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ABSTRACT

REDUCED-ORDER MODELLING OF SHALLOW WATER EQUATIONS

Yildiz, Siileyman
Ph.D., Department of Scientific Computing

Supervisor : Prof. Dr. Biilent Karasézen

July 2021, [128| pages

The shallow water equations (SWEs) consist of a set of two-dimensional partial dif-
ferential equations (PDEs) describing a thin inviscid fluid layer flowing over the to-
pography in a frame rotating about an arbitrary axis. SWEs are widely used in model-
ing large-scale atmosphere/ocean dynamics and numerical weather prediction. High-
resolution simulations of the SWEs require long time horizons over global scales
when combined with accurate resolution in time and space makes simulations very
time-consuming. While high-resolution ocean-modeling simulations are still feasi-
ble on large HPC machines, performing many query applications, such as repeated
evaluations of the model over a range of parameter values, at these resolutions, is not
feasible. Reduced-order modeling enables fast simulation of the PDEs using high-
fidelity solutions. In this thesis, reduced-order models (ROMs) are investigated for
the rotating SWE, with constant (RSWE) and non-traditional SWE with full Corio-
lis force (NTSWE), and for rotating thermal SWE (RTSWE) while preserving their
non-canonical Hamiltonian-structure, the energy, and Casimir’s, i.e. mass, enstro-
phy, vorticity, and buoyancy. Two different approaches are followed for constructing
ROMs; the traditional intrusive model order reduction with Galerkin projection and
the data-driven, non-intrusive ROMs. The full order models (FOM) of the SWE,
which needed to construct the ROMs are obtained by discretizing the SWE in space
by finite differences by preserving the skew-symmetric structure of the Poisson ma-
trix. Applying intrusive proper orthogonal decomposition (POD) with the Galerkin
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projection, energy preserving ROMs are constructed for the NTSWE and RTSWE in
skew gradient form. Due to the nonlinear terms, the dimension of the reduced-order
system scales with the dimension of the FOM. The nonlinearities in the ROM are
computed by applying the discrete empirical interpolation (DEIM) method to reduce
the computational cost. The computation of the reduced-order solutions is acceler-
ated further by the use of tensor techniques. For the RSWE in linear-quadratic form,
the dimension of the reduced solutions is obtained using tensor algebra without ne-
cessitating hyper-reduction techniques like the DEIM. Applying POD in a tensorial
framework by exploiting matricizations of tensors, the computational cost is further
reduced for the rotating SWE in linear-quadratic as well in skew-gradient form. In
the data-driven, non-intrusive ROMs are learned only from the snapshots by solving
an appropriate least-squares optimization problem in a low-dimensional subspace.
Data-driven ROMs are constructed for the NTSWE and RTSWE with the operator
inference (OpInf). Computational challenges such as ill-conditioning and regulariza-
tion are discussed. The non-intrusive model order reduction framework is extended
to a parametric case, whereas we make use of the parameter dependency at the level
of the PDE without interpolating between the reduced operators.

The intrusive and non-intrusive ROMs in linear-quadratic and skew-gradient form
yield a clear separation of the offline and online computational costs. Both ROMs
behave similarly and can accurately predict in the test and training data and capture
system behavior in the prediction phase. The preservation of physical quantities in
the ROMs of the SWEs such as energy (Hamiltonian), and other conserved quantities,
i.e., mass, buoyancy, and total vorticity, enables that the models fit better to data
and stable solutions are obtained in the long-term predictions which are robust to
parameter changes while exhibiting several orders of magnitude computational speed-
up over the FOMs.

Keywords: Hamiltonian systems, energy, conserved quantities, proper orthogonal
decomposition, discrete empirical interpolation, tensors, operator inference, least-
squares
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0z

SIG SULARDA DALGA DENKLEMLERI iCIN MODEL INDIRGEME
YONTEMLERI

Yildiz, Siileyman
Doktora, Bilimsel Hesaplama Boliimii

Tez Yoneticisi : Prof. Dr. Biilent Karasozen

Temmuz 2021, [12§]sayfa

S1g su denklemleri, rastgele bir eksen etrafinda donen bir cerceve i¢inde topografya
tizerinden akan ince bir viskoz olmayan sivi tabakasini tanimlayan bir dizi iki bo-
yutlu kismi diferansiyel denklemden olusur. Bu denklemler, biiyiik 6l¢ekli atmosfer
/ okyanus dinamiklerinin modellenmesinde ve sayisal hava tahmininde yaygin olarak
kullanilmaktadir. S1g su denklemlerinin yiiksek ¢oziiniirliiklii simiilasyonlari, zaman
ve mekanda dogru ¢oziiniirliikle birlestirildiginde, kiiresel 6l¢ekler iizerinde uzun za-
man ufku gerektirir, simiilasyonlar1 ¢cok zaman alic1 hale getirir. Yiiksek ¢coziintirliiklii
okyanus modelleme simiilasyonlar1 yiiksek performansli makinelerinde hala uygula-
nabilir olsa da, bu ¢oziiniirliiklerde modelin bir dizi parametre degeri iizerinden tek-
rarlanan degerlendirmeleri gibi bircok tekrarin gerceklestirilmesi miimkiin degildir.
Diisiik mertebeden modelleme, yiiksek kaliteli ¢oziimler kullanarak kismi diferansi-
yel denklemlerin hizli simiilasyonunu saglar. Bu tezde, rotasyonel s1g su denklem-
leri, sabit ve tam Coriolis kuvvetine sahip geleneksel olmayan s1§ su denklemleri ve
termal s1g su denklemleri i¢in kanonik olmayan Hamilton yapisini, enerjiyi ve Casi-
mirleri, yani kiitleyi, entropiyi, vortisite ve kaldirma kuvveti ozelliklerini koruyaran
indirgenmis mertebeden modeller incelenmistir. Indirgenmis modelleri olusturmak
icin iki farkli yaklagim izlenmistir; Galerkin projeksiyonu ile geleneksel miidahaleci
model indirgeme ve veriye dayali miidahaleci olmayan model indirgeme yontem-
leri. Indirgenmis modelleri olusturmak icin gerekli olan s1g su denklemlerinin tam
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mertebeli modelleri, Poisson matrisinin ters-simetrik yapisi korunarak uzaydaki s1§
su denklemlerinin sonlu farklarla ayristiritlmasiyla elde edilmistir. Galerkin projek-
siyonu ile miidahaleci uygun ortogonal ayristirma (POD) uygulayarak, tam Coriolis
kuvvetine sahip geleneksel olmayan ve termal s1g su denklemi i¢in ¢arpik gradyan
formunda enerji koruyan indirgenmis modeller olusturulmustur. Dogrusal olmayan
terimler nedeniyle, indirgenmis modelin boyutu, tam modelin boyutuyla dl¢eklenir.
Indirgenmis modeldeki dogrusal olmayan terimler, hesaplama maliyetini diisiirmek
icin ayrik deneysel interpolasyon (DEIM) yontemi uygulanarak hesaplanmustir. In-
dirgenmis modellerin ¢6ziimlerin hesaplanmasi, tensor tekniklerinin kullanilmasiyla
daha da hizlandirilir. Lineer-kuadratik formdaki rotasyonel s1g su denklemleri i¢in, in-
dirgenmis ¢oziimlerin boyutu, DEIM gibi hiper indirgeme tekniklerini gerektirmeden
tensOr cebiri kullanilarak elde edilir. Tensorlerin matrisizasyonlarindan yararlanarak
tensorel bir cercevede POD uygulandiginda, dogrusal-kuadratik ve carpik-gradyan
formunda rotasyonel s1g su denklemleri icin hesaplama maliyeti daha da azaltilmis-
tir. Veriye dayali, miidahaleci olmayan indirgenmis modeller, diisiik boyutlu bir alt
uzayda uygun bir en kiiciik kareler optimizasyon problemini ¢ézerek yalnizca anlik
goriintiilerden 6grenilir. Veriye dayali indirgenmis modeller, tam Coriolis kuvvetine
sahip geleneksel olmayan ve termal s1g su denklemi icin operator ¢ikarimi (Oplnf)
metodu ile olusturulur. Kotii kosullandirma ve iyilestirme gibi hesaplama zorluklar
tartisilmaktadir. Miidahaleci olmayan model indirgeme c¢ercevesi parametrik bir du-
ruma genisletilirken, indirgenmis operatorler arasinda enterpolasyon yapmadan kismi
diferansiyel denklemler diizeyinde parametre bagimliligini kullaniyoruz.

Dogrusal-kuadratik ve ¢arpik gradyan bi¢cimindeki miidahaleci ve miidahaleci olma-
yan diisiik mertebeden modeller, cevrimdist ve cevrimig¢i hesaplama maliyetlerinin
net bir sekilde ayrilmasini saglar. Her iki diisiikk mertebeden modelde benzer sekilde
davranmugtir ve test ve egitim verilerinde dogru bir sekilde ongoriide bulunabilmis-
tir ve tahmin agamasinda sistem davranisini yakalayabilmistir. Enerji (Hamiltonian)
gibi s1g su denklemlerinin indirgenmis modellerinde fiziksel niceliklerin korunmasi
ve diger korunan nicelikler, yani kiitle, kaldirma kuvveti ve toplam vortisite, model-
lerin verilere daha iyi uymasini saglar ve kararli ¢éziimler tam modeller {izerinden
birkag¢ biiyiikliik derecesinde hesaplama hizi sergilerken parametre degisikliklerine
kars1 dayanikli olan uzun vadeli tahminlerde elde edilir.

Anahtar Kelimeler: Hamilton sistemleri, enerji, korunan nicelikler, uygun ortogonal
ayristirma, ayrik ampirik interpolasyon, tensorler, operator ¢ikarimi, en kiigiik kare-
ler
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CHAPTER 1

INTRODUCTION

1.1 Shallow Water Equations

In this thesis, reduced-order models (ROMs) are constructed for the shallow water
equations (SWEs) frequently used to model large-scale atmosphere/ocean dynam-
ics and numerical weather prediction. They contain a collection of two-dimensional
partial differential equations (PDEs) illustrating a thin inviscid fluid layer circulat-
ing over a bottom topography in a frame rotating about an arbitrary axis. Preserv-
ing physics in reduced models is the central theme of the thesis. In particular, this
work aims to construct a framework for ROMs that retains the Hamiltonian structure.
Many geophysical flows can be written in Hamiltonian form [85]]. The non-canonical
Hamiltonian/Poisson form of the SWE in the rotational frame with constant Coriolis
force was introduced first in [103]. Later on, the Nambu formulation of the rotating
shallow water equation (RSWE) [104]], RSWE with complete Coriolis force, the so-
called non-traditional shallow water equation (NTSWE) [41, [113]], and multi-layer
RSWE [[113] are developed. The discrete energy conservation follows from the anti-
symmetry of the discrete Poisson bracket. Additional preserved quantities (Casimir)
are potential enstrophy, vorticity, and mass. The energy cascades to large scales
whilst enstrophy cascades to small scales [8, [113]]. The RSWE [103] is a broadly
used theoretic model in planetary and geophysical fluid dynamics for investigating
rotating inviscid fluids with one or multilayers. The horizontal velocity is supposed
to be depth-independent within each layer, so the fluid moves in columns. Yet, the
RSWE model does not permit the gradients of the mean density and/or temperature

widely in the oceans and atmosphere. The rotating thermal shallow water equation
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(RTSWE) [40, 431199, 122] represents an extension of the RSWE, which include the
horizontal density/temperature gradients in addition. The RTSWE is a simplification
of the three-dimensional primitive equations and the Euler-Boussinesq model, which
are commonly used for computationally simulating large-scale ocean and atmosphere
circulation dynamics, such as the general circulation models [130]], planetary flows
[123], and modeling atmospheric and oceanic temperature fronts [42, [127], thermal
instabilities [S3]]. Consequently, the energy and the enstrophy preserving numerical
schemes of the SWEs lead to stable solutions in the long term integration [4]. High-
resolution simulations of the SWEs require long time horizons over global scales.
Simulations in time and space are very time-consuming for many query applications,
such as repeated evaluations of the model over a range of parameter values. In this
thesis, ROMs are constructed for fast simulation of the above mentions three types of

SWEs.

1.2 Model Order Reduction

Realistic simulations of SWEs require a fine discretization on space-time grids to
obtain reliable high-fidelity solutions. Therefore, real-time simulations need a large
amount of computation time and computer memory. Moreover, the computational
cost linked with fully resolved simulations remains a barrier in many applications.
Model order reduction (MOR) techniques allow the construction of low-dimensional
ROMs for the high dimensional full-order models (FOMs), generated by the dis-
cretization of PDEs with the finite-difference, finite-element, spectral elements, finite-
volume, and discontinuous Galerkin methods. The ROMs are computationally effi-
cient and accurate and are worthy when a FOM needs to be simulated multiple times
for different parameter settings or in multi-query scenarios such as in optimization,

and for predicting the model for a long time horizon.

ROMs consist of two classes, the data-driven non-intrusive and the intrusive ROM:s.
In intrusive ROMs, the high-fidelity FOMs are projected on a low dimensional re-
duced space, usually applying the proper orthogonal decomposition (POD) [[16} 108]].
There are other MOR techniques like the dynamic mode decomposition (DMD) [100,

107] and balanced truncation [92]] which are frequently used. POD is a commonly
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used ROM technique, which extracts dominant POD modes from the snapshots of the
FOM solutions. An essential feature of the ROMs is the offline-online decomposi-
tion. The offline stage consists of the computation of the FOM and the construction
of the reduced basis, whereas the online stage consists of the solution of the projected
problem onto the low-dimensional reduced space. Typically, POD basis are deter-
mined by applying the singular value decomposition (SVD) to the snapshot matrix.
After obtaining the POD basis, ROM is constructed by employing Galerkin projec-
tion. For PDEs with polynomial nonlinearities like the SWEs, the projection-based
reduced model admits an efficient low-dimensional numerical representation inde-
pendent of the dimension of the FOM without necessitating hyper-reduction tech-
niques like empirical/discrete empirical interpolation method (DEIM) [7, 29]. We
refer to [[15, 96, 106]] for an overview of the available MOR techniques.

Projection-based MOR methods are intrusive since they require access to the discrete
operators of the FOM. Traditional intrusive MOR techniques thus possess limited
scope in some applications. For instance, the traditional intrusive MOR methods are
not suitable when proprietary software is used to solve the PDEs, where the governing
equations are known, but full-order operators are not available. Another challenging
case for intrusive MOR methods could be when the FOM solution is obtained through
experiments, where there is no model nor the discretized operators. These bottlenecks
of the intrusive MOR methods give rise to the other class of ROMs, so-called data-
driven or non-intrusive ROMs. The non-intrusive ROMs are fundamentally different
from the intrusive ROMs. Unlike the intrusive projection-based MOR methods, in
the non-intrusive MOR techniques, reduced models are learnt from snapshots, i.e.,
either by numerical approximations or measurements of the states of the dynamical
systems, when the operators of the discretized systems are not available. There are
several software packages that are able to simulate SWEs for a given parameter set
and an initial condition [48, 38]. Machine learning techniques are an essential tool
for constructing models and analyzing the underlying process of the dynamics from
the data. Recent advances in machine learning methods such as neural networks offer
new occasions to construct more efficient and accurate ROMs. They learn the model
from the training data, where they neither require direct access to the high-fidelity

model operators nor any extra information about the process. Nevertheless, to learn



the model accurately, they require a large amount of necessary data, which imposes
a burden in the context of large-scale PDE simulations [116]]. Incorporating existing
knowledge about the physics of the models requires less training data. We review the
most relevant literature about learning dynamical-system models from data related
to this work. Recently, data-fit non-intrusive ROMs with artificial neural networks

(ANNS) are also used for time-dependent dynamical systems [64, [121]].

Another class of non-intrusive ROM modeling is the DMD, which determines the
reduced nonlinear dynamical systems, by fitting the snapshots to the linear opera-
tors with respect to the L, norm [100, [107]. Using the Koopman operator based
methods, the methodology of DMD has been extended nonlinear dynamical systems
[124]. In [20, [77), 105], the ROMs are constructed in the high-dimensional systems
by exploiting the sparsity of the governing equations. Non-intrusive and intrusive
MOR methods, DMD and POD, have been intensively studied for the SWEs; see,
e.g., [17, 118} 44) 79, 178, 13, [109]. The DMD is also extended to quadratic bilinear
systems [52]].

Recently, constructing non-intrusive ROMs by the operator inference (OpInf) method
has gained significant attention. The OpInf method first studied for polynomial non-
linearities in [90]], where the operators defining the governing equations of ROM
learned by solving an optimization problem, i.e., least-squares problem. The OpInf
method is a non-intrusive ROM in a sense; it does not need the high-dimensional
semi-discretized operators of the PDEs, but only some information at the PDE level.
Later, the OpInf method extended to the nonlinear systems that can be written as
a polynomial or quadratic-bilinear system by using lifting variable transformation,
called Lift & Learn method [72, 95]. In [95], the Oplnf method is applied to the
nonlinear models in which the structure of the nonlinear terms are conserved while
learning ROMs from data. Data-driven non-intrusive ROMs via regularized Oplnf
are applied to combustion problems [83, [115]. Data-driven ROMs of fluid dynamics
are studied by employing the Oplnf method, such as incompressible flows [[13] and
SWEs [128]. In [93] the OplInf method is generalized to the PDE setting through
lifting variables. For the linear FOMs, the OpInf method and DMD equivalent, i.e.,

the inferred operators, are the same.



The Markovian systems are memory free systems, where the future states of sys-
tems just depend on the current state and not on the previous ones. In contrast to the
Markovian systems, the non-Markovian systems are considered to have a memory,
where the memory indicates that the future states depend on the current and previous
states. The Oplnf [90] with the projected trajectories leads to non-Markovian dy-
namics in the low-dimensional subspaces even though the FOMs are Markovian, as
known from, e.g., the Mori—Zwanzig formalism [32, 49]. On the other hand, intru-
sive ROMs are Markovian systems. Thus, the reduced-order operators learned by the
OplInf method with projected trajectories are not exactly the projection-based intru-
sive reduced-order operators. In [89], the Markovian dynamics in the non-intrusive
reduced-order system are recovered by a data sampling scheme that iterates between
time stepping the high-dimensional FOM and the low-dimensional ROM after projec-
tion. Hence, the Markovian dynamics are maintained in low-dimensional subspaces.
In [89], it is shown that under particular conditions, the operator inference with re-
projected trajectories results in the intrusive reduced-order operators for dynamical
systems with nonlinear polynomial terms. Recently in [118], probabilistic a posteri-
ori error estimators are derived for the OpInf with re-projection for linear parabolic
PDEs. The non-Markovian Oplnf is investigated with partial information in [119]. A

deep learning version of the Oplnf is introduced in [54].

1.3 Outline of the Thesis

In this thesis, intrusive and non-intrusive ROMs are constructed for the RSWE, NTSWE,
and RTSWE. In FigurdI.1] an overview about the thesis is given.

In Chapter [2, the Hamiltonian structure of the RSWE, NTSWE, and RTSWE is pre-
sented with the full spatial and temporal discretization. All three SWEs are dis-
cretized with the centered second-order finite differences in space that preserve the
skew-symmetric structure in the semi-discrete form, i.e., a skew-gradient system is
obtained. We consider two different formulations of all the SWEs; non-canonical
Hamiltonian/Poisson PDE and PDE with linear-quadratic terms as primitive equa-
tions. Both versions of the SWEs are discretized in space using finite differences

while preserving the skew-symmetric structure of the Poisson matrix. The result-
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(Chapter 2)
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(Section 3.5) (Section 3.4) (Section 4.2) (Section 4.3)

Figure 1.1: Outline of the thesis.

ing semi-discrete systems are skew-gradient and linear quadratic ordinary differen-
tial equation systems with multiple conserved quantities. The skew-gradient system
is integrated in time with the energy preserving implicit average vector field (AVF)
method [24, [33]]. On the other hand, the linear-quadratic ODE system in time has
solved by the linearly implicit Kahan’s method [67, 26]. Both AVF and Kahan’s
method are second-order convergent in time. Due to its implicit nature, the AVF
method needs iterative solvers like Newton’s method at each time step for solving the
nonlinear systems arising from time discretization. However, the linearly implicit
Kahan’s method requires solving only one linear system of equations in each time
step. Both methods preserve well the conserved quantities of the SWEs, like the en-
ergy, enstrophy, mass, and vorticity in long-time integration [[104, 43]], and they build
the basis for the ROM in the subsequent Chapters.

In Chapter [3] DEIM and POD based intrusive ROMs of SWEs are constructed. We
start by briefly introducing the POD and DEIM methods in Sections [3.1)and [3.2] In
Section[3.3] we introduce tensors and useful tensor techniques. Next, we employ POD
Galerkin projection to the RSWE in the form of a linear-quadratic system, in Section
[3.4]of the Chapter[3] Nevertheless, the dimension of the ROM arising from the RSWE
still scales with the dimension of the FOM. For PDEs with the nonlinear polynomial

terms like SWEs, the efficiency of ROMs can be obtained without approximating the
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nonlinear terms through sampling, where the reduced operators can be precomputed
in the "offline" stage. Thus, ROMs permit a clear separation of the offline-online
stages. Projection of FOM corresponding to the RSWE onto the reduced space re-
sults in low-dimensional matrix operators that conserve the linear-quadratic structure
of the FOM. The advantage of the offline-online separation is the nonlinearities can
be evaluated without approximating in contrast to the hyper-reduction methods. In
recent years, ROMs for PDEs with nonlinear polynomial terms have been broadly
studied, where the computationally efficient ROMs are constructed by using some
tools from tensor theory and by matricizations of tensors [10, [12, [11} 56, [72]]. With
the tensorial framework combined by POD, i.e., by exploiting matricizations of ten-
sors, the online computational cost is reduced significantly. Hence, the ROM for the
linear-quadratic system gains an efficient offline-online decomposition and does not
require an additional step of hyper-reduction, like DEIM. Here to deal with tensors,
we consider MULTIPROD [76]] to accelerate the tensor calculations. Numerical re-
sults show that the energy (Hamiltonian) and other conserved quantities of the RSWE
like the mass, the total vorticity, and the enstrophy are preserved in the long-time in-

tegration.

Typically, the preservation of nonlinear invariants like energy is not guaranteed with
traditional MOR techniques. The violation of such invariants in ROMs generally
yields an unstable or inaccurate reduced-order system, even when the high-fidelity
system is stable. Thus, preservation of the physical laws of the ROMs by the reduced
system plays a vital role to obtain in physically meaningful reduced systems for fluid
dynamics problems, such as incompressible and compressible Euler equation [2]. The
stability of ROMs over the long-time integration has been studied in the context of

Lagrangian systems [23]], and for port-Hamiltonian systems [28].

In this work, we study structure-preserving ROMs for NTSWE and RTSWE that uti-
lize the skew-symmetry of the centered discretization schemes to recover conserva-
tion of the energy at the level of the reduced system. There is no numerical integra-
tor method that conserves both the symplectic/Poisson structure and the energy of
a Hamiltonian system [S57]. We remark that some integrators exist only for specific
Poisson systems, which preserve the Poisson structure unlike the symplectic integra-

tors for all canonical Hamiltonian systems [62]. Since the reduced-order NTSWE



and RTSWE are skew-gradient systems with a first integral, i.e., Hamiltonian, and
Casimirs, energy-preserving integrators can be easily applied. In recent years, ROMs
are constructed that conserve the reduced skew-symmetic constant Poisson matrix
for the Korteweg de Vries (KdV) equation with the energy in [31, 184, [/0]. The AVF
method is applied for the reduced-order modeling of Hamiltonian systems like the
Korteweg-de Vries (KdV) equation [31} 162, [84] and the nonlinear Schrodinger equa-
tion [70]. Constructing on the approach in [51 [84] in the Sections [3.5.1] and [3.5.3]

, ROMs are constructed that preserve the state-dependent skew-gradient structure of

the semi-discretized NTSWE and RTSWE with energy preserving time integrator
AVFE. The straightforward application of a structure-preserving hyper-reduction tech-
nique does not allow separation of online and offline computation of the nonlinear
terms of the non-canonical Hamiltonian systems like the RTSWE, and consequently,
the online computational cost is not reduced. Approximation of the Poisson matrix
and the gradient of the Hamiltonian of the RTSWE with the DEIM results in a skew-
gradient reduced system. In Section[3.5.1] the DEIM has applied only the gradient of
the Hamiltonian of the NTSWE and not to the nonlinear terms of the skew-symmetric
Poisson matrix. In Section[3.3.3] the POD-DEIM ROM for the RTSWE is constructed
using tensor techniques that preserves also the skew-symmetric structure of the Pois-

son matrix.

POD-DEIM ROM results show that the reduced discrete energy (Hamiltonian) and
other conserved quantities like enstrophy, mass, and vorticity are well-preserved in
the long-term using POD and DEIM. The ROMs with the POD and DEIM provide
accurate and stable approximate solutions of the RTSWE while exhibiting several

orders of magnitude computational speed-ups over the FOMs.

In Chapter 4] we discuss a non-intrusive MOR method that learns low-dimensional
dynamical models for a parametrized shallow water equation from data. First, we
describe the general framework of the OplInf method for linear-quadratic PDEs in
Section[d.1] In Sectiond.2] we consider NTSWE as a FOM and focus on recovering
ROM in a non-intrusive way. The method in Section is non-intrusive in the sense
that it does need access to the semi-discretized operators of the NTSWE in any form.
Instead, we assume the snapshots are obtained using a black-box solver. Therefore,

we aim at recovering the ROMs only from the snapshots. The non-intrusive ROM



of NTSWE is obtained by solving a least-squares problem in a low-dimensional sub-
space. Hence, we also discuss computational difficulties that arise from the least-
squares problem being ill-conditioned. Moreover, we extend the non-intrusive MOR
framework to a parametric case, where we utilize the parameter dependency at the
level of the PDEs. We demonstrate the efficiency of the non-intrusive MOR technique
by constructing ROM for NTSWE and compare it with an intrusive POD method. Be-
sides, we examine the predictive skills of both ROMs outside the range of the training

data.

In Section #.3] we use the OplInf with re-projection [89] to learn the dynamics of
RTSWE by preserving the low-dimensional Markovian dynamics. To obtain an ef-
ficient intrusive ROM, we apply the POD by utilizing the matricization of tensors
[12, 11} 169], and the sparse matrix technique MULTIPROD [76]. The numerical re-
sults show that learned non-intrusive ROM from the OpInf method with re-projection
[89] are very close to the intrusive ROM obtained by POD. Moreover, the energy
and other physical quantities are preserved with the OplInf and POD without any drift
over time. Moreover, we compare Oplnf with the POD method in the parametric
case, where the Coriolis parameter is assumed to have known parametric dependency
at the PDE level, whereas in [90, 89]] the parametric ROMs are obtained at each train-
ing parameter by interpolation. We demonstrate that under particular assumptions
on the time discretization [90, 89] the intrusive POD model converges to the learned
non-intrusive OpInf model. Numerical results indicate that both the Oplnf and the
POD methods can predict the dynamics of the parametric FOM with high accuracy.
Moreover, we demonstrate that the ROMs show high precision in the training set and
tolerable accuracy in the prediction phase. The data matrices arising from the OpInf
have large condition numbers, resulting in an ill-conditioned optimization problem.
Therefore in the optimization problem, a proper regularization method like Tikhonov
regularization or the truncated SVD should be used. Because the decay of the sin-
gular values in the data matrices does not give any information about the choice of
tolerance for the regularization parameter, we determine the regularization tolerances
by the L-curve. Speed-up factors of order two over the FOM are achieved for both
ROMs, whereas the Oplnf is more costly than the POD due to the re-projection.

The simulations on Sections[3.4.1] [3.5.2] [3.5.4] and 4.3.3| are performed on a machine




with Intel® Core™ i7 2.5 GHz 64 bit CPU, 8 GB RAM, Windows 10, using 64 bit
MatLab R2019a.
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CHAPTER 2

FULL-ORDER MODELS FOR SHALLOW WATER
EQUATIONS

This Chapter presents the FOM for two-dimensional SWEs, which consist of a set
of hyperbolic PDEs illustrating a sheer inviscid fluid layer circulating over a bottom
topography in a rotating frame. SWEs are extensively used in a conceptual way, such
as investigating large-scale atmosphere/ocean dynamics and numerical weather pre-
diction. SWE:s are also used to study geophysical wave phenomena, e.g., the Rossby
and Kelvin waves in the oceans and the atmosphere, large-scale geophysical flow
prediction [9, 34]], investigation of planetary flows [123]], and baroclinic instability
[19,120]. Energy and enstrophy are the most important physical laws of the SWEs,
whereas the energy cascades to large scales whilst enstrophy cascades to small scales
[8, 113]]. Typically, the ocean and atmosphere models include only the contribution
to the Coriolis force from the component of the planetary rotation vector that is lo-
cally normal to geopotential surfaces when the vertical length scales are much smaller
than the horizontal length scales, known as a traditional approximation. Neverthe-
less, most of the atmospheric and oceanographic phenomena are extensively affected
by the non-traditional component of the Coriolis force [[112], such as deep convec-
tion [81], Ekman spirals [75], and internal waves [47]. The NTSWE [41} 110, [113]]
has a similar structural form as the traditional SWE [103]]. The key difference occurs
in distinguishing between particle velocities and canonical velocities. A drawback of
modeling of SWEs with multilayers is that it does not admit horizontal temperature
and density gradients. Within each layer, the horizontal velocity is assumed to be
depth-independent, so the fluid moves in columns. The RTSWE represents an exten-

sion of the RSWE, to include horizontal density/temperature gradients, also known
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as Ripa equation [99]. The RTSWE can be derived similarly to the RSWE by the
mean-field approximation with changing the hypothesis of uniform density/tempera-

ture [53. 129].

Enstrophy cascades to small scales and energy cascades to large scales in atmospheric
and ocean flows [8, [113]]. Hence their preservation is essential to obtain stable solu-
tions in the long term integration [4]. Most of the geophysical flows can be repre-
sented in Hamiltonian form [85]]. The non-canonical Hamiltonian form of the SWE
in the rotational frame with constant Coriolis force was in by Salmon in[103]]. Later
on, SWE with complete Coriolis force [41, [113], the Nambu formulation [[104], and
multi-layer SWE [113] have been formulated. The preservation of the discrete energy
comes from the antisymmetry of the discrete Poisson bracket. Other important pre-
served quantities are potential enstrophy, mass, and vorticity. In this thesis, we have
considered two different forms of the SWEs; the non-canonical Hamiltonian form and
a linear-quadratic PDE form in the f-plane, where the region is assumed to be small
enough that the latitudinal variation in the Coriolis parameter can be ignored. Both
the non-canonical Hamiltonian form and a linear-quadratic PDE form of the SWEs
are discretized in space using finite differences by conserving the skew-symmetry in
the Poisson matrix. The semi-discretized system of the ordinary differential equa-
tions (ODEs) is also in Poisson form and has linear-quadratic terms. For the time
integration of the SWE in the non-canonical Hamiltonian form, fully implicit energy
preserving AVF method [24,133]] is considered. Moreover, the linear-quadratic system
of SWE is integrated in time by the linearly implicit Kahan’s method [67, 26]. Both
AVF and Kahan’s methods are second-order convergent in time. The AVF method
needs iterative solvers like Newton’s method to solve the nonlinear systems arising
from time discretization due to its implicit nature. In contrast to the AVF method, the
linearly implicit Kahan’s method needs solving only one linear system of equations
in each time step. Both AVF and Kahan’s methods conserve the energy and Casimir
of the SWEs, like the energy, vorticity, enstrophy and mass in long-time integration

(33, 26].

We remark that both RTSWE and RSWE as a hyperbolic system with nonlinear con-
servation laws were discretized using cell-centred finite volume methods [45]] and the

well-balanced schemes central upwind and finite volume method [31, (74} [73]].

12



In Section [2.1 we introduce the three types of the SWEs; the RSWE with constant
Coriolis force, the NTSWE with full Coriolis force, and the RTSWE. Spatial and
temporal discretizations for each SWE are described in Sections [2.2] and [2.3] respec-
tively.

2.1 Rotating Shallow Water Equation

In this section, we introduce the RSWE, NTSWE and RTSWE in Hamiltonian and

linear-quadratic form.

2.1.1 Rotating Shallow Water Equation in Hamiltonian form

The two-dimensional RSWE is given on a rectangular domain Q = [a, b] x [¢, d] C R?

(a,b,c,d € R), as [103]

ou

g _®

X b, @1
oh

ot = —(uh), — (vh)y,

where g(x,t) = (vy(x,t) — uy(x,t) + f(x,t))/h(x, t) is the potential vorticity with
the Coriolis force f(x,t), h(x,t) is the fluid depth, u(x, t) is the particle velocity in
x-direction, and v(x, t) is the particle velocity in y-direction. The partial derivatives
with respect to x and y components are denoted with subscripts = and y, respec-
tively. Moreover, the Bernoulli potential is given that ®(x,t) = (1/2)u(x,t)* +
(1/2)v(x, t)* + gh(z,t), for gravity constant g. We consider the RSWE (2.1)) under

periodic boundary conditions
z(a,y,t) = z(b,y,t), z(z,ct) = z(x,d,t), z € {u,v,h},
and with the initial conditions

u(x,0) =ug(x), v(x,0)=1vo(x), h(z,0)=h(x).



The RWSE (2.1)) is a non-canonical Hamiltonian PDE with the Poisson structure

52 —q —5'y vh |, (2.2)
~o, -9, 0 ) \a

where z(x,t) = (u(x,t),v(x,t), h(x,t))? is the solution vector, v(x, t) = (u(zx,t),v(x, 1))’
is the velocity field, and #(z) is the Hamiltonian

= %// h(v - v + gh)dz. (2.3)

The skew-symmetric Poisson bracket is defined for any two functionals A and B
[80, 103] as

- S(AB) GA B B _dA
{A’B}_// (q Swo) oo Von o Vah)d”"’ 24

where V = (9z,0y)", and 6.A/dv is the functional derivative of A with respect to v.

The functional Jacobian is given by

5(A,B) OAIB  SBOA

S(u,v)  Sudv  Su dv’

Although the matrix 7 in (2.2) is not skew-symmetric, the skew-symmetry of the
Poisson bracket is shown up after integration by parts [80], and the Poisson bracket

satisfies the Jacobi identity
{AAB,D}} +{B,{D, A}} +{D,{A,B}} = 0,

for any three functionals A, BB, and D. Conservation of the Hamiltonian (2.3]) follows

from the antisymmetry of the Poisson bracket (2.4)

dH
== () =0,

Other conserved quantities of the RSWE [103] are the Casimirs of the form

¢~ [ [ n6ia

where G is an arbitrary function of the potential vorticity g. The Casimirs are addi-
tional constants of motion which commute with any functional A, i.e., the Poisson

bracket vanishes

, 0C
{A,C} = 0, VA<Z) or ‘7‘7% =
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Important special cases of the Casimirs are potential enstrophy Z, vorticity V, and

mass M, given by

1 1 1 /0v Ou 2
zz_//hqzdw:_//_(___+f) iz,

2 2 h \ox Oy (2.5)
V://hqdw,/\/l://hdaz.

2.1.2 The f-plane and $-plane Approximations

A common technique for studying geophysical flows in the atmosphere is the "tangent
plane" approximation, which is obtained by projecting the RSWE from the surface
of Earth, onto local tangent plane. The tangent plane approximation is valid when
horizontal scales small, e.g., mesoscale phenomena. The Cartesian coordinates x, v,
and z in the tangent plane point North, East, and outward from the centre of the Earth,

respectively.

The RSWE (2.1)) describes inviscid fluid rotating with angular velocity vector {2 =
(Q*, QY Q%). Both Q and €2¥ depend on x and y axes but not on z. The angular

velocity vector can be written as [111]]:
O =Qcosfsing, QY= CQcosbOcosp, and Q° = sind, (2.6)

where 6 is the angle corresponding to the latitude, and ¢ is the angle determining the
orientation between the x-axis and the eastward direction. In this study, we set the x-
axis of the rotation vector to zero, implying that it is aligned to the East. In Figure2.1]
the components of the angular velocity vector are shown for the latitude 6 and ¢ = 0.

Hence, the components of the Coriolis force can be written as
20 x ur (—2Qusin 6, 2Qusin 0, —2Qu cos ) = (— fv, fu, —2Qucosf), (2.7)

where the Coriolis parameter f = 2(2sin . The vertical component of (2.7) is usually

neglected due to dominant terms in the vertical equation of motion.

The f-plane approximation assumes that the Coriolis force is constant over the tan-
gent plane so that f can be approximated as, f, = 2{2sin 6, where 6, is the central

latitude of the region. The f-plane model is more useful when the horizontal scales
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small. A more realistic model on the approximation of the Coriolis parameter over a
larger horizontal scales is called -plane approximation, which takes the variation of
the Coriolis parameter into account. The [3-plane approximation can be obtained by

expanding the Coriolis parameter in a Taylor series about the central latitude 6, as

f=fty (%) = fo+ By- (2.8)
o

Figure 2.1: Outline of the components of the angular velocity vector €2 with respect
to the latitude angle € as 2* = 0, (reproduced from [61]).

2.1.3 Rotating Shallow Water Equation in the f-plane

Generally, in the ocean and atmosphere models, computing the Coriolis force is done
by considering just the component of the planetary rotation vector that is locally nor-
mal to geopotential surfaces, which is known as "traditional approximation" [[113]].
On the other hand, the so-called S-plane approximation is applicable when the earth’s
surface is considered locally flat with the latitudinal variation of the Coriolis force,
where the Coriolis force approximated as f ~ fyfBy. The [-plane approximation is
also used frequently in the literature (see for example [[17, [35]). In some models, the
latitudinal variation in the Coriolis parameter is neglected for small regions, and the
Coriolis force f is assumed to be a constant value, which corresponds to the f-plane

approximation of the RSWE.
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Inserting the potential vorticity ¢ in (2.1)), the RSWE can be written in the f-plane as

?)_7: = —uu, — vuy — ghy + fu,

% = —uv; — vy — ghy — fu, (2.9)
oh

Fri —(uh), — (vh),.

2.1.4 Non-Traditional Rotating Shallow Water Equation

Most of the atmosphere and ocean models consider the traditional approximation of
the Coriolis force. Nevertheless, many oceanographic and atmospheric phenomena
are primarily influenced by the non-traditional component of the Coriolis force [[112],
such as Ekman spirals [[75], deep convection [81], and internal waves [47]. The nondi-
mensional NTSWE [41.(110,113]] has the same structural form as the traditional SWE
[103] by distinguishing between the canonical velocities u(x, y,t) and v(x, y,t), and

particle velocities u(z,y,t) and v(zx, y, t)
ot

= hqu — 0®
at q'U a X
ov
oh 0 0
ot~ s gy ),

where h(z,y,t) denote the height field, and x and y denote horizontal distances within
a constant geopotential surface. The one-layer NTSWE (2.10) describes an inviscid
fluid flowing over bottom topography at z = h;(x, y) in a frame rotating with angular
velocity vector Q = (Q® QW Q()). The orientation of the 2 and y axes are consid-
ered arbitrary with respect to North. In traditional rotating and non-rotating SWEs,
only the particle velocity components appear. The canonical velocity components
are related to the canonical momentum per mass or to the depth average of particle

velocities as
T v) 1 . (@) 1
u = u+ 252 hb—i-éh , v=v—20Q hb+§h . (2.11)
The Bernoulli potential ¢ and potential vorticity ¢ are given by
1
o= E(U2 + 03 + g(hy + h) + h(QDv — QW)
1
1= ﬁQQ(Z) + Uy — 7]y)-
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The non-traditional parameter is given as ¢ = H/R,, where H represents the layer
thickness scale and R, is Rossby deformation radius, and g denotes the gravitational

acceleration [41, [110].

The traditional and non-traditional RSWE differ only by a function of the space alone,
so their time derivatives are identical. The non-rotating, traditional SWE [102] and
NTSWE (2.10) have the same Hamiltonian structure and Poisson bracket [41}, [110,
113]

5 5 0 qg -0, hu

z H
Z 7= =1 _ — 2.12
AANT q D || (212)
-0, —0, 0 )

where Z = (4,7, h). The Hamiltonian or the energy of (2.10) is given in terms of

particle velocity components by

H(z) = // {%h(uQ +v?) + gh (hb + %h) }da:, (2.13)

over a periodic domain. We remark that the Hamiltonian (2.12) is treated as a func-

tion of the canonical velocity components @ and v and the layer thickness using the

relations (2.1T)).

The Casimirs are the potential enstrophy

_ 1 2y = L [ [ L (ge . 00 _ 08
2—2//hqdw—2//h(§2 +8x 9y dx, (2.14)

the mass M = [ hdx, and the vorticity V = [[ hqdzx.

2.1.5 Rotating Thermal Shallow Water Equation

RSWE is widely used in planetary and geophysical fluid dynamics as an conceptual
model for the behaviour of rotating inviscid fluids with one or more layers. The hor-
izontal velocity is considered to be depth-independent in RSWE, so the fluid moves
in columns in each layer. A drawback of this model is that it does not admit horizon-
tal temperature and density gradients. The RTSWE takes into account the horizontal
density/temperature gradients compared with RSWE. It is also known in the litera-

ture as Ripa equation [99]. The RTSWE can be obtained along the same lines as the
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RSWE, by vertical averaging of the primitive equations in the Boussinesq approx-
imation, and using the hypothesis of columnar motion (mean-field approximation),
but relaxing the hypothesis of uniform density/temperature [S3, [129]. The RTSWE
provides a depth-averaged description of motions in a fluid layer that permits hori-
zontal variations in material properties. When the layer depth is supposed to be small
compared with a typical horizontal length scale, the vertical fluid acceleration in the

layer may be neglected, then the RTSWE [39, 122, 43]] has the form

% = —(hu); — (f“))y?
2 | .2
%:hqv— (u ;—U )I—gsx—s(hij)x,
v _ —hqu — (UZ il 02) — ﬁs — s(h+ ) o
ot 2 ), 27 v
0s
o = ~USe — USy,

where u(z,y,t) and v(z,y,t) are the depth-averaged relative velocities, h(z,y,t) is
the fluid height, b(x, y) represents the bottom topography, g is the gravity constant,
5 = gp% is the buoyancy, where the p = p(y) horizontally varying density, p is the
reference density used in the Boussinesq approximation. Density variations in the
ocean are proportional to temperature variations, in the atmospheric applications, p
and pg should be replaced with the potential temperature 6 and 6,. An f-plane ap-
proximation is not suitable when considering RSWE over large length scales, whereas
in the 3 -plane approximation, f varies with the latitude, f = fy + By, which is ap-
plicable for larger length scales. The RTSWE is considered as the RSWE on
doubly periodic domain © € R¢, d = 1,2 and in time interval [0, T] with the initial

conditions

u(x,0) = up(x), v(x,0) = vo(x), h(x,0) = ho(x), s(x,0) = so(x).

The RTSWE has as similar non-canonical Hamiltonian/Poisson structure as the RSWE
39,1221 143]]

0 9 9 0 W | sh 4 sb
) oH 9 0 —q  —h7ls, hu
¢ z Oy q 0 —h7ts, hv
0 hls, hls, 0 B 4 hb



with the conserved Hamiltonian or the energy

2 2 2
5(2):/ (%Msmh“ ;“ )dQ, 2.17)
Q

where 2z = (h,u,v,s)?. Other conserved quantities are the total mass, the total po-

tential vorticity, and the total buoyancy

M:/th, Q:/qu, B:/hSdQ, (2.18)

respectively. Unlike the RSWE, in case RTSWE, the potential enstrophy is not con-
served [43]].

2.2 Spatial Discretization

For the space discretization of the RSWE (2.1]), the spatial domain §2 = (a,b) x (¢, d)
is discretized on the uniform grid nodes x;; = (x;, yj)T, where the nodes are x; =
a+(i—1)Azandy; = c+(j—1)Ay,i=1,...,N,+1,j =1,..., N,+1so that the
spatial domain is divided into N, and NV, equidistant intervals in x and y-directions,
respectively. Hence, the mesh sizes becomes Ay = (d—c)/N, and Az = (b—a)/N,.
After the spatial discretization, the semi-discrete time-dependent solution are defined

as follows

w(t) = (uii(t),...,uin, (1), ua1(t), . .., uan, (1), . .. ,uNINy(t))T,
v(t) = (Vi1 (t), ..., v, (8), v21(2), - . -, van, (1), - - - onow, (1) (2.19)
h(t) = (hi1(t), .., han, (t), hat(t), ... han, (£), - .. By, (8)) 7

where each semi-discrete particle velocities u;;(t), v;;(t) and the fluid depth h;;(t)
denotes the approximate solutions of u(x, t), v(x,t), and h(x,t), respectively at the
grid nodes x;; and time ¢, ¢« = 1,...,N,, j = 1,...,N,. We remark that each
semi-discrete solution vector in (2.19) has N := N, N, elements because we ignore
the solutions on the topmost and rightmost boundary due to the periodic boundary
conditions. In the remainder of this Chapter, we ease the notation by omitting the
time dependency of the semi-discrete solutions, i.e., by simply writing w, v, and h,
the semi-discrete vector for the solution vector z is defined by z = (u;v; h) € R3V,

Similarly, the semi-discrete vector for the potential vorticity ¢ is defined by q.
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The first-order partial derivatives are approximated by one-dimensional central finite
differences, and then one-dimensional operators are extended to two dimensions by
utilizing the Kronecker product. For a positive integer s, let 53 denotes the matrix
of central finite-differences to the first-order ordinary differential operator under pe-

riodic boundary conditions

D, = € R,

1 -1 0
Then, on the two-dimensional mesh, the central finite-difference matrices correspond-

ing to the first-order partial derivative operators 0, and 0, are given, respectively, by
1 1
e = 1
2Ax 2Ay Ne

where ® denotes the Kronecker product, and I, and Iy, are the identity matrices of

D Dy, ® Iy, e RN D, = ® Dy, € RV,

size N, and N, respectively.

The semi-discrete formulation of the RSWE (2.2) is given as the following 3/N-

dimensional system of Hamiltonian ODEs

0 qg¢ -D, uoh
d
d—j — J(z)VH(z)= | —¢* 0 -D, voh . (2.20)
-D, -D, 0 Huou+wvov)+gh

where o denotes element-wise or Hadamard product. In (2.20), the matrix q? €
RYN*N corresponds to the diagonal matrix with the diagonal elements g¢ = q;, where

g € RY denotes the semi-discrete potential vorticity vector, i = 1,..., N.

The fully discrete conserved quantities of RSWE are defined as:

e energy
|
H" = H(z") = 5 D ((uf)® + (vf)* + ghb)hf AxAy, (2.21)
=1
e potential enstrophy
N
1 (Dev*); = (Dyu®); + f)?
k kN T 7 Yy )
7k = 7(2F) = 5 Z o AzAy, (2.22)
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e vorticity

N
VE=V(ZF) = ((D.v"); — (Dyuh); + f)AzAy, (2.23)
i=1
e and mass N
M* = M(2%) =) hFAzAy. (2.24)

i=1

The RTSWE (2.15) is discretized similarly as the RSWE. The time-dependent ap-

proximate semi-discrete solution vectors are given as

w(t) = (unr(t), ..., uin, (), ug(t), ..., usn, (1), ... ,uNzNy(t))T,
’U(t) = (Ull(t), e ,Ule<t),U21(t), e ,'U2]Vm<t), Ce 7UNxNy(t)) s (225)
h(t) = (hu(t), ..., hin, (1), hor(t), . . . han, (), ... A, (1)

S(t) = (Sll(t), Ce ,Sle(t), hgl(t), Ce ,SgNw(t), ceey SNxNy(t))T.
The semi-discrete form of the RTSWE (2.2)) leads to a 4N dimensional system of

Hamiltonian ODEs in skew-gradient form

dz _
i —J(2)V.H(z)
0 D, D, 0 w4 | soh 4 sb
D, 0 —q —h7 D, s hou
_ . (226)
D, q 0 —h7'D, s how
0 h'D,-s h™'D,-s 0 Loy Y

RNXN

where the matrix q? € , again denotes the diagonal matrix containing the

semi-discrete vorticity ¢ € R in the principal diagonal, as in (2.2).

The fully discrete form of the energy, total vorticity, mass, and buoyancy are given at

the time instances ¢;, as

H" = zn: (%(h;;)%f + histb+ hkw> AxAy, (2.27a)
i=1
M* = i(h;)Amy, (2.27b)
=1
QF = i ((D,v*); — (Dyu"); + f) AzAy, (2.27¢)
=1
B* = i(h;s;mmy, (2.27d)
respectively. -
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2.3 Temporal Discretization

In the following we present two different time dscretization of the SWEs. The first
one is the average vector field (AVF) method for the time integration of the ODE
system (2.20) in Poisson form and the second one is for the Kahan’s method for the

semi-discretized SWEs as linear-quadratic sysyems of ODEs.

2.3.1 Average Vector Field Method

The time domain [0, 7] is divided into K uniform intervals with the time-step size
At=T/Kas0=1ty<t;<...<tg=T,and t, = kAt,k=0,1,..., K. Then,
we denote by u* = u(t},), v* = v(t), and h¥ = h(t;) the full discrete solution

vectors at time ¢j,.

Time integration of the ODE system (2.20)) in Poisson form by the AVF method [33]]
yields

k+1 k
z z

) / 1 VH(E(ZR — 2F) + 2)d¢. (2.28)
0
The main advantage of the AVF method [33]] is the conservation of the higher-order
polynomial Hamiltonians, including the cubic Hamiltonian H of the SWE (2.1).
Quadratic physical quantities like circulation and mass are also preserved exactly
by the AVF method. Nevertheless, the higher-order polynomial physical quantities
like enstrophy (cubic) are not conserved. Implementing the AVF method, the in-
tegral on the right-hand side of (2.28)) need to be computed. Because the discrete
Hamiltonian A and the Casimirs, like potential enstrophy, circulation, and mass are
polynomial, they can be exactly integrated with a Gaussian quadrature rule of the
appropriate order. The AVF method is studied with finite element discretization of
the RSWE [8| 125]] and for RTSWE [43] in Poisson form. Although the desired
properties, such as conservation of energy, are obtained, the AVF method is com-
putationally expensive due to its implicit form. In [43], the semi-implicit form of
the AVF method is studied with a quasi-Newton solver and simplified Jacobian for
the RTSWE. In [113], the NTSWE in the Hamiltonian form is discretized in space

following [103] by the Arakawa-Lamb discretization [4]] in space, where it is shown
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that by using the non-structure preserving time integrators like the Runge-Kutta and
Adams-Bashforth methods, causes drifts in the energy and enstrophy [113]. On the
other hand, preservation of multiple integrals like the enstrophy at the same time [37]]
by geometric integrators like the AVF method is not possible. In [, [125]], the AVF
method employed to the SWEs in a different Hamiltonian form, where the SWEs
are discretized in space by compatible finite elements. Central difference approxi-
mation of the first order differential operators ensures that the discretized ODE is in
skew-symmetric form, which is necessary for the preservation of the Hamiltonian and
other conserved quantities. The skew-gradient structure of RTSWE is also preserved
using finite element methods in [43]], the RSWE and linear SWE with discontinuous
Galerkin method [46, [126]], and finite volume method [97]].

The AVF method is used frequently energy preserving and dissipating integrator for
canonical Hamiltonian and dissipative systems [24]), and multysymplecic PDEs [50].
There are also higher-order versions of the AVF method, but they are more computa-

tional costly

2.3.2 Kahan’s Method

The spatial discretization of the RSWE (2.9)) results in the following system of ODEs:

d
d_th = —uo (D,u) —vo (Dyu)—gD.h+ fo,
d
d_qt) = —uo (D) —vo (D) —gD,h — fu, (2.29)
% =—D,(uoh)—Dy(voh).
The semi-discrete RSWE (2.29) consists of linear and quadratic terms, which can be
written as
dz
i F(z) = Ri(z) + Ra(2) + L(2), (2.30)

where the L(z) includes the linear terms, while the quadratic vector R, (z) and Ry(z)

includes the quadratic terms, given by

—uo (D,u) —vo (Dyu) —gD.h + fov
Ri(z)=| —uo (Do) | Ry(z)=| —vo (Dyv) | L(z) = —gD,h — fu
—D,(uoh) —Dy(voh) 0



For the linear-quadratic autonomous ODE systems like (2.29)), Kahan introduced an

"unconventional" discretization [67]]
Skl _ ok 1
< = _ R{(zk,zkﬂ) + Rg(zk’zk—i—l) + _L(zk + zk—l—l)7
At 2
where the symmetric bilinear forms R} (-,-) and RJ(-,-) are computed by the polar-
ization [25] of the quadratic vector fields R, (-) and Ra(-), respectively, defined by
1

sz(zszk—’—l) = 5

(Ri(z" + 2"1) = Ri(2") = Ry(z"*1)), i=1,2.
Kahan’s method is time-reversal, second-order, and linearly implicit method, i.e., it
need just one Newton iteration per each time step [68]. The fully discrete RSWE

equations (2.30) with Kahan’s method is given as

At 0\ 2H 2 .
(12 - SN 2= = ), @31)

where I3y € R3V>*3N denotes the identity matrix and F”(2*) denotes for the Jacobian

matrix of F'(z) evaluated at 2*. Analytical form of the Jacobian matrix F”(2) is given

as
u'D, + (D,u)? + v¢D, (Dyu)? — f 9D,
Fl(z) = — (Dyv)? + f u’D, +v'D, + (D,v)" 9D,
D, h? D,h? D,u’ + D,v?

where the superscript d denotes the diagonal matrix possessing the a vector in prin-
cipal diagonal, i.e., for any vector a € RY, the matrix a? € R¥*¥ is the diagonal

matrix with the diagonal elements a?, = a;.

Spatial discretization of the RTSWE (2.15) results in the following linear-quadratic

ODE system
dh
= = —Dy(uoh)—Dy(voh),
du h
i —uo (Dyu)—vo(Dyu)——~oDy,s—soD,h—soD,b+ fu,
df} }f (2.32)
i —uo(va)—'vo(Dy'v)—EoDys—soDyh—soDyb—fu,
d
d—'::—uost—voDys.
which can be written in matrix-tensor form as
dz
i F(z)=Az+ H(z® 2), (2.33)
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where A € R4V ig a linear matrix operator containing the linear terms

0
—so Db+
Az = 20 fv
—soD,b— fu
0

and H € R*V>*4N)* j5 a matricized tensor operator containing the quadratic terms

—Dy(uoh)— Dy(voh),
—uo (D,u)—vo(Dyu)—20D,s—soD,h,

—uo (Dv) —vo (Dyw)—%oDys—soDyh,

Hz®z) =

—uoD,s—voDys
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CHAPTER 3

PROJECTION BASED INTRUSIVE REDUCED-ORDER
MODELLING

Realistic numerical simulations of the SWEs are computationally costly because they
require a large amount of computer memory and computation time. ROMs have
been developed as an effective strategy to decrease the computational cost of simulat-
ing high-fidelity PDEs by constructing a low-dimensional linear subspace (reduced
space) that approximately expresses the solution to the PDEs with a significantly low
computational cost. The solutions (trajectories) of the high-fidelity FOM, obtained
by space-time discretization of PDEs and then projected onto reduced space using
the POD [16, 108]. The POD is a computationally efficient reduced-order modeling
technique that been extensively applied in large-scale simulations of nonlinear PDEs.
The dominant modes of the PDEs are recovered from the trajectories of the FOM.
The computation of the FOM trajectories is performed in the "offline" stage. On the
other hand, the "online" stage indicates the solution of the reduced system in the low-
dimensional subspace. Various ROMs are constructed for the SWEs, in conservative
form [79,[78]], in the f-plane [44]], in the S-plane [35,136], with POD and in the S-plane
[17, 18] with DMD. MOR methods for SWEs have been intensively investigated in
the literature, see, e.g., [3, 17, (18} 44,169, 78, 79, 109].

The main obstacle in constructing the efficient ROMs from the high-dimensional
FOM is the efficient evaluation of the nonlinear terms on the POD basis. The com-
putational cost is decreased by interpolating the nonlinear terms and evaluating them
in the sampling points, known as hyper-reduction techniques [7, 29, 5, 131} 187, 22].

In this thesis, as a hyper-reduction technique, we consider DEIM [29], which is one
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of the most popular hyper-reduction methods. The number of sampling points used
in DEIM scales with the reduced dimension. For PDEs possessing nonlinear polyno-
mial terms like SWEs, ROMs do not need approximating the nonlinearities through
hyper-reduction techniques. The reduced operators can be precomputed in the of-
fline stage. After projecting the full-order operators onto the reduced space, the low-
dimensional ROM preserves the polynomial structure of the FOM. In recent years, for
PDEs with nonlinear polynomial terms, the computationally efficient ROMs are de-
veloped by using some properties from tensor theory and by matricizations of tensors

(10, 12, 111156, [72]].

In the traditional projection-based intrusive MOR techniques, the conservation of
physical quantities like energy is not, in general, guaranteed. When the physical quan-
tities violated, ROMs frequently results in an unstable or qualitatively wrong reduced
system, even when the high-fidelity system is stable. Thus, preservation of the phys-
ical quantities of the FOMs by the reduced system yields in physically meaningful
ROMs for fluid dynamics problems, such as compressible and incompressible Euler
equation [2]]. The stability of ROMs over the long-time integration has been stud-
ied in the context of Lagrangian systems [23], and port-Hamiltonian systems [28].
In [[1} 91], symplectic Galerkin projection are constructed for linear and nonlinear
Hamiltonian systems, such as the linear wave equation, nonlinear Schrodinger equa-
tion, and Sine-Gordon equation that capture the symplectic structure of Hamiltonian

systems to enforce long term stability to the ROMs.

We study structure preserving reduced-order modeling for the RTSWE that exploits
skew-symmetry of the centered discretization schemes to recover conservation of the
energy at the level of the ROMs. In Sections [3.1] [3.2] and [3.3] the POD and DEIM
are introduced and the tensor algebra is briefly described, which are needed for con-

structing ROMs.

In Section ROM are constructed by exploiting the linear-quadratic-structure of
the RSWE after the semi-discretization in space without necessitating hyper reduction
techniques like the DEIM. Utilizing tensor techniques [12,/11,169]], the computation of
the ROM is further accelerated while preserving the skew-symmetric structure. For

the time integration of the ROM, we have considered the linearly implicit Kahan’s
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method. The cubic Hamiltonian (energy) of the RSWE and the linear and quadratic
Casimirs, i.e., the mass, the buoyancy, and the total vorticity, are well preserved and

the speed-ups of order two are achieved over the FOM.

In [S1) 163, 184]], the skew-gradient structure of the Hamiltonian system of ODEs,
such as the Korteweg-de Vries (KdV) equation with the constant Poisson matrix,
are preserved in the ROMs using the modified POD-Galerkin projection. However,
RTSWE possesses an additional difficulty in constructing structure-preserving ROM
with the state-dependent skew-symmetric Poisson matrix. Moreover, due to the ra-
tional nonlinear term in the Poisson matrix, constructing efficient ROMs by offline-
online decomposition becomes challenging in the case of all SWEs. Thus, in the
case of the state-dependent skew-symmetric Poisson structure, preserving the skew-
gradient structure in the ROMs becomes more challenging than with the constant
Poisson structure. Another bottleneck is the lack of the numerical integration tech-
nique that preserving both the Poisson structure and the energy of a Hamiltonian
system [S7]. When the ROMs of RTSWE maintain the skew-gradient structure and
thus have the energy-preservation law, energy-preserving integrators can be easily ap-
plied. We consider the AVF method [33] to integrate the semi-discrete skew-gradient
RTSWE, which is conjugated to a Poisson integrator. Recently, the AVF method is
used to construct ROMs to Hamiltonian systems like nonlinear Schrodinger equa-
tion [/0] and the Korteweg-de Vries equation [S1) 63, [84]]. To separate the high-
dimensional variables in the computation of the nonlinearities in the reduced form,
we consider DEIM. Nevertheless, the basic implementation of a proposed structure-
preserving DEIM does not permit the separation of online and offline phases in the
nonlinear terms of the non-canonical Hamiltonian systems like the RTSWE. To ac-
celerate the online computation of the ROMs, we approximated the Poisson matrix
and the gradient of the Hamiltonian of the RTSWE with the DEIM, which yields a

skew-gradient ROM with linear and quadratic terms only.

In Section[3.5.1) ROMs are constructed by using the POD-Galerkin projection which
preserves the skew-gradient structure of the semi-discrete non-traditional rotating
SWE (NTSWE) with full Coriolis force. The DEIM is applied only for the gradi-

ent of the Hamiltonian, but not for the skew-symmetric Poisson matrix.
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In Section [3.5.3] a POD-DEIM ROM is constructed for the RTSWE that preserving
both the skew-symmetric Poisson matrix and structure of the skew-gradient reduced
system. Numerical simulations for the double vortex test case from [43]] show that by
preserving the structure of FOM of RTSWE, i.e., preservation of the skew-gradient
structure, the long term integration of the ROM results in a physically meaningful
solution. Furthermore, the numerical results indicate that ROMs of the RTSWE with
the DEIM and POD yield a stable approximation of the solutions while exhibiting

several orders of magnitude computational speed-ups over the FOMs.

3.1 Proper Orthogonal Decomposition (POD)

POD method seeks to find optimal basis for low-dimensional approximation of sub-
sets in the Hilbert space. The basis vectors obtained by POD is extracted from the
spatio-temporal observation matrix called "snapshot" matrix. Let us define the snap-

shot matrix as follows
S =(z',2*...,2") (3.1)

where z* = z(t;,) called the snapshot at time instances t, for k = 1,..., K. The

snapshots are obtained from the solution of the FOM. The POD basis vectors 1); for

1 =1,...,r satisfy the following optimization problem
K T
argmin ) _ |17 = 3 (=) vl (32)
Vitizi =1 =1

subject to 1] ; = 0ij, for 1 <4, 5 <,

where 9;; is the Kronecker delta. Now, assume that dimension of the FOM is greater
than the number of snapshots: N > K. Then, the solution of the minimization
problem (3.2)) can be expressed in terms of left singular vectors of the snapshot matrix

S. Let us define the SVD of snapshot matrix as

S=VvIwT’,
where ¥ = diag(oy,...,0k) is a diagonal matrix, containing singular values and
V = [vy,...,vk] is the matrix containing left singular vectors. The POD modes can
be expressed via first r left singular vectors. Let us denote V,. = [vy, -+ ,v,] as the
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POD basis matrix. Using » POD modes the error in the optimization problem (3.2))

becomes
K
min ||S — V,VIS|[3 = g o’
r F 7o
Vr ERN Xr .
j=r+1
where || - || » denotes the Frobenius norm. The optimization error gives motivation to

determine the order of the approximation r via following relative "cumulative energy"

criteria

E;N%
K
§:j=10ﬁj

where k is a user-specified tolerance.

>1-—r, (3.3)

Using POD modes the state can be approximated as z = z = V,.z,. After substituting

the approximation of the state in (2.30) the approximate model takes form of

V,—L — F(Z) = R(2). (3.4)

Finally, employing Galerkin projection on (3.4), the ROM becomes

dz, . =
d—zt ~VTF(@E) = VTR(Z) = 0. (3.5)
The deterministic SVD for the snapshot matrices of size N x K has complexity of

O(min(N K2, NX). In this study, we use the randomized SVD (rSVD) [58} [6] which
is faster than the deterministic SVD for big matrices and has complexity of O(N Kr).

3.2 Discrete Empirical Interpolation Method (DEIM)

In the nonlinear PDEs like RSWE, the right-hand side F'(z) contains nonlinear terms,
which posses burden in Jacobian and online computation of the ROM. For instance,
let the right-hand side contains F'(z) = Az + N(z), where A corresponds linear
operator and N(z) is nonlinear function. Using POD-Galerkin ROM, right-hand be-
comes VI'F(V,z,) = VI AV,z, + VI N(V,z,), where VI AV, can be precomputed,
but VI N (V,z,) still needs to evaluated in FOM dimension. One way to deal with

inefficiency due to nonlinearities in the FOM is using discrete empirical interpolation
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method (DEIM). The DEIM approximates the nonlinearities using interpolation on a

subset which is independent of FOM dimension.

Let us consider a nonlinear vector f(z) € RY. The DEIM procedure in [29] intro-
duced to approximate the nonlinear vectors by interpolating them onto an empirical
basis, that is,
f(z) = c(t),

where ® = [¢1,...,¢,] € RV*P is the basis matrix and c(t) : [0,7] — RP” is the
reduced coefficient vector. Let us define P = [e,,, ..., ¢, ] € RV*? as the subset of
columns of the identity matrix. Let (P)TCD is invertible, then, the coefficient vector
c(t) can be uniquely obtained by solving (P)"®c(t) = (P)" f(z(t)). Hence, the

nonlinear terms can be approximated as follows
FZ(1) »~ Pc(t) = 2((P) @)~ (P)" f(2(t)). (3.6)

where ®((P)"®)~! can be precomputed.

Moreover, the reduced approximated nonlinear vectors using DEIM are defined as
f-(2(t)) .= (P)T £(2(t)) € R”, by which online computation of the nonlinear term
f(2(t)) € RY no longer scales with the FOM dimension N and instead just p < N
dimensional DEIM reduced nonlinear vectors f,(z(¢)) need to be computed. The
entries of reduced nonlinear terms f,.(Z(t)) consist of the p selected entries of the

nonlinear vectors f(Z(¢)) among N entries.

The accuracy of DEIM related on the selection of the basis, and not much by the
choice of the selection matrix P. Generally, the interpolation basis {¢1, ..., ¢,} is

obtained from the snapshots matrices of the nonlinear vectors, e.g.,

Sf:[.f17f27"'7fK]€RNXK7 (37)
where f¥ = f(z*) denotes the nonlinear vector f(z(t)) at time t;, computed by
using the solution vectors z*¥ = z(t), k = 1,..., K. The columns of the matrices
¢ = [¢y,..., ¢, are determined as the first p < N dominant left singular vectors in

the SVD of S;. The selection matrix P for DEIM is determined by a greedy algorithm
based on the system residual; see [29, Algorithm 3.1].

A sophisticated way of determining the sampling points is the Q-DEIM [132] which
depends on QR decomposition with column pivoting. It is showed that Q-DEIM
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yields better stability and accuracy properties of the determined selection matrix P¥)
with the pivoted QR-factorization of (). In this section, we employ Q-DEIM for

obtaining the selection matrices P\Y), see Algorithm

Algorithm 1 Q-DEIM

1: Input: Basis matrix ® € RV

2: Output: Selection matrix P
3: Perform pivoted QR factorization of & so that ®'II = QR
4 SetP =1I(:,1:p)

3.3 Tensor Algebra

Typically, tensors are defined as multidimensional arrays which storing the numbers,
e.g. real numbers. The number of a tensor dimension called the order or mode of a
tensor. For instance, scalars can be represented as zeroth-order tensors, vectors can
be represented as first-order tensors, and matrices can be represented as second-order
tensors. In this study, we will focus on tensors of order three. Figure @ shows

tensors of order zero to up to order three.

0 OOA00
ﬁﬁgﬂ NENENE
Horrrrnd H D DDDDD

0 S8 EEE

Figure 3.1: r € R, x € R*, X € R¥5, 27 € R¥*53,

In this section, we use a similar notation with [71]. The subarray obtained by fixing
all indices except one index is called fibers, e.g., for order-three tensor ;. = ;.
Fixing all except two indices of tensors called the slices of the tensor, e.g., X.., = Xj.
Fibers obtained by fixing the first index, the second index, and the third index are
called column, row, and tube fibers, respectively. Frontal, lateral, and horizontal
slices are obtained by fixing first and second, first and third, second and third indices,

respectively. Fibers and slices for a order-three tensor are shown in Figure [3.2] and

B3
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Figure 3.3: (left): Lateral, (middle): horizontal, (right): frontal slices of a mode-3

tensor.

For a given matrix X € R/ vertically stacking the columns of X into a vector

called vectorization of the matrix.
i)
Lo
vec(X) =

L.

(3.8)

Similiar to vectorization by reordering the tensor into a matrix called matricization.

In this study, we focus on the mode-n matricization (unfolding). For a given tensor

Z e Rhxbx.xIN mode-n matricization of the tensor into matrix is denoted as

X(n) € RlnX(IlA""In—l'In-Q—l‘...'IN).

Let us consider m € M as the element of the matricized tensor and z € 2 as the

element of a tensor. The mode-n unfolding is defined as following:

k—1
Ly yig,- 1N|—>mww1th]_1+z<zk_1 H[m>

k=1 m=1
k#n m#n

For instance, let 2~ € R3*3*2 be a tensor with the following frontal slices:

1 2 3 10 11 12
Xi1=14 5 6|, Xo= (13 14 15
78 9 16 17 18
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Then, the three mode-n matricizations are:

—_
[\
w

10 11 12
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3.3.1 Important Tensor Products

Definition 1. The Kronecker product between any two matrices A € R and B €

REXL js defined as follows

-(lllB CL12B e CLL]B-
a1 B a»B --- a5 B
A®B .= 2:.[ 2? 2°.7
(3.10)
_allB aI2B aUB_
=lag®b; a1 ®by - a;¥br_; a;Rb; ER(IK)X(JL),

where ® denotes the Kronecker product.

Definition 2. Let A € R™*K and B € R*K be two matrices, the Khatri-Rao

(column-wise Kronecker) product between two matrices is defined as:
AOB:=|a;®b; a;®b, --- CLK®bK] e RUIK, (3.11)

where © denote Khatri-Rao product.
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Definition 3. Let A € R™7 and B € R™*’ matrices, the Hadamard (element-wise)

product between two matrices is defined as follows

a11bin aigbie -+ aygbiy
a21b21  abay -+ agjbay

AoB:=| . T e R, (3.12)
| arn b apbrp - GIJbIJ_

where o denotes Hadamard product.

Definition 4. Let the tensor 2 € RI>12X-XIN qnd the matrix M € R7*I» gre

given, the n-mode product between these tensor and matrix is defined as

I
(2 X M )i sjinsain = D Tirenin M (3.13)

in=1

where X,, denotes the n-mode product.

An equivalent expression of Definition () can be obtained using unfolded tensors as

Yin) = MX@).

3.4 ROM for RSWE in Tensor Framework

In this subsection, we will illustrate the usage of tensorial techniques to obtain ROM

with online cost independent of FOM dimension.

We construct the ROM by approximating the solutions of FOM (2.29) onto a low-
dimensional subspace spanned by the POD basis vectors. The POD basis vectors
obtained from the snapshot matrix, whose columns consist of fully discrete solution

vectors at each time instances.

Typically, all the state variables are stacked in one vector to determine the POD basis
vectors, then the common reduced subspace is determined by taking the SVD of the
snapshot data. When the governing PDEs like the RSWE are coupled, computing
POD basis by the stacked states causes unstable ROMs [95,198]] due to the unpreserved
coupling structure of the FOM. To conserve the coupling structure of RSWE in the
ROMs, the POD basis vectors are determined separately for each the state vector h,

u, and v.
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The ROM arising from the fluid problems poses fluctuations, which can be avoided
by the mean centred snapshots are obtained at time instances ¢, £ = 1, ..., K, in the

snapshot matrices Sy, S,, and S},

Su:(ul—ﬁ,uz—ﬁ, ,uK—ﬁ)ERNXK,
S, = (VI—V,VQ—V,--~ ,VK—V) e RVXK,
Sp = (h' —h,h*—h,--- ,h* —h) e RV*¥,

where @, ¥, h € RY denote the mean of the snapshots defined by

k 1 o koo 1 - k
u’, v=— vi, h=— h".
93 K2

k=1

_ 1
u=—

K

W

k=1
The mean-subtracted ROMs is used commonly in fluid dynamics to stabilize the
ROMs, and it guarantees that reduced model solutions would satisfy the same bound-

ary conditions for the FOM [17].

The objective of POD method is to form the POD basis matrices V,,, V,, Vj, € RY*"
which span approximately the column space of the snapshot matrices .S, S, and S},
for a positive integer r < K, respectively. The POD basis matrices are obtained by

the singular value decomposition (SVD) to the snapshot matrices

Su = V;",uzr,uWT Sv = V;",'UET,UWT Sh = W,hgrvhwgh )

U ) v )

where the columns of the orthonormal matrices V,.; € RV and W,; € REXE
are the left and right singular vectors of the snapshot matrix S, ;, respectively, and
the diagonal matrix ¥,; € R**X with the diagonal elements (X, ;);; = 0, j =
1,..., K, contains the singular values of S, ;, ¢ € {u,v,h}. The POD basis matrix
V; constructed by the first r left singular vectors from V,;, i € {u,v,h}. The left
singular vectors of V;, i € {u,v,h} are called POD modes. Using the POD basis
following optimization problem is satisfied
K
Jmin IS = ViVTSI[E = Y oy, i€ {uwh),
j=n+1

where || - || r denotes the Frobenius norm. Hence, the projection error in the snapshot
matrices is obtained from the sum of the squared singular values greater than the

dimension of ROM. The projection error creates guidance on the accuracy of ROM.
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After computing the POD basis matrices V,,, V,,, and V},, we approximate u, v, and h

to the FOM solutions u, v, and h as follows
u~d=u+Vu, vev=v+Vv,, hah=h+Vh,,

where u,, v, h, € R" are the solution vectors of the reduced system of dimension

r < N. For convenience, we also define the following vectors and matrix

u u, Va
Z=|v c RSN ’ 7, = v, c RBT ’ ‘/Tz _ ‘/;} c R3NX3T7
h h, Vi

and then we get the approximation z ~ z = Z + V,z,. We also note that since the
columns of the 7-POD matrices are orthonormal, the approximation identity satisfies

2, = VI(Z — 7).

Constructing ODEs and PDEs possessing the nonlinear polynomial terms, ROMs do
not need to approximate the nonlinear term F(-) by sampling; hence the reduced-
order operators arising from projection can be constructed in the offline phase. Sepa-
ration of the offline-online computation as the hyper-reduction methods increase the
computational efficiency of the ROM. Previously, the quadratic nonlinearities of the
FOMs are utilized to construct ROMs for the Navier-Stokes equations [S5, 165]. This
approach avoids the approximation of the nonlinearities by hyper-reduction. More-
over, it enables the separation of offline and online phases of FOM and ROM, and the
ROM conserve the linear-quadratic structure of the high-fidelity FOM.

We rewrite the FOM in terms of Kronecker product and tensors to avoid approxi-
mating the nonlinearities in the SWE (2.29) by the hyper-reduction methods, such
as DEIM. The matricizations of the tensors allow us to perform mathematical oper-
ations with tensors easily. A popular matricization of a tensor Q is called n-mode
matricization @, [10]. The quadratic systems like (2.29) possess three different un-
foldings, depending on the n-mode used for the unfolding. We refer to [7/1] for the
basic concepts and details of tensors. The matricizations is also advantageous in terms
of matrix-matrix products so that tensor-matrix multiplications can be performed. The
matricizied tensor () corresponds to the Hessian of the right-hand side of (2.29). In

this study, we have exploited the structure of the matricizied tensor () to construct the
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reduced Hessian efficiently [10]]. The matricizied tensor () corresponds to the unfold-
ing of a 3-tensor Q@ € R3V>3Nx3N Dye to the structure of well-known discretization
methods such as finite differences and finite elements, the matrix () is sparse. For the
SWE with quadratic nonlinearities, the cross-terms z; - z; vanish for |[i — j| > 3 in
the semi-discretized ODE (2.29). Hence the number of nonzero terms of @) (;y is only
2N.

The semi-discrete system (2.29) can be rewritten using the Kronecker product as the

following linear-quadratic system of ODEs

% =F(z) = §1(Z) + ﬁ@(z) + L(z), (.14

with the following quadratic terms

u A%
Ri(z)=-A"Q| |u| ®(B"2) |, Ru(z)=-4"Q| |v|®(B') |, (3.15)
u v

where ® denotes the Kronecker product, and the matrices A*, AY, B*, BY € R3Vx3N

are given by

A$

I
~

P4
s
@

I
~

P4

BI

||
&
g

|
I

where [ represent the identity matrix of size N x N. In (3.I5)), the matrix ) €
R3N*(3N)* represents the matricized 3-tensor such that Q(z®z) = zoz is satisfied. By
substituting the approximation z ~ z = z+ V., z, into (3.14), and employing Galerkin

projection onto V,, the following reduced linear-quadratic system is obtained:

dz,
dt

— F.(2) = F'(@) + F'(2) + L,(2), (3.16)
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where we set

=y

Fi(@) = ~VIA"Q

® (Bz) |,

=V =}

<

F@z)=-V.AQ| | v|®(B) |,

r

<)

L(2) = VIL@).

Computation of the reduced quadratic terms F*(z) and F’(z) in the reduced model
is tricky. Next, we discuss the efficient computation of the reduced quadratic
terms F"(z). Computation of the second reduced quadratic term F”(z) can be done
in a similar way. Substituting the mean-centered approximation z = z + V. z,. into the
quadratic term F"(z), and using the properties of the Kronecker product operation,

we obtain

F!(Z) = 'z + V.z,)

T

u+ V,u,
=-V'AQ| |u+Vu | ® (B (Z+ V.z,)) |,
u+ V,u,
u u (3.17)
=-VI'A"Q| |u | ®(BZ2)+ |u | ® (B"V.z,)
[ 1
Vuur Vuur
—VIATQ [ [ Vou, | @ (B*Z) + | Vou, | © (B"V.z,)
V,u, V.,

All the term are at most linear in (3.17)), only last terms includes quadratic term.

Using the properties of the Kronecker product high-dimensional variables can be de-
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composed as follows

V., u,
_VZTAmQ Vuur ® (BT‘/ZZT) = _‘/zTAzQ (VJ ® (BTVZ)) u, ® (ZT)
Vyu, u,
(3.18)
u,
= Qu,?‘ u | ® (Zr) )
u,

where the matrix Q,,,, = —V A*Q (V; @ (B*V.)) € R**6G"” can be computed in

the offline stage, and

Vi
V* — Vv c R?)NXBT.
Vi

The most significant computational issue in constructing (),, , is the computation of
the Kronecker product V* @ (B*V,) € RGN)**()° which has a cost of O(r2N?) for
quadratic terms. Due to the dense structure of POD basis matrices, the construction of
Q. needs extra attention. In [10], the reduced matricized tensor (), is constructed
by avoiding the computation of the Kronecker product V. ® (B*V), having a com-
plexity of order O(rN?). Therein, utilising the y-mode (matrix) product, the reduced

matricized tensor (), efficiently constructed as following

° Compute y3r><3N><3N by Y(l) — _‘/ZTAIQ’
° Compute Z3rx3rx3N by Z(2) — ‘/;,T(B:E)TY(2),

o Compute Q¥ 3% by Q) = (V)T Z®),

Although using the ;i-mode (matrix) product to compute (), , decreases the complex-
ity, still the matrix () must constructed for each different polynomial nonlinear terms.
Recently, in [12, [11]] two new algorithms are used for efficient construction of the
reduced matricized tensor (), , by taking advantage of the special structure of Kro-

necker product. The compact construction of the reduced matricized tensor (), , in
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MatLab notation can be done as follows [12} [11]]

Qur = =V A" Q (V) ® (B°V2))
= VA Q(V; ® G)
Vi(l,) @ G(1,:) (3.19)
— _VZTAJ: : |
Vi(3N,:) ® G(3N,:)

where G = B*V, € R3*M*3". Hence, the reduced matricized tensor Qu,r can be
formed without explicitly constructing the matrix (). The complexity of (3.19) is
O(N7?). The computation of (3.19) is carried out in the offline phase over a loop in
the FOM dimension. Nevertheless, for large-scale problems, this operation is time-
consuming. Next, we show the efficient construction of (3.19) for large-scale prob-
lems. The transpose of the Kronecker products of any given two vectors a and b can

be represented as follows

(vec(ba™))" = (a®@b)"
—a' ®b',

(3.20)

where vec (-) denotes vectorization of a matrix. Using (3.20), the matrix N :=
QVr®G) e RN (3% in (3.19) can be constructed as follows

N(i,:) = (vec (GG, )TV, )", i=1,2,...,3N.

We use "MULTIPROD" [76] routine to increase the efficiency in the offline compu-
tation. MULTIPROD uses virtual array expansion to perform multiple matrix prod-
ucts. When the matrix V,* € R3V*3" is reshaped as V7 € R3V*1X3" then MULTI-
PROD is applied to G and V,/ in 2 and 3 dimensions. MULTIPROD assigns virtually
a singleton to the third dimension of G, and we get the 3-dimensional array (ten-
sor) N' := MULTIPROD(G, V") € R3Nx37x37 Thus, we can represent (3.19) as
Qur = —VIA*NO, where N e R3N*G")” is the matricization of A". In Sec-
tion[3.4.1] we compare the computational efficiency of computing the reduced matri-
cized tensor (), , by the algorithm in [10] with the algorithms in [12, [11]] improved
by the use of MULTIPROD.
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3.4.1 Numerical Results

Our test example for the RSWE (2.9) on the spatial domain Q = [0, 1]? is given, with
g =1, f = 0, and with the initial conditions [[114]]

h(x,0) =1+ = —25 —12—25 Ly
x,0) =1+ S exp T3 v=3) |

u(x,0) = —5- sin(7x) sin(2my),

1
v(x,0) = gy sin(27x) sin(my).

The periodic boundary conditions are satisfied by the initial conditions. We set the
final time 7" = 50 for simulation, and spatial and temporal domains are discretized
with the mesh sizes Ax = 0.01 and At = 4Ax, respectively. This discretization
leads to a FOM dimension of size N = 10000, and K = 1250 time intervals, there-
fore each snapshot matrix 5, S,, and S}, has size 10000 x 1250. The FOM of the
SWE (2.9) is considered in the f-plane, and integrated with Kahan’s time integrator
(SWE-Kahan). To demonstrate the efficiency of the ROM, we consider (3.16) without
tensorial framework (POD-Kahan) and with tensorial framework (TPOD-Kahan).

In Figure the FOM solution of SWE-Kahan for the height field h and the velocity
fields u, v are given. We plot the normalized singular values of the snapshot matrices
Su, Sy, and S}, related to the velocity fields u, v, and the height field h, respectively, in
Figure[3.5] The normalized singular values exhibiting a slow decay for each snapshot
matrix, which is a typical behavior for the problems with wave phenomena in fluid
dynamics [88]. Slow decay in the singular values poses a big difficulty for ROMs,
their dynamical behaviour cannot be captured accurately by the linear combination of

a few POD modes.

To examine the conservation of the discrete enstrophy (2.22)), discrete energy (2.21)),
and discrete vorticity (2.23]) for a FOM solution vector z (or ROM approximation

vector z), we use the time-averaged absolute errors || - ||z, || - ||z and || - ||, defined as
follows
RS k 0 _
lzlle = - ;; |E(z") - E(2°)|, E=H,ZV. (3.21)
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Figure 3.4: FOM solutions at final time 7" = 50.
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Figure 3.5: Singular values of the snapshot matrix.

Furthermore, to measure the global error between the fully discrete ROM approxima-
tion (FOM-ROM error) and the fully discrete FOM solution, we define the following
time averaged relative Lo errors for the each state variables w = u, v, h
N
W — W gt = Z HWHW,CHVZHP, [W* 12 = waAxAy. (3.22)
i=1
To show the FOM-ROM error at a discrete time instance, we consider the node-wise

difference between the FOM solution and ROM approximation.

The slow decay in the normalized singular values also cause a slow decay in FOM-
ROM errors for all states with varying number of POD modes in Figure [3.6] Hence,
the number of POD modes is set to a relatively big value, » = 50, according to the

relative energy criteria (3.3) with k = 107

In Figure [3.7] the FOM-ROM errors for height field and velocity fields are demon-
strated, which indicates that height field error is slightly less accurate than the veloc-

ities error as in Figure 3.6

In Figure the discrete enstrophy error |Z* — Z9|, the discrete energy error | H* —

HP|, and the discrete vorticity error |[V¥ — V| are shown, k = 1,..., K. The discrete
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Figure 3.7: FOM-ROM errors at the final time 7" = 50.

enstrophy, energy, and vorticity are well preserved over the time interval [0, 50]. Since
the vorticity is a quadratic quantity, it is preserved by both methods in Figure[3.8] The
mass is conserved up to machine precision because it is a linear conserved quantity,

and it is not shown here.

Table 3.1: Time averaged relative L>-errors.

||u_ﬁ||Rel HV_{’\HRel ||h_h||R€l
Kahan 30 POD modes 1.265e-01 1.265e-01 1.567e-02

Table 3.2: Time averaged absolute errors for the conserved quantities.
Energy Enstrophy Vorticity
Kahan 30POD modes 2.901e-05 3.108e-03  3.454e-05

107
L, bt
1075 il
[l !
107 :
i ---SWE-Kahan -4 ---SWE-Kahan !
- - POD-Kahan --~SWE-Kahan 10 -- F‘OD—Kaahaa:
TPOD-Kahan - - POD-Kahan TPOD-Kahan
10° 10 TPOD-Kahan
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time Time Time

Figure 3.8: Errors in the conserved quatities. (left): energy error, (middle): enstrophy

error and (right): vorticity error.
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Table 3.3: Wall-clock time (in seconds) and speed-up factors.

wall-clock time speed-up

FOM 788.89
basis computation 31.02
POD  online computation 289.01
total 321.03 2.45
tensor computation [10]J(MP) 20.78 (9.43)
TPOD online computation 6.42
total [10](MP) 27.20 (15.89) 29.00 (49.64)

The time-averaged relative Lo-errors between full and reduced-order solutions are
given in Table [3.1] which indicates the dynamics of the height fields is more accu-
rately captured than for the velocity field components. The conserved quantities are

accurately preserved by the TPOD-Kahan in Table[3.2]

The wall-clock times and corresponding speed-up factors in Table [3.3] for r = 50
POD, shows the computational efficiency obtained by the separation of the high-
dimensional variables of the TPOD-Kahan. Table |3.3|presents the basis computation
time, which is consist of SVD computation, and online computation time, which con-
sists of the time required for projection and solution of ROM. The computational
performance is further increased by utilizing the sparse matrix structure of the dis-
cretized RSWE using MULTIPROD (MP) in the algorithm of [[12} [11] over [10] as
shown in Table 3.3l

The computational time of the reduced matricized tensor Q,,, = —V A*Q (V} @ (BV,))
is examined for the method in [10] (TS) is compared with the algorithms in [12} [11]
utilising the MULTIPROD. In Figure left, we present the required computa-
tional time versus the number of POD modes by fixing the number of grid points

N = 10000. In contrast, the required computational time for the varying number of
grid points using a fixed number of POD mode r = 50 is given in Figure right.
Both figures expose the computational efficiency using MULTIPROD by increasing

the size of the FOM and ROMs.
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Figure 3.9: Tensor calculations by [10] (TS) and MULTIPROD (MP): (left) FOM is
fixed with N = 10000, (right) ROM is fixed with r = 50.

3.5 Structure Preserving Reduced-Order Modelling

In this section, we derive ROMs that preserves the skew-gradient structure of NTSWE
and RTSWE.

3.5.1 Nontraditional Rotating Shallow Water Equation

In this subsection, we construct ROM that maintaining the skew-gradient structure of
the NTSWE and, as a result, the Hamiltonian of NTSWE. The NTSWE
is a non-canonical Hamiltonian PDE with a state-dependent Poisson structure. Naive
employment of the POD will not conserve the skew-gradient form of the NTSWE
in the reduced model. Energy preserving POD reduced models are formed
for Hamiltonian systems with constant skew-symmetric matrices like the Korteweg
de Vries equation [S1} [84], and nonlinear Schrodinger equation (NLSE) [70]. It is
possible to apply the approach in [S1] to skew-gradient systems with state-dependent
skew-symmetric structure as the NTSWE (2.12). We show the efficient evaluation
of the state-dependent skew-gradient structure of (2.12)) in the online stage, which is

independent of the full dimension V.

We compute the POD basis from the mean subtracted snapshot matrices S;, S;, and
S}, as done in Section The snapshot matrices S, S5, and Sy, consist of the solu-
tions of the fully discrete FOM (2.12) for each states u, v, and h, respectively.

After obtaining the POD basis V] for the states ¢ = u, v, h, the reduced-order approx-
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imations becomes as follows

+Viit,, ha~h=h+Vh, (3.23)

<

a+Vzu, vaxv=

where the reduced (coefficient) vectors u,., u,, h, € R" are the solutions of the fol-
lowing ROM of (2.12)

d - -
2 =V J(@)V.H(2), (3.24)

where z, = (@,,V,,h,)T € R consists of the reduced coefficients, @, v, h € RV
denote the time averaged mean of the solutions and the components of the vector
Z = (4, v, h) are given as in (3:23). The block diagonal matrix V; contains the matrix

of POD modes for each state solution given by
Va
V. = V- c R?’NXBT.
Vi

Recently, symplectic MOR methods [1} 91] have been designed for canonical Hamil-

tonian PDEs with the constant skew-symmetric matrix

On In
—In On

JQN — c RQNXQN,

where I and Oy denote the identity and zero matrices, respectively. The skew-
gradient structure of the FOM of NTSWE is not preserved in the ROM (3.24)). How-
ever the approach in [[1,91]] is not applicable to reduced system of NTSWE as demon-
strated in [51]], the reduced system (3.24) is not a skew-gradient system. A reduced-
order skew-gradient system is constructed by adding V, V! between J(z) and V, H (z)
[51]], leading to the ROM

where J,.(z) = VI J(z)V, and V, H(z) = VIV ,H(z). The reduced-order NTSWE
(3.25)) is also solved by the AVF.

The reduced-order skew-gradient system (3.23) is not the same with the ROM (3.24)
since V,V! # I in general. Nevertheless, by increasing the reduced dimension,

the vector fields of and (3.25)) become similar, and the solution to (3.24) well
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approximates to solutions of the reduced skew-gradient system (3.25)). An error anal-
ysis is given in [51]]. Furthermore, the reduced model (3.24)) differs from the reduced
skew-gradient model (3.23) by conservation laws, i.e., for the reduced-order approx-
imation z = V, z, obtained by the reduced skew-gradient model (3.23)), the Hamilto-

nian H(Z) is constant as follows

d rd
EH(VZZT) = [V, H(V.2,)] i

= — Vo, HV.2,)|" J,(2)V, H(V.2,)

2z,

= — [VIV,H(V.2,)]" J.(2) [VIV,H(V.2,)] =0,

where we utilize the skew-symmetry of the reduced matrix J,(Z). Non-canonical
Hamiltonian models with constant skew-symmetric matrices, like the KDV equations,
are solved with the POD and DEIM methods following the approach in [S1, [84],
where the ROMs are integrated in time by the mid-point rule and AVF method.

The reduced NTSWE (3.23) can be written explicitly as

0 VIqlVy  —VID,V,
= —VIqiV; 0 —VID,V, | V.)V,H(Z). (3.26)
-ViI'D,Vz —V,ID,V; 0

The reduced-order system has constant matrices which can be precomputed
in offline stage whereas the matrices VI q?V; and V;I'q?V; should be computed in
online stage depending on the full order system. Utilizing the diagonal structure of
q¢ the computational complexity of evaluating the state dependent skew-symmetric
matrix in (3.26)) can be decreased similar to the skew-gradient systems with constant
skew-symmetric matrices as discussed in [84]. Let vec(-) denotes vectorization of a

matrix. For any A € R™*" and B € R"*?

vec(AB) = (I, ® A)vec(B) = (B" @ I,,,)vec(A).
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Thus, for a diagonal matrix D € R™" and V' € R™*"

vec(V'DV) = (I, ® V" )vec(DV)
= (L, @V")(V'® I,)vec(D)
= (Ve V) vec(D)
VeV)TM™D

V() V(,:) '

V(n,:)®@V(n,:)

where M € R is a matrix satisfying M (a ® b) = a o b for any vector a,b € R",
and D = (D11, Dy, ..., Dyy]T € R™. Using the above result, the computational
complexity of the matrix products V' q?V; and VI q?V; is reduced from O(r - N (r +

N)) to O@2 - N).

The nonlinear terms cause the computation of the reduced-order system to still scales
with the dimension /N of the FOM. We deal with this issue by employing the hyper-
reduction technique DEIM given in Section (3.2). The ROM (3.25) can be rewritten

as a nonlinear ODE system of the form

; Vi fi(2)
EZT =Vfz) = |VIf(2) |- (3.27)
Vil f3(z)

In order to apply the DEIM basis, we construct the snapshot matrices defined by
Gz:(.fil7.fi2a"' 7.fiK)€RNXK7 i:17273a

where fF = f;(z"*) denotes the i-th component of the nonlinear term f(z) in (3.27)
at time ?; computed by using the approximation of FOM solution vector z, k =
1,..., K. Hence, the nonlinear term f;(z) can be approximated in the column space
of the snapshot matrices ;. First, we employ SVD to the nonlinear snapshot matrices
G; and find the basis matrices ®y,, € RY*P whose columns are the basis vectors
spanning the column space of the nonlinear snapshot matrices G;. Next, we use the

DEIM algorithm [29] to find a projection matrix P; € RYV*P

fl<z) ~ (I)fmp(Pz’Tq)fi,P)_IPini(i)v
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and then we use the DEIM approximation to the reduced nonlinear terms in (3.27)) as

Vi £1(2) = Vo (PLf1(2), Vi f2(2) 2 Voo (Py F2(2)), Vi £3(2) = Vis(P5 f3(2)),

where
VUJ = VﬂTVfl,p(PlTVflyp)il? VU,Q = %TVfQ,p(ngfz,p)il? Vh73 = th,ﬂnvfsm(P?)Tst,p)il

are all the matrices of size /V X p, and they are precomputed in the offline stage. Using

the DEIM approximations, the ROM (3.27) becomes

Vu,l fr,l (i)
%ZT - Vv,2f'r,2( ) ) (3.28)
Vh,B,fr,B (i>

N

where the reduced nonlinearities f,;(z) = P/ f;(z) are computed by considering just
p < N entries of the nonlinearities f;(z) among N entries, i = 1,2, 3. In addition,
being an approximation to the right hand side of the ROM (3.27), the ROM (3.28))
with DEIM approximately preserves the skew-gradient structure, but exactly at the

interpolation points.

3.5.2 Numerical Results

In this subsection, we demonstrate two numerical experiments to show the efficiency
of the ROMs. The first example covers the propagation of the inertia-gravity waves
by Coriolis force, known as geostrophic adjustment [113]. The second example is
based on the shear instability in the form of the roll-up of an unstable shear layer,
known as barotropic instability [[113]. For numerical experiments, we consider the

non-dimensional structure of the NTSWE (2.12) with the setting
r=Rgt, y=Ry), u=cia, v=cd, h=Hh, hy=Hh,
(Q®,Q® @) =0 (Q(r)j O Q(z)) 7

where a variable with a hat indicates a dimensionless component, and (2 is planetary

rotation rate to construct the gravity wave speed ¢

c H 2QH
c V 911, Rd 20’ g Rd e
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The non-traditional parameter is given as 0 = H/R,, where R, denotes Rossby
deformation radius, H is the layer thickness scale, and g denotes the gravitational
acceleration [41} [110]. The parameters are taken following [113]] as = 1000 m,
Q~73x10%rads 1, g = 10~2ms~2. The dimensionless variable of the rotation

vector at latitude ¢ are taken as

~

Q@ =0, QW =cos(¢), Q¥ =sin(¢),

where we set ¢ = 7/4 in the numerical experiments. In all the experiments, the

spatial and temporal mesh sizes are taken as Az = 0.1 and At = 0.1, respectively.

To determine the dimensions 7 and p of the POD and DEIM, respectively, we used
the relative cumulative energy criteria (3.3). In the simulations, we fix k = 1073
and k = 107° to catch at least 99.9% and 99.999% of the dynamics for the ROMs
obtained with POD and DEIM, respectively. We consider the same number of modes

for each state variable.

The error between a full solution and a reduced-order solution (FOM-ROM error) are
obtained for the states w = 1, v, h using the time averaged relative errors (3.22) in

L?-norm.
Example 1: Single-layer geostrophic adjustment

The NTSWE is considered on the periodic spatial domain [—5, 5]? and time interval
[0, 150] [113]]. The initial conditions are prescribed in form of a motionless layer with

an upward bulge of the height field

1 47\ ° 4y 2
h 0)=1+= =] = (=
s o[- () - (2)]
u(z,y,0) =0,
v(x,y,0) =0.
The inertia-gravity waves diffuse after the collapse of the initial symmetric peak con-

cerning axes. Nonlinear interactions create smaller waves diffusing around the do-

main, and increasingly more complicated patterns are occurred.

The snapshot matrix S, S5, and S}, and the nonlinear snapshots has size 10000 x 1500.
Using the energy criteria (3.3]), we consider » = 40 POD modes and m = 240 DEIM
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modes. In Fig.[3.10] the normalized singular values decay slowly, which is a key prob-
lem for PDEs with wave phenomena in fluid dynamics [88]. The slow decay of the
normalized singular values also causes slow decay with small oscillations in FOM-

ROM errors for all states with the increasing number of POD modes in Fig.[3.10]
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Figure 3.10: Normalized singular values for solution snapshots (left) and relative
FOM-ROM errors (right).

The energy and enstrophy errors in Fig. [3.11] exhibit small drifts with bounded oscil-
lations in time, i.e., they have conserved approximately at the same level of accuracy.
The height h and the potential vorticity q are plotted at the final time, in Figs.
3.13] In [30], it is shown that a priori error bounds are proportional to the sums of the
singular values corresponding to neglected POD basis vectors in the reduced-order
system and the DEIM approximation of the nonlinear terms. A relatively large num-
ber of DEIM points are needed for convergence of the Newton method for solving
the nonlinear fully discrete form of the reduced-order system. Figs. [3.12{3.13] and
Tables [3.4}f3.5] show that POD, POD-DEIM reduced solutions, approximately have
the same level accuracy. The speed-up factors in Table [3.6]indicates that the ROM of
NTSWE with DEIM increases the computational efficiency further.
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o =
£ : i
S0t £
o 3 Q
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Time Time

Figure 3.11: Energy error |H* — H°| (left) and enstrophy error | Z*% — Z°| (right).
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Figure 3.13: Full and reduced solutions for the potential vorticity q at the final time.
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Flgure 3.12: Full and reduced solutions for the height h at the final time.

Example 2: Single-layer shear instability

In the second example, the NTSWE is considered on the periodic spatial domain

[0, 10]% and on the time domain [0, 150] . The initial conditions are as follows

. 27 2rx
h(x,y,O):1+Ah51n{ 7 [y A Sln( 7 )] },
2w A}, 27 2rx
u(z,y,0) = — 0L % {L {y A sm( 7 >] },

A2 AL A 2 2 2
v(x,y,()):—%co {g[y A sm( Zx)] }cos (%x),

where A, = 0.2, A, = 0.5 and the dimensionless spatial domain length L = 10, as

the case in the first test example.

The singular values decay and corresponding FOM-ROM errors in Fig. [3.14]are sim-
ilar to the first test example in Fig. [3.10}
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Figure 3.15: Energy error |H* — H°| (left) and enstrophy error | Z* — Z9| (right).
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Figure 3.16: Full and reduced solutions for the height h at the final time.
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Figure 3.14: Normalized singular values for solution snapshots (left) and relative
FOM-ROM errors (right).

As in previous example, each snapshot matrix has size 10000 x 1500. We set the

number of POD and DEIM modes as » = 10 and p = 345, respectively, by using the
energy criteria (3.3).

Fig. [3.15|shows that the energy and entropy errors are bounded over time with small
oscillations, similar to the first example. Furthermore, the height field h and the
potential vorticity field q are approximated properly by the ROMs at the final time,
in Figs. 3.16H3.17] In Tables [3.4H3.5] and Table [3.6] the computational efficiency and

accuracy of the ROMs are shown.
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Figure 3.17: Full and reduced solutions for the potential vorticity q at the final time.
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Table 3.4: Time averaged relative L>-errors.

@ =0l IV = Vlga [Ih— ] ga
Example 1 40 POD modes 1.151e-01 1.151e-01 6.172e-03
p 240 DEIM modes  1.156e-01  1.156e-01  6.180e-03
10 POD modes 3.946e-02  9.088¢-02  4.224e-03
Example 2

345 DEIM modes 4.859¢e-02 1.011e-01 5.464e-03

Table 3.6: Wall-clock time (in seconds) and speed-up factors.

Example 1 Example 2

wall-clock time  speed-up  wall-clock time  speed-up

FOM 1051.0 1038.1
POD basis computation  61.6 23.2

online computation 412.7 2.55 167.4 6.2
DEIM bas‘ls computatlc?n 67.4 31.1

online computation 87.1 12.1 47.3 22.0

Table 3.5: Mean absolute FOM-ROM errors of the conserved quantities.

Energy Enstrophy
Example 1 40 POD modes 7.094¢e-04 9.067e-04
P 240 DEIM modes ~ 8.837¢-04 1.370e-03
Eramole 2 10 POD modes 4.450¢-03 3.068¢-02
xampie 345 DEIM modes  1.529¢-02 3.589¢-02
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3.5.3 Rotating Thermal Shallow Water Equation

In this section, the skew-gradient structure of the semi-discrete RTSWE (2.26) is
preserved in ROMs of RTSWE. Thus, the discrete quantities are also pre-
served in the ROMs. The RTSWE is a non-canonical Hamiltonian PDE with a state-
dependent Poisson structure. Direct employment of the POD will not conserve the
skew-symmetric Poisson matrix in the reduced model so that the skew-gradient struc-
ture of the RTSWE in the reduced form will not be preserved. The structure
of the FOM is maintained by utilising the approach in [51] to the RTSWE (2.26).
We demonstrate that the resulted ROMs conserves the skew-gradient structure of the
FOM of RTSWE. The ROMs in time are integrated with the AVF method as for the
FOM. Due to the approximation of the nonlinear terms in using DEIM, the discrete
energy (Hamiltonian) of the FOM is preserved approximately. We have derived an

upper bound for the conservation of the discrete energy by POD-DEIM.

The POD basis are constructed as in Section [3.4] where we again consider the mean
subtracted snapshot matrices S,,, S,, S, and S, which consist of the solutions of the

fully discrete RTSWE (2.26) for the states u, v, h, and s, respectively.

Furthermore, we have the reduced-order approximations are as follows
u~td=u+Vu, v~o=0+Vw,, h~h=h+Vyh, s~s5=35+V.s, (329

where @, D, h,’5 are time-averaged snapshots, and the vectors u,., v,, h,, and s, are
the ROM solutions which are the coefficient vectors for the reduced approximations
U, v, h, and 8. The ROM is determined by the Galerkin projection onto the reduced

space

d ~ -
T —V'J(Z)V.H(2), (3.30)

where the ROM solution is z, = (h,,u,,v,,s,) : [0,T] — R T4 and the

related reduced approximation is 2 = (?I,, u,v,8). The block diagonal matrix V,

contains the matrix of POD modes for each state variable
Vi

V — e R4N><(rh+ru+rv+rs)
z = .



Although the formulae in this section are generally applicable for any number of
modes 7y, T4, Ty, and rs, we use equal number of POD modes in the present study

TI=TR =T, =Ty, = Ts.
Skew-gradient POD reduced system

We preserve the skew-gradient system in ROM of RTSWE by adding V.,V € R™"
between J(Z) and V, H(Z) as in structure- preserving ROM of NTSWE|3.25| leading

to

d ~ ~
pri —J.(2)V,, H(Z), (3.31)
where J,.(2) = VIJ(2)V, € R " is the reduced skew-symmetric matrix and

V., H(z) = VIV, H(2Z) € R" is the reduced discrete gradient of the Hamiltonian.

The main obstacle in constructing ROMs of RTSWE is the nonlinear state dependency
in the skew-symmetric matrix of the semi-discretized RTSWE (2.26)), which does not
allow the offline-online separation in the ROMs. The skew-symmetric matrix J,.(2)

in the reduced model of RTSWE (3.31]) can be written as follows

0 VID,V, VIDV, 0
1.(5) = V.ID,V, 0 —VIFI(2)V, —VIF(2)V, (332
VID,Vh VIF(2)V, 0 _VTR(3)Y,
0 VIR EZ)V, VIFEZ)V, 0,

where for the nonlinear vectors
fiR) =G F(2)=h"'o(D,8), fi(2)=h""0o(D,3),

the matrices F;(Z) refer to the diagonal matrices with the diagonal elements from the

vectors f;(2),1ie., (F;(2))u = (fj(2)nj=1,2,3,i=1,...,N.

The semi-discrete equations of structure-preserving reduced model (3.37]) can be writ-
ten explicitly as

d ~ ~

Zrhe = Vi DV f5(2) = Vil D VLV fo(2),

%ur = -VID VWV F1(2) + VI (£1(2) o ViV f6(2)) + VI (£2(2) 0 ViV f2(2)),

(3.33)
%vr = -V, DViVi] f4(Z) = V. (£1(2) o VL V,[ £5(2)) + V] (f3(2) 0 VIV f7(2)),
%sr = VI (f2(2) o VWV, £5(2)) — VI (f3(2) 0 VLV, f6(2)),
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where the nonlinear vectors f;(2), j = 4, 5,6, 7 are the components of the discrete

gradient V,H (Z) of Hamiltonian, which are given by

u’ +v° . h?

fi(®) = — +50h+0b3, f5(2)=hod, f5(2)=hod, f:(2)=— + bh.

Skew-gradient POD-DEIM reduced system

Due to the nonlinearities in the skew-symmetric Possion matrix, the computation of
the POD-ROM still scales with the FOM dimension N. Precisely, the non-
linear vectors f;(Z), j = 1,2,3, in (3.32) do not possess polynomial nonlinearities.
Thus, they should be computed in the online stage depending on the FOM dimension.
To conserve the structure in in a efficient way, we approximate the nonlinear-
ities individually inside the skew-symmetric reduced Poisson matrix J,.(Z) and the
discrete reduced gradient V,_H(Z) of the Hamiltonian with DEIM. Using DEIM, the

nonlinear vectors f;(Z) in (3.33) are approximated by

fi(zZ@) =V, f.;(Z(t), j=1,...,7, (3.34)

where U, := @) ((PU))T@U))~1 € RV*Ps are the precomputed matrices, P\Y) are the

selection matrices, and ) are the DEIM modes.

To determine the POD modes, we use following snapshot matrices of the nonlinear

vectors given by
Sy, =851 F TERVE, =17, (3.35)

where fF = f;(2") denote the nonlinear vectors f;(Z(t)) at time ¢;, computed by
using the solution vectors z*¥ = z(t;), k = 1,..., K. Similar to the POD, we take

the same number of DEIM modes for the nonlinear terms, i.e., p :=p;,j =1,...7.

Applying the DEIM/Q-DEIM approximation (3.34)), the POD reduced system (3.31))

takes the form

%zr = —J,(2)V,, H(Z), (3.36)

where the skew-gradient structure of the reduced system is preserved. In the POD-

DEIM reduced system (3.36)), the terms V,, [ (Z) and J,(Z) are the DEIM reduced
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discrete gradient of Hamiltonian and the DEIM reduced skew-symmetric Poisson ma-

trix, respectively, given by

vii Uy fra(Z)

V. H(Z) = VIV, H(Z) = Vi Usfio() |
14 Ve fr6(2)
V') \Urfer(2)

0 V.I'D,V, VID,V, 0

T.(3) = V.ID,Vj, 0 ~VIF1(2)V, —VIF, 2V, |
VvID,V, VIFE.,(2)V, 0 VTR (3,
0 VIEL(2)V. VIF2)V, 0

where F, ;(Z) are the diagonal matrices of the related DEIM approximated nonlinear

vectors, i.e., (F,.;(2))u = (Y, f;(2))ij=1,2,3,i=1,...,N.

The skew-gradient structure of the FOM is maintained by both the POD-DEIM re-
duced model (3.36) and the POD reduced model (3.31)). Nevertheless, the discrete
Hamiltonian H(Z) is not preserved for the reduced-order approximation z = V,z,
obtained by the POD-DEIM reduced model (3.36)) since the discrete gradient V,H (2)
of the Hamiltonian in the reduced discrete gradient V, H(z) = VIV, H(Z) is re-
placed by the DEIM approximation V.H (2). To see this, for the reduced approxima-
tion z = V,z, obtained by the POD-DEIM reduced system (3.36)), we have for the
discrete Hamiltonian H(2) = H(V,z,)

d T
EH(‘[Z'ZT‘) = [‘/ZTVZH<‘/ZZT)}

d
™
~ VIVH(Voz,)] T (2)Va H(Vaz,) (3.37)
VIV H (V2] T(Z) VIV, H(V.z,)| 0.
The Hamiltonian of the ROM is preserved approximately due to the nonlinear terms
in the gradient of the Hamiltonian of ROM is approximated by the DEIM. An upper
bound for the preservation of the discrete Hamiltonian by POD-DEIM method can be

derived as follows: starting from the last row of (3.37)), we can write

d T T ¥ , ~ T ~
%H(V z)=— V!V, H\V.2,)]" J.(2) [VZ VzH(V;;Zr)}

=~ VIV, H(V.2)])" J(2) VIV, H(V.z,) - VIV, H(V.2,)

~ VIV HW.z)] TGV |V H(V.z,) = V,H(Vz)]
(3.38)
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where we use the fact that the reduced matrix J, (2) is skew-symmetric and adding the
term —V 'V ,H(V,z,) in the second row does not change the equality since we have
that [VI'V,H (X/er)]T J.(2) [VIV,H(V.z.)] = 0 for the skew-symmetric matrix
(77«(2) Using the equality in (3.38)), we can bound the time derivative of the discrete
Hamiltonian. Taking the norm of the last row in the equality (3.38]), we can easily

obtain the inequality

d ~ -
|0 | < IV H VIV A R - VA V2], 339
where || - || := || - || denotes the 2-norm. In terms of the nonlinear components

fi(V.z.), j = 4,5,6,7, and corresponding DEIM approximated nonlinear compo-
nents in (3.34), of the discrete gradients V,H (V,z,) and v, H (V.z,), respectively,
the inequality (3.39) becomes

d
—H

7
< VPN YN Vez) llLF5 (Vaze) = 58 (Vazi) | (3.40)
j=4

Using the DEIM approximation error [29, Lemma 3.2] on the last term, we have for

j=4,5,6,7

15 (Voze) = 05y (Vazo) | < I((PD) TR || (I — @9 (@) T) £ (Vaz, ).
(3.41)
Finally, imposing the bounds (3.41) in the inequality (3.40), we obtain the following

bound on the time derivative of the discrete Hamiltonian

d
*H zer
Hdt (V.z,)

7
< V2PIZ-@ID D E (Vez) (PO T D) 72 |[(Iy — @9 (@0 T) £5(Vez, ).
j=4

We remark that the reduced model obtained by the POD (3.31)) and the POD-DEIM
has a skew-gradient structure with the reduced-order skew-symmetric matrix.
Here we use the energy preserving AVF integrator to the skew-gradient FOM (2.26))
and as well as to the POD (3.31)) and POD-DEIM (3.36) reduced skew-gradient sys-
tems, which is co-adjoint to a Poisson integrator and preserves the linear and quadratic

Casimirs [33]].
Fast solution of the reduced system with tensor techniques

To accelerate the online computations of the ROM (3.36) further, we employ the
tensor techniques. The POD-DEIM reduced model can be written explicitly as
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the following system of ODEs in tensor form

d
dt
d
%ur = *‘/UTDQ:‘/h‘/}LT\IIZIfLAL(E) + Gl(fr,l(g) & fr,ﬁ(g)) + G2(f7’,2(2) ® fT77(2))7

(3.42)

%’vr =~V DyViVil Wafra(Z) = Ga(£r1(2) ® fr.5(2)) + Ga(Fr3(2) @ Fra(2)),

h, = =Vi' D, V,V U5 f.5(2) — Vil DV, V! U fr6(2),

d ~ ~ ~ ~
%Sr = *G5(.fr,2(z) & fr,5(z)) - GG(fT,B(z) & fr,ﬁ(z))v
where only the reduced nonlinear vectors f, ;(Z) are non-constant, j = 1,...,7. In

(3:42), the small matrices G; € R™*?", called reduced matricized tensors, are defined

as
G =V G @V, VW), Gy=V,/G(¥ 0 V,V] W),
Gs =VIG(U, @ V,VIW;), G,=VIG(Us® V,VIT,),
Gs = VIG(U, @ V,VI;5), Gg=VIG(V;3® V, VW),

RN *N* gatisfy the identity G(a ® b) = a o b for any vectors

where the matrices G €
a,b € RY. Typically, the matrix G is called matricized tensor since the computation
of the matrix product of G by Kronecker products like G(¥; ® V, V. W) are handled
in the literature through converting the matrix G into a 3-tensor and using tensor

algebra on it [10, 11} 12, 69].

All the reduced matricized tensors GG; can be precomputed in the offline stage, and
the DEIM reduced nonlinear terms f, ;(2) = (PY)? f;(Z) are computed by consid-
ering just p < N entries of the nonlinear terms f;(Z) among N entries, j = 1,...,7.
Thus, in the online stage, the cost of ROM scales with O(rp?), i.e., only de-
pends on the reduced dimensions. We remark that it is also possible to obtain a
structure-preserving ROM by using DEIM applied only to the nonlinear terms in the
reduced Poisson matrix .J,.(Z) and not to the reduced gradient of the Hamiltonian.
Nevertheless, in this case, the online computational cost increases rapidly due to the

cubic nonlinear terms.

Beside the computational efficiency in the online phase, a straightforward computa-
tion of the reduced matricized tensors (G; in the POD-DEIM reduced system (3.42)

creates a big burden on the offline cost. Thus, we use the same procedure computing

the matricized tensors G, as in (3.19).
We remark that Poisson structure or energy preserving reduced models are constructed
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for non-canonical Hamiltonian systems, such as for the modified KDV equation [84].
But tensor techniques are not exploited with the POD and DEIM. In [84], the Poisson
matrix is approximated by DEIM but not the gradient of the Hamiltonian, which is
linear in the state variable for the modified KdV equation. Our approach approximat-
ing both the Poisson matrix and the gradient of the Hamiltonian with the DEIM, can
be applied to any non-canonical Hamiltonian system, that leads to a skew-gradient
reduced system. Application of the tensor techniques to the reduced systems, speeds

up the computation of the ROMs further.

3.5.4 Numerical Results

In this subsection, we illustrate the efficiency and accuracy of the ROMs of RTSWE
for the double vortex test case [43]]. The spatial domain is set to Q = [0, L]* with
doubly periodic boundary conditions and no bottom topography (b = 0). The initial

conditions are given by

h=Hy— Ah {60.5«%)%@3)2) 1 e 08((@5)*+w5)?) _ 4”020%]
L )
oy = —98h [ (REICARUAR _’_yge—O.S((m’z)Q—i-(yé)Q)} ’
foy
, = 9AR [x//€—0.5((z’1)2+(y’1)2) n x//e—o.5<(mg>2+<yg>2>}
for I ) |
. |27
s=g|1+0.05sin f(:c —zc)| |,
where zc = 0.5L and
L L
Ty = p— sin [%(:c — xcl)} , Ty = p— sin [%(m — xcg)} ,
L 7 L . rm
Yy = 7r_ay sin [Z(?J - ycl)] ) Yy = 7r_ay S [Z(y - ycg)} )
L 2 L 2
h— p— sin {%(1’ — xcl)} , Ty = P sin {%(m — xcg)} ,
L . |2« L . [2rn
Yl = Iro, S0 {f(y - ycl)] ;Y= pr— {f(y - y@)] :

The center of the two vortices are given by
xzey = (0.5 —ox)L, xco = (0.5 + ox)L, ye; = (0.5 — oy)L, yca = (0.5 + oy) L.
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The parameters are f = 0.00006147s~!, L = 5000km, Hy = 750m, Ah = 75m,
oy = 0.1. The FOM and ROMs

g = 9.80616ms™2, 0, = 0, = &L, and oz =
simulations are performed on the spatial grid Q = [0, L]* with the spatial mesh sizes
Azxr = Ay = 50km. The number of time steps is set to K = 250 with the time
step-size At = 486s, which leads to the final time 7" = 33h 45min. For each state

variable, the size of the snapshot matrices are 10000 x 250.

The DEIM and POD basis are determined using the following relative cumulative
energy criterion (3.3). The accuracy of conserved quantities is affected by DEIM
approximation of the nonlinear terms. Consequently, the captured accuracy by the
DEIM must be higher than the POD in relative cumulative energy. We set the POD
and DEIM tolerances to x = 1072 and x = 107°, which capture at least 99.99% and

99.9999% of relative cumulative energy for POD and DEIM, respectively.

We use the time averaged relative Ly-errors (3.22) to measure the accuracy between

FOM and ROM solutions for each state variable w = u, v, h, s.

Preservation of the discrete conserved quantities (2.27): the energy, buoyancy, total
vorticity, and the mass of the FOM and ROM solutions are measured using the time-

averaged relative error || E||.s in (3.21) for £ = H, M, B, Q.

In Figure [3.18] the singular values exhibit slow decay both for the state variables and
the nonlinear terms. According to the relative cumulative energy criteria (3.3)), we

have selected » = 5 POD modes and p = 35 DEIM modes.

Figure 3.18: Normalized singular values: (left) state variables, (middle and right)
nonlinear terms.

Figures [3.19}{3.20] indicates that the potential vorticity g and the buoyancy s dynam-
ics are captured well by the ROMs at the final time. Figure [3.21] shows the relative
errors in the mass | M* — M°| /M?, the Hamiltonian (energy) |H* — H°|/ H°, the total
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Figure 3.19: Bouyancy at the final time.
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Figure 3.20: Potential vorticity at the final time.

w

y(km)

potential vorticity |Q* — Q°|/Q°, and the buoyancy |B* — B°|/B° versus the time
steps, where the total potential vorticity remains constant with the error up to machine
precision. Mass, buoyancy, and the energy errors of the ROMs show bounded oscil-
lations over time, i.e., they are conserved almost at the same level of accuracy. All
the preserved quantities are well approximated by the POD and POD-DEIM ROMs
and do not show any drift over time, which means that the reduced-order solutions

are robust in long term computations.

In Table[3.7] we have demonstrated the time-averaged relative L, errors of the FOM
and ROMs, which shows similar level of accuracy for the POD-DEIM and POD.
Moreover, Table3.8|shows that the preserved quantities are accurately captured by the
ROMs. The POD errors are slightly smaller than the POD-DEIM errors in both tables.
Nevertheless, the POD-DEIM is much faster than the POD as shown in Table[3.9]

Table 3.7: Time-averaged relative L, errors of the state variables.

[P = hllra[u—alra [[v=2la[|I5 = 8l
POD 8.622¢-03  1.502e-01  2.185e-01 7.899e-04
POD-DEIM 1.014e-02  1.737e-01  2.400e-01  7.943e-04

In Table[3.9] we show the computational efficiency ROMs in terms of the wall clock

time. The offline computations consist of the time required for the construction of the
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Figure 3.21: Relative errors in the conserved quantities.

Table 3.8: Mean relative errors of the conserved quantities by FOM and ROMs.

”HHabs

||Q||abs

||*]\4||81bS HB”abs

FOM
POD

4.768e-15 4.053e-15 2.233e-15 3.267e-16
9.549¢-05 3.041e-16

1.834e-04 2.412e-04

POD-DEIM 9.589¢-05 3.447e-15 2.440e-04 3.237e-04

Table 3.9: Wall-clock time (in seconds) and speed-up factors.

Wall-clock time Speed-up factors

FOM 841.2
POD ofﬂ}ne computat}on 1.7

online computation 315 26.7
POD-DEIM ofﬂ}ne computat}on (POD+DEIM) 10.5

online computation 5.8 146.0

precomputed matrices and the basis computation by SVD. On the other hand, the on-

line computation includes of the time required for the solution of the reduced models

and projections to obtain reduced approximations. Note that the wall clock time of

the offline computation for POD-DEIM consists of computation time for DEIM and

POD basis as well as the computation time of the reduced tensor calculations. The

speed-up factors in Table [3.9]are calculated as the ratio of the time required for FOM

solutions over the time required for the online computation of the ROM, which shows

that the ROM with DEIM increases the computational efficiency.
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CHAPTER 4

DATA DRIVEN NON-INTRUSIVE REDUCED-ORDER
MODELLING

Most of the MOR techniques are intrusive, which means they need to access the semi-
discretized full order operators so that the reduced-order operators can be obtained by
projecting the full order operators onto a low-dimensional subspace using the projec-
tion matrices. Intrusive methods sometimes possess less attractive properties in the
application, such as they require access to full order operators. When the dynamical
system is complex, obtaining an explicit discretized FOM would be difficult. Details
of the discretization, solver, and governing equations are generally unavailable when
using proprietary software to simulate FOM, and consequently, traditional projection-
based intrusive MOR methods are not applicable. The non-intrusive or data-driven
reduced models are radically different from the intrusive ROMs. In contrast to the
intrusive ROMs, the non-intrusive model reduction techniques aim to learn reduced
models from snapshots, i.e., either numerical approximations or measurements of the
states and the outputs of the dynamical systems. In this way, the scope of model re-
duction is extended on settings where the operators of the high-dimensional systems
are unavailable. There are several software packages to simulate the SWEs for a given
parameter set and an initial condition [48}38]]. In this Chapter, we will investigate ap-
plications of the non-intrusive data-driven MOR techniques to SWE, where ROMs

are constructed without accessing the full order operators.

Learning dynamical systems from data has become a very active topic, and there is
a huge literature on it. Nevertheless, we review the most related ones with reduced

systems. Among them, machine learning plays a vital role in analyzing the under-
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lying process of the dynamics from the data. A popular approach to constructing a
model from only the simulation data is neural networks. By neural networks, it is
possible to approximate a large class of functions [66]]. Neural networks construct
a model by input-output data. They do not need any information about the physical
process or discretized operators. A computational bottleneck of the neural networks
is the amount of data to construct accurate models, which is large for high-fidelity
problems [116]. Moreover, some ideas from compressive sensing have been used to
learn the full order operators from a large library of candidate functions [101]]. Nev-
ertheless, the method’s success massively depends on the compiled library, and gen-
erally, one needs to execute computations in the FOM, thus making the method quite
challenging in large-scale frames. Dynamic mode decomposition (DMD) learns
reduced models for nonlinear dynamical systems, by fitting linear operators to state
trajectories with respect to the L, norm [100, 107]]. Methods based on the Koopman
operator have been developed to extend DMD to nonlinear dynamical systems [[124].
Reduced models are also constructed by exploiting sparsity in the high-dimensional
systems [20, [77,[105]. In the data-fitting surrogate-modeling approaches, regression
is used to learn maps from parameters to coefficients of approximations of high di-
mensional solutions in low-dimensional subspaces. Recently, data-fit non-intrusive
regression models with artificial neural networks (ANNs) have been developed for

time-dependent dynamical systems [64} [121].

Recently, the operator inference (OpInf) method to assemble ROMs has obtained
considerable attention. The OplInf method uses the information of nonlinear terms
at the PDE level. In the Oplnf methods, the operators representing the ROM are
obtained by an optimization problem without requiring the discretized full order op-
erators of the PDEs. The method firstly studied in [90] for polynomial nonlineari-
ties. Later, the method stretched to a class of nonlinear terms, which can be written
as quadratic-bilinear (QB) or polynomial nonlinearities by defining new variables in
[94] 95]]. Lately, in [14] authors generalized the method to nonlinear terms, where
the structure of the nonlinear terms is conserved. Recently the DMD is extended
to quadratic bilinear systems [52]. The projected trajectories of the Oplnf [90] cor-
respond to non-Markovian dynamics in the low-dimensional subspaces even though

the high-dimensional trajectories and the corresponding high-dimensional systems
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are Markovian, as known from, e.g., the Mori—Zwanzig formalism [32, 49]. Dynam-
ical systems are Markovian if future states depend only on the current state and not
on previous ones, whereas the non-Markovian systems can be thought of as having a
memory so that future states depend on the current and previous states. To recover
the Markovian dynamics of the reduced system, in [89] a data sampling scheme has
devised. The time stepping iterates between the high-dimensional system and pro-
jecting onto the low-dimensional subspaces. The generated trajectories correspond to
the low-dimensional Markovian dynamics. It was shown in [89] that under certain
conditions, applying operator inference to re-projected trajectories for finite amounts
of data and for a large class of systems with polynomial nonlinear terms gives the
same operators that are obtained with traditional model reduction methods. Recently,
probabilistic a posteriori error estimators are derived for the Oplnf with re-projection
for linear parabolic PDEs [118]]. The non-Markovian Oplnf with partial information

is investigated [[119]]. Also, a deep learning version of the Oplnf is introduced in [54].

In this Chapter, we apply the OplInf method [90] to the parameterized SWEs. In
Section [4.1], the general framework of the Oplnf is described. In Section 4.2 we
investigate an application of the OpInf method to NTSWE in parametric form. The
Oplnf is studied in [90] for parametric cases, where the ROMs are built via inter-
polation for each training parameter. In this study, we present an Oplnf framework
for the parametric ROMs, assuming that parametric dependency at the PDE level is
known. The optimization problem of the Oplnf method generally yields a discrete
ill-posed least-squares problem. To overcome this bottleneck, we consider the regu-
larized least-squares problem proposed in [90]]. The data matrices in the least-squares
problem of the OplInf have large condition numbers, leading to ill-conditioned in-
verse problem. To deal with this, the truncated SVD, Tikhanov regularization, and
truncated QR are used. Because decay of the singular values of the data matrices
does not provide any information about the choice of the tolerance for the regulariza-
tion parameter, we solve the least-squares problem in the minimum norm, where the
tolerances are determined with the L-curve. In Section {.3] we lastly investigate the

application of the Oplnf to RTSWE in parametric form.

Moreover, the intrusive POD Galerkin projection is compared with Oplnf using re-

projection. Numerical results in Section show that both the Oplnf and the POD
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methods are able to predict the parametrized ROMs of RTSWE accurately. Speed-up
factors of order two over the FOM have been obtained for both the intrusive and non-
intrusive ROMs, whereas the non-intrusive Oplnf is more expensive than the POD
due to the re-projection. We illustrate the efficiency of the intrusive and non-intrusive
ROMs of RTSWE and compare them in terms of capturing the future dynamics of
RTSWE outside the range of the training data. Numerical results show that the physi-
cal quantities of the RTSWE are conserved for both intrusive and non-intrusive ROMs
over time. Moreover, in both of the ROMs, the long-term stability of the reduced
trajectories is obtained. The conservation of system physics of FOM, such as the
physical quantities by both ROMs, allows that the ROM fit better to data, and sta-
ble solutions are obtained in the long-term predictions which are robust to parameter

changes.

4.1 Operator Inference for Linear-Quadratic PDEs

In this section, we briefly introduce the operator inference method and discuss the

least-squares methods for inferring reduced-order operators.

We consider the following linear-quadratic system of ODEs of the form

W(t) = Aw(t) + H(w(t) ® w(t)), 4.1)

RNXNQ

where A € RV*¥ is a linear operator, H € is the matrix which corresponds

for quadratic terms, and w(t) € RY*! is spatially discretized state vector at time
t. The (4.1) arises from spatial discretization of the PDEs with the linear-quadratic
nonlinearities such as RSWE and RTSWE.

The snapshot matrix is given as
S = [w(t),w(ta),...,w(tx)] € RV, (4.2)

where w(t;) is obtained from solving (4.)) at time ¢; and K denotes the number of

snapshots.
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Here we aim to learn the reduced-order approximation of (4.1]), so we start by con-
structing the ROM of (4.1I). The first thing in constructing the ROM is to determine

the projection matrix V,, which can be obtained by the SVD of the snapshot matrix

(4.2) as follows

S =VxUu?, 4.3)

where V € RV*E ¥ ¢ REXK U ¢ RE*K and the projection matrix V,. is given

by the first r columns of V.

Next, we can construct the ROM of (4.1)) by using Galerkin projection as follows

w(t) = Aw(t) + H(W(t) @ w(t)), (4.4)
where w(t) ~ V,w(t), A = VTAV, € R™*", and H = VITH(V, @ V,) € R
with r << N.

Our primary goal is to obtain reduced-order operators K, H without necessarily ac-
cessing the full-order operators A, H. Since, we already have the trajectories of states
w(t;) for j =1,..., K from the solution of the FOM (@.1I)) or some experiments, us-

ing (4.4)) the reduced-order operators will satisfy the following least-squares problem:

2

) 4.5)

min 3" |Aw(t) + H(W() @ W(t) - Wt

;&eRTX’V‘,ﬁeRTXT

where reduced states can be obtained via projection wW(t,) = VI w(t;). The reduced
time derivative of the trajectories vAv(tk) can be constructed either using the right-hand
side of FOM (@) as w(t;) = VTw(t),) or by approximating the time derivatives
using some finite difference approximation, e.g., the 5-point approximation

W (ts) + 8W (tsr) — SW(th_1) + W (ty_s)
124t

w(tr) =

To write the least-squares problem (4.5) in a matrix form, let us define the reduced-

snapshot matrix S and reduced-time derivative matrix S as follows

~

S = [w(tl)aﬁ(tQ)a s 7w<tK)] € RTXK7§ = \/R\/(tl),\/ﬂ\/(t2>, s 7‘%\/(151() € RTXK‘
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Using the reduced-snapshot matrix S and time derivative matrix S, (#3) can be writ-
ten in the matrix form as

(12

~ min AS + H(S®S) - S| , (4.6)
AERTXT,HGRTXTQ F
where || - || » denotes the Frobenius norm & denotes column-wise Kronecker product
(Khatri—Rao product).
Transposing (4.6)), we obtain
A~ PPN ~T||?
min STAT + (S®S)'H” -8 || , 4.7)
AER’AXT,I/‘\IERTXTQ Ia
which can also be written as
LT
min ||[DOT -S || |, (4.8)
OGRTX(T+T2) F

where O = [_& ﬁ} € R0+ and D = [@T (§®§)T} € REX(+12),

4.2 Oplnf for NTSWE

In this subsection, we consider the OplInf method to learn ROMs for NTSWE from
data, e.g., obtained from real-world data or proprietary software. We start the discus-
sion with the linear-quadratic form of the NTSWE in the parametric settings. Next,
we construct of the ROM of NTSWE via an intrusive POD method. Then, we in-
troduce the Oplnf method to learn the reduced-order operators of NTSWE by simu-
lation data, where we use the information of the parametric dependency at the PDE

level. Furthermore, we address computational details for constructing the ROM by

the OpInf method in Subsection [4.2.1]

Let us consider the state vector w : [0, 7] x D — R with N degrees of freedom,
a parameter vector 1 € D C RY, and the time ¢ € [0, 7] C R. The NTSWE model
(2.10) contains linear and quadratic terms that can be exploited to construct quadratic

ROMs. Consequently, let us consider the following linear-quadratic system ODEs:
w(t; ) = A(p)w(t; ) + H(p) (Wt 1) © wt; p)), (4.9)
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where H(y) € RN*N” to the quadratic terms and A (u) € RV*N corresponds to the

linear terms. Let the initial conditions also depend on the parameter y, i.e., w(0, ) =

wo(ft)-

Our aim is to construct a parametrized ROM that captures the dynamics of the FOM
(#.9) for a given parameter range as follows:

Wt 1) = A()W(t; ) + H(p) (Wt p) @ Wt ), (4.10)
where A (1) € R™" and H(u) € R™" with r < N. When the FOM are available
in the matrix-vector form, then intrusive MOR methods can be applied, such as POD
[10L12] and interpolation-based methods [11]. If the full-order operators is available,
the reduced-order operators can be constructed with the projection matrix V. € R¥*"

so that w(t, ) ~ Vw(t, u), forall t > 0 and o € D obtained by POD. The reduced-

order matrices of (4.10) can be evaluated as follows:
A(p) = VAV eR™, H(p) =VHu(VeV). @l
We assume that the full-order operators in (4.9) have a affine dependence on the
parameter i
A(p) = ar(u)Ay + - + am, (1) A, (4.12a)
H(p) = m(u)Hy + - + Ny, (1) Hy,, (4.12b)
where ; (1), n;(p) : R* — R are the smooth functions of the parameter 4 and A; €
RN H; € RV*N * are constant matrices. Then, the reduced-order operators in

(@TT) can be computed in the offline stage, e.g., A (1) = vy (1) A1+ - -+, (1) A,
where A; = VTA,V | i€ {1,...,n,}.

However, when the FOM is not available in matrix form constructing reduced-order
operators becomes an issue. We assume that data is obtained from proprietary soft-
ware. We collect simulation data for a training parameter set, y; € D for ¢ =

1,..., M. Thus, we construct the global snapshot matrix:

Sp=1[S(u1), - S(uan)],  S(ui) = [wlta; pa), wltas pa), - .. wlti; i)l € RVXH,
(4.13)
where w (¢, 11;) denotes the state solution at time ¢; for the parameter /1;. The projec-

tion matrix V can be obtained by the SVD of the snapshot matrix

S, =V,5, U], (4.14)
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where V,, € RVME'y, e RMEXME Y e RMEXME 9nd V is given then by

the first 7 columns of V.

To learn the reduced-order operators by using the OpInf method, firstly, we project

the snapshot matrix S,, onto the dominant subspace spanned by V as follows:

o~

S = V'S, = [8(m),....8(un)| 4.15)

where
S(pi) = [Wlty: i), W(tas 1), - .., Wltxcs )] € R

in which w(t;, ;) :== VT'w(t;, j1;). Moreover, we define

~ ~

Su=[S(m1),- -, S(par)| (4.16)

where §(ul) can either be approximated using §( p;) by employing a finite difference
approximation or obtained using the right-hand side of (4.9), see, e.g., [90]. Conse-
quently, the reduced-order operators of the parametric ROM (4.10)) are determined by
solving the following least-squares problem:

M 2

min E

A errxr Hjerrxr? i—

S ()" + Z (u(u)S(u)"AT) + Z (m(uk) (8m)&8(m))" ﬁ?)
i= i= a
(4.17)
where ®@ denotes the column-wise Kronecker product. Note that the optimization
problem does not include any explicit information of the FOM; it involves only
the projected data. We can rewrite the least-squares problem in the standard

form as follows:

2

M .
mn Y HA(uk)XT -S| 4.18)
k=1

XGRT X na'r+nh'r

A~

P [Al,...,Kna,Hl,...,ﬁnh},

Alg) = [[en (1) ma ()] @ 8(e) ), ) © (S()8m) ) |-

We summarize overall procedure in the Algorithm (2)).
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Algorithm 2 Operator inference model for parametric NTSWE.

1: procedure OPINF

2: Input:  States u(tj;p;), v(tj; i), h(tj; ;) and time derivatives
(t; i), V(ts; pa), oty )

3: Stack the states into w(t;; ;) = [u(t;; i), v(¢s; ), h(t;; )] for each
weD, 1=1,....Mandj=1,... K.

4: Stack the time derivatives into w(t;; 11;) = [0(t;; ), V(¢ ), h(t;; 1:)]T for
eachyu, €D, 1=1,... Mandj)=1,..., K.

5 Construct S(p;) = [W(t1; ), -+, W(tk; 1))

6: Construct the global snapshot matrix S, = [S(p1), ..., S(ar)].

7: Compute the dominant global POD basis V of S,, using (@.14).

8: Construct S(1;) = [W(ty: i), . .., Wltg: is)).

9. Compute S(;) = V7S(1u) and S(11;) = V7S (i) .

10: Solve the least-squares problem (4.18) to obtain operators of the reduced-
order system, having the form. (.10)

11: end procedure

4.2.1 Computational Aspects

In this subsection, we discuss about the computational details of the OplInf method
@.18). Computationally, solving the optimization problem (4.18) can be a difficult
task because the problem can be highly ill-conditioned and the cost of the solution
O ((TK (nar + nhr2)3> grows quickly with the order r of the ROM, and linearly
with the number of snapshots [90]. The computational cost of the least-squares prob-

lem (4.18)) can be decreased by decoupling of the problem.

In the Oplnf method, learnt reduced-order operators are solutions of the ill-posed
least-squares problem (4.18]), where ill-conditioning may occur due to nearly linearly
dependence in the columns of the snapshot matrix. If the snapshots at successive time
steps are almost linearly dependent due to small step size, the condition number of the
snapshot matrix in the least-squares problem increases. Therefore, the least-squares
problem arising from the OpInf method needs a proper regularization method. There
exist several methods to deal with this problem. A proper and extensively used can-

didate for this task is the Tikhonov regularization [117]. Small singular values of the
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data matrix amplify the noise on the solution of the least-squares problem, which can
be filtered by applying Tikhonov regularization. The quality of the solution obtained
by the Tikhonov regularization depends on the regularisation parameter selection,
which is typically selected by the L-curve [60]. The Tikhonov regularization pa-
rameter creates a trade-off between the residual norm and the solution norm. If the
parameter is large, the solution becomes overly smooth that may fail to catch some
essential details on the desired solution, while a small regularization parameter may
produce a solution that is severely affected by the propagated error. Typically, the
logarithmic plot of the solution vs the residual norm exhibits an L shaped curve. The
corner of the L-curve represents the optimal regularization parameter, which gives a
compromise between the minimization solution norm and residual norm [60]. The
stability of the OpInf method can be improved by L-curve [115]. Nevertheless, the
computation efficient Tikhonov parameter is costly for large-scale problems [21]]. Al-
though it can be argued that the least-squares problem (#.18) is in a low dimension, it
still can be large when the number of training parameters or/and the number of snap-
shots is large. In a compact form the Tikhonov regularization applied to can be
written as follows:

min || Az — sills M@l i=1,..,7 (4.19)

x; eRnar+nhT‘2

Here x; are the columns of X7, and s; are the columns of S u» and

Ay = [AT (), AT ()]

In [90], a heuristic method is proposed to deal with the conditioning of the data matrix
in which a subset of the snapshots is considered by taking the snapshots in a regu-
lar interval e.g., every 5th time-step. In [90], it is also shown that this method can
mitigate the ill-conditioning problem to some extent in some instances. Nevertheless,
the interval selection should be made so that the essential trajectories are not missed;
therefore, the determination of the interval plays an essential role. This problem is
referred to as a heuristic column subset selection problem (CSSP) in the literature.
The CSSP determines a subset of the most linearly independent columns of a matrix

that gives the best knowledge in the matrix.
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The QR decomposition of the snapshot matrix with column pivoting (QR-CP) can
be used to find a proper subset for the CSSP. Here, we use the tQR method [27]
which is favourable for rank deficient problems with the minimum norm solution.
One alternative to this approach is the truncated SVD (tSVD) algorithm. The tSVD is
also a widely used method due to its best rank-k approximation. Typically, the tSVD
method and tQR method produce close solutions. However, the computation of the

tSVD is more costly than the tQR algorithm.

Suppose A, € R™*™ is a rank deficient matrix with rank(A,) = p. There always
exists a QR-CP factorization of A, of the form

AJI = QR, (4.20)

where () € R™*™ is an orthogonal matrix, II € R"*" is a permutation matrix, and R

is an upper triangular matrix of the form

Ri Ry Ry R
0 Rs 0 0

R— (4.21)

Q

R, € RP*? is upper triangular with rank(R;) = p and || R3||2 is small. The diagonal
entries of R in (4.20) satisfy |R;;| > |R;;| for j > i so that the effective rank of A

can be obtained by taking the smallest integer p as the rank such that
[Rpt1p+1| < tol- |Rul,

where t o1 can be considered as the tolerance for the linear dependency of the columns
of data matrix .A,,. The regularization tolerance of tQR tol can also be obtained by
the L-curve [60]. The minimum norm solution by tQR regularization can be deter-

mined as done in [27]].

Lastly, in this subsection, we shortly discuss the computational details of Algorithm
(). Since obtaining the POD basis is similar for both non-intrusive and intrusive
models, we exclude it from the discussion. Furthermore, we assume that time deriva-
tives are given. Computation of the projected trajectories at line () cost in
O(rNK). Solving the least-squares problem at line (I0) with tQR method as r in-
dependent problem cost in O ((2(nar +npr? —p) + 1) (nar + nhr2)2) , Where p is
the effective rank [27].
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4.2.2 Numerical Results

In this subsection, we compare the performance of the OpInf method with the in-
trusive POD method for two numerical test problems. We also show the prediction
capabilities of the intrusive POD method and the OpInf method for the parametric and
non-parametric NTSWE. Moreover, we compare the non-intrusive techniques for the
tQR method with the tolerance 10~¢ and for the Tikhonov regularization (#.19) with
the penalty parameter A = 0.01. Determination of the suitable regularization param-
eters for both Tikhonov and tQR methods have done by the L-curve criteria. The first
test problem shows the propagation of the inertia-gravity waves by Coriolis force,
known as geostrophic adjustment [[113]. The second example demonstrates a shear
instability in the form of a roll-up of an unstable shear layer, known as barotropic

instability [[113].

The spatial derivatives in NTSWE (2.10) is discretized in space by using central finite-
differences approximation. The semi-discrete system includes linear and quadratic

terms that depends on the parameter px = 6:

w(t; p) = A(p)w(t; p) + H(p)(w(t; p) @ wit; 1)), (4.22)

where H(z) € RV’ corresponds to the quadratic term, A () € RV*N corresponds
to the linear terms, 1 € D C RY, the state vector w : [0, 7] xD — RY with N degrees
of freedom, and the time ¢ € [0,7] C R. The full-order operators A (y) and H(u) in
(4.12) are dependent to the parameter y affinely as follows:

ar(p) =1, ag(p) =07 =sin(p), as(p) =" =sin(u) cos(u), (4.23a)
mp) =1, m(p) = =cos(u), ns(p) = (2¥)* = (cos(p))*. (4.23b)

We study the NTSWE with periodic boundary conditions and assume no input or

forcing terms in (4.22)).

For simulations, we considered the function odel5s in MATLAB® with both the rel-
ative and absolute error tolerances set to 102, In all numerical examples of NTSWE,
we have used the 101 x 101 equidistant grid points to discretize the spatial domain. We
also sampled the snapshots at equidistant time instances using the time step At = 0.1.

To measure the accuracy of the ROMs, let us define following relative error in the
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Frobenius norm

E = ||SFOM - VSROMHF

, (4.24)

|ISFom||
where Sgpom € RY*E is the snapshot matrix of the FOM and Sgom € R™¥ is the
snapshot matrix of either the non-intrusive or the intrusive ROMs. The relative er-
ror for the parametric case is computed with snapshot matrices by concatenating the
trajectories for parameter samples. Typically, the reduced dimension r is determined

through the projection error as follows:

P ||Srom — VVTSFOMHF
proj — :

4.25
[Sroullr (+:29)

Single-layer geostrophic adjustment

The initial conditions are designated in the form of a motionless layer with an upward

protrusion of the height field in a periodic domain [—5, 5] x [—5, 5] :

1 42\°  [4y\®
h(a:,y,O):1+§exp - E - E ) U(l’,y,O):O, U($7y70>20'

After the collapse of the initial symmetric peak, the inertia-gravity waves propagate
with respect to the axes. Nonlinear interactions produce smaller waves, propagating

throughout the domain, and the interactions create more complicated patterns [[113]].
Non-parametric case

Here, we examine the NTSWE for a fixed parameter y = 7. The snapshots of the
FOM are obtained by solving (2.10) in the time domain [0, 7] with 7" = 60. The FOM
trajectories are concatenated into w = [u, v, h]7 € R30%0 regulting to a training data
of the size Sgoy € R30000%601 Then, the non-intrusive Oplnf and the intrusive POD

are used to predict the height field outside of the training interval at time 7" = 80.

In Figure the decay of the first 300 normalized singular values of the snapshot
matrix Sgoy 1S displayed . The slow decay in the normalized singular values shows
the challenge of constructing accurate ROMs for a few POD modes, which is a com-

mon problem for hyperbolic PDEs like the NTSWE.

In Figure we show the condition number of the data matrix .4,,, which is severely

ill-conditioned. For up to the reduced dimension » = 24 the least-squares problem
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Figure 4.1: Single-layer geostrophic adjustment: Normalized singular values.
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Figure 4.2: Condition number of the data matrix.

(.30) becomes overdetermined, and the condition number increasing. On the other
hand, when the reduced dimensions greater than r» = 24, the least-squares problem
becomes underdetermined, and the condition number is decreasing. When the
least-squares problem becomes underdetermined, the uniqueness of the system is lost.
Here, the uniqueness of the system is retained due to the minimum-norm solution.
Furthermore, the OpInf method without regularization does not give a meaningful
result in this problem due to an ill-conditioned data matrix. Truncating the matrix R

in (#21), the condition number is adjusted to approximately 1/tol ~ 10°.

In Figure 4.3, we show the L-curves of tQR and Tikhonov method for the reduce
dimension r = 20, Tikhonov parameters A = [10%,10°,...,1077], and tQR toler-
ances tol = [1074,1075 ...,10719). The vertical axis of the plot is the squared
norm of the learned operators, and the horizontal axis is the norm of the residual.
If the L-curves are computed for each reduced dimension, the cost remarkably will
increase; therefore, the Tikhonov parameter A and the tQR tolerance tol are chosen
close to the corners at the L-curves for r = 20 which yields stable solutions from
reduce dimension » = 20 up to reduce dimension r = 75. The taken tQR tolerance

and Tikhonov parameter A are demonstrated as blue dot in Figure

We construct a POD-projection matrix V' € R30909%" with reduced dimension r = 75,

which results to a projection error (#.23)) £,y = 2.07-1073. Next, we construct ROMs
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Figure 4.3: L-curves: Tikhonov (left) , tQR (right).

Table 4.1: Single-layer geostrophic adjustment: Comparison of ROMs obtained by

POD and OpInf method.

Method POD OplInf (Tikhonov regularizer) | OplInf (tQR)
& 3.27-1073 2.07-1073 2.07-1073

using the non-intrusive Oplnf and intrusive POD methods. To compare the quality of
the non-intrusive ROMs, we have regularized the least-squares problem arising from
the OpInf method with both Tikhonov and tQR-based regularizers. In Table .1 we
demonstrate the accuracy of the non-intrusive and intrusive ROMs using the FOM-
ROM error (#.24), where the non-intrusive method gives a better ROM as compared

to the intrusive POD method, and both regularizations yield a similar result.

Furthermore, we examine the quality of the ROMs as the reduced-order dimension
is increasing. The quality of the ROMs is examined by the relative error £ (4.24)
for ROMs obtained through the intrusive and non-intrusive methods in Figure [4.4]
The relative error (4.24)) arising from the intrusive ROM does not decrease as flatly
as in the non-intrusive case. Both regularizers yield equally accurate solutions for
all the reduced dimensions of the ROMs. Nevertheless, the penalty parameter of the
Tikhonov regularization typically is obtained by the L-curve, which needs the SVD
computation of the data matrix [60]. Therefore, the Tikhonov regularization with

L-curve is more costly than the tQR.

In the remainder of this subsection for time-domain simulations and prediction, we
present the results for the OpInf method with tQR since both the tQR-based and
Tikhonov methods results in comparable solutions with respect to the projection error
(4.25)). In Figure[d.5] the height field obtained from the FOM and ROM:s of dimension
r = 7 attime 7" = 60 are plotted. The figures indicate that both ROMs are very close
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Figure 4.4: Single-layer geostrophic adjustment: Relative ROMs errors.

to the FOM solutions, where the non-intrusive ROM is slightly more accurate.

Next, we examine the prediction capabilities of both intrusive and non-intrusive ROMs
of dimension r = 75. We have trained the ROMs using the snapshots up to time
T = 60. Then, the height field outside of the training interval at time 7" = 80 is
examined in Figure 4.6] Figure [4.6shows that the height field can be predicted with

better accuracy by using the non-intrusive ROM compared to the intrusive ROM.
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Figure 4.5: Single-layer geostrophic adjustment: Comparison of the height field ob-

tained using the FOM and ROMs of order = 75 at time 1" = 60.
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Figure 4.6: Single-layer geostrophic adjustment: Prediction of the height field ob-
tained using the FOM and ROMs of order r = 75 at time 7" = 80.
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Parametric Case

In this subsection, we examine the non-intrusive ROM in the parameter domain of
NTSWE as D = [%Z,%] C R. The time domain is set to [0,7] C R for final time
T = 10. We have generated the trajectories for M = 5 equidistantly parameter
values 1, g, ..., s € D. The snapshot matrix is constructed as in (4.13)), which

yields Sgom € R30000%505,

Similar singular values in Figure decay is observed to the non-parametric case in
Figure 4.1] The accuracy of the non-intrusive ROMs examined for r = 75, where we
compute the projection error (#.23)) with the training data, which is &,,;; = 2.10-10~*.
Table shows that the relative errors are close to the projection error (4.25)
for the both ROMs, which shows that non-intrusive ROMs of both non-intrusive
methods have the equivalent level of accuracy. In the parametric setting, we only
consider the non-intrusive approach; yet, we observe a similar performance for the
parametric setting as in the non-parametric case. We additionally show the relative
errors for the non-intrusive ROMs of dimension » = 25 to r = 75 over the train-
ing interval in Figure Repeatedly, we observe a similar behaviour as for the
non-intrusive ROM; the relative errors in the training interval decrease when the di-
mension of the ROM increases. Additionally, for dimension r = 75, the relative error
of the tQR regularizer performs slightly less correct behaviour than the Tikhonov

regularizer because of the fixed tolerance of the tQR method.

Next, we investigate the performance of the non-intrusive parametric models on the
test parameter values. The test parameter values are considered as the midpoint of
two successive training parameter values. In Figure [4.9] we show the relative errors
(4.24) of the non-intrusive ROM of dimensions » = 25 and r = 75 for both test and

training parameter values. Figure [4.9]indicates that the accuracy of the non-intrusive

10°

1075 | i
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k
Figure 4.7: Single-layer geostrophic adjustment: Normalized singular values.
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Table 4.2: Single-layer geostrophic adjustment: Comparison of ROMs obtained by
OpInf method.

Method | Oplnf (Tikhonov regularizer) | Oplnf (tQR)

£ 2.10-1074 3.32-1074
1072 ¢ T T T T ]
F - = A= Inference tQR .
r .-"-_ =©@- Inference Tikhonov | |
Ao A |
5 B vy 1
b5} .,
2 o100 h T ]
= F ‘-e.~ ]
< [ Sy A i
e~ i Bl - Yo ]
L '-&,,!-n.b,,_._:._.;k
104 | | | | | | | | |

25 30 35 40 45 50 55 60 65 70 75
Reduced dimension

Figure 4.8: Single-layer geostrophic adjustment: Relative ROMs errors.

model increases when the dimension r increases for training and testing parameter

values.

Finally, we have plotted the height field and the corresponding absolute errors at time
T = 10 for the parameter p = g—z in Figure for the non-intrusive model of di-

mension r = 75, which indicates that the non-intrusive model captures the dynamics

of the FOM accurately.
107! : : :
O Test Parameters
B Training Parameters | |
1072 £ E|
g Fm
5 o o () o ) o o L)
£ 107k €
E L] o o
& o o ) o ) o
1074 £ E|
10—5 L | | | | | | | | | | |
05 055 06 065 07 075 08 08 09 095 1 1.05 1.1

Parameters set

Figure 4.9: Single-layer geostrophic adjustment: Relative error for testing and train-
ing parameters; (square): training set, (circle): testing set. (black): reduced dimension
r = 25, (red): reduced dimension r = 75.
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(b) Inference (c) FOM - inference error
Figure 4.10: Single-layer geostrophic adjustment: Comparison of the height field for
the parameter 1 = Z—Z obtained using the FOM and Oplnf of order r = 75 at time
T = 10.

Single-layer shear instability

The initial conditions for the second test example on the periodic domain [0, 10] x

[0, 10] are given as:

h(xay,0)=1+Ahsm 2—7T y—Aysm 271__11 ,
L L
2w Ah 2w ] A
wtr.0:0) ==t eoo{ o= swin () .

A2 AhAy 27 . [ 2mx 2n
v 0= =g e v Avsin () pees ()

where Ah = 0.2, Ay = 0.5 and the dimensionless spatial domain length L = 10.

This test example illustrates the roll-up of an unstable shear layer [113]].
Non-parametric case

The quality of non-intrusive OpInf method is examined in terms of capturing the vor-
ticity dynamics for the parameter value = 7. We sample the trajectories as the state
vectors concatenated into w = [u, v, h]T € R39%0, The FOM (@.22) is solved in the
time domain [0, 60], which results the training data set of the size Spoy € R30000<601,
The performance of the ROMs in terms of relative errors (#.33)) is demonstrated in

Figure .11} which indicates that the relative errors of the non-intrusive models de-
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Figure 4.11: Single-layer shear instability: Relative ROMs errors.
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Figure 4.12: Single-layer shear instability: Normalized singular values.

crease flatly with decreasing singular values in Figure 4.12) whereas the intrusive

ROM errors decrease non-smoothly.

The projection error @.23) for 7 = 50 results, Epoy = 3.52 - 107°. We also compare
the relative errors (4.24) of ROMs of dimension = 50 with the projection error in

Table[4.3] which again shows that the non-intrusive models are more accurate.

The potential vorticities obtained from the ROM of dimension r = 50 and FOM as
well as corresponding absolute error are demonstrated in Figure 4.13] where both the
ROM and FOM shows similar roll-up behavior of the vorticity. In Figures
the accuracy of non-intrusive and intrusive ROMs of dimension r = 50 shows

similiar accuracy for the vorticity dynamics.

We show the prediction capability of the ROMs of dimension 7 = 50 via non-intrusive

Oplnf and intruive POD methods by training them in the time interval [0, 60], in

Table 4.3: Single-layer shear instability: Comparison of ROMs obtained by POD and

OpInf method.

Method POD Oplnf (Tikhonov regularizer) | Oplnf (tQR)
& 5.54-107° 3.52-107° 3.58-107°
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Figure 4.13: Single-layer shear instability: Comparison of the potential vorticity field
obtained using the FOM and ROMs of order = 50 at time 7' = 60.

Figure The final time for the prediction is set to 7' = 80. Figure indicates

that the non-intrusive model are more accurate than the intrusive model.
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Figure 4.14: Single-layer shear instability: Prediction of the potential vorticity field
obtained using the FOM and ROMs of order r = 50 at time 7" = 80.

5.1072

0 0

Parametric Case

In the last example of NTSWE example, we study the performance of both intrusive
and non-intrusive models in terms of the vorticity dynamics by fixing the parameter

domain of NTSWE as D = [%, %] CR.

In this example, the initial condition is parameter dependent as well, i.e., dependent
on the angular velocity vector €2*. We have obtained training trajectories by simulat-
ing NTSWE @.22)) on the time domain [0,7] and M = 5 equidistantly distributed
parameter values i1, fto, ..., fi5 € D. The final time of the FOM simulation is set

to T' = 30. The snapshot matrix Sgoy € R30000%1505 jg again constructed from the

concatenated states.

The relative errors (4.24) of the non-intrusive models of dimensions 20 to 65 over the
training data set are demonstrated in Figure 4.15] which is smoothly decreasing with

the normalized singular values decrease as shown in Figure[#.16] The projection error
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Figure 4.15: Single-layer shear instability: Relative ROMs errors.

10°

oi/oy

1075 - :

10-10 I | | I |
0 50 100 150 200 250 300

k
Figure 4.16: Single-layer shear instability: Normalized singular values.

(@.23) for dimension r = 65 is & = 6.12-10~°. We have compared the projection error
with the relative error (4.24) of the non-intrusive model of dimension » = 65 in Table

4.4], which indicates that both regularizers provide similarly accurate performance.

We again consider the parameter values at the middle points of two successive train-
ing parameters for the testing values. Figure demonstrates the relative errors for
parameter values in the test and training sets for both non-intrusive ROMs of dimen-
sion 20 and 65. In Figure the regularized solution for the test value y = Z—g is
less accurate comparing to remaining parameter values in the test set for dimension
65. This implies that the truncation tolerance for the QR-CP method can degenerate

the accuracy of the ROMs.

Finally, we demonstrate the potential vorticity of the FOM and the non-intrusive
model of dimension r = 65 as well as the corresponding absolute error at time 7" = 30

for the parameter 1 = 27 in Figure(4.18| which indicates that the non-intrusive model

Table 4.4: Single-layer shear instability (parametric case): Comparison of ROMs

obtained by OpInf method.

Method | Oplnf (Tikhonov regularizer) | Oplnf (tQR)
£ 6.12-107° 7.41-107°
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Figure 4.17: Single-layer shear instability: Relative error for testing and training
parameters; (square): training set, (circle): testing set. (black): reduced dimension
20, (red): reduced dimension 65.
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Figure 4.18: Single-layer shear instability: Comparison of the potential vorticity field
for the parameter p = Z—Z obtained using the FOM and Oplnf of order » = 65 at time
T = 30.

captures the vorticity dynamics of the NTSWE accurately.

4.3 Oplnf for RTSWE

In this subsection, we construct an intrusive and non-intrusive ROMs with the OpInf

for the RTSWE (2.13)) in the parametric form
w(p) = A(p)w(p) + H(w © w). (4.26)

Note that only the linear terms of the RTSWE depends on the parameter ;1 € D C RY,

whereas the quadratic terms are independent of the parameters.
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To preserve the coupling structure in both intrusive and non-intrusive ROMs, we have
computed the POD basis vectors separately for each the state vector h, u, v, s as dis-

cussed in Section [3.4]

Let us define following trajectories

Whu = [Wh(,ul)a e 7Wh<MM)] ) Wuu = [WU(N1)> cee WU(/LM)] )
Wvu = [Wv(ul)v REE) Wv(:uMﬂ ) WS# = [WS(M1)> AR WS(MM)] :

for each state vector and parameter values iy, ..., uy € D.

The POD basis matrices V},, V,,, V,,, V; are obtained from the global snapshot matrices
Wige, W, Wop, Wy € RV*ME 3 in Section [3.4] respectively.

The POD coefficients h, u, v, s are obtained by the POD matrices as

h Vi, h
ul V. u
v - V., v
S V S

Although different number of POD modes can be used for each state, in this study we
use equal number of POD modes, i.ei., r = r, = r, = 7, = 5. We remark that the

POD basis are independent of the parameter i € D.

4.3.1 Proper Orthogonal Decomposition with Galerkin Projection

The reduced-order operators are the determined by the employing Galerkin projec-
tion of the FOM (2.32)) onto the subspace spanned by POD basis vectors ®, =
diag(vha Vua %7 ‘/S)

A(p) = dTA()®, e R, H=0"H(®, @ d,) e R, (4.27)
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The linear and quadratic operators can be constructed as follows

0 0 0 0
- 0 0 fwvlIv, =VI(D.b)V,
Ap) = O A(p)®, = € Rirxdr
0 —f(wV/Va 0 ~V.J(D,b)?V;
0 0 0 0
0 H}
H, = H; i, — H;
H? ’ HS ’
0 H
0 H]
H, — H; f, — H3
H? ’ H3 ’
0 H:

with the r x 2 matrices

Hj = -V, Q(D.V.®V,), H}=-VQD,V,® V),

H) = -V, D,Q(Vi ® Vi), Hj=-V,Q(V,® D,V.),

H} = -V, )Q(V,® D,V,), Hi=-VQD,V,®V,),
)

) o (4.28)
H;=-V,'D,Q(V,®V,), Hj= _§VUTQ(Vh ® D Vs),

~ 1 ~
Hj =~V QAo DY), Hij=-V]QDV.8V).

H = -V, Q(V,® D,V), H2=-VQ(V,® D,V,),

where Q € R¥*™” is the matricized tensor such that Q(a®b) = ao b is satisfied for

any vectors a,b € RY. Computation of the reduced matricized tensors ﬁf is done

similar as done in the Section [3.4]
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Using the reduced-order operators, resulting ROM can be written as

[0 ] | 0 ] [ ((t; 1) @ (s 1))

W(t: 1) = Ap) ‘:’(75;#) L, (I:J(t,u)®‘if(t;u) L, (:(t;u)®1:1(t;u))
a(t; ) (vt ) @ v(t; p) (V(t; 1) @ v(t; 1))

L0 ! 0 ] | (8(t; 1) @ 0(t; p)) |

(4.29)

[ ((t; 1) @ ¥ (t; 1)) | 0 ]

i, (I:I(t;u)@@é(t;u)) L, (é(t,u)®1:1t7 )

(h(t; p) ®8(t; 1)) (8(t; 1) @ h(t; u))

| (8t ) @ v(t 1)) | I 0 ]

which is solved in time by Kahan’s method. Note that (4.29) preserves the linear-
quadratic structure of the FOM (2.32).

4.3.2 Operator Inference (OplInf) with Re-Projection

In this subsection, we use the OpInf method [90, |89] to learn the reduced-order op-
erators of the RTSWE (2.15) without accessing the full-order operators but only to
trajectories and some information about FOM at the PDE level. In the Oplnf frame-
work, the main idea is to fit the reduced-order operators by the projected trajectories
via least-squares regression. The projected trajectories are obtained by projecting
full-order trajectories onto the low-dimensional subspaces spanned by POD basis.
Nevertheless, by fitting reduced-order operators via projected trajectories, a closure
error is introduced into the learnt operators, i.e., the operators can fail to capture the
FOM dynamics in contrast to the intrusive operators. Although the high-dimensional
trajectories are Markovian [32, 49], in the low-dimensional subspace, the reduced-
order trajectories involve non-Markovian dynamics. The dynamical systems called
Markovian when the future states depend only on the current state. On the other hand,
non-Markovian systems can be considered as having a memory so that future states
depend on the current and previous states. In [89] a data sampling method called
re-projection is used to cancel the non-Markovian dynamics so that the trajectories in
reduced space correspond to Markovian dynamics. The OpInf with re-projection ex-

actly recovers the intrusive reduced-order operators. The re-projection scheme in [[89]
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iterates between the time stepping the FOM and projecting onto the low-dimensional
subspaces to generate trajectories that correspond to low-dimensional Markovian dy-
namics. Under certain conditions, applying operator inference to re-projected trajec-
tories gives the same operators that are constructed with the intrusive model reduction

in the limit of » — N.

Let us define the projected trajectories for each state as follows

W) = VT Wi(p) € R7E D Wa(p) = V., W () € RTK,
W, (1) = V,TWo() € R™E, Wo(u) = V] W,(n) € RK.

In addition, we define the time derivatives and their projections as

Wilp) = (B, 0500 W) = [0 (), 0 ()]
Wy () = [Vl(u) ,VK(M)} Ws(u) = [8'(n), ..., 8" ()],
Walk) = Vi Wl Walu) = VW),

W) = VI Wo(u), Wals) =V, Wa(p):

The time derivatives can be computed by using finite differences approximation [|82]
or by evaluation of a right-hand side of the RTSWE (2.32). We have used right-hand
side of the RTSWE (2.32)) to compute the time derivatives.

Finally, the reduced operators can be learned by solving following least-squares prob-

lems for each state separately as follows

2

mmZHA px) X W W) o J=hus, (4.30)

with the data matrices

An(p) = [Aur, Apa] € RFT,
Auir) = [Aar, Aga, Asg, Azg] € RESTHT
Au(ii) = [As1, Ag] € R,
Au() = [An, Asa, Az, Aga] € RFOD
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consist of the matrices

A = (Wh(u) W), Arz = (Wi () W, (i) T
Azt = (Wa(u) W) T, Azz = (Wo (i)&W, (i)
Ass = (W () W ()", Azs = F(n) W) "
Asy = (W) W) T, Asa = (W (i) W, (i) T
A = (W)W, (1), A = (W)W, (1)),
Ass = (Wi EWa() T, Aus = F(u) W),

and with the learned operators

Xh = [7:[\1,177:[\1,2] € RQT‘QXT’ Xu = [7:[\2,1,7/'2272,7:2273,21(/1)] € R3T2+TXT (431)

Xy = [Hag, Haz| € R, X, = T, Haz, Flag, La()| € R (4.32)

. The least-squares problem (4.30) can be written in standard form as

2

‘.AM-X]»T ~Wl| o = houvs (4.33)

min
X

- T T

—

: T
where W,,; = {Wj (1), ..., W, (,uM)] and A,; = [AT (1), ... ,AJT(,uM)}T for

7 =h,u,v,s.

Note that each of the least-squares problems (4.30) are independent and are solved

separately to improve the computational efficiency [90].

Substituting the recovered operators, the non-intrusive ROM becomes

h(t; i) = Hua(h(t; ) @ 6t ) + Hao(h(t; p) @ 9(E; 1), (4.342)
U(t; 1) = Ho (Q(t; 1) @ At ) + Hoo(V(E 1) @ Gt 1)) (4.34b)
+ Hos(h(t; ) @8(t; 1)) + F() L1 (t; ), (4.34¢)
V(t: 1) = Haa (Q(t: 1) @Vt 1)) + Ho(V(ts 1) @ 9(1; 1) (4.34d)
+ Haa(h(t; 1) @8t 1)) + f(1) Lot o), (4.34¢)
8(t; 1) = Han (0t ) @8t 1) + Hap(F(8: 1) @ 8(t; ). (4.34f)

We have summarized data sampling by re-projection [89] in Algorithm (3) by pre-
serving the coupling structure of the ROM as done in [93]]
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Algorithm 3 Data sampling via re-projection

1: procedure RE-PROJECTION

2:
3:
4:
S:
6:
T

8: return W = [W

Input: States w’/ j = 1,..., K and POD basis matrix ®,.
forj=1,..., Kdo

Setw? = (bl . ul o v)s) )T = &, 0w,
Re-project the time derivatives W’ = (I)fF(wgmj) in (2.33).
Re-project the states W/ = &7 w7, ..

end for

7 and W= [ W

9: end procedure

Algorithm 4 Operator inference with re-projection for parametric RTSW.

1: procedure OPINF

2:

7:

8:

Input: States w;(x;) and time derivatives w,(y;) for i = 1,..., M and

i=1,... K.

Construct the trajectories for each state

Wi(p) = [hi(p), ... hx(w)], Wu(p) = [ui(p), ..., ux(p)],
Wo(p) = [vi(u), - ve(w)], Walp) = [s1(p), - -, sx(w)]-

Construct the global snapshot matrices W;, = [W;(u1),..., W;(uar)] for

7 =h,u,v,s.

Compute the global POD basis @, of I}, for j = h,u, v, s.
Sample the data via re-projection and set /VE = Wj and /Wj = Wj for

J=h,u,v,s.

Determine the tolerance of Isqminnorm tol, using L-curve formula.

Solve the least-squares problem (4.30) to obtain operators of the reduced-

order system using X" =lsqminnorm.(A,,;, WW-, tol).

9: end procedure

The uniqueness of the solution of the least-squares problem (4.33)) plays a crucial role

in the OpInf method, which is obtained by enforcing the system to be overdetermined,

i.e., the number of the time steps should satisfy K > r +r? for linear-quadratic PDEs
like the RTSWE (see Corollary 3.2 in [89]]) and the data matrices A;, j = h,u,v,s
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must have full column rank. If this condition is not satisfied, the least-squares prob-
lem (#.33) becomes underdetermined, and the uniqueness of the solution is lost. This
issue can be overcome by picking the minimum norm of the solution. The minimum-
norm solution enforces uniqueness of the solution by picking smallest ||X;|| » which
minimizing the [|.A,;X;" — /Wuj || 7. To obtain the minimum-norm solution, one can
use the Moore-Penrose pseudoinverse or complete orthogonal decomposition (COD)
formulas. We use here MATLAB’s routine Isqminnorm as regularizer of the least-
squares problem (4.30) to achieve the uniqueness. An ill-conditioned matrix as ei-
ther a matrix with a well-determined numerical rank or an ill-determined numerical
rank, depending on the behavior of the singular value spectrum [59]]. Usually, the L-
curve criterion [60] is used to determine the tolerance at which the singular values are
truncated. Determining regularization tolerance by the L-curve, a good compromise
between matching the accurate solution and making the problem well-conditioned is

obtained.

Once the reduce operators are recovered from the OpInf method, any time stepping
scheme can be used to solve the ROM with the recovered operators. Here, we use
Kahan’s method as the time integrator for (4.34), because it is cheap, i.e., linearly
implicit and preserves the conserved quantities in contrast to the implicit or explicit

Euler methods.

The costs of Algorithm (@) are bounded linearly, in the FOM dimension N and the
number of time steps K. All the lines in Algorithm (@) have a cost that is independent
of the FOM dimension N. Further cost occurs for obtaining the re-projected time
derivatives and trajectories. Overall, the computational cost of the Algorithm (4)) with

re-projection is twice that of OpInf without re-projection.

There is a trade-off between the ROM error and the condition number of the data ma-
trices in increasing reduced dimension r, which decrease the ROM error yet increases
the condition number of the data matrix. By sampling in a subset of trajectories, the
condition number of the data matrix can be decreased, and the computational effi-
ciency can be increased, i.e. taking every kth snapshot in the data matrix. Another

strategy to deal with the condition number is to solve the FOM with different initial
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values [90]].

4.3.3 Numerical Results

In this subsection, we compare the computational efficiency, accuracy, and the pre-
diction skills of the POD and OpInf methods for the double vortex RTSWE [43]] in the
parametric and in the non-parametric formin a doubly periodic domain Q2 = [0, L]?

with no bottom topography (b = 0). The initial conditions are given in Section

(3.5.4).
Non-parametric case

In the non-parametric case, we consider the Coriolis parameter as f = 0.00006147s 71,
which corresponds at the latitude 7, close to equator. The number of time steps fixed
to K = 250 with the time step-size At = 4806s, that results to the final time 7" = 33h
45min [43]]. The snapshot matrices are of size 14440 x 250.

The accuracy of both the intrusive and non-intrusive models are measured using the
relative error of the four states

12,2 — W||F

4.35
Wiy (4.33)

where W € R*V*E g the snapshot matrix of the FOM and Z € R**¥ is the
snapshot matrix of either the intrusive or the non-intrusive model. The average rela-
tive errors between ROMs and FOM solutions are determined for each state variable

w = u, v, h, s in the time-averaged L*(2)-norms (3.22).

The preservation of discrete quantities (2.27): the energy, buoyancy, mass, and total
vorticity obtained from the FOM and ROM solutions are examined using the time-

averaged relative error (3.21) for £ = H, M, B, Q.

First, we show how the regularization tolerance tol in Algorithm i|is obtained for the
regularized least-squares problem (4.33)). In Figure 4.19] the singular values of the
data matrices decay without showing a gap. Consequently, the L-curve does not give

any useful information to determine the regularization tolerances.

The regularization tolerances for the routine Isqminnorm are obtained by the L-
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Figure 4.19: Normalized singular values of the data matrices for the reduced dimen-
sion r = 20.
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Figure 4.20: L-curves for reduced dimension r = 20.

In Figure [4.21] the singular values decay comparatively slow, which is a common

characteristic property for the complex fluid dynamic problems with transport and

phenomena like the SWEs [88].
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Figure 4.21: Normalized singular values of the snapshot matrices.

In Figure[4.22] the relative errors linked to both the intrusive and non-intrusive (4.33)
of the four trajectories are plotted, which shows the errors obtained from both intru-
sive and non-intrusive models showed similar performance, i.e. trajectories are very
close. By increasing dimension r, the POD and Oplnf errors decrease in the same
manner. For reduced dimension = 20, the average relative errors (3.22) regarding
the intrusive POD and non-intrusive OpInf methods are 1.499e — 03 and 1.485e — 03,
respectively, which indicates that both intrusive and non-intrusive model captures the

FOM dynamics with the same level of accuracy.

—»=-POD
=+ = Oplnf
8 P !
2 107°F \
5] LY
© \
% H**t*gﬂ‘
e S N
.
107 - : :
5 10 15 20

reduced dimension r

Figure 4.22: Relative errors (4.35) of the POD and Oplnf.

We compare the efficiency of intrusive and non-intrusive ROMs by the total com-
putational times in Figure 4.23] where we don’t include the computation time for
determining the POD basis because it is the same for the POD and Oplnf methods.
The computational time for the POD method consists of the online computation time
and the elapsed time for determining the reduced tensors (4.28)), whereas in the OpInf
method, it consists of the online computation, elapsed time of determining the re-

projected time derivatives and states, and solving the least-squares problem (4.30).
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Due to the re-projection, the computational cost of the Oplnf is larger than the POD.
The total computational times for the POD and Oplnf method are 1.044s, 2.045s,
respectively. In Figure 4.23] we show the elapsed computation for ROMs, which
display a speed-up of order 10? over the FOM with 585.129s computing time .

2.5 Y
— /Hﬁ o \
§ 2 - - )
o N N
g 1.5 Ny
4
° 1 } 4
3 V4
— "4 A ]
g 05 Ao %-FOD

T S e —+ =Oplnf
0

0 5 10 15 20
reduced dimension r

Figure 4.23: Elapsed total computational time of the ROMs.

Both intrusive and non-intrusive models of dimension » = 20 regenerate the FOM
trajectories accurately at the final time in Figure In Figure the relative
errors in the mass |[M* — M°|/|M°|, Hamiltonian (energy) |H* — H°|/|H"|, total
potential vorticity |Q* — Q°|/|Q°|, and the buoyancy |B* — B°|/| BY| are shown. The
total potential vorticity and total mass are preserved up to machine precision. Both
ROMSs’ energy and buoyancy errors exhibit bounded oscillations over time without
any drift, i.e., they are preserved well in the long term. Conservation of the energy

and Casimir’s by the ROMs is demonstrated in Table[d.5]in terms of the relative errors

(3.21).
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Figure 4.25: Relative errors in the conserved quantities.

Table 4.5: Time-averaged relative errors (3.21)) of the conserved quantities.

Energy Total Vorticity ‘ Mass Buoyancy
FOM | 7.484e-07 | 6.392e-17 1.545e-16 | 1.567e-09
POD | 3.489¢-06 | 1.024e-16 2.489¢-06 | 3.053e-06
Oplnf | 8.114e-06 | 1.018e-16 3.440e-06 | 3.050e-06

Forecasting the future dynamics of complex systems is studied with the non-intrusive
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and intrusive models for the single-injector combustor [83]], the quasi-geostrophic
equations [86]], and the shallow water equations [3]. Here, we investigate the pre-
dictive performances of both intrusive and non-intrusive ROM approaches for the

RTSWE. Let us define the relative FOM-ROM error at the time step k as

kw2
- ri= 4.36
[l (+:30)

where the state vector defined as w = (u, v, h, s)7.

In Figures the relative errors (4.36) obtained from the intrusive and non-
intrusive models are plotted, where the vertical blue lines indicate the separation of
the training and the prediction intervals. We investigate the prediction performance
in two cases; when training periods longer than the prediction periods and vice versa.
These cases are demonstrated in Figures [4.26] and Figure shows that when
the number of the snapshot in the training data becomes larger than the prediction
regime, both ROM predictions improve. On the other hand, increasing ROMs’ dimen-
sion does not significantly affect the ROM predictions in Figures In both
intrusive and non-intrusive models, the ROMs can accurately regenerate the train-
ing data and capture much of the overall system behaviour in the prediction period.
A summary of the review of ROMs in terms of the averaged relative errors (3.22))
is given in Table Figures 4.27, and Table {.6] show that the extrapolatory
predictive performance of both ROMS is not improved with increasing number of

reduced dimensions.

training testing training testing
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Figure 4.26: Prediction performance of the ROMs trained up to KX = 120 with the
reduced dimension (left) » = 10 and (right) » = 20.
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Figure 4.27: Prediction performance of the ROMs trained up to K = 120 with the
reduced dimension (left) » = 10 and (right) » = 20.

Table 4.6: Average relative errors (3.22)) for training and prediction sets.

r =10 r =20
POD OplInf POD OplInf
K — 190 training 1.529e-03 | 1.523e-03 | 1.060e-04 | 1.106e-04
prediction | 8.299e-03 | 9.487e-03 | 8.769e-03 | 1.193e-02
K — 180 training 4.250e-03 | 4.233e-03 | 4.737e-04 | 4.637e-04
prediction | 7.691e-03 | 7.817e-03 | 6.695e-03 | 6.587¢e-03

Parametric case

In the last example, we assume that the Coriolis parameter f(u) = 2€2 sin(u) varying
with the latitude y in the parameter domain D := 47/18 < p < 87/18, i.e., between
the 40°th to 80°th latitude. We consider a larger time interval, with the number of
time steps K = 300. The average relative errors in the training phase are computed

as

Mirain rain rain
s |4, 2 — W ()
W (™) [ 7 ’

where W (ut"*™) is the FOM trajectory and Z (u

1
Mtrain

(4.37)
i=1

train
%

) is the trajectory of either ob-
tained by the intrusive reduced model (POD) or recovered model (OplInf) from the
re-projected trajectories. Similarly, the accuracy of the parametric model for the test
case is measured via the average relative error defined by

Mtest test

(P, Z (") — W (g
W (") || 2

1
Mtest

=1

)HF. (4.38)

To construct the intrusive and non-intrusive ROMs, we considered Mj,.,;,, = 6 equidis-

train

train
) ’LLMt'rain

tant parameters (7" ", . .. € D in the parameter domain D. Furthermore, to
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decrease the condition number of data matrices, we make the initial conditions ran-
domly perturbed around the centre of the vortices as oy = 0.1 + -, where 7 is a uni-
formly distributed random value. Considering the random initial conditions does not
necessarily have a physical meaning. However, they show the FOM behaviour over
different trajectories to provide complete information about the FOM and decrease
the condition number of the data matrices in the Oplnf. The least-squares problem
(4.30) is again solved with Isqminnorm algorithm with the tolerance tol = le — 10,

and by determining subset of the snapshots, i.e., every 2nd snapshot.

In the testing period, we consider M;.; = 7 randomly distributed parameter values
test test

piest o phet € D. In Figure 4.28] we show the relative errors (#.37) and (#.38) for

the training and testing regimes as the dimension 7 is increasing, which shows that

both intrusive and non-intrusive models act likewise, yielding more accurate solutions
with the increasing reduced dimension. Figure .29 demonstrates that the potential

vorticity and buoyancy at the final time for dimension = 10 and the Coriolis param-

test

eter (g

averaged relative error

Figure 4.28: (Left) The relative error (4.37)) in the training period, (right) the relative
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CHAPTER 5

SUMMARY & CONCLUSIONS

In this thesis, intrusive and data-driven non-intrusive MOR techniques are studies and
developed for the rotating SWEs. The reduced system inherits the structure of the
FOM, such as the skew-symmetry and conservation of the Hamiltonian and conserved
quantities. Conserving the structure of the SWEs not only results in a physically
meaningful reduced model but also provides robust long-time behavior and a stable
ROM. The numerical experiments in this thesis illustrate that the proposed methods
consistently result in a robust reduced system. Even when highly accurate FOMs
are chosen, traditional model reduction techniques may yield an unstable or poorly
performed reduced system. Numerical experiments confirm that the conservation of
the Hamiltonian structure of the rotating SWESs can significantly enhance the overall
dynamics of the reduced system. Furthermore, data-driven ROMs can predict the
system’s behavior beyond the time horizon and for different parameter values in the

test period for the parameterized rotating SWEs.

In Chapter 2] two different kinds of FOMs are considered by preserving the Hamilto-
nian structure: linear-quadratic systems of ODEs and a skew-gradient system. There
are geometric integrators for specific non-canonical Hamiltonian systems, such as the
rotating SWEs, unlike the symplectic integrators for the canonical Hamiltonian sys-
tems. It is also not possible to preserve the Poisson or symplectic structure and the
energy of the dynamical systems at the same time. Therefore, both types of FOMs are
integrated with the energy (Hamiltonian) preserving integrators; the linearly implicit
Kahan’s method, and the fully implicit AVF method. Both integrators preserve the
physical quantities of the SWEs well, like the energy, enstrophy, mass, buoyancy, and
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vorticity in long-time integration.

In Chapter |3} traditional intrusive ROM techniques, POD, and DEIM with Galerkin
projection are applied to the rotating SWEs. Nonlinear terms present a difficulty
for ROM from an efficiency standpoint. If they are naively implemented, then the
reduced model will not be independent of the FOM’s dimension. For polynomial
nonlinearities, tensor methods can be used, where nonlinear terms are pre-assembled
as tensors. The degree of the polynomial nonlinearity determines the order of the
tensor. Thus the complexity of the ROM grows with the degree of the polynomial
nonlinearity. In Section [3.4] by utilizing the linear-quadratic structure of the RSWE
and tensor techniques, the offline and online phase is separated, which leads to an
efficient online computation time of ROMs. For more general nonlinearities, hyper-
reduction techniques are required to avoid the growth in complexity from nonlinear
terms. For a skew-gradient system with a constant Poisson structure like the KdV
equation, the skew-symmetric structure is preserved using the ROMs. Preservation
of the state-dependent Poisson structure is more challenging. Applying DEIM to the
skew-symmetric Poisson matrix and the gradient of the Hamiltonian, ROMs are con-

structed for the RTSWE. The offline cost further decreased using tensor techniques.

In Chapter [ data-driven projection-based ROMs of the NTSWE and RTSWE are
constructed in the Markovian and non-Markovian OplInf framework. Since the least-
squares problem of the OpInf method may suffer from ill-conditioning, the solutions
are regularized using the QR decomposition and with the minimum norm solution as
an alternative to Tikhonov regularization. The performance of the inferred models
is examined in terms of prediction capabilities. Numerical results in the parametric
and non-parametric settings show that both intrusive and data-driven ROMs behave
similarly and yield similar reduced solutions. This validates the convergence of the
learned operators to the intrusively obtained reduced operators under certain condi-

tions.

In summary, we have shown with a relatively small number of reduced modes, stable,
accurate, and fast reduced solutions are obtained; energy and other conserved quan-
tities are well preserved over long-time integration. The reduced system can be iden-

tified by reduced energy and reduced conserved quantities that mimic high-fidelity
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systems. This results in an overall, correct evolution of the solutions that ensure the
robustness of the reduced system. Both reduced models can accurately re-predict
the training data and capture much of the overall system behavior in the prediction
period. Due to re-projection, the Oplnf is more costly than the POD. Nevertheless,
speed-up factors of order two are obtained by both ROMs. Moreover, preservation of
the conserved quantities by both ROMs indicates the stability of the reduced solutions
in long-time integration, which is important for Hamiltonian PDEs like the RTSWE.
It also shows the importance of respecting the physics of complex problems in ROM

application.

5.1 Future Research Perspectives

Reduced-order modeling is a very active research topic. Below are some research

directions that are listed related to the SWEs.

e Using the lifting technique, the potential vorticity term can be treated as a con-
straint, and an auxiliary equation is added to the system. This particular treat-
ment allows that the nonlinear terms in the skew-symmetric Poisson matrix
will be linear, and the SWEs in Hamiltonian form contains only polynomial

nonlinearities.

e The methodology in this thesis can be extended to the shallow water magne-
tohydrodynamic equation, which has a similar Hamiltonian structure as the

RTSWE.

e Both intrusive and non-intrusive techniques can be compared with machine

learning techniques such as symplectic and Hamiltonian neural networks.

e SWEs can also be presented as hyperbolic systems with conservation laws.

ROM techniques can be developed to preserve energy and entropy.
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