 1)N+1 2N+2<AN+1FN+IW ¢h>

(4.10)

(4.11)

(4.12)

(4.13)

Now, evaluating the two terms in the RHS - for the first term, we choose x = 1, in

(4.9b) to obtain

IV = (DY@, ¥n)-

For the second term on the RHS of (4.13), we rewrite (4.9b) using the discrete

Laplacian and choose y = AN FNw! to obtain
—(tn, A AN BN wy) = (DY, AYFN@y).
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Thus

—(ANFLENT W, ) = (Dl AN YNGR = Z (I — F)"@h, AN FNG),

=0
(4.14)
and moreover, we have
ApFy, = 25 A F, = — 5 [(F, — aAy) — ] = =5 [T - B,
which implies
ANFEN = (- )Y (1 -F)". (4.15)

Multiplying (4.14) by (— 1)Na2N and applying (4.15) produces

(= )" AN EN ) = S (T = Byl (- F)Nap)

M) =

0

7

(I — F) 2

wil*.

I
B

I
=)

7

(4.10) follows after we use the above equation multiplied by o?.

Now, we prove (4.11) and (4.12). (4.11) follows from (4.9b) with x = wy,
because Fj, and D% are self-adjoint and positive [76]. For (4.12), we use (4.15) and
Lemma (4.6) to obtain

Wh = Df{,w_hh + (] - Fh)N+1

Wh.

Thus, using (4.9b) with x = wy,the definition of D% and as F}, is self-adjoint and

positive results

<V¢h,th> = <DNUJh ,wh> = <DNcuh Nwhh> + <D}]‘th , (I Fh)NHwh>
= || Dy ||2+Z (I = F) @, (1= F)" (I = F)w)
=0
— ||D}n h||2+z< I-F) T @t (I-F)([I—F)* w).
=0
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Finally, applying the filter equation to (I — F) h) 2wy, choosing the test
function to be (I — F,) 2 wy", and using the fact that (I — Fj) 2 commutes with

F},, we obtain

@[V (I = F) =@ = (I = F) (L = Fa) " wn, (1 = F) 7

from which we have

(Vi V) = [|DEGM 2 + o2 ZW (I—F) @ VE(I - F)* w)

=0

= [|Dx@"[I* + Ozzz V(1= F)™

=0

hH2

Thus, we define the modified BV-a-Deconvolution kinetic energy, en-

ergy dissipation and enstrophy respectively as:

N
N+i
EY(,w) = 5(¢,w) = 3| VIP + 307 > (T = F) 7 @)%,

=0

eN (W) := (35)(Ve, Vwy = (30)° | DR |1? + (%) QZHV (I - F) 5 @2,
=0

E(w) = gllwl*.
Remark 4.1. Due to linearity of equation (4.9b), in both F}, and D% we have
(Wt —wh g te) = BN (gt wptt) — BY (0, wp).

Lemma 4.8 (Conservation of Kinetic Energy). The BV-a-Deconvolution model so-

lution satisfies

M—1 M—1
n n 1
EN( h 7wh A_Z 651\7 +2 = g(¢2w%)+%2<}—n+%,¢h+2>-
n=0 n=0
In particular, if 5y = 0 and F = 0 we have EY (M wM) = EN (9, w?).
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Proof. We rewrite the nonlinear term in (4.9a) as b(wh : , Row +2 +y, A) and choose
A= wh+2. We obtain, after we use the definition of modified energy and dissipation

and the skew-symmetry of the trilinear form,

EN (U wpth) — EN (0, wf) + Bk (wp ) = (Frra, 00T, (4.16)
The result follows after we sum from n =0,..., M — 1. O

Algorithm 4.1 also conserves enstrophy.

Lemma 4.9 (Conservation of enstrophy). The BV-a-Deconvolution model solution

satisfies

5(‘% Ro TM ZHV n+2 -

M
Z<% SANES DMCAR
n=0

In particular, if 5py = F = 0 and Ro — oo, E(wM) = E(w)).

Proof. Choosing \ = wZ+ = J(wpt! + wp) in (4.9a), using the skew—symmetry of
the trilinear term, the enstrophy definition, and multiplying by & R gives

1
n n+3 n oprtZ gl 1 nti
Ewp ™) + ﬁi(éM) IV 2|12 = E(wp) + AL(2— 0y T2) 4 AL(Frts T2 (4.17)
The result now follows after we sum from n =0,..., M — 1. O

Lemma 4.10 (Stability). Algorithm 4.1 is unconditionally stable. Its solutions
satisfy

Ro||[ VY ||? + Ro% ZHI Fo) 2wt || + AL (4r) erAth+2|\2<c<data>

=0 n=0
(4.18)

Hwh H + 2R0( ) n= OHV n+2|| < C(data).
(4.19)
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Remark 4.2. The bounds (4.18)-(4.19) are sufficient for the Leray-Schauder fized
point theorem to be applied, in order to prove existence of a solution at each timestep
(as in [60]). Uniqueness can be proven in the standard way, and will hold provided

a timestep restriction.

Proof. For any At > 0 we start with the estimate (4.18). First, note that using
1

the definition of the discrete Laplacian, equation (4.9b), choosing y = Am/zZJr? and

using Cauchy-Schwarz yields:

—h
n+i n+3
1Ak, 2l < | Divwy, 2 |-

Now using Lemma 4.5 and norm equivalence in Lemma 4.4

—h
1AL 2|2 < Nllwp 2 o = N(Dha b2 w2 = N(Vyp 2, vwl ). (4.20)
Using inequality (4.20), equation (4.16) and Cauchy-Schwarz inequality we obtain

et n+3
B ) — B R wn) + i () 1Awsy, 2 < L1 a9

(4.21)
Averaging the definition of modified Laplacian and choosing y = @Z)ZJFE we find

Ve 2 || < CppllAngr ). (4.22)

Then we obtain estimate (4.18) using (4.22) in (4.21), Young’s inequal-

3
ity with € = (ﬁ) and summing from n =0, ..., M — 1.

For estimate (4.19), we use (4.17), Cauchy-Schwarz and Young's in-
equalities and the definition of enstrophy. Summing from n = 0, ..., M — 1 finishes

the proof. O]

4.4 Convergence

The following lemma is the key to handling the consistency error in the

BV-a-Deconvolution model.
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Lemma 4.11. For smooth, periodic ¢, or ¢ satisfying A =0 on 0 for 0 < j <

% — 1, the discrete approximate deconvolution operator satisfies

N
6 — D3| < CaN 2 ANTLEN G| 4 Cah® + ) (3 [FF6ln),

=1

and thus for k > 1 we have

6 — D" < C(a® 2 4+ ah® 4 hFH1)( Z!F’“qﬁw

=1

Proof. See [64]. O

Theorem 4.1 (Convergence). Consider the discrete BV-a-Deconvolution model.
Let (w(t), ¥ (t)) € X x X be a smooth strong solution of the BV model satisfying free
slip boundary conditions such that the norms of (w(t), v (t)) on the right hand side of
(4.23) and (4.24) are finite. Suppose wy,, Py, solves the Crank-Nicolson approzimation
(4.9a)-(4.9¢) of the BV-a-Deconvolution model. Then for At small enough (in order

to apply the discrete Gronwall inequality), we have

llw = willl o < F(At ) + CRF ]l ypye (4:23)
((3e° ZAtHV )~ 7)< (At hia) + OAR (5)
+ C(5) o] o, (4.24)
where
f(At h,a) =

3 3
CH{WH[LCy (34) O (&) I O () ™ s

2 1/2 % 1/2 1/2 1/2
+C () Ve (l7, + C(55) |||W|||4,k+1+h0(5 )? IHw/III4k+1+hC(5M) II\w/IIIEkﬂ]

N

+ (@2 ot 4 W[OS F W o + C(52) V]2, + C (& Z|||F7“ PG ke
=1

+ O(E) w1 4] + A2 [() Cllonllan + O (%) ||tht||20+c(5M) I[¥eell20

+ ) NVEIE, + O(E)  lwuldy + C(E) NIV [[13, + (&) F lbueli3a] }-

Corollary 4.1. Suppose that the indicated norms on the right hand side of (4.23)-
(4.24) are finite. Then the error in the Crank-Nicolson finite element scheme for
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the BV-a-deconvolution is of the order

lleo = eonlfl 0,0+ ((34) Z ATt ) —w H)2)
N .
< O(hk + At2 + a2N+2Z |HFH—IW|H27}§+1).
i=1
Moreover,
N
v = vnlll2n < O(RF + A + 42> || |[F™Hw || 11 (4.25)
i=0

Proof of Theorem 4.1. The BV model solution satisfies

n+17w

Ro(" 374" oy} + Rob (42, w3 vy) — ng ,vp) + (‘sﬂff) 3<Vw"+%, Vo)

= <.7:”+%,vh> + Intp(w™, " vp) Yoy, € X" (4.26)

where

wn+17

Intp(w",¢";vp) == Ro( Wt wt(t"+%),vh> + (%) 3<Vw"+% - Vw(t”J“%), Vup,)

—<8¢§;§ - 8¢(t3;+§),vh> + Ro[b(wmr%,w’”“%, Uh) — b(lﬁ(t”Jr%),w(t”Jr%),vh)]. (4.27)

We define the vorticity and streamfunction error as

e::w—wh:(w—Pw)—(wh—Pw):eL—eh,

E:=¢—tp=(—1IY) = (Y — 1Y) = E| — Ej.

1
Now we subtract (4.9a) from (4.26), add ib(¢2+§,w”+%,vh) and fix

n+2
Vp = €,

et 17 — flegl® + 22 () | vep 22 = 28 @)Y we s, vep ')
S OEE MR oAt [p(r R e el E) (BT Wt el )]
28 tp(w”, ), (4.29)

nal ntd n+l ntd
because (™" —e,e, *) =0and b(yy, 2,e, *,e, ) =0.
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The next step is to bound the RHS terms in (4.29). The term below

is bounded in a standard way using Cauchy-Schwarz and Young inequalities and
Lemma 4.1.

(B0 YVeT?, Ver2)| < L)Y ver |2 + o2k () w2, . (4.30)

Using Poincaré and Young inequalities with € = %(%)Swe obtain

‘ OE" 3

ot < 5@ v e+ o(g) e

Now we have to estimate the term |V E™ 2. Averaging and subtract-
1

ing (4.4b) from (4.9b), choosing v, = E,TLH? and using Cauchy-Schwarz and Poincaré
inequalities, we obtain

h

nt ntl 1 n+l h 1 ntl
IVE, 2HQ<CHDN( P —w™z) [||[VE, ?|| + C|IDjw" 2 — "3 ||| VE, 2.

(4.31)
Using (4.31) and Lemma 4.5 we obtain
L2 ntg2 ntg2 2 " L2

IVE™ 3P < [VEL 22 4 Cllep 2 2 + Ol 2 | + O Dhe™ 3 — o™ 3P, (4.32)
Using (4.32) and Lemmas 4.1 and 4.11

(252 )] < 5@ ver e

nts 2 +3 )12 nty 2 L n+3 2
+0(& )(CHVE 2+ Cllet 112 + Clley ™2 |2 + C| Djaor+3 — w3 2)
n+ nt 1 3 gl
< SNV + O (E) e 212 + (&) Ton w2,
N
Ch2k+2||wn+%||i+l+C(a4N+4+a2h2k+h2k+2)(Z|Fi+1wn+%|i+ )} (4.33)

i=1

87



For the first trilinear term we use Lemma 4.3, Young inequality with € = ﬁ(%ﬁ

Poincaré inequality, (4.32), Lemmas 4.1 and 4.11 and as k > 1 we have

n+2 3
p(E™+ 3w, 73| < &5 (3) IVen 22 + O() Ivwm IV E 4 2

< 35 (%) Ivey P + o () Iver2 e P

1 Th 1
+ () IV 3 B (O [9m 3 2, + ORBF2[wm 32, + CDlya™E — w3 ]?)

< (%) IV 1P + o (&) I9ar2 Rl e

LY

1
£ O(£) WV + o3 ) + O (&) Orze2urm bt

N
n C($)3(G4N+4 T a2h2k 4 h2k+2)(”vwn+%||ﬁll + Z ’Fi+1wn+%|i+1). (4.34)
i=1

Using Holder’s inequality with p = oo and ¢ = r = 2,
n+: n+i n+3 n+i n+3
o(, %€l )\ < IV laolle 2 1P Ve, 2112

1 1 1
From |]V¢Z+2 — V" 2| = [[VE" 2|5 and using the embedding H? < L*> and

the regularity estimate for elliptic equations

n+1 n4L n+ L n+1 nt
IV, 2 llee S IVE™ 2 [l + V"2 [l < [VE"2 |0 + Clly" "2 I3

< VE™ 2|0 + Cllw™ 2 1.

Now we have to estimate the term ||VE™2||» in the above inequality.

Let I" be a global Lagrangian interpolator, we have |[VE™z ||, < [|[V(I""+z —
n+2)||oo + ||V(y"tz — [Mp"F2)| . Using an inverse inequality for ||V (I"yntz —
2 )|lso (Theorem 4.5.11 in [11]) and a standard estimate for ||V ("2 —IMpn+2)]| o
(estlmate (4.4.22) of Theorem 4.4.20 in [11) withp=2,n=2,s=1and m = k+1)

we have

IVE™ 30 < CRYV (M = 2) | 4+ OB [ [

< Ch V(TP — gnts — B0+ OB |42y
n4+ 1

< Ch7YVE, 2| 4+ CR* 9" 2 [l
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Thus, for 0 < A <1 and for £ > 1 we have

IV 2 oo < CRTYVEL? | + Clo™ 3|y + O™ .

Therefore, for 0 < A <1 and £ > 1 and using Lemma 4.1

n+i nt+i ntg _ n+i 1 1 n+i n+i
b(vy 2rep 2rey 2)| < (CRTHIVE, 2+ [l 2 1+ [ 2 [jga) lley 2 [l Ve, 2

n+i n+i n+i n+3
< Ollw™ 2 e IVE, 2 Ve 2+ C (I 2l + 102 ) e 2 [1VeR 2]

6M)3), (4.31), k > 1 and Lemma 4.1

From Young inequality (e = 1661’R0 (T

n+s nti n+; &
o0y %, €% e )] < o (3) Iwel 20 4 8() T, T2 e

Th
n+ n+3 n+
)Ilw”ﬂI!kH(CH P+ Cllep 2P 4+ Dk s — w2 4 Ol )

+8(k

oM

5 n+ nt3 3 3
< 5 (%) Ve 412 + O () o il 12 + (ﬁ) (@14 0202 4+ CR22) 3

n+l i+1, nti
+ Ch2k+2”w +3 ”i-&-l + C(a4N+4 + a2h? 4 h2k+2)(z P +1, +2|i+1)]' (4.35)
i=1

It remains to bound the term Intp in (4.27). Standard analysis for the

interpolation error (see, e.g., [65] and [76]) gives

M-1 M-1
Z At{[ntp ,wn n+2)| < Z At(éM) Hv n+2H + CRo? ((5]\4) At4||wttt||20

n=0

3
+ O(8) A Vwnllgy + O() Attlulo + At (L) [ vursL,

+CAt4< ) el 1 +0At4(5M) |V 1/2H41 +0At4<5M> ullt . (4.36)
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Now, using (4.30), (4.33), (4.34), (4.35) in (4.29), summing from n = 0
ton = M — 1 and using (4.36) we obtain

+3 5 31
len 1> = lleRI* + 22 (%) Z IVep 22 < b2 S @) lw 21113 441 + B2 S () 1102113 k41

h2k+2 = (6M) |||W1/2|||§7k+1 + (@ o?p%F 4 p2RT2) )5 (5 Z [|F* w22 k1)

g M

FRRO(E) Vw4, + () N s + B2 (o) el

N
A NET O NG )

i=1

3
R (LY Oy + (N R 1 R (L) P

+ (atN T 4 a2h2k +h2k+2)c($)3(”|vwl/z

N
3 i 3
(@ Q2R )OS I+ AR ()

i=1

+ A (%) Vw3 + At'C (5) lullzo + AC (5) vl
3

+At4c(6A lwulld, + A4 (& )|||v Pl + ARC(E) el

n+i
+ Z At(£)*(C+ OV 33 + Clw™ 32 ) en 212

<5M/L> ’

1 1
CHC||Vw" T2 |3 4+Cllw™ 2|2,

Considering At < (such that we can apply

Gronwall inequality) we have

n43 *
e I1* = llenll* + &5 (%) Z IVen 2117 < C* {h2 & B w1314

n=0
P () I s + 122 () N
N
i 3
+ (@ a2R%F 4 p2R2) O (LS (N FIL 2, ) + h2kc(ﬁ) Ve,
i=1

3
(L) Tl s + P20 ) N

N
3 1 i 1
+ (@ PR RO (L) (Ve 215+ Y IEF w1 )

n=1

1 3 1
L e (GO

+ (a4 o?p 4 R O(£) ZIIIFZ“ V14 n + A () wreel3
=1

+ AP (4) Vw3 + AtC() Itht||20+At4c( L) |\|v¢l/z|||:1

3
+ At“C(ﬁ lwnlld, + At S (5) Hywl/2|||j L+ ABC () 4y ) (4.37)
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where

3
c* {AtMZ_l (&) (0 + IV 3 + Ol 5 ,)
= exp 3
120 1-ai(£) (C+ CIVW™ 3|3 + Cllwm 3 2,)

o

3

Thus we obtain (4.23) from the triangle inequality and (4.37).

For estimate (4.24), we apply (4.37) in

e A | e G B T A R A

tn+1 1
< ar ; lweel|?dt + CH2* || 3|2 |+ [[Vey, 212
]
Proof of Corollary 4.1. This follows directly from
n+3 n-‘,—% n+i n+i n+i
IV (%) =y, 2)* S IV (0" F2) = 9™ 2) |2+ [VE" 2%, (4.38)

after we apply inequality (4.32), Lemma 4.11, Lemma 4.1, sum fromn = 0,..., M —1
and apply Theorem 4.1. O]

4.5 Numerical experiments

In this section, we provide two different experiments to present the
results obtained with the proposed scheme. In the first we validate our computa-
tional implementation and estimate convergence rates using an analytical solution.
In the second, we simulate the more realistic and traditional double-gyre wind forc-
ing benchmark. The software FreeFem++[40] was used to implement the proposed
scheme. To solve the resulting nonlinear system, we used a Newtonian iteration
at each timestep. In addition, a multi-frontal Gauss LU factorization implemented
in the package UMFPACK (provided with FreeFem++ software) was used as our

linear solver.
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4.5.1 Convergence rates verification

Now we validate our computational implementation and confirm the
convergence analysis presented above using a known analytical solution to estimate

convergence rates. Considering the domain 2 = (0,1) x (=1,1), ¢ € (0, 1], and for

_ E(MI 3

F = —mexp [ = T) t] cos T sin Ty,

the BV model has the following time dependent analytical solution (with homoge-

neous Dirichlet boundary conditions):

Y = exp [— %j(%”)gt] sin 7 sin 7y,
w =271 exp [— %(%‘4)375} sin T sin 7y.

Using this known solution, convergence rates were estimated through simulations
using regular triangular meshes with h = i, h = %, h = %, h = 3%, h = 6i4 and

h = ﬁ, where h is the mesh-width. Figure 4.1 presents the coarsest mesh used in
this experiment. In all cases we chose o = h, and the timestep was chosen in terms
of h in order to balance the error sources from the convergence theorem. That is,
for P, elements and « = h, the L*(0,T; H'(Q)) vorticity error and L>(0,T; H'(2))
streamfunction error from the theorem are O(At? + h), and thus we chose At = v/h
(but slightly rounded so that At evenly divided T'), and thus here we expect first
order convergence in these norms as At, h — 0. For P, and P3 elements, we chose

At = h and At = VA3, and expect second and third order convergence in these

norms, respectively.

Tables 4.1, 4.2 and 4.3 present the errors and convergence rates obtained
for decreasing h and At, using % = (0.02 and Ro = 1.0. From these tables we observe
that the convergence of the numerical solution to the exact solution is optimal and
agrees with the convergence theory presented above, for any choices of elements. We

remind that, according to the convergence analysis presented in the latter section,

for N = 0, the L2(0,T; H*(Q)) error is O(h* + h?%), for N = 1 the L?(0,T; H'(Q2))
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Figure 4.1: Mesh with A = /4 which corresponds to a grid with 4x8 squares.

error is O(h¥ +h*) and for N = 2, the L*(0, T'; H'(2)) error is O(h* + h®), which are
confirmed by the convergence rates presented in the tables 4.1, 4.2 and 4.3. That is,

provided a smooth solution, BV-a-D1 and BV-a-D2 will converge faster than the

BV-a (Dy).

Element Rt | JJlw — wyll21 | Rate | ||w — wp|lso | Rate | ||t — ¥nllo1 | Rate

P 4 24.189 1.9868 2.1732
(At=vh) | 8 | 12376 | 097 | 061369 | 1.69 | 10117 | 1.10
16 6.1545 1.01 0.16167 1.92 0.39299 1.36
32 3.0614 1.01 0.041218 1.97 0.16706 1.23
64 1.5259 1.00 0.010349 1.99 0.078803 1.08
128 0.76181 1.00 0.002606 1.99 0.038768 1.02

P 4 6.3875 0.79216 1.7469
(At = h) 8 2.7885 1.20 0.28037 1.50 0.74236 1.23
16 1.0076 1.47 0.078785 1.83 0.22523 1.72
32 0.33616 1.58 0.020767 1.92 0.05949 1.92
64 0.10476 1.68 0.0052803 1.98 0.015086 1.98
128 0.02967 1.82 0.0013261 1.99 0.003785 1.99

Py 4 7.5925 0.88577 1.7349
(At =+h3) | 8 3.6645 | 1.05 | 028925 | 1.61 | 0.7405 | 1.23
16 1.1144 1.72 0.079633 1.86 0.22489 1.72
32 0.36152 1.62 0.020844 1.93 0.059414 1.92
64 0.10877 1.73 0.005286 1.98 0.015067 1.98
Table 4.1: Convergence rates for BV-a-Dy (N = 0) model with 5% = 0.02 and

Ro =1.0.




Element | A~ | ||w — wyl21 | Rate | |[w —wp|ls0 | Rate | || — ¢n]lo1 | Rate

P 4 23.976 1.9716 1.6753
(At = \/E) 8 12.202 0.97 0.54573 1.85 0.66267 1.34
16 6.1025 1.00 0.14161 1.95 0.30999 1.10
32 3.049 1.00 0.036064 1.97 0.15426 1.01
64 1.5232 1.00 | 0.0090863 1.99 0.077105 1.00
128 0.76126 1.00 | 0.0022755 | 2.00 0.038553 1.00

P, 4 4.5291 0.36528 0.9807
(At = h) 8 1.1333 2.00 0.059717 2.61 0.18122 2.44
16 0.27668 2.03 | 0.0061093 | 3.29 0.020044 3.18
32 0.081142 1.77 | 0.00058915 | 3.37 | 0.0031885 | 2.65
64 0.025527 1.67 8.0004e-5 2.88 7.497e-4 2.09
128 | 0.0071309 | 1.84 9.5087e-6 3.07 1.8665e-4 2.01

Py 4 14873 0.38391 0.95793
(At=+vh3) | 8 | 086042 | 238 | 0058728 | 271 | 017452 | 2.46
16 | 0.077881 | 3.47 | 0.0055599 | 3.40 | 0.016097 | 3.44
32 | 0.0068168 | 3.51 | 0.00039313 | 3.82 | 0.0011237 | 3.84
64 | 0.00052529 | 3.70 | 2.5343e-5 | 3.96 | 7.2312e-5 | 3.96

Table 4.2: Convergence rates for BV-a-D; (N = 1) model with % = 0.02 and
Ro = 1.0.

4.5.2 Double gyre wind experiment

As presented in [37, 47], when the BV equations are forced in a rect-
angular basin by a double gyre wind forcing on the ocean surface and dissipation
is weak, despite the instantaneous streamfunction field being highly variable, time
averaged streamfunction field presents a well defined four gyre pattern. This pattern
is composed by two inner gyres, which are driven by the wind, and two extremal
gyres, at the northern and southern ends of the basin, which are driven by the eddy
flux of potential vorticity. Moreover, according to [47], the extremal gyres are not
a linear effect, but a result of a mean balance between the eddy flux of potential

vorticity and wind forcing being susceptible to destruction by excessive dissipation.

The double gyre forcing experiment has been used as a model of more

realistic ocean dynamics in several studies, and recently it has been used as a bench-
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Element | A~ | ||w — wyl21 | Rate | |[w —wp|ls0 | Rate | || — ¢n]lo1 | Rate

P 4 23.906 1.9666 1.4363
(At = \/E) 8 12.184 0.97 0.5435 1.86 0.6239 1.20
16 6.1012 1.00 0.14125 1.94 0.3086 1.02
32 3.0489 1.00 0.03604 1.97 0.15422 1.00
64 1.5232 1.00 | 0.0090846 1.99 0.077104 1.00
128 0.76126 1.00 | 0.0022754 | 2.00 0.038553 1.00

P, 4 4.5291 0.36528 0.9807
(At = h) 8 1.1333 2.00 0.059717 2.61 0.18122 2.44
16 0.27668 2.03 | 0.0061093 | 3.29 0.020044 3.18
32 0.081142 1.77 | 0.00058915 | 3.37 | 0.0031885 | 2.65
64 0.025527 1.67 8.0004e-5 2.88 7.497e-4 2.09
128 | 0.0071309 | 1.84 9.5087e-6 3.07 1.8665e-4 2.01

Py 4 14873 0.38391 0.95793
(At=+vh3) | 8 | 086042 | 238 | 0058728 | 271 | 017452 | 2.46
16 | 0.077881 | 3.47 | 0.0055599 | 3.40 | 0.016097 | 3.44
32 | 0.0068168 | 3.51 | 0.00039313 | 3.82 | 0.0011237 | 3.84
64 | 0.00052529 | 3.70 | 2.5343e-5 | 3.96 | 7.2312e-5 | 3.96

Table 4.3: Convergence rates for BV-a-Dy (N = 2) model with % = 0.02 and
Ro = 1.0.

mark test to analyze new techniques to deal with turbulence in geophysical flows
[81, 47, 100]. In the double gyre wind forcing experiment, the wind effect on the

ocean’s surface is prescribed setting F = Fysin(my) with Fy = 1.

In this section we follow [100] and adopt the standard LES method-
ology: first we run a high resolution simulation with BV-model (no treatment of
turbulence). Next, we run several experiments in a coarse resolution mesh with BV
model and BV-a-Deconvolution model and compare them with the high resolution

BV model solution as reference.

Following the experiments presented in [37, 81, 47, 100], we run simula-
tions in different regular triangular meshes in the dimensionless rectangular domain
(0,1) x (—1,1) using P, finite elements and consider meshes with different resolu-

tions setting h = /4 (which corresponds to a grid with 4x8 squares), /8 (8x16), 1/16
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(16x32), /32 (32x64) and 1/64 (64x128) where h is the mesh-width. In the remainder

of this section we will refer to theses meshes as n x 2n for n = 4, 8, 16, 32, 64.

Experiments were made starting from ¢ = 0 up until ¢ = 100 as in [100]
and we adopt At = 0.001 in all simulations. In this and in the next section we
present figures of the average fields of streamfunction (/) and potential vorticity
(given by ¢ = Row + y), calculated using results from ¢ = 20 until 100 as in [100].
For the double gyre wind forcing experiment we considered two interesting cases: i)
om/L = 0.02 and Ro = 0.0016 (which is presented in [100]) and ii) v/ = 0.01 and
Ro = 0.0002.

4.5.2.1 Ezperiment for Ro = 0.0016

First, we present the results found for the double gyre experiment con-
sidering the same case as in [100], that is, Ro = 0.0016 and (%)3: 0.02. In Figures
4.2(a) and 4.3(a) we present respectively the streamfunction and vorticity solutions
obtained in the high resolution (64 x 128 mesh) experiment using the BV model.
In these figures we can see that the streamfunction and vorticity solutions obtained
in this experiment are very similar with the results presented in [100] in their DNS

experiment.

As reported in [100, 47], decreasing the mesh resolution, the stream-
function solution obtained with the BV model degenerates in two gyres as it can be
seen in Figure 4.2(b). In this case, using the BV-a: model (o = 75) we can recover the
four gyre pattern (Figure 4.2(c)), but the streamfunction is intensified in comparison
with the streamfunction solution obtained in the high resolution experiment (Fig-
ure 4.2(a)) and the vorticity field is very noisy (Figure 4.3(c)). However, when we
increase the order in the deconvolution operator (Figures 4.2(d), 4.2(e) and 4.2(f)),

we can obtain more accurate solutions in comparison with the BV and BV-a model.

In this figures, clearly we can see that the larger is the deconvolution order, the
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more accurate is the BV-a-deconvolution solution. In the BV-a-deconvolution vor-
ticity solution we observe the same pattern (Figure 4.2(d), 4.2(e) and 4.2(f)). This
improvement is related to the consistency error present in the BV-a-deconvolution
model that, according to our convergence analysis, has order 2N 42, which for larger

values of N permits more accuracy in the solution.

In Table 4.4 we also present run times for the BV model in the fine
(64 x 128) and coarse mesh (4 x 8) and for BV-a-Deconvolution in the coarse mesh
(4 x 8) are presented. We see that, although the computational time is increased by
increasing the deconvolution order in the BV-a-Deconvolution model, it is significant

faster than solving the BV model in the fine mesh.

Fine | Coarse | alpha (Dy) | BV-a-D; | BV-a-Dsy | BV-a-Ds
9.82e5 | 2.50e3 4.5e3 9.4e3 1.73e4 2.98e4

Table 4.4: Run times (in seconds) obtained for Ro = 0.0016 in the fine (64 x 128) and

coarse (4 x 8) mesh with the BV model and in the coarse mesh (4 x 8) with

BV-a-Deconvolution model. The experiments were made in a Intel® Core™

i7 3.70 GHz.

4.5.2.2  Ezperiment for Ro = 0.0002

Now we present the results obtained for the double gyre experiment
considering Ro = 0.0002 and (5%)3 = 0.01. Figures 4.4(a) and 4.5(a) present the
streamfunction and vorticity solutions obtained in the high resolution mesh (50 x 100
mesh). We observe that in this experiment, the solution presents a distinct six gyre
pattern. Futhermore, as we can see in Figure 4.4(b), this pattern is also susceptible
to the mesh resolution. That is, when we simulate this experiment using the BV
model in a coarse 8 X 16 mesh the six gyre pattern degenerates into two gyres.

Moreover, the vorticity field produced in the coarse mesh becomes noisy.

Using the BV-ar (v = §) model we recover the four gyre pattern (Figure

4.4(c)), but not the six gyre pattern observed in the high resolution solution and, as
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for Ro = 0.0016, it is intensified compared to the high resolution solution. On the
other hand, the streamfunction solutions produced with the BV-a-Deconvolution
model for N > 1 are less intensified (Figures 4.4(d), 4.4(e) and 4.4(f)). Moreover,
for N = 3 the BV-a-deconvolution model recovers the six gyre pattern (Figure
4.4(f)). In the vorticity field (Figures 4.5(d), 4.5(e) and 4.5(f)) we observe that,
increasing the deconvolution order, the solution becomes less noisy and more similar
to the high resolution solution. Computational times for the BV model in the fine
(50 x 100) and coarse mesh (8 x 16) and for BV-a-Deconvolution in the coarse mesh
(8 X 16) are presented in Table 4.5. We see that, although the computational time is
increased by increasing the deconvolution order in the BV-a-Deconvolution model,

it is significant faster than solving the BV model in the fine mesh.

Again, the results presented in this experiment corroborate the conver-
gence analysis presented herein: increasing the deconvolution order makes solutions

more accurate.

Fine | Coarse | alpha (Dy) | BV-a-D; | BV-a-Dsy | BV-a-Ds
9.82e5 | 8.22e3 3.31ed 4.92e3 9.06e4 1.57ed

Table 4.5: Run times (in seconds) obtained for Ro = 0.0016 in the fine (50 x 100) and

coarse (4 x 8) mesh with the BV model and in the coarse mesh (4 x 8) with

BV-a-Deconvolution model. The experiments were made in a Intel® Core™

i7 3.70 GHz.

4.6 Conclusion and final remarks

We have proposed and analysed an FEM scheme for the BV-a-Deconvolution
model of geophysical flows that regularizes the flow and improves accuracy compared
to the BV-a model. We proved that the scheme is both unconditionally stable and
optimally convergent. Furthermore, we confirmed the predicted convergence rates
through numerical simulations. Finally, we tested the BV-a-Deconvolution model

in the traditional double gyre wind experiment, which is a more realistic model of
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the ocean dynamics, and found very good results. In this test we corroborate that

increasing the deconvolution order in the model produces a more accurate solution.

In the present article we tested the BV-a-Deconvolution in a situation
in which only the barotropic mode of ocean dynamics is present. As in [99], in
a future work we intend to extend the BV-a-Deconvolution model for two layers
in order apply this regularization to a more baroclinic situation. That will be an

important step in the direction of true ocean dynamics.
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(a) Str. func. - 64x128 (b) Str. func. - 4x8

Ymin = —1.39, Ymaz = 1.39 Ymin = —1.40, Ymac = 1.46

(c) Str. func. - 4x8 - « (d) Str. func. - 4x8 - D

Ymin = —2.58, Ymaaz = 2.56 Ymin = —1.59, Ymac = 1.63

(e) Str. func. - 4x8 - Do (f) Str. func. - 4x8 - D3

Ymin = —1.48, Ymas = 1.43 Ymin = —1.60, Ymas = 1.52

Figure 4.2: Streamfunction fields in the experiment with %v/r = 0.02 and Ro =
0.0016 for (a) the high resolution BV model solution, (b) coarse (4 x 8)
BV model solution and coarse (4 x 8) (¢) BV-«, (d) BV-a-Dy, (e) BV-
a-Dy and (f) BV-a-Ds.
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) Vort. - 64x128 (b) Vort. - 4x8
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) Vort. - 4x8 - « (d) Vort. - 4x8 - Dy
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) Vort. - 4x8 - Dy (f) Vort. - 4x8 - D3

15
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-1.5

Figure 4.3: Vorticity fields in the experiment with /1, = 0.02 and Ro = 0.0016 for
(a) the high resolution BV model solution, (b) coarse (4 x 8) BV model
solution and coarse (4 x 8) (¢) BV-a, (d) BV-a-Dy, (e) BV-a-D, and
(f) BV-a-Ds.
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(a) Str. func. - 50x100 (b) Str. func. - 8x16

Ymin = —1.51, Ymaa = 1.50 Ymin = —1.22, ¥mae = 1.41

(c) Str. func.- 8x16 - « (d) Str. func.- 8x16 - Dy

Ymin = —1.34, Ymaz = 1.34 Ymin = —1.25, ¥mac = 1.30

(e) Str. func.- 8x16 - Dy (f) Str. func.- 8x16 - Ds

Ymin = —1.31, Ymaa = 1.42 Ymin = —1.37, Y¥mac = 1.37

Figure 4.4: Streamfunction fields in the experiment with %v/r = 0.01 and Ro =
0.0002 for (a) the high resolution BV model solution, (b) coarse (4 x 8)
BV model solution and coarse (4 x 8) (¢) BV-a, (d) BV-a-Dy, (e) BV-
a-Dy and (f) BV-a-Ds.
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Figure 4.5: Vorticity fields in the experiment with v /1 = 0.01 and Ro = 0.0002 for
(a) the high resolution BV model solution, (b) coarse (8x16) BV model
solution and coarse (8x16) (c¢) BV-«, (d) BV-a-Dy, (e) BV-a-D5 and (f)
BV—O{-D?,.
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5 REGULARIZED BOUSSINESQ MODEL!

5.1 Introduction

Density currents are one of the most important kind of geophysical flow.
They can be defined as flows forced by the buoyant force due to density gradients in
the fluid. In atmosphere, important examples are the large scale Hadley and Walker
cells in the general atmospheric circulation and the small scale thunderstorms and
seabreeze. In the ocean, examples are the large scale Global Conveyor Belt resulting
from the thermohaline circulation and the small/meso scale upwelling/downwelling
mechanism as well as seafloor turbidity currents. Moreover, density currents are

also quite important in engineering applications.

Despite of the relevance of density currents, they very often cannot be
fully represented in simulations because several geophysical models adopt the hy-
drostatic approximation. Only recently, studies using non-hydrostatic models have
been performed. In [84] a density current was simulated in a model in the vorticity-
streamfunction variables. In [90], results produced by a non-hydrostatic model were
compared with density current data from the Red Sea. Also, threedimensional
simulations were performed in [86]. More recently, other aspects involving density
current modeling has been investigated in non-hydrostatic models, e. g., the effect of
generalized coordinates [43], topography [85, 48], vertical mixing [16, 50|, boundary
conditions [7] and domain geometry [13, 49].

"We are very grateful to Professor Leo G. Rebholz for his thoughts and advices on the results
presented in this chapter.
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One of the most commonly used models to represent density currents

is the Boussinesq model given by

ou

o ~uxV x u— Re "Au+ Vp — RiTk = f, (5.1a)
V-u=0, (5.1b)
8;; +u-VT — (RePr)"'AT = 0. (5.1c)

where wu is velocity, p is pressure, T' is temperature, f is a given force and Re, Ri

and Pr are the Reynolds, Richardson and Prantdl number, respectively.

Simulations using non-hydrostatic models, such as those for density cur-
rent, demand a large computational cost and are restrict only to modest complexity
flows, i.e., low Reynolds numbers. Thus, several studies have been done aimed
at providing methods in order to reduce the computational cost when simulating
this kind of flow. Some methods already studied were mixing parametrization [16],
large-eddy simulation (LES) [89, 87, 88, 49, 6], adaptive meshing [46] and Proper
Orthogonal Decomposition reduced order modeling [70, 98].

In this chapter, an alternative approach, called regularized modeling, is
studied aimed at reducing the computational cost in simulations with the Boussinesq
model. The Navier-Stokes-ar (NS-a) model is an example of regularization model
which has interesting mathematical, physical and computational properties (see [76]
and references therein). The most important property of NS-a probably is that it
allows a significant reduction in the degrees of freedom in simulations. In the NS-a
model, the nonlinearity is altered so that the flow at length scales that are smaller
than the alpha length scale are nonlinearly removed by motions at the larger scales.
Thus, the flow can be computationally solved with a significant decrease in the model
degrees of freedom in comparison to the original NS equations, and there is no need
to introduce additional dissipative terms or increase the viscosity coefficient. The
NS-w [65, 75], Leray-a [64, 9] and Modified-Leray-a [51] are also regularizations of
the Navier-Stokes equations which differ from the NS-a by a modification in the

nonlinearity. They have been recently tested and enjoyed success in simulations.
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NS-a, NS-w, Leray-a and Modified-Leray-« are respectively defined to be

ur —u X (Vxu)+Vp—vAu=f,
up—ux (Vxu)+Vp—vAu = f,
ur —u-Vu+ Vp—vAu = f,

ur—u-Vu+ Vp —vAu = f,
where v is the viscosity, f is a forcing and u is the filtered velocity given by

U= Fu:= (—a’A+ 1) u.

In light of the above, the objective of this chapter is to study regularized
versions of the Boussinesq model, namely, Boussinesq-a, Boussinesq-w, Boussinesq-
Leray and Modified-Boussinesq-Leray, through numerical analysis and simulations.
We believe the advantage of regularization models over other approaches is because it
combine simpler implementation and smaller computational cost with sound math-

ematical and physical fundamentals.

In addition, we take the cumulative existing experience with o models
and use it in their Boussinesq variations. For instance, in wall bounded flows we
cannot guarantee a non-divergent filtered velocity, hence a natural technique is to
introduce a Langrange multiplier in the filter equation in order to allow the physically
important incompressibility contraint [76]. Moreover, in [63] it is shown that the
velocity error in the Navier-Stokes equations scales as velocity error ~ ReXx pressure
error and, if the mesh is not sufficiently fine, large pressure errors can produce large
velocity errors. This problem can be fixed using the modified grad-div stabilization
proposed in [76], which is a modification of the grad-div technique used in [19] for the
Navier-Stokes equations, but that avoids stability problems in regularized models.
Another important technique applied in alpha models to reduce computional cost is
the Baker extrapolation in the nonlinear term. This technique consists in linearly
or quadratically extrapolating one of the velocities in the nonlinear term in order to

linearize the equations, avoiding the fixed point iteration necessary when solving the

106



nonlinear system. In a recent study, [52] shows that, with a small modification in the
Baker extrapolation, interesting advantages can be gained both from the analytical
and computational viewpoint. Lastly, from the filter equation it is clearly possible
to see that for any alpha model we cannot expect accuracy better than O(a?) from
the model itself, even before any computational error is introduced. In [93, 94]
a fix is proposed based in the van Cittert method of approximate deconvolution,
which increase the consistency error in the Navier-Stokes-a model from O(ca?) to
O(a?*2) where N is the order of deconvolution operator. Besides, in [63, 94, 76, 9]
it is shown that approximate deconvolution also improves solution even in situations
in which the model error is not dominated by the consistency error. In this chapter,
the regularized versions of the Boussinesq model, along with the above mentioned
techniques, are mathematically analysed and computationally tested with respect

to their ability to provide accurate solutions to density currents.

The chapter is outlined as follows: Section 5.2 presents notation and
some preliminary results. In Section 5.3 an algorithm for a general regularized
Boussinesq model is proposed and studied with respect to its stability and conver-
gence. Numerical experiments are presented in Section 5.4. Lastly, conclusions and

final remarks are summarized in Section 5.5.

5.2 The finite element scheme and preliminaries

Let © C R? (d = 2 or 3) be a polyhedral domain and 7, be a regular
discretization of Q. Let H' be the Sobolev space Wy (Q2) and X = Hj its sub-
space with zero boundary condition. Let Y} be a continuous finite element (FE)
space with kth degree polynomials on each element of the triangulation 7, and
(Xn,Qn) C (HY(Q)4, LE(Q)) be a velocity-pressure space given by X, = {v €
C’N Py(e)Ve € 7} and Qp, := {v € C'' N P,_1(e)Ve € 7} satisfying the dis-

crete inf-sup condition [39]. Denote by (-,-) and || - || respectively the inner prod-
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uct and norm in L2(€), and || - ||z for the norm in the H* space. The subspace
Vio = {on € X3, : (V- v, qn) = 0 Vg, € Qn} of X, will also be helpful in the subse-

quent analysis.

For continuous in time functions, we denote for 1 < m < oo, || fllmr =
{fOT £t )|mdt} "/mand, for the discrete case, we denotel|| fllook := esssupg<p<ar |1/ {k>

5 m m n 1 m 1/m
1F72] 2o I 5) e} ™ and (|2 lm g = { Sl 172 e} .

The following approximation estimates are also useful ([35, 11, 39])

1nf |u—v| < CR**  Yulpar, u e (H(Q))Y,
veX

1nf lu— |1 < Ch*|ulpy1, u € (H(Q)),
veX

nf lp =7l < Ch* M ulsr1, w € (H* ()7,
re@n

We also make use of the four trilinear forms:

Definition 5.1. Let § € [0, 1] and define ay,aj,as,a5 : X x X x X — R, by

ar (u, v, w) == (u- Vo, w),
af (u, v, w) = o (u, 0, w) — a(u,w,0)]
as(u, v,w) == ((V X u) X v,w)

ag(u,v,w) = Ban(u,v,w) + (1 — B)a(u, v, w).

The following estimates hold for the above trilinear forms:

Lemma 5.1. Let u,v,w € H' and 8 € [0,1]. Then

|01 (u, v, w) | < AL (Q)[[Vul[[[Vo[[[ V],
jaf (u, v,w) | < Az ()|l 2| V]| Vo || V]
|az (u, v, w) | < Bi(Q)[[Vul[[Voll[[ V],
jaz (u, v,w) | < Ba(Q)||ul] [Vl [ Vo || V]
lag (u, v, w) | < o1 (Q)[Vul[[[ Vo[Vl
lag (u,0,w) | < o2(Q)lfull [ Vul (1 Vo ]| V).
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Proof. The first and second estimates are well-known and follow from Hoélder and
Ladyzhenskaya inequalities (see [60]). The third also follows from Hélder and La-
dyzhenskaya inequality and the Sobolev embedding Theorem, where we also made
use of ||V x u|| < [|[Vu| for u € H}. The fourth follows from Holder with p = 2,
q = 3 and r = 6, interpolation inequality for LP spaces and Ladyzhenkaya inequality.
For the fifth, we made use of [a X b] - ¢ = [¢ X b] - @ and that the curl is self-adjoint

in X, i.e,

(V xu) xv,w)| =[{wxv,Vxu)|=[Vx(wxv),u
< v Vw,u)| + [{(w - Vo, u)| + (V- v)w, w)| + [{(V - w)v, v)]

where we used the identity V x (a xb) = a-Vb—b-Va+(V-a)b+(V-b)a. The result
follows after applying Holder with p = 2, ¢ = 3 and r = 6, interpolation inequality
for LP spaces and Ladyzhenkaya inequality. The last two identities follow from the
previous, defining 01(Q) := max{B1(Q), A1(Q)} and 02(Q) := max{By(Q2), A3(Q)}.

[

Also, Taylor expansion with integral remainder gives [60]:

Lemma 5.2. Let u € C(t",t"™; L*(Q)) and twice differentiable in time with uy €
LA((t", ") x Q). Then

tn+1

1 1
Jum — (@ )2 < L (A / e 2,
tn

tn+1

Jum+e — 2u"™2 — w2 < (A1) / Jeae| .
tn—1
If Uy € L2((tn,tn+1) X Q) then
tn+1

n+l_,n 1 2
[ — (12| Sulgo(At)g/ st ||t

tTL

If Vu € CO(t™, " L2(Q)) and Vuy € LA((t™, ") x Q) then
tn+1

1 1
Va2 — Vu(t"T2)||? < 418(At)3/ | V|| 2dt.

tn

where u"tz = WTJ“”” and u(t"*é) = u(@ 417 /).
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5.2.1 Discrete filtering

Following [76], given w € L*(Q2) and parameters a, k, Re > 0, discrete
filtering Fy, : L?(2) — X}, is defined as the unique solution Fjw = w" € X and
An € Qp, such that V{vp, qn} € X x Qp,

a? ((vw, Vop) + kRe(V - @,V - vh>) — Vo) + (g, VT + (@, o) = (w, vp).

Given w € X and parameters k, Re > 0, the modified discrete Laplacian

operator A, : X — Vj, (see [76]) is the unique solution Ayw such that:

(Apw,vp) = —(Vw, Vo) — kRe(V - w, V - vp), Yo, € V.

Thus, Fj, : L?(Q2) — V}, can be defined equivalently as w" € Vj}, such
that

—062<Ah@h, Uh> + (@h,vh) = <w, Uh> Yy, € Vj,. (53)

The following equalities involving Fj, and A, hold:
Lemma 5.3.

(Apup,vp) = (up, Apog) Yup, vy, € Xy,
(Fpu,v) = (u, Fpv) Yu,v € X,
AhFhuh = FhAhuh Vuh € Vh,

FyPhu = Fpu Vu € X.

That is, Ay, is self-adjoint and commutes with Fy, in Xy, and Fy, is self-adjoint in X.
Proof. For the first, given uy, v, € Xj, and using the definition of A, we have
(Apup, vp) = —(Vup, Vo) — kRe(V - up, V - vp) = (up, Apuy,).
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For the second, given u,v € X, using the filter equation, Fju € V}, satisfies
o?(VFyu, VEW) 4+ o*kRe(V - Fu, V - ) + (Fyu, Fyv) = (u, Fpo), (5.4)
where we chose v, = Fjv € V},.
On the other hand, using again the filter equation, Fjv € V), satisfies
*(VF, VEu) + o*kRe(V - Fju, V - Fu) + (Fy, Fyu) = (v, Fyu), (5.5)

where, in the above equation, we chose v, = Fju € V},. Now, subtracting (5.4) from

(5.5) gives the result.

For the third, the filter equation gives

—&2<AhFhuh, Uh> + (Fhuh, Uh> = (uh, ’Uh> Yuy, vy, € Vj,.

Because F}, and Ah are self-adjoint in V},, the filter equation gives
—a?(FpApup, vn) + (Fuun, vp) = (un, v) up, vp € Vi
where we also use that up, v, € V}, are arbitrary. Subtracting both equations gives
—?((AnF, — FLAp)up, vy) = 0,
which gives the result, after we choose v;, = (AhFh — Fhﬁh)uh.

Finally, for the last one, given u € X, we consider respectively filtering

u and Pyu, Yv, € Vj,,

o ((VEu, Vo) + kRe(V - Fpu, V - vp)) + (Fru, vp) = (u, v3),

o? ((VF,Pyu,Vu,) + kRe(V - F,Pyu, V - vp,)) + (Fp Pyu,vg) = (Pru, vp) = (u,vp).

which gives the result, after we subtract them and choose v, = (F,P, — Fp)u. O

In addition, the following bounds hold for filtered quantities:
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Lemma 5.4. Foru € X, the following inequalities hold:

|| < [lull, (5.6a)
IVa" || < ()] Vul, (5.6b)
I = Fr)ul < lul, (5.6¢)
(Fpu,u) >0, (5.6d)
((I — Fp)u,u) > 0. (5.6¢)
In particular, for u € Xy,
(—Apu,u) > 0. (5.6f)

Proof. The first follows choosing v, = " in (5.3) and using Cauchy-Schwarz in-

equality. For the second, we choose v, = A" in (5.3) to obtain
2| AT |2 + ||VT"|? + kRe||V - T")? = —(u, Apa") = —(Pyu, AyT")
= (VPyu, Vi) + kRe(V - Pyu,V - a").
The result follows using Cauchy-Schwarz inequality. For the third inequality, using
(7 = Fu)ull® = (I = Fa)u, (I = Fyu) = |Jull* — 2{u,@") + 7" ]*.
Now, choosing v, = " in (5.3) and substituting in the above formula, we have
(7 = Fp)ull® = [lull* — [[7"]|* — 20%|| V7" |* — 20K Re||V - @"||?,

from which the result follows. For the fourth inequality, we have only to choose
vp, = Fpu in the filter equation (5.3). For the fifth, first note that using Cauchy-

Schwarz inequality and the first inequality we have —(Fj,u, u) > —|lul|?. Then,
(I = Fy)u,u) = ||ull* — (Fyu, ),

gives the result. The sixth inequality follows directly from the A, definition. O]

Given u € X, the van Cittert deconvolution operator D% is defined by

Dhu=> (I-F)'u (5.7)

=0
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Lemma 5.5. The operator DY is continuous and the following formulae hold

N
> (I-F)F,=I-(I-F)""",
=0

(I-Fy)' = (-1)'®(ALE,),
DNE, =1 — (I — F,)N*t!,
DhF, =1 — (—1)N N 2(A, )N

Proof. That operator D% is continuous follows from the continuity of F},. For the
first formula we use the algebraic identity BN — T = (B—1I)(BN + BN "'+ ... +1)
with B = I — F},. For the second, using the filter equation (5.3), —a?ALF, =1—F,
gives the result. Finally, for the third, we use the definition of D% and the first

formula. For the last one, we combine the second and third formulae. O

Lemma 5.6. Giwen u € X, we have the following formulae

ERAE

(Pyu, D) = | DR |? + a?|[ V(I - F) "2 7|2 + o®kRe||V - (I - Fy) %7

—(AyPyu, D"y = ||VDAT" |2 + o?sRe||V - Dya|? + o | Ay (I — F) "3 a2,
Proof. Using the third formula in Lemma 5.5, u = D¥u" + (I — F},)¥*1u. Then
(Pyu, D"y = (u, Du") = | DR@"|* + (I — Fy)" " u, DRu")
N
= [IDX@"|* + > (I = Fa)N T, (I - Fy)'a")

=0
N+’L

D+ S = B — B F 1 - 5

=0

where we have used that F}, and (I — F},) are positive (Lemmas 5.3 and 5.4).

Now rewriting filter equation as a2<VFhw Vvh> + a?kRe(V - Fyw, V -

N+L

vp) = (w — Fw, vy,) Yo, € Vj, and using w = (I — Fh) > u and vy, = (I—-F,) =2 u"

N+z

Q2|V(I = Fy) ™2 a"|? + ®kRe||V - (I — F) 2 "> = (I — Fp)(I - Fy) 2 u, (I — Fy) "2

which gives the first formula.
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For the second, we use again u = D" + (I — Fj,)N*1u to obtain
—(ApPyu, DRy = |[VDRT"||? + kRe||V - DYa"||? — (A Po(I — Fp)NTu, DY)
Now, using the filter equation —a2<AhFhw,'Uh> = (w — Fpw,vy) Yo, €
Vi with w = (I — Fj,)Nu and v, = AhD?Vﬂh
—(ApPyu, DRty = |VDRa"|? + kRe||V - DT || + o (AL (I — F)Na", A, Dhah)
= VD" ||? + kRe||V - Dia"||? + o? i(([ — B)NAT" (1 — F)A )

1=0

which gives the result. O]

Now, following [79, 76] and using Lemma 5.6, we define the energy

||z & and the energy dissipation || - || 5 norms as

|- lle, gy dissip 5
ul| gy == (Pyu, D)2 (5.8)
[ul|en == — (A Pyu, Diya")'? (5.9)

The following equivalence norm Lemmas which are presented in [79]

and [76] are very helpful in the subsequent analysis.

Lemma 5.7. For u € V}, and for each natural number N, the energy norm defined

by (5.8) is equivalent to the zeroth energy norm also defined by (5.8). That is
[ullzo < |lulley < Dillulleo

Additionally, for uw € Vj, and for each natural number N, the energy dissipation norm
defined by (5.9) is equivalent to the zeroth energy dissipation norm also defined by
(5.9). That is

[ulleo < [lullen < Diflulleo

where Dy :== N + 1.
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Lemma 5.8. If the filtering radius « is chosen so that a < O(h) then the zeroth
energy norm || - |go is equivalent to the usual L* norm in Vi,: for uw € Vj, there

exists C'g independent of h, u satisfying
lullzo < lull < CEllullso

Additionally, the zeroth energy dissipation norm || -||co, is equivalent to

the H' norm in Vj,: there exists C. independent of h,u satisfying
[ulleo < [IVull < Cellullco

Remark 5.1. Combining the estimates presented in Lemmas 5.7 and 5.8, we have

the following norm equivalence result: for every u € Vj,
Dyt lullpy < |lull < CEllulle,v,
Ditfullen < [[Vull < Celfullen-
The following estimates are useful in the convergence analysis

Lemma 5.9. Given u € V, the inequalities hold

[ull g, < Daffull

[ulle,y < Do V]

where Dy := c\/N + 11 + KkRe.

Proof. Applying the filter equation (5.3) for D%u and choosing vj, = Pyu

—a*(ApF, DY, Pyu) + (Fi, D%, Pyu) = (D%, Pyu)

Now using Lemmas 5.3 and 5.4 we have

N N
—0* (DY Fu, ApPyu) + (FyDlu, Pyu) = (I — Fy)'u, Pyu) <> || Pyul||ull
=0 1=0

from which the result follows.
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For the second, applying the filter equation for D]}{[Phu, choosing vy, = ApPyu
and using the modified discrete Laplacian definition, we obtain

N
—012 Z<(I — Fh)iFhAhPhu, AhPhu> + <D]}<[thhu, AhPhu> = —<D]}{;Phu, —AhPhu>.
=0

Now, using that Fj, I — F} and —A,, are positive operators (Lemmas 5.3

and 5.4) and F), and A} commutates we have

N N
o N T = F) PR A Puul? + lul? x = = Y (T = Fu)'(—An) " Pyu, (~Ap) 2 Pyu)
1=0 =0

< (N + 1){(Pyu, — Ay Pyu)

< (N +1)(1 + sRe)||V Pyul|?

from which the result follows. O

Lemma 5.6, norm equivalence and Lemma 5.9 gives
Corollary 5.1. Let u € V.. Then the following inequalities hold:

1D < Jlulle,,
IVDRa"|| < Ilulle,v,

IVDR"| < Da[Vul.

Now, given u € V and v € [0, 1], we define the Hév operator by
HYu = [(1 =) +vDYFyu (5.10)
which is useful in order to define the general regularized Boussinesq model.

We also define the modified energy and modified dissipation norms by

1
ull v = (P, EN W) = [(1 = ) ull? + vlul3 172, (5.11)
HuHev,N = [— <A~hPhU,H,Y'LL>]1/2
= [(1 = )|V Pyl + (1 = 7)KRe||V - Pyl +~lul|2 y] 2. (5.12)

from which the following two lemmas are straightforward from the previous lemmas:
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Lemma 5.10. For u € Vi, v € [0,1] and for each natural number N, the energy
norm defined by (5.11) is equivalent to the L? norm in Vj,. That is

cprnlullgr v < lull < Crr vllull g v

Additionally, for uw € Vi, v € [0,1] and for each natural number N, the energy
dissipation norm defined by (5.12) is equivalent to the H' norm in V. That is

canllullen < IVul] < Ca nlluflern
Lemma 5.11. Let u € V and w € Vj,. Then the following inequalities hold:
|23 wl| < Dllwl| g,

IVHw| < D [[wller,w,

IVE ull < D3|Vl

The following lemma is the key to handling the consistency error in the

regularized Boussinesq model (See [76]).

Lemma 5.12. For smooth, periodic u, or u satisfying Au = 0 on 0 for 0 < j <

% — 1, the discrete approximate deconvolution operator satisfies

N
lu — Dhah|| < Ca?N 42| AN+HLENHLy|| 4 G (ah® + hk+1)(z ’Fi+1u|k+1)7
i=1
and thus for k > 1 we have

N
Ju— Dl < 0@ + ah 4 W) (30 F  ulfin ).

i=1

Remark 5.2. Clearly from (5.10), we have u — Hévu = (u — DJhVUh).

5.3 Algorithm for the general regularized Boussinesq

model and its analysis

Now we propose a Crank-Nicolson linearly extrapolated (CNLE) finite

element algorithm for a general regularized Boussinesq model. Assume that initial
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temperature 7)) and velocity u), forcing term f, timestep At > 0 and endtime 7' > 0

are given. Let v(¢"72) = v(¢" +t) ) and v"F2 = ("' +v™) /5. then:

Algorithm 5.1. Choose 5, A,y € [0,1] and set M = %, u;Q = uY, u;l = uY and for

n=1,...M —1, find UZH € Vi, and T}?H €Y}, satisfying Yuop,ry, € Vi, and Vsy, € Y,

n+l_ n +l +l _ ~ +l
<uh At uh’vh> +ag(HY E(uy ), HY w2 0p) — Re ' (Apuy, 2, vp)
RT3k w) = (7 e) (5.13a)
n+1l__gmn 1 1 1
<ThAtTh, sh> +at(E(uy 2), T2 s) + (RePr) " (VT 2, Vs,) =0, (5.13b)

—a2<AhF}(Li)uZ+1, rh> + <F,Ei)u2+1,7“h> = <F}(Li_1)uz+1,rh> fori=1,..,N. (5.13c¢)

nt+i n—s n—3
where £ is the extrapolation operator defined by §(uh+2) =2u, *—wu, °.

Remark 5.3. We also tested an algorithm similar to Algorithm 5.1, but using a decon-
volved velocity in the temperature equation. However, solutions obtained with this modifi-

cation did not show significant differences from solutions obtained with Algorithm 5.1.

Table 5.3 presents some traditional alpha models arising from Algorithm 5.1.

Table 5.1: Regularization models resulting for particular choices of the 8, v and .

Model B X v
alpha 1 0 1
omega 1 1 0
Leray 0 0 1
Modified-Leray 0 1 0
Bardina 0 1 1

Remark 5.4. It is worth mentioning that choosing fractional values of B, v and A gives

hybrid regularization models between the above mentioned regularization models.

Lemma 5.13. Algorithm 5.1 is well-posed.

Proof. Restricting to any particular time level n, it is clear that (5.13c) is well-posed.

Moreover, equations (5.13a) and (5.13b) are linear and X3, Y}, are finite dimensional, then
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1
uniqueness and existence are equivalent. Given & (uz+2) € Xy, T™ € Y}, and supposing

T1”+1,T2”+1 € Y}, satisfies (5.13b), then, subtracting,

1 1
n+3 n+3

nt+1 g+l 1 2 2
It 7 7 e a2 7 o

A ’Sh> +a’ (S(uh

1
n+2

1
Choosing s, =T, * — T1n+2 €Y}, gives TQ"Jrl = Tlnﬂ.

1
. n+3 1 . .
Now, given &(u;, 2),uf € X and T2 € Yy, if ufth uf ™ € X, satisfies

(5.13a), then, subtracting,

ntl_yn +3 +3 +3 ~1/% +3 +3
<u2 Atul,vh>+b5(§(H§\Vuz 2),H§V(ug 2wy 2),vh>—Re 1<Ah(u; 2 _uy 2),vh>:0

1 1
n+3 n+j

Choosing vy, = H,]yv(u2 —uy *) € Xy, gives USH =

u O

Lemma 5.14 (Energy conservation). The approzimation given by Algorithm 5.1 satisfies

M—-1 M—-1 M—-1

_ +1 . 1» +1 1 +1
! 3 + Re™ ALY w2112 v = [ B + R D (T 2k, HY w7 2) + Y (f7F2, HY wy %),
n=0 n=0 n=0
M-1 .
T 17+ 2(RePr)~ At > VT2 = |10
n=0

In particular, if f = Ri = Re”' = Pr=' = 0 then |Juy |3 v = uj |5 n

and | T;"|1* = || T3>

1 1
Proof. Choosing sj, = T:Jr? in (5.13b) and v, = Hévuz+2 in (5.13a) gives

1
T2 = || T3 + 2AH(RePr) Y| VT, 2|2 =0 (5.14)
_ +1 . +2 +1 1 41
i M3 & — kB + 2Re™ At 2113y = RI(T, 2 H g ) + (72, Hy w2,
(5.15)
in which case the result follows, summing from n =0, ..., M — 1. ]

Lemma 5.15 (Stability). Algorithm 5.1 is unconditionally stable. (ui, TM) satisfy

M-—1 1
Cit wllud! [P+ (Cer nRe) AL Y™ || Vuy 2| < C(data),
n=0
M-—1 1
T |2 + 2(RePr)~ At Y VT, 2| < C(data).

n=0
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Proof. The second estimate follows directly from (5.14). For the first, we apply

Cauchy-Schwarz and Poincaré inequalities and Lemma 5.11 in (5.15) to obtain
n+1 n|2 -1 3 ; nt3 n+3 ntg
lup 3 v = g+ 2Re ™ At 212, = RiCorAt(|T 2]+ £ 1)y % e v

The result follows from Young’s inequality, Lemma 5.10 and summing from n =

0,...,.M —1. O
5.3.1 Convergence

Theorem 5.1. Let (u(t),p(t), T(t)) be a sufficiently smooth, strong solution of the
Boussinesq model (5.1) such that the norms of (u(t),p(t),T(t)) on the right hand
side of (5.16) - (5.19) are finite. Suppose that (ul,pl, Td) are approzimations of
(u(0),p(0),T(0)) to whithin the accuracy of the interpolant and that (un,pn, Th) €
Xy x Qn XYy, is the CNLE-FE approximation to the Boussinesq model given by
Algorithm 5.1. Then, for At small enough (in order to apply the discrete Gronwall

inequality), we have

Cp! nlllu = u"lllop < G (At h, @) + Chk+1|’|ul|!oo,k+1 and (5.16)
M-1 B
{C;}NRE_IN > [V (ul (t*2) H }2 < G(ALh, ) + CRe™2 AL Vg2
n=0

1
+ CRe™ 2 h¥| ul |9 511,
(5.17)

and

T —T"|oo0 < G (At hya) + CR* Tl oo s and  (5.18)
M-1 1
{Re*lAt S |v(T(ente) )H }2 < G(At, h,a) + CRe™ 2 AL(|V Ty l20

1
+CRe™ 20| T||2,641,  (5.19)
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where

G(ALh,a) = C*{W* [A(RePr) O T A |las1 + VEAUReP) FCIE(u )13 s

+ VBAL(RePr) FC|[VT 2|3 + VBAs(RePr) FCIVE(w, 20 + VEAo(RePr) O[T 41
+ 2"V /BASRE" PrCn v Con wCegh n(VRIVTH 2 4+ VT ) [u(0)] 41

+ AL [M

V80

+ ThEL R T2 %nwuw LR D] Ipullzo] + W VIR ACD] [0 1

RePr A RePT 1 A RePr
BBV a0 + 21 EELDL Ve (w2 |2 o + 2 ELDT 0T, 2

+ B [V20Re™ (1 + Re)CDY |[ulla,01 + VIORe 1 DYDY DIClu ™ ||} 1y
+V10Re' 01 D3 DI D3 C|[u™ ||} 41 + VIORe 01 DD DIC [Vl

+ V1002 Re' Dy D> Dy DIC|[VE (un) |20 + V10Re 02 D3 * DY Dy DI [ull} 14+
+20V6Re" 03 Dy, D} DI D3 Cey N<x/§||w%||2 + ||Vu%u2>||u< 0) s + dgei yRe™ u(0) i+

+ At?

\/ﬁ E||Uttt||2,0+ ng”Ttt”QO

+ %UlRel/zDz”VUttHi,o + 201R61/2DZ||V5(U1/2)||4,0 + 2‘713‘51/2133||VU||4,0
N
+ %UlRel/zDZHVuttHio +7(a®N*2 4 ah® + W*YVERe 2O DY Z [ aassreal Py

i=1
N

+ A2 ant 4 VSR ODE S (I1F ™ A aera + I o) }.
i=1

Remark 5.5. Supposing that the indicated norms on the right hand side of (5.16) -
(5.19) are finite, then the error in the CNLE-FE scheme for the general regqularized
Boussinesq model is of the order

M—-1
ol = "o + CZ R AL Y [V (u(t"F2) — uz+%)}|220(hk+At2+a2N+2)
n=0
M-1 ) P
1T = T"|[loo0 + (RePr) ' At >~ ||V(T(t"2) = T, 2)||” = O(hF + A + o*NF?)
n=0

Proof. In "3 the temperature solution satisfies
<$, sh> + (RePr)_1<VT"+%, V8h> + aj (§(U”+%), T"+%, sh) = Intp; (5.20)

where

Intp; == <$ — Tt(t”+%), Sh> + (RePr)™! <VT"+% - VT(t”Jr%), Vsh>

n [a’{(ﬁ(u”*é), T, s,) — al (u(t™3), T ), sh)} (5.21)
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Let B := T — T}, T be the L? projection of T in X" and defining
E, =T —7T and E}, :=T, — T, we have

E=F —FE,
Also, let e := u — up,, U be the L? projection of u in V" and defining
e, :=u—U and e, := up, — U, we have
€e=€) — ey

Now, subtracting (5.13b) from (5.20), adding +aj (f(uZJrE),T"J“%, Sh).
choosing s;, = EZ+§ and using that af (S(UTQ), En+2 EHQ) =0

1
[ IIQ*IIE}ZII2
241

+[a>{(§(en+a),T"+%,E,’Z+§) —al(e(u) ), BT By 5)} +Intpr (5.22)

+ (RePr) Y |VE! 2|2 = (RePr) (VEI ™2 VE]"?)

Now we bound the terms on the RHS of (5.22) individually.

First, using the Cauchy-Schwarz and Young’s inequalities

1 1
(VET"2, VE2) < sC|| T 2|2, + 32||VE"+2 2. (5.23)

Using Lemma 5.1 and Young’s inequality
* n+3 n n n+3
aj(€(e]?), T3, B, )<A1HV£(€¢ Olaas: 2IVE), |
n+s n+s ePr n+
< B AAZRePrO(|l€(u™ 2) |y, + VT2 || + L2 | VE, 2|2 (5.24)
Using Lemmas 5.1 and 5.10 and Young’s inequality

w(er MFEN m n+3, 1 nt+i, 1 n+1 n+3
ai(E(ey ?), T3, By )SAsz(eh DIEIVECE, DIV 2]IVE, 2|

+1 +1
=< 283A%R63PTQCEW,NCeW,NHVTTL+2H 1&Cen ) 1 v + Remllen I x + Hep- HVE?HZHQ
(5.25)
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Using Lemma 5.1 and Young’s inequality

% n+ i n+1 n+i nt+i n+ i nt+i
03 (€™, EYTL BT < ey IE Ve IR IVET IV EL

2,

< W2 4AZRePrO(|VE )2 + |77 58, ,) + BL 7 1o BT (5.26)

1
where we also used the stability bound for uZ+2 in the above inequality.

Now we bound the interpolation error terms on the RHS of (5.21).

Using Cauchy-Schwarz and Young’s inequalities and Lemma 5.2

tn+1

1
(T - T, B < antRRe [ it BED v B,
tn

(5.27)

tn+l

1 n
(VT VT ), V) < Ar / IVTulPdt + HIVE, 22 (5.28)

tTL

1
Adding and subtracting a*(&(u"t2), T(t"+2), EZ+2), we have
1 1 1
G (EW"T), T2 By %) — af(u(t"2), T(1"F2), By 2) = aj(€(u™2), T s — T(1"F3), ) 2)

3 1
+a} (6 E) — R (), By ) 4 af(utE - u(thE), T E), By 2,

Using Lemmas 5.1 and 5.2 and Young’s inequality

* n+i n+ = n+2 n+3 n4 1 n+l n+i
0} (E(uFR), [T — (" 2)], B 7) < Ay |[VE(um 2) |||V — T 2))|[VE, 2|
tn+1

2
< ABAET |Gt )|t 4+ A A / VTl dt + FEDZ )T B 2|2, (5.29)
t’n

* n+z n+z n+z n+3g 1 n n+tsg
ai(E(u™2) — "R T R), By < A VIE ) — o R VT () |V E, |
tn+1 . n 1
< APP8AZRePr(||VT(t"3)||* + /t IVuge|[*dt) + LD |V E, |12 (5.30)

1 1
af(u'te —u(t )], T ), By 2) < Ay V[umte — u(e )| |[VT )| |[VE; 2|
tn+1

2 2
< ATt AR [t B0 651)
t’n
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Using (5.27), (5.28), (5.29), (5.30), (5.31) in (5.21) we have

M-1
-+ RePrC
At S [Intpy| < ArdEE 2 Z IVE[ 2|2 + AR RLChe 712 4 AP g2
n=0

+At4A RePr

49A2 RePr
(NVE@™)I10 + IVTiellf0) + At ZHEE2(IVT 25 + [ Vuwg o).

(5.32)

Using (5.23), (5.24), (5.25), (5.26) and (5.32) in (5.22) and summing

fromn=0ton=M —1 gives

M-1
IEM 12 = 1ER|? + 2At(RePr)™ Y |]VE"+2 12 < h?*16(RePr)~'C|||T"2||2
n=0
M-—1
+ WS AZRPrC[€(u )[4 4y + WS AZRPrC VT 2|y + B 3 Atfle(er )12
n=0

+ W8 AZRe PrC||VE(uy)||2o + h2F8AZRePrC|||T 2|4, ) + A ELCee |7y, 12

+At4(R€PT ”vz—'ttHQO‘i‘AtAA RePTHvé-( 1/2)||40+At4A REPTHVTttH40+At4w”vTH40

M—1
1
+ AP OBRLT G |14+ 203A8REPI2CE, O AL S @IV R 4 VT3 ) ep 2%
n=0
+ 293 AL ReP Pr2C%, v C2 O 2IVT || + VT2 | )]|u(0) |21, (5.33)

where we have used that

M—-1

+ 1 3 nti
Z I3 [ e} 2)HQEv,N < QUVTR |+ VTR () ey 2 [ E v
n=0

- i 3
+ WHRACCE VT + VT2 [)]|u(0)]}41-

On the other hand, at "3 the velocity solution satisfies

(g7 on )+ ap(HN €)Y w™ S, 0p) — Re™ (A3, vy)

= ("3, V o) = RT3k o) = (743 o) + Tntps Yo, € V!, (5.34)

Intpy = <un+Alt_un - ut(tn+%)7vh> + [GB(H,J\Vé(U ) HN nt ) Un) — aﬁ(“(twr%) u(t”+%),vh)]
— (PR = p(t"F2), V) — Ri( (T2 — T(t"2)) k, v — Re™ (Ap[u™ 2 — u(t™2)],vy,).

(5.35)
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Subtracting (5.13a) from (5.34), adding +as(HY &(u n+2) Hu nty ,HY n+2)

. n+3
and choosing v, = Héveh , we obtain

1
lleh ™ 1%y w=llenlly v

_1y nt3
m + Re e, |

— Ri(E, £, HY e,

41 1
67N__<p”+2 V- HN n+ > R€71<Ah6L 2,H562+2>
>+ [ag(HY¢(em ), Hyunﬁ,ﬂyeh 5)
+ag(HY ¢ (uy, 3, HYe T? HY e, nt3 )] + Intps, (5.36)

because (¢ — e, HY e, nts )

n+l N n+i
0, (E} Qva en *)

aﬂ(HNf( ”"'2) HNe "+2 HN ”"'2

1
=0, <qh,V~H§VeZ+2> =0 and
v En )ZO'

Now we have to evaluate the terms on RHS of (5.36). Using Cauchy-
Schwarz and Young’s inequalities and Lemma 5.11 we obtain

1 +3
(g —p"3,V - HNe, " 2) <10ReD)?|lqn — p" 2|2 + Bl e

2, (5.37)

Using Cauchy-Schwarz and Poincaré inequalities, Lemma 5.11 and Young’s
inequality

N\»—A

Ri(E[ 2k, HY ey 7y < (Bebn

IVE 2P + C3pRRePrDE ey * |3 x- (5.38)

Using Cauchy-Schwarz inequality, Lemma 5.11 and Young’s inequality

Re "(Ape| s ,HYe n+ Y < Re '(1+ /{R@)D”HV@”H||||enJr

”6“* N
< h*10Re™ (1 + kRe)2D2Cllu 2 |2, + Bl ey *3 12 x- (5.39)

Using Lemma 5.1, Lemma 5.11 and Young’s inequality

H +3 3 + 1 +1

ag(HY'€(e) ), Hy“nJrQ’HiV@h )< 01Dy D} DY||VE (e, Q)HHVU"J“QHH@Z *lev, v
n+3 X 9 2 B P

< Reo len, 2112 n + h**5Reoi D3> D] DZZC(Hun 2 [l + [lu” 2Hk+1 + HVUH?H )

(5.40)

where we have used ||V&(e| )|| < 2R*C(un=2 |12, + w2 12,0).
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Using Lemma 5.1, Lemma 5.11 and Young’s inequality

ag(HYE(e) ™), BN w3 BN H?)

+3.1 EINTE! 1 +1
<oo|| HY f( n 2)H2HVH)\ é(eh 2)||2||VH§VU”+2HHVHN n s

<Re

e len ()22, x + 2023Re3 A D2 DX DI DY [Vt 5 |4 € (e ) |20 o

(5.41)

Using Lemma 5.1, Lemma 5.11, stability of u; and Young’s inequality

ap(HY (™ 2), HY T oY et e)

1 n+i n+ n+i
< ool HY €(uy, " "’)III/QIIVHAH HIIVHY e QIIIIVHN “1I,

<Re

il 212 v + h2503 DY DD DY ReC (19 ur )2,y + [0 R Ly ) (5.42)

Now, using (5.37)-(5.40) in (5.36) we obtain and summing from n =
0,..., M — 1, we have

e I = )~ Lo
Bl + LRe” Z ey, e v < Z |Intpa| + 10ReD] Z lan — p" 2|
n=0 n=0 n=0
+ (RePr

Z IVERE I + H*0Re™ (1 -+ 5Re) D2Cful 3 ey
n=0

M—
_1 41 B
+ BN le(eh I + B2 5 Reat DYDY DEC U
+ W5 Rea? DYDY DI [u~ "4y + h25Reot DY DY DPC [Vl

+ 503 D DADY DY ReC||VE(up)|[3,9 + h**503 Dy D2D3* DI ReC|l|ul | 441
M-1

+ > [CPFRﬁRePrDﬂ+2023Re3a§D 202 D DI 2| Var |+ [TurtE 4] er 21
n=0

+ B 24023 Re3 o D DYDY DY Ccg? (2] Vud |* + Vs [)[u(0)|} 1, (5.43)

where we have used that

M-—1
n-+ n+i 1.4 3
Z a2 4l¢ e, Z)HJQEW,NS D llen 2l n@IVar T2t 4 Va1
n=0

1 3
RO VAV 4 Ve a0},
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Also

M-1 M-1
ALY flgn = p™ 2 < AL [ = pe )2 + o4 — ]
n=0 n=0
At s
< E“pttng,o + h? +20||p1/2||%,s+1' (5.44)

Finally, we have to evaluate the Intp term in (5.35). Here we perform
the standard analysis (see e. g. [76]) with only a small modification to consider the

temperature term which gives

tn+1

~ 1 . ) 1
(s =T 5)h HY 6,2 < At?’Réﬁl/ 1Tl dt + B e 2 (1% -
tn

and the extrapolation term

1
ag (f(u”+%) — u”+%,u(t"+%), H,]Yvez+2)

Re™ ntdo 3 42 nt 14 o 4
< llen 2B v + AP201 ReDX (| Vu(e 5 [fdt + | |[Vualdt),
-

which gives

M-1 ) M-1 L1 M-1 R 41

] et N el

At |Intpo] < BEAL Y (e 2N+ At D (B ey s + At g D a3,

n=0 n=0 n=0

+ At*§ReD*Chpllpull o + At'§ Re ™ DY |V |30 + At gs DY | Tuel13 9

+ At' L0t ReDY? || Vuy1 0 + At*202 ReDY?||VE (u'l?) 1.0 + At*407 ReDY? || Vullf o

N
+ At 0t ReD? | Vus 1o + 77 (@M + o1 + h*2)4ReC D Y " ||[F™ (|3 414
i=1
N . .
FA2(QINH 022k 4 p2k42) 4 ReC D2 Z <|||F7’+1u71/2|||§7k+1 n ‘|‘F1+1u73/2|“%,k+1)-
i=1
(5.45)
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Now, using (5.44) and (5.45) in (5.43) and adding (5.33)

M-1
_ +1 _ +1
(BN 1Z + llen" I n) = (BRI + el ) + AtRe™ > (lle 2[5 + ProtIVE, 2 ?)
n=0

< F16(RePr) " C||T"2||3 5 + h2*8A3RePrC[€(u'?) |4 4y + B*8ARePrC|||VT 7|14,

+ h2*8AZRePrC|||VE(u*)||3,0 + h**8A3RePrC || T2 |4y + At EECEe |73, 2

+ A EEDLGT |2+ AR 1G24 g + AP AELT 9T |4 o 4 At AP g
+ AONELT G 14 At S ReDY[pull3 + h2 T 220ReC D2 [p" |13 444

+ h?*20Re™ " (1 4 kRe)*CDY?|||ul H%,k+1 + h2k10ReofD§\2Dz2D;20H|u B 1/2|||j11,k+1

+ h*10Rea? DY* D7 DY*Cllfu *7(||4 4y + h**10Reo? D)2 D3> DI2C||Vul |4 4

+ h**1003 ReD D) DY? DI*C||V&(un) |30 + h**10Recs Dy D2 D3> DCl [ul[|4 441

+ At DY w30 + At EDICF pl|pre

-1
1280 |§,0 + At4ReTD32HvuttH§,0 + At44718Dg2”Ttt”§,0

+ At ot ReD?|[Vun 1 + At* 4ot ReDP?|[VE(u'?)| |10 + At'So?ReDY? | Vullj
N

+ At 07 ReDY?|[Vuyf o + 77 (@* N + a?h?* + B2 T2)8ReC DY > " |||F a3 44
i=1

N
+ 2@V a2p 4 p 8RO D Y (| e

e +IE 0 3 )

=1
M-1
+ALY [1 + Ri? + 20} p Ri?RePrD); + 2°3A3R Pr2C%, yC2 (2| VT 2|4 4 VT T3 ||h)
n=0

n 1 — —
+20%6Re> o DR DD DY (2| Vur T2 | + || Vun ||4)} lep 2 13 n + h2* L2y Re ™ u(0)[17 4
+ W23 AL R Pr2CY, N2 yCogh y2IVT2 [+ VT2 [)[u(0)]} 4,

+ W H22026 R0 DY D2 DY DY Oc? (21 Vud |* + [ Va ||4)[|u(0)]3 4,

where we have used that

M—1 il M—1 il

2 2 k —2
Z 1€ (e, Q)HSW,N <3 Z ey, QHEW,N"‘hQ 4CCeW,NHU(O)H%+1'
n=0

n=1

Now, let

W =1+ Ri® +2C} p Ri?RePrD)’ + 2°3A3R Pr2C%, yC2 (VT2 |4 4 VT3 |4

+ 2026 Re3 0 DD} DA DI (| Va2 ||* + ||V TR | Y, (5.46)
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and considering At < W~ (in order to apply the Gronwall’s inequality) we have

M-1
_ +1 _ +1
(BRI + e 12 n) = (BRI + ed B n) + AtRe™ Y (ley |15 v + PrtIVE, 2 ?)

€ h
n=0

< c*{h%m(RePrrlc|||Tl/2|||3,k+1 + h?*8AT RePrO|||€(w'?)[|1 oyr + h7*8ATRePrC|[|VT 2|11,

+ W2*8AZRePrC||VE(u*)||3,0 + h**8AZRePrC [T 2|4y + At EECEe |73, 2

+ AP ELD G712 4 APARLT G ()[4 4 AE AL | 4 ApASATRED T Gt
+ At4%ﬂ||vutt”io + At4%R6D22||ptt||§7o + h28+220R€CD32HPI/QHS,SH

+h?*20Re ™" (1 + £Re)*CDP||[ul|[3 411 + h**10Reat D3 D> DCl|u ™ 2|11 i1

+ h*10Rec? D3? DY DY*C||lu™ 2|4 1 + h*10Rec? D32 DI* DY2C| |Vl || o

+ h**1003 ReDp D} DY* DI*C||V&(un) |30 + h**10Recs D D2 D3> DC |l lul[|4 441

+ At4ﬁD752||UtttH§,0 + At4éDz20123F”ptt

-1
3.0 + At Ee— D2 Vuy |3 o + At* X DL Thell3.0

+ At Lo ReD [ Vuglt g + AtH40t ReD2 Ve )[4 + At'So3 ReD2? | Vuld,
N

+ AL ReD? Vi + 72 (0N 4+ a2h 4 B8RO DY Y IF I
i=1

N
X2 (@ a2p 4 p 8RO DY (I e
=1
_ _ _ 1 3
+ e Py Re Hw(0) |17y, + BTV BAS R PrRChy yC2 NCegy v 2IVT2 (1M + (VT [ [u(0) 174,

%,kﬂ + ||[Fit i) H%,k-&-l)

+ h2k+22()26Re3a§D§2D?2Dz4Dg4CC§3,N(2||Vu% I+ 1| Vu? ||4)||U(0)||z+1} (5.47)
where
M—1
c* .= exp{At Z %}
n=0

Estimates (5.16) - (5.19) follow from (5.47) and the triangle inequality.
[l

5.4 Numerical experiments

In this section we provide two examples to confirm the convergence
theory and compare the solutions obtained with the diferent regularized Boussinesq
model. In the first we estimate convergence rates using an analytical solution based

on the Taylor-Green solution for Navier-Stokes equations. In the second, the reg-
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ularized models were evaluated in traditional the Marsigli’s flow benchmark. Both
experiments were made with the FreeFem++ software [40] using a multi-frontal
Gauss LU factorization implemented in the package UMFPACK (provided with
FreeFem++ software).

5.4.1 Convergence rates

In order to evaluate the computational implementation of the above
mentioned algorithm and validate its convergence theory, in this section we estimate
convergence rates for four regularized versions of the Boussinesq model. To perform
this analysis, we adapt the traditional Taylor-Green solution used for Navier-Stokes
equations as a means to construct a solution of the Boussinesq model. Considering
the forcing f = (0, —Riexp [— %} cos(Nmzx) cos(mwy)) and the square domain
[0,1] x [0, 1] we obtain the following solution of Boussinesq model:

p= —i exp {—%} [cos(2mmx) + cos(2mmy)]
up = —exp [—%] cos(mmx) sin(mmy)

Uz = exp [—%] sin(mmx) cos(mmy)

T = exp [—%] cos(mmz) cos(mmy).

In this experiment we considered the temporal interval [0, 2], Taylor-
Hood and P,/P3;/P; elements and m = 1. We also considered regular meshes for
h = %, h = %, h = 3% and h = 6i4 and o = h. Then we carefully chose the
timestep At in order to balance error sources from the convergence theorem. In
Tables 5.2 - 5.9 we present convergence rates estimated for several regularized

Boussinesq model (Boussinesq-c«, Boussinesq-Leray, Boussinesq-w and Modified-

Boussinesq-Leray Models).

Examining the above mentioned tables, we observe that estimated con-
vergence rates agree well with the convergence theory presented in the previous

section. That is, the proposed algorithms are second order accurate when zeroth
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Element R=U T lu—wupll2,1 | Rate | Ju—upfloo,0 | Rate | [T —Thll2,1 | Rate | [T — Thlloo,0 | rate
Pi/Py/P> 8 8.2406E-03 5.4350E-01 2.4673E-02 5.8004E-04
At=h 16 1.6296E-03 2.34 1.4125E-01 1.94 6.2468E-03 1.98 7.1054E-05 3.03
32 2.9362E-04 2.47 3.6040E-02 1.97 1.5694E-03 1.99 8.9673E-06 2.99
64 5.8693E-05 2.32 9.0846E-03 1.99 3.9314E-04 2.00 1.2103E-06 2.89
Py/P3/P3 8 1.0791E-03 2.3390E-05 8.6364E-04 4.1567E-05
At=nh 16 1.7465E-04 2.63 5.2190E-06 2.16 1.1353E-04 2.93 7.7097E-06 2.43
32 2.6206E-05 2.74 1.3616E-06 1.94 1.7428E-05 2.70 2.0195E-06 1.93
64 3.9838E-06 2.72 3.5066E-07 1.96 3.3903E-06 2.36 5.2456E-07 1.94

Table 5.2: Convergence rates for Boussinesq-a-Dg for Re = 10, Ri = 1 and Pr = 10.

Element =T T lu—wupll2,1 | Rate | Ju—upfloo,0 | Rate | [T —Thll2,1 | Rate | [T — Th|loc,0 | rate
Py /P>/ P> 8 8.4932E-03 2.5673E-04 2.4674E-02 5.8172E-04

At=h 16 1.7018E-03 2.32 2.4209E-05 3.41 6.2468E-03 1.98 7.1158E-05 3.03
32 3.0447E-04 2.48 2.4857E-06 3.28 1.5694E-03 1.99 8.9607E-06 2.99
64 5.9807E-05 2.35 4.0743E-07 2.61 3.9314E-04 2.00 1.2071E-06 2.89
P>/P3/Ps 8 1.0250E-03 1.3447E-05 8.4919E-04 3.2884E-05
At = h3/? 16 1.1178E-04 3.20 9.1164E-07 3.88 1.0400E-04 3.03 2.0305E-06 4.02
32 6.9374E-06 4.01 4.8437E-08 4.23 1.2861E-05 3.02 1.3077E-07 3.96
64 4.8708E-07 3.83 5.7931E-09 3.06 1.5991E-06 3.01 1.0929E-08 3.58

Table 5.3: Convergence rates for Boussinesq-a-D; for Re = 10, Ri = 1 and Pr = 10.

order deconvolution (N = 0) is chosen and third order for first order deconvolution
(N =1). We do not test the second order deconvolution case because, even using
P2/P3/P3 elements, the algorithm would still be second order accurate and no dif-
ferences in terms of convergence rates are expected in this case in comparison to the
N =1 case. However, as will be shown in the next section, despite having no dif-
ference in terms of accuracy, even for P1/P2/P2 elements, increasing deconvolution

order still improves significantly the obtained solutions.

5.4.2 Marsigli’s experiment with Re = 2000

In a first test we evaluate the performance of the four above mentioned
regularized versions of the Boussinesq model in the Marsigli flow experiment for
Re = 2000. In the case of the Boussinesq-a and Modified-Boussinesq-Leray models,
zeroth and first order deconvolution were tested and in the case of the Boussinesq-
Leray and Boussinesq-w regularizations, due to the decoupling between momentum

and filter equations which reduces the computational cost, we also tested second
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Element R=U T lu—wupll2,1 | Rate | Ju—upfloo,0 | Rate | [T —Thll2,1 | Rate | [T — Thlloo,0 | rate
Pi/Py/P> 8 8.4502E-03 2.5556E-04 2.4673E-02 5.8055E-04
At=h 16 1.6485E-03 2.36 2.3927E-05 3.42 6.2467E-03 1.98 7.0929E-05 3.03
32 2.9442E-04 2.49 2.4705E-06 3.28 1.5694E-03 1.99 8.9674E-06 2.98
64 5.8688E-05 2.33 4.0781E-07 2.60 3.9314E-04 2.00 1.2109E-06 2.89
Py/P3/P3 8 1.1322E-03 2.4034E-05 8.6363E-04 4.1510E-05
At=nh 16 1.8172E-04 2.64 5.2399E-06 2.20 1.1353E-04 2.93 7.7078E-06 2.43
32 2.6917E-05 2.76 1.3620E-06 1.94 1.7432E-05 2.70 2.0200E-06 1.93
64 4.0499E-06 2.73 3.5067E-07 1.96 3.3908E-06 2.36 5.2463E-07 1.94

Table 5.4: Convergence rates for Boussinesq-Leray-Dg for Re = 10, Ri = 1 and Pr = 10.

Element | A~T [ Jlu —upll2,1 | Rate | Ju —upllco,0 | Rate | [T — Thll2,1 | Rate | [T — Thlloo,0 | rate
Pi/Py/P> 8 9.4437E-03 2.6755E-04 2.4675E-02 5.8331E-04

At=nh 16 1.8485E-03 2.35 2.5067E-05 3.42 6.2467E-03 1.98 7.0900E-05 3.04
32 3.2144E-04 2.52 2.5350E-06 3.31 1.5694E-03 1.99 8.9648E-06 2.98
64 6.1323E-05 2.39 4.0963E-07 2.63 3.9314E-04 2.00 1.2107E-06 2.89
P>/P3/P3 8 1.1394E-03 1.7152E-05 8.4920E-04 3.2887E-05
At = h>/2 16 1.1847E-04 3.27 1.0554E-06 4.02 1.0400E-04 3.03 2.0327E-06 4.02
32 6.9510E-06 4.09 4.8975E-08 4.43 1.2861E-05 3.02 1.3116E-07 3.95
64 4.8441E-07 3.84 5.8058E-09 3.08 1.5991E-06 3.01 1.1029E-08 3.57

Table 5.5: Convergence rates for Boussinesq-Leray-D; for Re = 10, Ri = 1 and Pr = 10.

order deconvolution, in addition to zeroth and first order. Simulations were made
in the [0,8] x [0, 1] rectangle and they last from t=0 until t=8 with a time step
of At = 0.002. In addition, P2 elements for velocity and temperature and P1
elements for pressure were employed in these simulations. In order to evaluate the
regularized versions of the Boussinesq model, solutions obtained in a coarse mesh
with the regularized and the original Boussinesq model (with and without artificial
viscosity) are compared with a high resolution solution. The high resolution test was
made using regular triangular elements with mesh-width h = 0.01 which corresponds
to a grid of 800 x 100 squares. Solutions obtained for instants 2, 4, 6 and 8 with
the Boussinesq model without regularization in the high resolution mesh are shown
respectively in Figures 5.1(a), 5.2(a), 5.3(a) and 5.4(a). These figures show that
the Boussinesq model was able to reproduce the expected behavior in this kind of
flow, namely, the dense fluid moving in a lower current to the left and the light fluid
moving in a upper current to the right. Moreover, as expected, a vortex sheet in the
interface between the upper and lower part of fluid is formed due to the development

of Kelvin-Helmholtz instabilities.
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Element R=U T lu—wupll2,1 | Rate | Ju—upfloo,0 | Rate | [T —Thll2,1 | Rate | [T — Thlloo,0 | rate
Pi/Py/P> 8 9.0285E-03 2.6345E-04 2.4674E-02 5.7970E-04
At=h 16 1.8171E-03 2.31 2.5396E-05 3.37 6.2491E-03 1.98 7.7991E-05 2.89
32 3.2101E-04 2.50 2.8748E-06 3.14 1.5700E-03 1.99 1.2810E-05 2.61
64 6.1481E-05 2.38 4.6921E-07 2.62 3.9322E-04 2.00 2.0650E-06 2.63
Py/P3/P3 8 1.2850E-03 2.4843E-05 8.6559E-04 4.1838E-05
At=nh 16 2.2380E-04 2.52 5.3228E-06 2.22 1.1369E-04 2.93 7.7635E-06 2.43
32 3.4019E-05 2.72 1.3653E-06 1.96 1.7456E-05 2.70 2.0267E-06 1.94
64 4.9874E-06 2.77 3.5080E-07 1.96 3.3931E-06 2.36 5.2523E-07 1.95

Table 5.6: Convergence rates for Boussinesq-w-Dy for Re = 10, Ri = 1 and Pr = 10.

Element R=T T [lu —upll2,1 | Rate | Ju—upnlloo,0 | Rate | [T —Thll2,1 | Rate | [T — Thlloo,0 | rate
Pi/Py/P> 8 1.1452E-02 2.9813E-04 2.4678E-02 5.8392E-04

At=nh 16 2.4189E-03 2.24 2.9144E-05 3.35 6.2503E-03 1.98 8.1489E-05 2.84
32 4.1286E-04 2.55 2.9978E-06 3.28 1.5699E-03 1.99 1.1882E-05 2.78
64 7.1533E-05 2.53 4.4424E-07 2.75 3.9318E-04 2.00 1.6335E-06 2.86
Py/P3/P3 8 1.6575E-03 2.1259E-05 8.4985E-04 3.3620E-05
At = h?/2 16 1.6536E-04 3.33 1.4616E-06 3.86 1.0403E-04 3.03 2.0931E-06 4.01
32 8.5377E-06 4.28 5.3917E-08 4.76 1.2862E-05 3.02 1.3469E-07 3.96
64 5.4761E-07 3.96 5.8337E-09 3.21 1.5992E-06 3.01 1.1194E-08 3.59

Table 5.7: Convergence rates for Boussinesq-w-D; for Re = 10, Ri = 1 and Pr = 10.

Now, we present the results obtained in the coarse mesh with the
Boussinesq model without regularization. In this test we adopted regular trian-
gular elements with A = 0.034, which corresponds to a grid with 240 x 30 squares.
The obtained results are presented in Figures 5.1(b), 5.2(b), 5.3(b) and 5.4(b). We

see that at t = 2 solution is very noisy and in the subsequent instants it degenerates.

After that, we test the commonly used technique of artificial viscosity in
which the viscosity is artificially increased in order to stabilize the model. Solution
obtained for Re = 1000 is presented in Figures 5.1(c), 5.2(c) and 5.3(c) and 5.4(c)
and for Re = 1500 in Figures 5.1(d), 5.2(d), 5.3(d) and 5.4(d). For the case in which
Re = 1000 we observe that the consistency error is large causing the solution to be
smoother when compared to the fine solution. On the other hand, when Re = 1500

solution gradually becomes noisy and in the final instant ¢ = 8 it degenerates.

Finally, we present the results obtained with regularized Boussinesq
models using o = h. Figures 5.1, 5.2, 5.3 and 5.4 (e) and (f) present the results
produced with Boussinesq-a (D and Dy, respectively), (g), (h) and (m) the results
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Element R=U T lu—wupll2,1 | Rate | Ju—upfloo,0 | Rate | [T —Thll2,1 | Rate | [T — Thlloo,0 | rate
Pi/Py/P> 8 8.1597E-03 2.5235E-04 2.4674E-02 5.8082E-04
At=h 16 1.5943E-03 2.36 2.4448E-05 3.37 6.2493E-03 1.98 7.8429E-05 2.89
32 2.8740E-04 2.47 2.8313E-06 3.11 1.5700E-03 1.99 1.2814E-05 2.61
64 5.8033E-05 2.31 4.6741E-07 2.60 3.9322E-04 2.00 2.0547E-06 2.64
P,/P3/P3 8 1.0555E-03 2.3287E-05 8.6386E-04 4.1871E-05
At=nh 16 1.6475E-04 2.68 5.2081E-06 2.16 1.1367E-04 2.93 7.7594E-06 2.43
32 2.4280E-05 2.76 1.3619E-06 1.94 1.7455E-05 2.70 2.0260E-06 1.94
64 3.7226E-06 2.71 3.5072E-07 1.96 3.3930E-06 2.36 5.2516E-07 1.95

Table 5.8: Convergence rates for Modified-Boussinesqg-Leray-Dg for Re = 10, Ri = 1 and
Pr = 10.

Element =T T lu—wupll2,1 | Rate | JJu—upfloo,0 | Rate | [T —Thll2,1 | Rate | [T — Thlloc,0 | rate
Py /P>/ P> 8 8.2715E-03 2.5470E-04 2.4679E-02 5.8579E-04

At=h 16 1.6244E-03 2.35 2.6019E-05 3.29 6.2530E-03 1.98 8.8815E-05 2.72
32 2.9208E-04 2.48 3.3004E-06 2.98 1.5709E-03 1.99 1.6509E-05 2.43
64 5.8521E-05 2.32 5.3450E-07 2.63 3.9332E-04 2.00 2.7328E-06 2.59
P>/P3/Ps 8 9.1121E-04 1.2501E-05 8.5000E-04 3.3897E-05
At = h3/? 16 1.0280E-04 3.15 8.2361E-07 3.92 1.0404E-04 3.03 2.1274E-06 3.99
32 6.6840E-06 3.94 4.7824E-08 4.11 1.2863E-05 3.02 1.3720E-07 3.95
64 4.7804E-07 3.81 5.8014E-09 3.04 1.5992E-06 3.01 1.1257E-08 3.61

Table 5.9: Convergence rates for Modified-Boussinesqg-Leray-D; for Re = 10, Ri = 1 and
Pr =10.

with Boussinesq-Leray (Dy, Dy and Ds, respectively), (i) and (j) the results with
Modified-Boussinesq-Leray (Dy and Dy, respectively) and (k), (1) and (n) the results
with Boussinesq-w (Dy, Dy and Dy, respectively). In these figures we can see that
Boussinesq-a and Boussinesq-Leray solutions are accurate and very similar to the
high resolution solution. On the other hand, Boussinesq-w and Modified-Boussinesq-
Leray, despite being stable, produced very smoothed solutions in comparison with
the fine solution. Moreover, at ¢t = 8 only small discrepancies between Boussinesqg-
a-D; and Boussinesq-Leray-Ds can be observed. The main difference is the central
vortice which is better represented in the Boussinesg-Leray-D, solution. The L?
error estimated using the fine solution as reference is presented in Table 5.10. In
this table we also see that Boussinesqg-Leray and Boussinesqg-alpha produced the

best approximations.

In Table 5.11 we also present the computional time for each model in

this experiment. These simulations were made in a Intel® Core™ i7 3.70 GHz. It
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shows that Leray and omega regularizations presented the smaller computational

due to the decoupling between the momentum and filter equations resulting from

the Baker extrapolation.
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Figure 5.1: Temperature field in the Marsigli’s experiment with Re = 2000 for ¢ = 2.

5.4.3 Marsigli’s experiment with Re = 5000

In our last experiment, we evaluate solutions provided by the regu-

larized versions of the Boussinesq model in the more challenging case in which

Re = 5000. The reference high resolution solution for this experiment was obtained

using a 800 x 100 regular triangular element mesh and a third order backward dif-
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Figure 5.2: Temperature field in the Marsigli’s experiment with Re = 2000 for ¢ = 4.

ference formulae (BDF3) time discretization scheme using At = 0.001. The BDF3

scheme used in the high resolution mesh was

Algorlthm 5.2. Gwen u), u} and vz and T, T} and T?, set M = -= and for

At

n=2,. —1, find u"“ €V, and T}?H €Y}, satisfying Vv, € Vi, and Vs, € Yy,

18 9nlln72

WPt 22y 2y u 1 1 _1/% n+1
< h 1% A Rm— ,vh>—|—%a2(£(uz+ ), UZ+ vh) — %Re <Ahuh 2,vh>

— L RI(T s von) = {5 (F7 on)

Tn+1 18Tn 9 T”flflTnfz
< b1l +1Alt b lln ,sh> + Sa* (Eupt™), TPt sp) + S (RePr) H(VTH Vsy) =0,

where & is the extrapolation operator defined by &(uj™) = 3ul — 3u ™! + w2
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Figure 5.3: Temperature field in the Marsigli’s experiment with Re = 2000 for ¢ = 6.

Remark 5.6. We have used the BDF3 scheme because it is third order accurate
which allowed more accuracy with less computational effort. However, it has the

disadvantage of being conditionally stable.

Remark 5.7. The three initial condition ul), u} and u3 and T, Tjt and T} necessary

for three step backward differentiation method should be provided by a single-step
method as proposed in [2]. In our experiment the Crank-Nicolson single step method

was used to provide uY, ui and ui and Ty, T} and T7.
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Figure 5.4: Temperature field in the Marsigli’s experiment with Re = 2000 for ¢ = 8.

Results obtained in the high resolution mesh are presented in Figures

5.5(a), 5.6(a), 5.7(a) and 5.8(a). In these figures we can observe that the high reso-

lution solution completely agree with the results presented in [69], where the same

experiment was performed but with different spatial and temporal discretization

techniques.

In order to evaluate the solutions obtained with regularized Boussinesq

models for Re = 5000 when the mesh is coarse, we accomplished an experiment in

a coarse mesh using regular triangular elements with h = 0.02, which corresponds

to a grid with 400 x 50 squares. Solution produced with the Boussinesq model



HTﬁoar.se _ T}{VHE‘I% o
Boussinesq 2.5974
Boussinesq+Art. Visc. 1000 0.21506
Boussinesq+Art. Visc. 1500 0.2377
Boussinesg-alpha 0.2218
Boussinesqg-alpha-Dj 0.145034
Boussinesq-Modified-Leray 0.42708
Boussinesq-Modified-Leray-D1 0.24884
Boussinesq-Leray 0.142466
Boussinesq-Leray-D1 0.057094
Boussinesq-Leray-Da 0.044276
Boussinesg-omega 0.4889
Boussinesq-omega-D1 0.27158
Boussinesg-omega- D> 0.2071

Table 5.10: L?(0,8;) error estimates in the coarse mesh temperature aproximations for

Re = 2000.
Fine Coarse | alpha Leray Leray-Mod omega
Dy D Do D, Dy Do D Dg Dy Dy
2.65e¢6 | 1.08e5 | 1.09e¢5 | 1.09e¢5 | 3.6e4 | 4.8e4 | 6.2e4 8.8e4 2.8e5 | 3.2e4 | 4.52e4 | 6.0e4

Table 5.11: Computational time in seconds obtained in simulations with Boussinesq
model and its regularizations for Re = 2000.

(without regularization) in the coarse mesh is presented in Figures 5.5(b), 5.6(b),
5.7(b) and 5.8(b). In these figures we can see that solution quickly degenerates using

the Boussinesq model without regularization.

Also, we evaluate the Boussinesq model solution obtained in the coarse
mesh when viscosity is increased in order to stabilize the model (artificial viscosity
technique). In Figures 5.5(c), 5.6(c), 5.7(c) and 5.8(c) we present solutions produced
using Re = 1000 and in Figures 5.5(d), 5.6(d), 5.7(d) and 5.8(d) using Re = 1500.
In these figures we see that the solution becomes quite smoothed in both Re = 1000
and Re = 1500 cases due to the consistency error caused by increasing the viscosity

coefficient.

Finally, we present the solutions obtained in the coarse mesh with regu-
larized versions of the Boussinesq model. In this experiment we also adopted a = h.
Results for t = 2 are presented in Figure 5.5. In this instant we observe that

solutions are generally good, except in the case of the Boussinesq-w and Modified-
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Boussinesq-Leray without deconvolution. However, solutions produced by the de-
convolved versions of these models are also accurate at t = 2. At t = 4 (Figure 5.6)
solutions provided by the regularized versions of Boussinesq model start to present
significant differences between them. Although all deconvolved solutions are stable,
we observe that the Boussinesq-a-D; and Boussinesq-Leray-D,; were more similar
to the high resolution solution at ¢ = 4s. Moreover, we observe that in general
all regularized models are improved when the deconvolution order is increased. A
similar pattern is still observed in ¢t = 6 (Figure 5.7). Nevertheless, the Boussinesq-
a-Dy solution lost its symmetry. Lastly, for ¢ = 8 we observe that all deconvolved
regularizations presented some degree of accuracy when compared to the high reso-
lution solution. But, Boussinesq-Leray-D, clearly provides the best solution among
the regularized models. The L? error estimated using the fine solution as refer-
ence for this experiment is presented in Table 5.12. In this table we see again that
the Boussinesq-Leray produced the best approximations. It is important to remark
that, clearly from Algorithm 5.1, the Boussinesq-Leray (as well as the Boussinesq-
w) also has strong computational advantages when compared to Boussinesq-a and
Modified-Boussinesq-Leray models, due to the decoupling between the momentum
and the filter equation, which reduces the computational cost and enables it to work

with any deconvolution order without a significant increase in computational time.

1T — T 180
Boussinesq 8.3356
Boussinesq+Art. Visc. 1000 0.5686
Boussinesq+Art. Visc. 1500 0.4523
Boussinesqg-alpha 0.3333
Boussinesg-alpha-D; 0.3103
Boussinesq-Modified-Leray 0.53634
Boussinesq-Modified-Leray-D1 0.46846
Boussinesq-Leray 0.30634
Boussinesq-Leray-D1 0.23848
Boussinesq-Leray-Da 0.21676
Boussinesq-omega 0.57784
Boussinesqg-omega- D1 0.47344
Boussinesq-omega- D> 0.36828

Table 5.12: L?(0,8; Q) error estimates in the coarse mesh temperature aproximations for
Re = 5000.
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Figure 5.5: Temperature field in the Marsigli’s experiment with Re = 5000 for t = 2.

5.5 Concluding remarks

In this chapter, we have studied four regularized versions of the Boussi-
nesq model for density currents, namely, Boussinesq-a, Boussinesq-Leray, Boussinesq-
w and Modified-Boussinesq-Leray. We have proved stability and optimal conver-
gence in which case we have shown that increasing deconvolution order increases
the consistency error order of the regularized model. Then, we tested the proposed
algorithm in computational simulations. Firstly, convergence rates were estimated

in simulations and agreed well with the theoretical ones. Afterward, the regularized
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Figure 5.6: Temperature field in the Marsigli’s experiment with Re = 5000 for ¢ = 4.

models were compared in the Marsigli’s density flow experiment. In this experiment,
we observed that for low Reynolds numbers, all tested regularized models provided
accurate solutions, being more accurate for larger deconvolution order. However,
the best solutions were obtained with the Boussinesq-a-D; and Boussinesq-Leray-
D5 models. On the other hand, in the case of high Reynolds number we found that,
despite of all first order deconvolved models being better than the non-regularized
Boussinesq model with and without artificial viscosity, Boussinesq-Leray with sec-
ond order deconvolution provided the best solution. In addition to having performed

better in these tests, Boussinesqg-Leray also has large advantages from the compu-
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Figure 5.7: Temperature field in the Marsigli’s experiment with Re = 5000 for ¢ = 6.

tational viewpoint because its decoupling between momentum and filter equation
reducing the model degrees of freedom and enabling it to work with any deconvolu-

tion order without a significant increase in computational time.

As for LES (see [87, 88, 49, 6], for instance), we believe the next step
in a future work is to apply the regularized models in threedimensional simulations.
In this kind of flow, other aspects resulting from the vortex stretching mechanism
will emerge and could reveal other differences between the regularized Boussinesq

models.
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Figure 5.8: Temperature field in the Marsigli’s experiment with Re = 5000 for ¢ = 8.



6 CONCLUSIONS

In the present Thesis, we have studied regularization techniques for
geophysical models. As discussed in Chapter 1, geophysical flows are immensely
important because of their plethora of applications in the atmospheric and oceanic
sciences. Despite being one of the first applications of scientific computation and the
great development of the computer power, realistic geophysical flow simulations are
far from being fully resolved, largely due to the huge computational cost that would
be necessary to reproduce all the necessary scales, but also because turbulence in this
kind of flow is not totally understood. Thus, meteorologists and oceanographers very
often have to resort to additional techniques in order to overcome these problems.
Interestingly, despite the great importance of techniques to deal with turbulence
in geophysical flows simulations, they are mainly projected and analysed in the
engineering applications context. The main objective of this thesis is to apply and
analyse these techniques, particularly the regularization models, in the geophysical
framework. Our interest in regularization models is due to its sound mathematical
and physical foundations and its ease to implement and low computational cost.
Moreover, we are also motivated by some recent studies involving the application of
alpha regularizations in the geophysical context which demonstrated some success

in this kind of application.

Following the classical division adopted in Geophysical Fluid Dynamics
in terms of barotropic and baroclinic flows, this thesis was divided into two parts
in which regularizations technique was applied in the Barotropic Vorticity model in

the first part and in the Boussinesq model for density currents in the second one.

In the first part, we started in Chapter 2 with the BV-Tikhonov model,
which is a regularization of the Barotropic Vorticity model based on the Navier-
Stokes-a model with the modified Tikhonov-Lavrentiev deconvolution. Then, we

proposed a Crank-Nicolson algorithm for BV-Tikhonov model and showed it is stable
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and optimally convergent. Afterward, the BV-Tikhonov model was tested in the the
traditional double gyre wind forcing benchmark in which it could recover the high
resolution pattern when computing on a coarse mesh. However, these experiments
also showed that the BV-Tikhonov solution can dramatically improve over the BV-a
solution (obtained when p = 1 in the BV-Tikhonov model) by a careful choice of the
i parameter. That is, 4 < 1 has to be chosen in order to improve the solution by
controlling the model consistency error and avoiding filtering in the resolved scales,

but on the other hand it weakens the regularization.

Two natural improvements in the BV-Tikhonov model were 1) look for
a less sensible regularization to this kind of problem and 2) apply the van Cittert
approximate deconvolution method in the BV model, which, in the case of Navier-
Stokes equations, is known to increase the model consistency error order. The former

improve was studied in Chapter 3 and the latter in Chapter 4.

In Chapter 3, we tested, to the best of our knowledge for the first time,
the Bardina regularization of the Barotropic Vorticity model, which was called BV-
Bardina model. The BV-Bardina model is a regularization of the BV model which
differs from the BV-a by the presence of a filtered vorticity in the nonlinear term
having, consequently, more regularization. We proposed a Crank-Nicolson finite
element scheme for BV-Bardina model and showed it is unconditionally stable and
optimally convergent, which was also corroborated in numerical simulations. Finally,
we evaluated the BV-Bardina solution in the double wind forcing benchmark against
the artificial vorticity technique and the BV-a model, in which we show that the

BV-Bardina model compares favourably to both.

In Chapter 4, we proposed and studied the BV-a-Deconvolution model.
The BV-a-Deconvolution model was inspired in the Navier-Stokes-a-Deconvolution
model in which, through the approximate deconvolution technique, increase arbitrar-
ily the consistency error order in the model. Actually, the BV-a-Deconvolution is a

family of models which generalizes the BV-a and improves accuracy. We studied a
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Crank-Nicolson finite element scheme for BV-a-Deconvolution and prove its stability
and optimal convergence. In particular, we showed that the BV-a-Deconvolution
has an O(a?V*?) consistency error, where N is the deconvolution order, whereas
BV-a is only O(a?) accurate. In addition, we confirmed the convergence theory
by estimating convergence rates through computational simulations. Finally, we
demonstrated that the BV-a-Deconvolution model can accurately retrieve the high
resolution solution without weakening the filtering, as in the BV-Tikhonov model.
Instead, dramatic improvement is obtained only increasing the deconvolution order.
Moreover, we showed both that i) even when the convergence error is dominated by
the spatial error term, increasing deconvolution order still improve the model solu-
tion and ii) higher-order BV-a-Deconvolution model can retrieve very challenging
solution structures which cannot be retrieved by decreasing the 1 parameter in the

BV-Tikhonov model.

The second part of this thesis was devoted to the baroclinic flows
through the Boussinesq model. Then, based in the regularization theory for Navier-
Stokes equations, in Chapter 5 we proposed a family of regularizations for the Boussi-
nesq model, namely Boussinesq-a, Boussinesq-w, Boussinesqg-Leray and Modified-
Boussinesqg-Leray models, all of them using the approximate deconvolution tech-
nique. Initially, we propose and analyse a Crank-Nicolson finite element scheme for
a general regularized Boussinesq model which conserves energy and is uncondition-
ally stable and optimally convergent. Then, we showed through simulations that i)
the convergence theory is supported by all of them, ii) they all perform well in the
Marsigli flow’s experiment and iii) increasing the deconvolution order improves the
solution. However, in the more challenging situation in which the Reynolds num-
ber is large, we showed that the Boussinesq-Leray model was significantly better
than the other regularized models. Moreover, the Boussinesq-Leray, because of its
mathematical structure, allows the decoupling between the filter equation and the
momentum equation enabling a much smaller computational cost regardless of the

deconvolution order.
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There are several directions in which this thesis can be extended, giving
rise to future research. Firstly, in the case of BV model, there are some regular-
izations that need to be tested such as Voigt [55, 56, 68] and omega [65], and
their respective approximate deconvolved versions (Van Cittert [75] and Tikhonov-
Lavrentiev [105]). Another interesting recent approach is the iterated modified
Tikhonov-Lavrentiev approximate deconvolution [53], which allows control of the
convergence order and, in principle, can be applied in any regularization model.
Moreover, another direction in which the studies with BV model can be extended is
to consider the BV model for two layers. Recently, a LES version of the BV model
based on the Approximate Deconvolution Model (ADM), was studied considering
two layers [99], after being studied for one layer [100]. Thus, the first baroclinic mode
can be considered in the model which would permit to evaluate the regularizations

in a situation more similar with the true threedimensional ocean dynamic.

On the other hand, a natural next step for the study of density currents
using the Boussinesq model is to extend the experiments for threedimensional situa-
tions. An interesting benchmark test is the 3D lock-exchange problem [87] in which
some LES and parametrization models were recently tested [87, 88, 6, 16]. Also,
even for 2D simulations, it would be very interesting to study Voigt and modified
Tikhonov-Lavrentiev regularizations for the Boussinesq model. In our experiments
with the Boussinesq model, we observed that small changes in the alpha param-
eter can significantly improve the solution, which is probably related to a better
adjustment of the filter transfer function. The modified Tikhonok-Lavrentiev de-
convolution [105] permits control of the regularization transfer function, what would
allow a better tuning of the regularized model, or even better with higher order con-

sistency error such as in [53].

An interesting open problem regarding regularization models is related
to the kind of filter used. The Helmholtz filter used in regularization models is a kind
of differential filter introduced by Germano [30, 29], which has several advantages
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from the implementation point of view. However, this filter has some drawbacks,
e.g., 1) its transfer function never goes zero, what means that it does not completely
remove the energy in subgrid wavenumbers; 2) it is too dissipative in the region close
to grid cut-off wavenumber, meaning that it significantly affects the resolved scales.
Thus, meaningful improvement in solutions provided by regularization models can
be achieved by fixing this problem. An interesting approach is the nonlinear filtering
[67, 8] which permits to filter locally the flow based in a given indicator function
avoiding regions where the flow is resolvable. In addition to the physical based
indicator functions [67, 8], recently a mathematical based indicator function given by
Huh—D?\,uh H [10] permits, as well to select filtered regions, to increase the consistency
error in the regularization model. Another interesting approach is to investigate
and apply other filters with a sharper transfer function decay which save the low to

moderate scales and completely remove the subgrid scales (see [101, 83, 80]).
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