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Abstract

Errors due to discretization are inherent to the numerical solutions of Ocean General
Circulation Models (OGCM). However, obtaining reliable estimates for these errors is
a difficult undertaking.

In this thesis, we develop a stochastic dual-weighted error estimator for the estimation
of the discretization error in physical quantities of interest (goals) that is applicable
to ocean models. Towards this aim, we extend the dual-weighted error estimation
technique by a stochastic process with memory. In this, we extend previous work on
memory-less stochastic dual-weighted methods for two-dimensional wave-type flows.

The introduction of memory effects is the key new element of our extension and is
shown to be crucial in the estimation of goal errors in an ocean model setting. The
memory governs the temporal evolution of the stochastic process. We interpret the
memory as a stochastic representation of physical constraints on the time-evolution of
the essential building block of our stochastic dual-weighted error estimator — the lo-
cal truncation error. The memory of the stochastic process is represented by temporal
correlation coefficients directly or by their upper bound. The temporal correlation coef-
ficients and other required stochastic quantities of the stochastic process are estimated
from high-resolution model information at near-initial times. Our resulting stochastic
dual-weighted approach is equivalent to a linearized stochastic-physics ensemble, but in
contrast to the ensemble it only requires a single model integration and a single adjoint
integration.

In order to study the applicability of our stochastic dual-weighted error estimator for
OGCMs, we focus on important oceanic features: the presence of lateral boundaries
with their associated boundary currents, and the phenomenon of baroclinic instability
within a stratified ocean. Both phenomena are studied by means of idealized experi-
ments, the Munk gyre and the flow against an island for lateral boundaries, and the
spherical channel experiment for baroclinic instabilities. For flows with boundaries, we
find that our stochastic error estimator provides meaningful error bounds for a range
of physically relevant goals. For the eddying flow regime due to baroclinic instabilities,
the stochastic process of our error estimator is modeled as a compound of a horizontal,
a vertical, and a temporal structure. To be applicable in our stochastic dual-weighted
error estimation framework, we propose a generalization of its temporal structure to
include additional, possibly negative time-correlations.






Zusammenfassung

Diskretisierungsfehler sind Bestandteil der numerischen Lésungen von Ozeanzirkula-
tionsmodellen (OGCM). Die Berechnung belastbarer Abschétzungen fiir diese Fehler
ist allerdings ein schwieriges Unterfangen.

In der vorliegenden Arbeit entwickeln wir einen stochastischen dual-gewichteten
Fehlerschétzer fiir die Abschétzung des Diskretisierungsfehlers in physikalischen Ziel-
funktionalen, welcher auf Ozeanmodelle angewendet werden kann. Dafiir erweitern
wir die dual-gewichtete Fehlerschatzungsmethode um einen stochastischen Prozess mit
Gedéachtnis. Damit erweitern wir vorangegangene Arbeiten iiber stochastische dual-
gewichtete Fehlerschitzungsmethoden ohne Gedéchtnis fiir zweidimensionale wellen-
dominierte Stromungen.

Die Beriicksichtigung von Gedéachtniseffekten ist das Schliisselelement unserer Er-
weiterung und wir zeigen, dass sie bei der Schatzung von Fehlern in Zielfunktionalen
flir Ozeanmodelle essentiell sind. Das Gedéachtnis regelt die zeitliche Entwicklung des
stochastischen Prozesses. Wir interpretieren das Gedéchtnis als eine stochastische
Darstellung von physikalischen Beschrankungen beziiglich der zeitlichen Entwicklung
des essentiellen Bausteins unseres stochastischen dual-gewichteten Fehlerschatzers —
dem lokalen Diskretisierungsfehler. Das Gedéchtnis des stochastischen Prozesses ist en-
tweder direkt durch zeitliche Korrelationskoeffizienten oder durch ihre obere Schranke
repréasentiert. Die zeitlichen Korrelationskoeffizienten und andere benétigte stochastis-
che Groflen des stochastischen Prozesses werden mittels hochaufgeloster Modellinfor-
mation auf nah-initialen Zeitskalen geschatzt. Unsere resultierende stochastische dual-
gewichtete Methode ist dquivalent zu einem linearisierten stochastische-Physik Ensem-
ble, aber im Gegensatz zum Ensemble bendétigt sie nur eine Integration des primalen
Modells und eine Integration des adjungierten Modells.

Um die Anwendbarkeit unseres stochastischen dual-gewichteten Fehlerschétzers fiir
OGCMs zu untersuchen, fokussieren wir uns auf wichtige ozeanographische Merkmale:
die Anwesenheit von lateralen Rdndern mit ihren assoziierten Randstréomen, und das
Phénomen der baroklinen Instabilitdat im stratifizierten Ozean. Beide Phanomene wer-
den mit Hilfe idealisierter Experimente untersucht, dem Munk gyre und der Stromung
um eine Insel fiir laterale Rédnder, und dem sphérischen Kanalexperiment fiir barokline
Instabilitdten. Fiir Stromungen mit Rédndern erhalten wir sinnvolle Fehlerschranken
fiir eine Reihe physikalisch relevanter Zielfunktionale fiir unsere stochastischen Fehler-
schétzer. Fir die wirbelbehaftete Stromung durch barokline Instabilitdten modellieren
wir den stochastischen Prozess unseres Fehlerschatzers als Komposition einer horizon-
talen, einer vertikalen, und einer zeitlichen Struktur. Zur Anwendung im Rahmen un-
seres stochastischen dual-gewichteten Fehlerschatzers schlagen wir eine Generalisierung



der zeitlichen Struktur des stochastischen Prozesses vor, um zusétzliche, moglicherweise
negative, zeitliche Korrelationen miteinzubeziehen.
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Chapter 1

Introduction

In a comprehensive Earth System Model, the modeling of the ocean component is
crucial for properly understanding the climate system, its variability and its response
to external forcings. The governing equations that are typically chosen to represent the
ocean component in an Earth System model are too complex to solve them analytically.
Thus, the governing equations are instead solved approximately by a numerical model
on a discrete grid with finite degrees of freedom. The grid spacing of a state-of-the-art
ocean model used for the scientific basis of the IPCC report [12] is typically about
1 degree. At this resolution, important flow features are still unresolved due to the
multiscale nature of the ocean dynamics that ranges from the order of kilometers down
to the millimeter range. Thus, errors due to discretization of the governing equations
are inevitably part of the numerical solution. However, so far, there are no methods
available to reliably quantify the error due to discretization for an arbitrary numerical
ocean model simulation, even though in all of quantitative science it is essential to gain
and provide information about the uncertainty in model output or measurements. The
purpose of this thesis is thus the derivation and implementation of an error estimation
algorithm, targeted at the specifics of ocean models, for the a posteriori estimation of
errors in physical quantities of interest.

The total error in a model can be conceptionally separated into two parts, the for-
mulation error and the error due to discretization [36]. The first part of the total error
already occurs with the formulation of the mathematical model. This is because the
mathematical model can necessarily only be an approximation of the real processes in
nature. Physical processes are usually too complex, not well enough understood or in
part even completely unknown, and thus can only be represented in a simplified form.
Apart from this fact, it is also often even desirable to work with a mathematical model
that is as simple as possible and only keep the 'important’ processes of the physical
process one is interested in studying. In the final mathematical model, parts of the real
dynamics are thus neglected which introduces the first layer of errors, the formulation
error. For most practical applications, the resulting mathematical model is still too
complex to be solved by analytical means. The mathematical model is then discretized



CHAPTER 1 INTRODUCTION

and solved approximately on a computer, which introduces the second part of model
errors, which we refer to as discretization error. Under this term, all errors are collected
that have their roots in the discretization of the continuous equations and boundary
conditions of the mathematical model.

In ocean modeling the mathematical models are usually based on approximations of
the Navier-Stokes Equations. More specifically, for Ocean General Circulation Models
(OGCMs), as used in a comprehensive Earth System Model, the governing equations
are the so-called hydrostatic primitive equations [21]. These equations govern the ocean
dynamics, in the horizontal and in the vertical, as well as their interplay with temper-
ature and salinity. One key assumption is that the vertical scale of the ocean is small
compared to the horizontal scale. A model of lower complexity used for idealized ocean
circulation studies is given by the shallow-water equations which can be understood
as a primitive equation model that only has one degree of freedom in the vertical flow
structure [29], i.e. only consists of one vertical ocean layer. Both models only incor-
porate the ocean dynamics necessary for their respective tasks in order to keep the
computational costs for obtaining a numerical solution of the model to a minimum.

The discretizations of these mathematical models are mostly based on Finite-Volume
methods, Finite-Difference methods or a combination thereof. When solving the dis-
cretized models, computational limitations require a trade-off between resolution, typi-
cally the grid spacing in the horizontal, and simulation time. If the required simulation
times go from centuries to millennia, even state-of-the-art OGCMs are limited to a
resolution of about 1 degree, which is equivalent to approximately 100km. This leaves
many flow features such as boundary currents or mesoscale eddies unresolved or highly
underresolved, which is the source of the discretization error in these model simulations.

The combination of the errors due to formulation and discretization constitutes the
total model error, and its quantification proves difficult for the ocean. This is because
the model solution cannot easily be compared to observations, as ocean observations
are sparsely available in time and in space. To fill these gaps, Ocean State Estimation
(OSE) [53] aims at producing numerical solutions of high-resolution ocean models that
in some sense are ’close’ to observations. OSE is thus closely intertwined with data
assimilation [25, 49]. These resulting numerical solutions are generally referred to as
reanalyses, see for instance ORAS4 [2] or GECCO2 [26]. Comparing reanalyses to a
model solution is a standard approach to gain information about the total model error.
However, due to the limited amount of observations, reanalyses have large uncertain-
ties. Reanalyses are by definition only available in hindsight and can only provide error
information for the actual ocean circulation. Error information for future projections
of the ocean circulation as well as for ocean-type experiments in other settings are thus
not covered. Also, a clear separation of the formulation and the discretization parts of
the total model error is not possible but would be highly desirable to understand the
nature of model errors.
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One extension towards gaining knowledge about discretization errors is then to ad-
ditionally compare solutions on different model resolutions. One example is given in
[22], who perform a series of transient coupled climate model simulations in which the
resolution of the ocean model ranges from 1 degree to 1/10-th of a degree and com-
pare them among each other, and to observational data whenever possible. Valuable
insights about the influence of unresolved processes can be gained from these com-
parisons. However, these comparisons are very expensive as several high-resolution
simulations need to be performed. For an ocean simulation that itself is already at
the current computational limits, this approach is thus not applicable. Bypassing the
computational limit by inferring the discretization error of a model simulation from a
series of even coarser model solutions, such as by Richardson extrapolation [46], is not
applicable because the coarser model solutions will be even more under-resolved than
the model simulation itself.

Apart from the quantification of the discretization error, much current work aims at
its reduction and can be divided into two general approaches. In the first approach, the
work is targeted on improving the discretization itself. Much work has gone into the
improvement of the numerical schemes and their implementation on High Performance
Computers (HPC). With the next generation of ocean models, such as the ICON-Ocean
model [27] or the MPAS-O model [44], further progress on the matter of discretization
errors is expected by formulating the discretized model in a way that it scales better on
future High Performance Computers which would allow higher spatial resolution, and
by increasing the flexibility to adjust the model resolution for specific regions if deemed
beneficial. In the second approach, the error due to discretization is reduced by em-
ploying subgrid-scale parametrizations to mimic the effects of processes that cannot be
resolved. This approach can be understood as shifting parts of the discretization error
into the domain of the model formulation. Standard ocean model parametrizations are
an eddy-viscosity in order to parametrize the effect of eddies, especially near bound-
aries, enhanced vertical diffusion as a parametrization for deep convection, schemes like
the KPP parametrization [28] for the vertical mixing of the upper ocean, and the Redi
[43] neutral diffusion and the Gent and McWilliams [14] eddy advection parametriza-
tion to capture the missing effects of mesoscale eddies on the ocean circulation.

Although these continuous reductions of the discretization error have significantly
improved the numerical solutions of ocean models, there is still a significant amount of
errors due to discretization in a resulting numerical solution. This is due to the wide
range of spatial and temporal scales in the ocean that will remain being unresolved in
the future. One example is given in [22] for the vertical distribution of heat that changes
significantly towards a net warming at around 1000 meters depth once mesoscale eddies
are not explicitly resolved any more by the model but are only parametrized. As it is
not foreseeable when mesoscale eddies can be resolved in climate model simulations,
errors like these will be inherent to the numerical ocean solutions. Despite its undoubt-

11
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ful importance, there are still no methods available to reliably quantify the error due
to discretization for a given ocean model simulation. Therefore, we think that the de-
velopment of means to quantify the uncertainty associated with these errors is key and
should be pursued with great efforts.

The field of error estimation can be roughly separated into a priori and a posteriori
error estimators. A priori error estimators are derived analytically for a specific model
discretization. However, an ocean model can be considered to be too complex to obtain
useful a priori error estimators, as even for relatively simple problems, a priori error
bounds are difficult to derive and often not very useful as they are not tight enough.
Additionally, the calculation of the bounds usually requires constants that have to be
estimated. In contrast, a posteriori error estimators are calculated for a specific, al-
ready calculated, model solution. A posteriori error estimators usually perform better,
i.e. yield tighter bounds and can even yield model corrections, but in contrast to a
priori estimators, the calculated bounds are usually not guaranteed. Often the term
asymptotic bound is instead used, which means that the bounds are guaranteed if the
model resolution is within the asymptotic range, i.e. higher than a certain threshold
grid spacing. Due to the complexity of ocean models, we focus on the field of a poste-
riort error estimators.

A simple method for a posteriori error estimation is the study of grid convergence,
where model errors are inferred from running the same experiment on grids with dif-
ferent model resolution [46, 35]. The previously introduced study [22] can be counted
towards this class of error estimators. The method’s advantage is that it is easily ac-
cessible and non-intrusive, i.e. the method does not require changes in the model code.
The disadvantage is that running an ocean model for several different model resolutions
is computational expensive.

Another class of a posteriori error estimators aims at quantifying the uncertainty
in a model solution from a series of perturbed model solutions on the same grid. For
instance, methods from the field of statistical mechanics aim at understanding and
modeling the terms that need to be added to a discretized model in order to obtain
corrected model solutions. As these terms are often described stochastically, solving
the corrected discretized model yields an ensemble of perturbed model solutions which
is then interpreted as a measure for the uncertainty in the model solution. However,
even for simple models, this is a difficult undertaking, as is illustrated in [8] for a low-
complexity Hamiltonian system. In a GFD environment, a closely related approach has
become increasingly popular that aims at the quantification of parts of the model un-
certainty due to model errors by employing stochastic sub-grid scale parametrizations
[7, 4, 5]. Although these approaches are promising, they are not yet at the level where
they can be used to estimate the full error due to discretization in a complex ocean
model.

An important and widespread class of a posteriori error estimators is given by the

12



1.1 THESIS OBJECTIVE:

dual-weighted methods [1, 40, 3, 15, 17, 11, 19, 51]. They are designed to estimate
the error in physical quantities of interest (goals) by combining the dual solution with
local error information on the grid element level, i.e. the residual. The dual solution
is the sensitivity of the goal to the residual. There are many flavors of dual-weighted
methods that can be applied to various tasks, such as estimating corrections for a goal,
estimating error bounds or deriving error indicators to guide adaptive mesh refinement.
Although the method has a strong theoretical foundation, most of the work on dual-
weighted methods is done for the Finite-Element Method (FEM). Only very little work
is dedicated to other discretization schemes, in which it is then often tried to relate
the used discretization schemes back to Finite-Element methods [31], or to estimate
residual information from a series of coarse model solutions [13]. Both approaches are
not deemed to be applicable here because the model is too complex to relate it back
to FEM, and the model solutions are typically too under-resolved to derive residual
information from them.

Recently, an approach for the quantification of the error due to discretization in a
general GFD environment has been put forward in the literature [41]. The method be-
longs to the a posteriori dual-weighted error estimation techniques and yields confidence
intervals on the error in a time-dependent goal, such as energetic quantities or fluxes
through a cross-section. The method is itself embedded into the general framework of
the dual-weighted error estimation approach [15] and extends it to the estimation of
goal errors for inviscid 2D flows on the sphere. In the extension, the local truncation
error, which represents the residual in the framework of [15], is replaced by a stochastic
component. The step towards a stochastic representation of the local truncation errors
was motivated by insights from the field of statistical mechanics.

1.1 Thesis Objective:

In this thesis, we develop a stochastic dual-weighted error estimation algorithm to
quantify the discretization error in goals that is applicable to ocean model simulations.
Our a posteriori error estimator is conceptionally based on the idea of [41] to replace
the local truncation error by a stochastic component, however, we extend it to the
specifics of ocean models in various ways.

One important aspect in this extension is the inclusion of a memory effect for the
stochastic error component. The memory governs how future states of this stochastic
component are connected to past states. We describe the representation of this memory
and show how it needs to be adapted according to the complexity of the experiment
and the numerical ocean model.

We evaluate our extended stochastic dual-weighted error estimation approach by
studying it on important oceanic features. In a first step, we extend our error estimation
algorithm to experiments with lateral boundaries. The resulting boundary currents

13
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bring in the concept of regionally varying rates of error production in the computational
domain, and the emergence of biases in the local truncation errors that are persistent
in time. The fundamentals of these flows are studied in a 2D model environment. In
a second step, we discuss our error estimator for a baroclinic instability in the flow.
We do this within the framework of a 3D ocean model with full dynamics. This step
introduces a downward energy cascade to the problem of error estimation and a vertical
ocean structure that the algorithm needs to adhere to. The overarching question is
whether and how a stochastic error component can be modeled that is dominated by
the effects of mesoscale eddies.

Another important aspect of this work is the analysis of the stochastic extension of
the dual-weighted error estimation approach in general. It is clarified how the method
is related to classical ensemble techniques, and the analysis of the method’s results is
extended.

1.2 Thesis Outline

The thesis is structured as follows:

e In chapter 2, we define the basic mathematical notation and framework that
will be used throughout this thesis and derive the dual-weighted error estimation
approach of [15]. We then show how the dual-weighted error estimation approach
can be linked to the field of statistical mechanics and in particular the Mori-
Zwanzig formalism. With this background, the concept of a stochastic dual-
weighted error estimator is introduced.

e In chapter 3, the stochastic error estimation algorithm of [41] is extended by
introducing memory effects for the stochastic component that describes the tem-
poral evolution of the local truncation error. This step broadens the range of
applicability of the algorithm to flows with lateral boundaries. We show this by
investigating our error estimation algorithm with a viscous shallow-water model
on two classical oceanographic experiments, the Munk gyre and the flow around
an island. Also, the relation between our stochastic error estimator and classical
ensemble methods is explained. This chapter has been submitted for publication
in the Journal of Computational Physics in 2016 and is currently under revision.

¢ In chapter 4, we lay the groundwork for applying the stochastic error estimator
to the phenomenon of baroclinic instability. The testbed is an idealized ocean
channel experiment implemented in a full 3D ocean model. In the experiment, a
tilted temperature field drives the formation of baroclinic instabilities in the flow.
A 3D flow structure with mesoscale eddies emerges that is reflected in the local

14



1.2 THESIS OUTLINE

truncation error. We attempt to model the resulting stochastic component of the
error estimator and discuss its properties.

In chapter 5, we conclude and give an outlook to possible future extensions and open
questions that might be of importance for the further development of a stochastic
dual-weighted error estimator towards full global ocean circulation simulations.

15






Chapter 2

Problem Statement and Approach

We here put the previously discussed notations about the different model error sources
into a rigorous mathematical framework. Towards that, we define the concept of a
model, continuous as well as discretized, in a general framework. Given this framework
we then define the formulation error, the discretization error and the total model error
in a physical quantity of interest.

We start by defining the continuous form of a general model

N (q(x,t)) =0, for (z,t) € Q2 x1[0,T], (2.1)

where N contains the model equations as well as initial conditions g(z,0) = ¢" and
boundary conditions q(x,t) = ¢°(x,t) on S2. The function ¢ (,t) is defined on Q2 x [0, T
and satisfies system (2.1).

For an ocean model and more generally for a model in GFD, N (¢ (z,t)) is usually
given by partial differential equations derived from the Navier-Stokes equations that
are combined with subgrid-scale parametrizations. The function ¢(x,t) then represents
the variables that define the state of the fluid at position x and time ¢ and cannot be
obtained by analytical means and is thus unknown. However, even if the continuous
solution to system (2.1) were known, it would already be flawed in the way that the
formulation error is already inherent in it. Thus, even the unknown continuous solution
q(z,t) would be erroneous if compared to nature.

What we are actually able to solve is a discretization of system (2.1) which can be
written as

Na (qA) =0, for (z,t) € Qa X {to, e ,tn}, (2.2)

where Na contains the discretized model equations in discrete time Ta := {tg,...,tn}
and discrete space A with initial conditions ¢4 = Pa(q”) and boundary conditions
qa = Pa(q®) on 0Qa. Here, Qa denotes the discrete model domain with boundary 9QA.
Pa represents a projection Pa : V() — Va(Qa) from the continuous function space
V(€2) on Q to the discretized function space Va(£2a) on Qa. The solution of system

17
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A

(2.2) is denoted by ga = : and is a vector of state vectors in eR™ i=0,...,n
qA
in discrete time TA and discrete space Q2a.
The discretization error in the solution of the discretized system (2.2) is then given
by the difference between its discrete solution ga and the continuous solution ¢ of the

continuous system (2.1)
ea :=qa — Po,x1x(q), (2.3)

where P, x1, denotes a projection of the continuous solution ¢ from the continuous
function space V(2 x [0,77]) on 2 x [0, T] to the discretized function space VA (2a X Ta)
on QA X TA.

For the investigated physical system, we are not only interested in estimates of the
discretization error ea but especially in the error in physical quantities of interest
(goals) that characterize said physical system. As discretization errors are inherent to
the model solution ga, they are consequently also in the physical quantities of interest
(goals) that are derived from ga. In the continuous context, a goal is defined as a
functional J that is applied to the continuous solution ¢ (z,t). We denote its discrete
approximation by Ja(ga), where Ja is the discrete version of J. The discretization
error € in a goal is then the difference between the true value J(¢) and its approximation
JIa(ga)

e i= Jalaa) - J(a), (2.4)

that can be separated into two parts

€= (Ja(Palq)) — J(q)) + (Jalga) — Ja(Pa(q))) - (2.5)

The first term is the error due to the discretization of the functional, and it is usually
assumed that this term is sufficiently small and can be neglected. The second term

ea = Jalga) — Ja(Pa(q)) (2.6)

directly contains the error in a goal due to the difference between the solution ga of
the discretized model (2.2) and ¢ (x,t), the solution of the continuous model (2.1).

The problem can be stated as follows: For a given ocean model (2.1) and its dis-
cretized version (2.2), how can we obtain an estimate for the error in a goal €7 In this,
the possible algorithm needs to be applicable to an already existing model, and thus
should not be intrusive.
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2.1 DUAL-WEIGHTED ERROR ESTIMATION

2.1 Dual-weighted Error Estimation

The technique by which we approach the problem is called dual-weighted error estima-
tion. In dual-weighted error estimation approaches, the goal error € is translated into
a weighted sum of local truncation errors at the grid cell level. The method belongs to
the a posteriori error estimators that are calculated for a specific model solution. The
motivation for dual-weighted error estimation is that it is usually easier to obtain in-
formation about these local truncation errors than the discretization error ea directly.
In this section, we derive the dual-weighted approach of [15] based on the framework
and notation provided in the previous section.

First, we perform a Taylor series expansion of Na (ga) around the point Pa(q) up
to first order which yields

Na (Pa(g)) = Na (aa) = 5—=ea. (2.7)

Because Na (qa) is zero by definition, we obtain a direct relationship between the
discretization error ex and Na (q)

ONA

Na (Pa(a)) + 5 ~ea =0, (2.8)
an
which is equivalent to
ONAN !
en A — (f) Na (Pa(q)). (2.9)
an

Na (Pa(q)) is known as the local truncation error which is the result of inserting the
continuous solution ¢ into the discretized model Na, i.e. the error done by the dis-
cretized model within one timestep.

The relationship (2.9) still has to be connected to the goal J. This is done by
performing a Taylor expansion up to first order of Ja around Pa(q)

oJa

Ja (Pa(q)) = Ja (ga) — R

ea. (2.10)

The approximation (2.10) can be reformulated in terms of ea defined in (2.6)

ex = Ja (43) ~ Ja (Pa(@) = e (211)
~AJa (ONaA\ !
- (a%) Na(Palg)  (212)
= qA"Na (Pa(q)). (2.13)

19



CHAPTER 2 PROBLEM STATEMENT AND APPROACH

The vector ¢} is the discrete adjoint solution, which is the solution to the so called

ONANT dJa\ "
(52 s+ (32 -

The discrete adjoint solution thus provides a translation from the local truncation error

adjoint flow equations

to the error in the goal Ja.
Equation (2.13) can be used as an error estimator for ea

en ~ (g NA(9))oaxTh (2.15)

where (), x7, is the standard euclidean scalar product in discrete time and discrete
space. If we can further assume that the first term of (2.4) is small, i.e. the goal dis-
cretization is negligible, then (2.13) is also an error estimator for the full discretization
error € in the goal J

€~ (qa; Na(a))oax1a- (2.16)

This error estimator requires two components, the local truncation error and the dis-
crete adjoint solution.

The discrete adjoint solution can be obtained in several ways. One way is to for-
mulate the continuous adjoint flow equations to the continuous model (2.1), discretize
them and solve the discretized adjoint flow equations. Another way is to formulate and
solve the adjoint model to the discretized model (2.2). The similarities and differences
between both approaches are illustrated in [48]. For a complex ocean model environ-
ment, we chose a third approach which is referred to as Algorithmic Differentiation
(AD) [9, 20]. Basically, in AD the model run is divided into its elementary operations
for which their derivative is known. Using the chain rule, the AD tool now moves
backwards through the computational graph of the model run and accumulates the
derivatives of the elementary operations which then yields the discrete adjoint solution.
Once the model code has been prepared for a specific AD tool, obtaining the discrete
adjoint solution is straightforward.

The local truncation error on the other hand is difficult to obtain continuously for
all timesteps due to the complexity of an ocean model and is thus the focus of this
thesis. The difficulty stems from how the local truncation error, or more generally
residual information, is obtained. We here mention the term residual as it is frequently
encountered when discussing the dual-weighted error estimation for the Finite-Element
Method [40, 3, 17, 11, 19, 51]. Generally, the evaluation of the residual requires two dif-
ferent functional forms of the model, one from which the model solution is obtained and
one in which the residual is evaluated [46]. For practical applications, where continu-
ous model solutions are unavailable, obtaining residual information that can be used to
drive dual-weighted error estimation then comes down to two basic approaches [47]. In
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the first approach, the discrete model solution is evaluated in a higher-resolved model,
which yields what we here refer to as the classical residual (see [11]). In the second
approach used for the framework described in [15], a higher-resolved model solution
is evaluated in the discrete model which yields the local truncation error. For many
applications, the described residual evaluation is simply an insertion into the respective
functional form and does not involve any additional model runs.

However, for complex geophysical fluid dynamic models such as an ocean general
circulation model (OGCM), we deem the continuous evaluation of residual information
at every model timestep to be prohibitive. For the evaluation of the classical residual,
we expect the residual evaluation to be associated with high computational costs. For
instance, taking the ICON-Ocean model [27] as an example, we expect the evalua-
tion of the classical residual to cost at least 30 percent of a respective high-resolution
model simulation, because many calculations performed within the model simulation
are still required in the evaluation of the residual. Thus, continuously evaluating the
classical residual is impracticable. For the evaluation of the local truncation error, an
often-used, straight-forward approach is based on using a smooth reconstruction of the
coarse model solution as a surrogate for the unknown higher-resolved model solution.
However, in case of an OGCM, the coarse model solution is typically strongly under-
resolved, especially due to the strong influence of resolution-dependent subgrid-scale
parametrizations. Thus, its smooth reconstruction will not be a good representation of
the respective higher-resolved model solution, and consequently we do not expect the
resulting local truncation error estimates to be good approximations. Techniques that
try to bypass the higher resolution entirely by inferring the local truncation error from
a selection of local truncation error evaluations on even coarser model resolutions, see
for instance the T—estimation technique [13], are then also not deemed to be applicable
due to the under-resolution of the coarse model solutions. As a consequence, for models
with the specifics of an OGCM neither the classical residual nor the local truncation
error can be continuously evaluated in practice.

In order to make the dual-weighted error estimation technique available for these
models, [41] developed a stochastic extension in which the local truncation error is rep-
resented by a stochastic process. This bypasses the need to continuously evaluate the
local truncation error, but introduces the challenge of modeling a stochastic process
that is able to mimic the temporal evolution of the local truncation error. The idea to
stochastically extend the dual-weighted approach was motivated by the Mori-Zwanzig
Formalism from statistical mechanics.
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2.2 Mori-Zwanzig Formalism: Local Truncation Errors as
Local Model Uncertainty

The Mori-Zwanzig Formalism from statistical mechanics [18, 8] illustrates how the
discrete model solution ga would need to be corrected in order to make up for the
missing influence of the unresolved scales. First, we write our continuous model (2.1)
in the form p
N(q) := = —h(g) =0, (2.17)
where the function h represents the continuous dynamics of system (2.1). Given the
initial and boundary conditions of (2.1), the solution of (2.17) is that of system (2.1).
The model (2.17) can be conceptually separated into two parts, the resolved or
macroscopic dynamics and the unresolved dynamics. Towards this aim, we separate
the solution ¢ into a resolved part ga; and an unresolved part ¢. Here, we interpret
the resolved part ga; as a discrete function on our discrete space {2ao but still in the
continuous time-domain. After also performing the same separation for our model
equations, the model (2.17) is separated into a macroscopic part that governs the
evolution of the resolved components

dgna ¢
dt

— f(dat,q) =0, (2.18)
and a microscopic part that governs the evolution of the unresolved part of the solution

g _
dt

In equation (2.18), we can already see that the unresolved part influences the evolution

(@a,q) = 0. (2.19)

of the resolved components, because f is not only a function of ga; but also of g.
However, the system we are actually able to solve is the time-discretized version of

equation
dQA,t
dt

where f now only depends on the resolved variables and represents our spatial dis-

— flaas) =0, (2.20)

cretization scheme. In the Mori-Zwanzig notation this step would be seen as the appli-
cation of a suitable projection operator to f that yields the so-called Markovian term
f. In system (2.20) the influence of the unresolved dynamics is not captured any more,
and the solution to (2.20) is then of course not ga; anymore but its approximation
ga:- If we were to additionally introduce a discretization scheme for the time-domain,
we would again obtain the solution ga, the solution of system (2.2).

The Mori-Zwanzig Formalism now tells us how we would need to correct (2.20) in
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order to again obtain the solution ga ;

dQA,t
dt

t
— flaay) = /0 K(ga+(t —s), s)ds + n(da+(0),4(0),t). (2.21)

Two correction terms appear on the right-hand side of equation (2.21). The first term
fg K(ga(t —s),s)ds is called the memory term and the second term n(Ga ¢(0), ¢(0),t)
is known as the orthogonal dynamics term. Both terms together are also referred to as

the 'noise’ term (see for instance [8])

n(t) = /0 K(Gay(t — ), 8)ds + n(da(0), 4(0), ).

For complex systems such as the shallow-water equations in an ocean-type setting
or even a full 3D ocean model, we expect a direct derivation of a computable noise
term or its components to be extremely difficult if not impossible. In these settings, it
is even already difficult to disentangle the dynamics of the noise and clearly attribute
them to be either stochastic or deterministic. For instance in the orthogonal dynamics,
the initial conditions ¢(0) of the unresolved variables appear. From the point of view
of the resolved scales, it makes sense to interpret ¢(0) as a stochastic quantity. On the
other hand, a large part of the memory term is usually considered to be deterministic,
but with the complexity of our systems of interest its computation is anything else than
clear. Therefore, we hope to instead make progress by following a data-driven approach
in which we choose to interpret the entirety of the noise term as a stochastic process.

If the noise term n(t) is now represented by a stochastic process, the corrected solu-
tion ga ; becomes a stochastic process too, which introduces the concept of uncertainty
to the model solution. This model uncertainty is the source of the uncertainty in
Ja(ga) that we want to estimate. We can apply the same line of reasoning to our
dual-weighted error estimation approach, where the corrections to the model solution
which we now interpret stochastically are the local truncation errors. In contrast to
(2.21) the thereby introduced model uncertainty is however not propagated through
the system directly, but a posterior: by the discrete adjoint solution.

The Mori-Zwanzig formalism thus motivates to represent the local truncation error
stochastically as local model uncertainty in the form of a time-discrete stochastic pro-
cess X (p) with parameter set p. The local model uncertainty at every timestep ¢ is
then represented by a random vector Xy, (p;) with parameters p; and dimension R™,
the same dimension as the state vectors in. The sequence of these random vectors de-
fines the stochastic process X (p) := {X¢, (p;) }ien that is our stochastic representation
of the local truncation error.

Replacing the local truncation error by the stochastic process X (p) changes the de-
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terministic dual-weighted error estimator (2.16) for € to a stochastic error estimator

Eapp := (g7 X (P))0axTa (2.22)

that yields a random variable F;,,. This random variable is a measure for the uncer-
tainty in the goal J due to discretization errors in the solution ga.

2.3 Extracting Local Uncertainty Information from Local
Truncation Errors at Near-initial Timescales

Given we have already obtained a discrete model solution ga, the discrete goal Ja(ga ),
the discrete adjoint solution ¢}, and an appropriate stochastic process X (p) has been
chosen, then a major task lies in estimating a problem-specific parameter set p. Towards
this problem, [41] developed an algorithm for wave-type flows in a shallow-water model.
It is based on estimating the parameters of the stochastic process from a near-initial
learning period. For this time period, approximations to the local truncation error
are made available from short model simulations on high-resolution. The resulting
parameters are then extrapolated from the near-initial learning period to later times. In
this, it is assumed that the estimated statistical properties of the local truncation errors
at near-initial times are also capable to describe the behavior of the local truncation
error at later times.

The proposed algorithm we build around this idea is an extension to the original
algorithm by [41] that is able to cope with the higher complexity of flows we encounter.
The following algorithmic steps are part of an algorithmic cycle that is formulated
as questions that the user of the algorithm needs to answer in order to obtain a valid
parameter set p. This already indicates that the algorithm is in many regards dependent
on educated guesses by the user who has to make decisions about the trade-off between
estimating reliable parameters and keeping the estimation process as light-weight and
computationally cheap as possible. The algorithmic cycle is exited when the user is
satisfied with the performance of the obtained parameter set.

The algorithmic cycle looks as follows:

e Step 1: Do we encounter different dynamical flow regimes in the model solution?
This is important because different dynamical flow regimes might come with
significantly different rates of error production. If this is the case, it might be
necessary to chose the parameter set p to vary locally according to the respective
dynamical flow regime. The user then needs to decide how the computational
domain is divided into regions of different dynamical flow regimes.

e Step 2: How long should the near-initial learning period be? The model should
not be in a state of initial shock to ensure that the near-initial information is
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valid for a long time-window after the near-initial learning phase. At the same
time, the learning phase needs to be kept short to keep the computational cost
to a minimum.

e Step 3: What is a suitable probability distribution for the stochastic process
X(p)? A Gaussian distribution might be tempting as it is a standard choice to
represent model errors, but in principle other probability distributions are possible
and might fit better for certain dynamical flow regimes.

e Step 4: Which statistical parameters need to be estimated? The variance is
here considered to be a standard quantity to be estimated, but do we also need
estimates for the mean values or can the means be neglected? Also correlations,
spatial as well as temporal, might be crucial if the local truncation error follows
certain patterns in space or time. The correlation coefficients then need to be
either estimated or upper-bounded.

In this algorithm, we assume that the stochastic process X (p) has already been chosen
beforehand, but the choice of the stochastic process could as well be integrated into
the algorithmic cycle as an additional algorithmic step between step 2 and step 3. This
additional step can become important in an environment where different stochastic pro-
cesses are available that each have their specific strengths and weaknesses in modeling
the local truncation error but would require different stochastic quantities to be esti-
mated. One stochastic process might for instance be based on temporal fluctuations in
the local truncation error, while another one models the local truncation error directly.

Throughout this thesis, we will constantly use this algorithmic framework to obtain
the problem-specific stochastic process X (p). With the stochastic process being esti-
mated, all components of the stochastic error estimator (2.22) are known and error
estimates for the goal J can be computed.

2.4 Research Questions

Throughout this thesis, we show how the algorithm presented above needs to be adapted
to the specific oceanic phenomena in order to obtain a stochastic process for the local
truncation error that can be used for goal-oriented error estimation. In this, we con-
stantly increase the complexity of the employed ocean model and the studied numerical
ocean experiments throughout this thesis.

For chapter 3, we study the described stochastic error estimation approach for ocean-
type experiments with lateral boundaries in a viscous 2D shallow-water model.

e What probability distribution can be used to model the local truncation error?

e What is the relation between the stochastic error estimator (2.22) and a classical
stochastic-physics ensemble?
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e How big is the effect of the discretization of the goal itself compared to the error
in the goal €?

e What part of the stochastic process represents the memory term that is predicted
by the Mori-Zwanzig formalism?

e How can spatial and temporal correlations be represented in the stochastic pro-
cess? And, can these correlations be estimated reliably?

e Does this approach lead us to valid error estimates for physically relevant goals?

Chapter 4 is then concerned with the concept of baroclinic instabilities in the full
3D ocean model environment. We discuss the required properties of the stochastic
process and lay the groundwork for a stochastic process that is able to model the local
truncation error and can be applied in our stochastic error estimation approach.

e Does the concept of the local truncation error even make sense in an environment
where the local truncation error primarily results from only partly resolving the
mesoscale eddy field?

e How can the vertical structure, especially stratification, of the ocean experiment
be preserved under the influence of the stochastic process?

e Is it possible to use a stochastic process to model the local truncation error that
is due to not fully resolving the mesoscale eddy field?
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Chapter 3

Stochastic Goal-oriented Error Estimation
with Memory

We propose a stochastic dual-weighted error estimator for the viscous shallow-water
equation with boundaries. For this purpose, previous work on memory-less stochastic
dual-weighted error estimation is extended by incorporating memory effects. The mem-
ory is introduced by describing the local truncation error as a sum of time-correlated
random variables. The random variables itself represent the temporal fluctuations in
local truncation errors and are determined from high-resolution information at near-
initial times.

The resulting error estimator is evaluated experimentally in two classical ocean-type
experiments, the Munk gyre and the flow around an island. In these experiments,
the stochastic process is adapted locally to the respective dynamical flow regime. Our
stochastic dual-weighted error estimator is shown to provide meaningful error bounds
for a range of physically relevant goals. We prove, as well as show numerically, that
our approach can be interpreted as a linearized stochastic-physics ensemble.

3.1 Introduction

Quantifying the uncertainty due to discretization errors is essential in judging the qual-
ity of a numerical model solution. For many applications we are not only interested in
estimates of the discretization error in certain norms but especially in estimating the
resulting error in key physical quantities of interest (goals) such as energetic quantities
or volume transports. These goals are linear or non-linear functionals of the model
solution. A conceptual framework for this type of error estimation is provided by dual-
weighted error estimation techniques [40, 3, 15, 17, 11, 19, 51]. Dual-weighted methods
are applied to a model solution a posteriori and combine the adjoint model solution
with residual information; both are deterministic quantities. The adjoint solution is
the sensitivity of the goal with respect to the residual. In the context of this study, the
residual is the local truncation error that describes to which extend the exact solution to
the continuous equations fails to satisfy the discrete equations. A stochastic extension
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of the dual-weighted error estimation approach was developed in [41] by modeling the
local truncation error as a stochastic process. The purpose of this paper is to extend
the stochastic dual-weighted error estimation by including memory effects and to gain a
more profound theoretical understanding of the properties of stochastic dual-weighted
approaches. This is done by theoretical analysis as well as by an experimental evalua-
tion of the new error estimation algorithm.

For practical applications, where continuous model solutions are unavailable, obtain-
ing residual information comes down to two basic approaches [47] that each can be
used to drive dual-weighted error estimation. In the first approach, the discrete model
solution is inserted into a higher-resolved discrete model which yields what we refer to
as the classical residual, (see [11]). In the second approach, which is for instance used in
[15], a higher-resolved discrete model solution is inserted into the discrete model which
yields the local truncation errors.

We propose a stochastic representation of the local truncation error because the
established methods for calculating the local truncation error and the classical resid-
ual via a higher-order reconstruction are difficult to obtain within our discrete model.
The shallow-water model that we use to illustrate our method uses a finite-difference-
finite-volume discretization on an unstructured grid with a staggered distribution of
variables (Arakawa C-staggering). For such models, a higher-order interpolation of the
state vector would for instance require to interpolate the normal components of the
velocity vector from an unstructured and non-orthogonal grid at a coarse resolution to
the same grid type at higher resolution. This task poses its own difficulties. An addi-
tional reason is due to the specific target application for which we aim to develop an
error estimation algorithm, namely global ocean modeling. For this model framework,
we expect a combination of high computational costs of such a higher-order represen-
tation, significant computational costs of the residual evaluation itself, and the typical
under-resolution of ocean model solutions, which would make the established methods
prohibitive.

An alternative approach to continuously obtaining residual information was intro-
duced in [41] where local truncation errors are modeled as a stochastic process. This
approach was proposed and tested for wave-type flows in a shallow-water model. The
replacement of deterministic local truncation errors by a stochastic process was moti-
vated by the Mori-Zwanzig formalism [33, 32, 54, 18] from statistical mechanics. The
Mori-Zwanzig formalism is used here as a conceptual picture that provides us with
a guideline of how a model that acts on a limited amount of (finite) scales could be
supplemented to incorporate the influence of the unresolved scales. In this, we do not
aim for a systematic or rigorous implementation of the Mori-Zwanzig formalism. From
the point of view of the resolved scales, the influence of the unresolved scales can then
be interpreted as being stochastic. In the dual-weighted error estimation approach,
the information about the unresolved dynamics inherently lies within the local trunca-
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tion errors. Therefore, local truncation errors can be interpreted stochastically as local
model uncertainty, and the temporal evolution of this uncertainty can be described by
a stochastic process. This poses the question of how to determine a suitable stochastic
process. In [41], a white-noise process was chosen whose parameters were estimated
using near-initial, high-resolution information, which was in accordance to the flows
under consideration.

Our work is oriented along the lines of [41], but we go beyond this work in several as-
pects. First, we extend the algorithm to stochastic processes with memory, a property
deemed to be highly important in modeling the effect of the unresolved scales (see e.g.
[33, 32, 54, 18, 8]). The white-noise process used in [41] does not provide such a memory
effect as future states are independent of previous states. Our algorithm now models
the local truncation error by considering temporal fluctuations in local truncation er-
rors at all previous timesteps, and thus naturally inherits a memory effect. Second, we
deepen the analysis of the algorithm and the algorithm’s results, we clarify its relation
to ensemble techniques, and we discuss the assumption of the dual-weighted method
underlying our approach, namely that the goal discretization error is assumed to be
negligible. As a consequence of our algorithmic extension we are able to consider the
estimation of errors in goals for two-dimensional flows with boundaries and viscosity.

In the framework of the two-dimensional shallow-water equations, we study two
ocean-type experiments, the so-called Munk gyre and the flow around an island. The
investigation of viscous flows with lateral boundaries poses several challenges. First,
changing the model resolution can now coincide with a change in the model parameters,
possibly introducing systematic biases in the local truncation errors that are persistent
in time. Thus, local truncation errors at different timesteps cannot be assumed to be
uncorrelated. Also, a memory term is needed to account for these biases. Second,
we encounter transient flows, such as flows being spun up from initial rest. For these
flows, the local truncation errors are expected to grow in time. For these reasons, a
white-noise process as it was used in [41] is not sufficient any more. The third issue
concerns the presence of lateral boundaries. As the dynamical flow regime near these
boundaries changes, so does the production rate of local truncation errors. Information
about a change of the flow regime needs to be featured into the stochastic process. We
will show how to derive a stochastic process that satisfies these new requirements. An
important assumption for our choice of underlying dual-weighted approach, which is
for instance derived in [15], is that the error in the goal due to discretization of the
goal itself is negligible. Our numerical results indicate that this assumption does not
necessarily hold for our experiments. However, we show that, under certain conditions,
we can correct for this error and thus still obtain viable error estimates.

The paper is structured as follows: In section 2, we explain the basic dual-weighted
error estimation approach for a general framework and connect it to the shallow-water
model and our chosen discretized model. Section 3 describes how our specific dual-
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weighted error estimation framework can be carried into a stochastic framework. Based
on this stochastic framework, we propose an algorithm to goal-oriented error estimation
in Section 4. Section 5 describes the results of our error estimation algorithm on the
two experiments including a discussion of the results, and in section 6 we conclude.

3.2 The Shallow-Water Equations and Goal Errors

The model that we use to illustrate our stochastic error estimation approach are the
viscous shallow-water equations on the sphere, which are here given in the vector-
invariant form by

@:_(g-yf)kxv—V(gh—&-K)—i—l/VzV
ot (3.1)
Oh .

In this, v = (u,v) are the horizontal velocities, £ is the relative vorticity, f the Coriolis
parameter, ¢ is the gravitational constant and K = %(u2 + v?) is the kinetic energy
per unit mass, h = h* + hs is the total height of the free surface, v is the viscosity
parameter, hg the orography and A* the fluid thickness.

Our numerical model to obtain the discrete solution to the continuous shallow-water
equations (3.1) is the ICON-Shallow-Water model [6, 45]. The model is based on a
mixed finite-difference-finite-volume discretization in space implemented on a triangu-
lar grid on the sphere, using a C-type staggering for the prognostic variables height
and velocity. For the discretization in time, we employ a fourth-order Runge-Kutta
method. The discrete heights ha are located at the center of grid cells, while the nor-
mal components of the discrete velocity vector reside on the midpoints of the triangle
edges. The normal velocity components are denoted by vna.

We can write the continuous shallow-water equations (3.1) in the form of a general
continuous model

N (q(z,t)) =0, (3.2)

with initial conditions ¢(z,0) = ¢° and boundary conditions ¢(z,t) = ¢°(z,t) on 9.
The function ¢ (z,t) is defined on Q x [0, T] and satisfies system (3.2). The solution ¢
then represents the functions h and v of system (3.1).

The discretization of the continuous system (3.2) can then formally be written as

Na(ga) =0, (3:3)
with initial conditions ¢} = Pa(¢") and boundary conditions ga = Pa(g’) on 9QA.

Here, QA denotes the discrete model domain with boundary 02a. Pa represents a
projection Pa : V(€2) — VA(€Qa) from the continuous function space V(€2) on 2 to the
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discretized function space Va(€2a) on Qa. The solution of system (3.3) is denoted by

gA

qn = : and is a vector of state vectors in € R™ ¢=0,...,n in discrete time
A

Ta := {to,...,tn} and discrete space Qa. In the notation of the discretized shallow-

water model, the vector ga then represents the vector (ha,vna) .

3.2.1 Errors in physical quantities of interest

Discretization errors are inherent in the model solution ga, and consequently also in
the physical quantities of interest (goals) that are derived from ga. In the continuous
context, a goal is defined as a functional J that is applied to the continuous solution
q(z,t). We denote its discrete approximation by Ja(ga), where Ja is the discrete
version of J. The total error € in a goal is then the difference between the true value
J(q) and its approximation Ja(ga)

e :=Jalga) — J(9), (3.4)

that can be separated into two parts

€= (Ja(Pa(q)) — J(@) + (Jalga) — Ja(Palq))) - (3.5)

The first term is the error due to the discretization of the functional, and in our error
estimation approach for the ICON-Shallow-Water model we assume that this term is
sufficiently small and can be neglected. The second term

en = Ja(ga) — Ja(Palq)) (3.6)

is the error in the discrete goal Ja due to the discretization errors in the model solution.
This error can be approximated via the dual-weighted error estimation approach that
is illustrated in [15]

EA N €qpp ‘= <q*AvNA(Q)>QA><TA- (37)

Here, (-)a.x71, denotes the standard Euclidean scalar product in discrete space and
time, ¢ is the discrete adjoint solution to ga, and Na(g) are the local truncation errors.
More precisely, we note here that the definition of the local truncation error should of
coarse also include an application of Pn and would thus be written as Na(Pa(q)).
We however choose to omit Pp here and in all future mentions simply to increase
readability.

For our ICON-Shallow-Water model, the two components in the scalar product (3.7)
can be defined as following. The vector of local truncation errors at timestep i is defined
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by
NAi(q) = Pa (q(z,t;)) — Sa (Pa (q(z,ti-1))) (3.8)

where Sa is one application of the discrete time-stepping operator of our model. The
discrete adjoint solution ¢\ consists of the adjoint components for the discrete heights
ha and the velocities vna and is here obtained via algorithmic differentiation, which
is described in detail in [42] for the ICON-Shallow-Water model.

Combining an error estimate €4y, derived from (3.7) with equation (3.6) could then
be used to correct for the error in Ja(ga), or derive bounds €;, €2 > 0 that satisfy

Jalga) — e < Ja(Palg)) < Jalga) + €. (3.9)

Here our aim is to derive an error estimator similar to (3.9). To do this, we require
approximations for the local truncation errors, but as already pointed out in the in-
troductory part of this thesis the standard approaches are not applicable for our type
of numerical model. Our alternative approach to approximating the local truncation
errors is motivated by the Mori-Zwanzig formalism (see section 2.2).

3.3 A Stochastic Framework for Dual-weighted Error
Estimation

We now formulate a stochastic framework for the dual-weighted error estimation ap-
proach. We wish to obtain a discrete-time stochastic process that mimics the tem-
poral evolution of the local truncation errors. This stochastic process is denoted by
{X4,(p;) }ien consisting of random vectors X;, € R with parameters p,. The tempo-
ral character of the Euclidean scalar product in equation (3.7) becomes obvious when

written as a weighted sum of local truncation errors at the timesteps i =1,...,n
n
capp = Y _{qA", NA(2)) s, (3.10)
i=1

where (-)q, denotes the Euclidean scalar product in discrete space Qa, q*Ai is the vector
of the discrete adjoint solution at timestep 4, and NZ (q) is the vector of local truncation
errors at timestep ¢. Our ansatz then follows from rewriting the local truncation errors
at timestep ¢ by the sum of the local truncation errors at the previous timestep ¢ — 1
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plus a small fluctuation. Equation (4.7) then becomes

capp = (A", NA H(9) + (NA(9) = Nx ' (@))es (3.11)
=1
- ZWKFZ(Ni(Q)—Ni_l(q))mA, (3.12)
i=1 =

with fluctuations N4 (q) — N4 '(g). Note that NQ(q) is simply a zero vector. We
bring in stochasticity by assuming that the distribution of the vectors N% (¢) — N4 '(g)
can be described by random variables Y, | ;) (p[tFl,m),whiCh are scalar quantities
with parameter parameter sets Pl 1.1 that characterize their distribution. Each en-
try of the vector N4(g) — Nx '(g) is thus interpreted as one realization of the ran-
dom variable Y, , +1(Pp,_, +])- Given that the random variables Y}, | 11(Py,_, +,]) are
known, the stochastic process {Xt,(p;)}ien is defined immediately. The k — th entry
of its random vectors Xy, (p;), a scalar quantity denoted by Xy, (p;) with X, (p;) :=
(X, k(pi))kzl,...,m’ can be written as the sum

X, k(py) == Z Y[tj,htj](l)[tj_l,tj])- (3.13)
j=1

Assuming the existence of the random variable’s mean E (Y[, _, +1(Pp,_,.4.1)) = Hit;_1.04)
and its variance Var(Yy, , ,)(Py,_, 1)) = U[2ti_1,ti}’ the mean and the variance of
X, k(p;) at timestep ¢ follow from the summation rule for random variables. The
mean can be calculated straightforwardly as

BE(Xy;, 1k(p;) = ZE(Y[tj_l,tj](P[tj,l,tj])) = Zﬂ[tj_l,tj} (3.14)

j=1 j=1
The variance follows from

VC”'(Xti,k(pi)) = Var(Xy,_,, k(Pi—1)) + VCW'(Y[ti,l,ti](p[ti_l,ti]))

(3.15)
+2COU(Xti—1, k‘(pifl)’ }/[ti—l,ti] (p[tifl,ti} )) .

The covariance inherits the temporal correlation of the fluctuations at different timesteps.
Since we want to estimate bounds for the error in a goal, we choose an upper bound
for the covariance, which is given by the Cauchy-Schwarz inequality

CO/U(Xti—la k (pi71)7 }/[ti—l,ti] (p[tifl,ti] )) ‘ S \/VCLT(Xti—l, k(plfl)) \/Va’r(y[ti_l,ti] (p[ti—lyti] )) .
(3.16)
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The upper bound of this estimate is attained in case of maximal correlation between
Xti 1, k(Piz1) and Yy, 1,/ (P,_, 1,)) and thus the maximum growth rate in variance of
the stochastic process. Combining equation (3.15), the upper bound on the covari-
ances (3.16), and the variance of the random variable Y};, | ;,1(P, , 4,]) then yields the
variance of Xy, 1(p;)

VaT(Xti, k(pz)) = Z 0-[2153'—17753'] +2 Z Z U[tj_1,tj}o-[tk,1,tk]' (317)
j=1

1<) <k<i
In order to further simplify these sums, we will assume certain properties for the
stochastic process:

e First, we assume that NA (¢)— N2 (g) is known. The random vector Xy, (p;) is then
chosen to have the mean vector N} (¢) — N (¢) and variances Var (X, (p;)) = 0.
If there are systematic biases in the local truncation errors, the mean will act as
a bias correction for the local truncation errors.

e Second, we assume that the random variables Y}, , ;,/(Py,_,+,)) are entirely de-
fined by their means and variances,

e and third we assume that the random variables’ distributions are centered

E(}/’[tiflyti} (p[tifl,ti} )) = 07

and their variance is constant throughout all timesteps i:

VC”“(Y[ti,l i (p[ti_l,ti} ) = o’

As all random variables Y}, | 1.1(Py,_ 1,ti}) are the same, we denote them by
Yai(pa,) for simplicity.

The stochastic process then belongs to the class of L2-stochastic processes that are
characterized by their first two moments. The subsequent random vectors Xy, (p;) will
then have mean vectors

E(X¢,(p;)) = Nala) = NA(q) (3.18)

and variance vectors

Var(Xy,(p;)) = (i — 1)*0%1, (3.19)

where 1 denotes the all-ones vector in R”. We note that in this derivation we have
neglected possible spatial correlations of the temporal fluctuations in local truncation
errors. Nevertheless, information about spatial correlations is contained in the mean
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vector and is thus part of the stochastic process. If we can assume that the tempo-
ral fluctuations in local truncation errors are small compared to the mean vector, the
spatial pattern in the mean vector dominates possible spatial correlations in the tem-
poral fluctuation in local truncation errors. In comparison to [41], the variance of the
stochastic process now grows in time and the stochastic process is not centered around
Zero any more.

We have not yet assumed a probability distribution for the random variables Ya¢(pa;)
or discussed the probability distribution of the stochastic process. For our stochastic
process, the type of probability distribution of its entries Xy, ,(p;) follows directly from
the chosen probability distribution of the random variables Ya;(pa;). The reason is
that the random variables Xy, r(p;) are defined as sums of fully-time correlated random
variables YA;(pa;), which means that the shape of the sum’s distribution is preserved
and only the sum’s variance grows in time. This fact makes it easy to create realiza-
tions of the stochastic process { Xy, (p;) }ien. For each entry of Xy, (p;), one realization
is drawn from Ya;(pa;) and added i times to its respective entry in order to obtain
Xt11(Piy1)- The probability distribution that we use in our numerical experiments is
a Laplace distribution. Our method is however not limited to these probability density
functions.

3.3.1 Deriving an Error Estimator from Parametrized Local Truncation
Errors

Replacing the local truncation errors in (4.7) by a stochastic process { X3, (p;)}ien
makes €,pp a random variable, and we denote this random variable by FEg,,

Xt1 (pl)
Eapp = (4A : )QAXTaAs (3.20)
th (pn)

where each random vector Xy, (p;) € R™ is multiplied by the transpose of vector ¢i*® €
R™. Eg4pp then represents an estimate for the probability distribution of the error in
the goal Ja(ga). For our experiments, it is realistic to assume that the distribution
of Eqpp converges towards a Gaussian distribution. To illustrate this, we look at the
contribution to Fg,, at each timestep, which can be represented as a sum of adjoint-
weighted random variables. For our experiments, we know that the adjoint solution does
not have any singularities. Also, we know that we can expect to repeatably find adjoint-
weighted random variables with similar variances. This in turn means that the central
limit theorem holds for the sum of these adjoint-weighted random variables, making
the contribution of each timestep to E,p, a Gaussian-distributed random variable.

The parameters of this Gaussian variable can be estimated by creating realizations

35



CHAPTER 3 STOCHASTIC GOAL-ORIENTED ERROR ESTIMATION WITH MEMORY

of it. For each realization of Eg,,, the scalar product (3.20) is calculated using a
realization of the stochastic process {X;, (p;) }ien-

Ultimately, we want to obtain a result that is similar to the information contained in
equation (3.9). This brings us to confidence intervals that give us a certain probability
for the error in the goal being within the given bounds

Jalga) — e < J(q) < Ja(ga) + ez, (3.21)

where €1, e € R. Here, we define €1, €5 not to be restricted to positive numbers anymore,
which means that our confidence intervals do not necessarily need to confine Ja(ga).
This makes sense because the resulting random variable E,;,, can have a non-zero mean
if our stochastic process has non-zero means.

We identify two criteria for the resulting error estimates that need to be fulfilled, in
order to consider the estimate as valid:

1. The resulting confidence intervals need to confine the ’true’ goals.

2. Additionally, we want the confidence intervals to be as tight around the ’true’
goal as possible. To quantify this, we define an effectivity index ef f as the ratio
between the half confidence interval width % and the total error in the goal €

€2 + €1

eff =5 (3.22)

For our experiment we choose a value of up to 10 to still be 'useful’, which was
also chosen in [16]. This value is however a subjective choice based on visual
impressions and could potentially be done differently by other users of the error
estimator.

There is the possibility that only one of these two criteria is fulfilled for a given confi-
dence interval, thus we only consider an error estimate as valid if both criteria are met.

In summary, we identify three main conditions that are crucial for the resulting con-
fidence intervals to hold. First, the assumptions on the random variable Ya:(pa;) need
to hold. Second, the discrete adjoint solution needs to be a valid indicator for the
influence of model perturbations on the goal. Third, the error due to discretization of
the goal has to be negligible.

3.3.2 Connection to Established Ensemble Techniques

In this section we establish a connection between our error estimator and stochastic-
physics ensembles. This ensemble method is here understood such that a random
forcing is applied to the current state vector in at every timestep. In our case, the
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random forcing is provided by the stochastic process { Xy, (p;) }ien in (3.20). We now
provide theoretical evidence that the distribution of goals Ja, calculated from model
solutions perturbed this way, is comparable to correcting Ja(ga) by our stochastic
dual-weighted approach (3.20).

Theorem 1. Let q be the solution to the continuous model (3.2) and Ni(Paq) the
corresponding vectors of local truncation errors at timesteps i, where Na denotes the
discretized model (3.3). Then, consecutively adding N4 (Paq) to the state vectors q'y
at all timesteps k = 1,...,1 yields a corrected state vector at timesteps i, denoted by
in’C, and the state vector at timestep n satisfies

aA, ¢ = Paq(x,ty). (3.23)

The corrected state vectors in ¢ are thus identical to the continuous solution q at all
grid points for all discrete timesteps.

Proof. The proof is done by induction. Without loss of generality, we assume that the
local truncation errors can be written by means of a discrete time-stepping operator
Sa

NA(Paq) = Pa (q(@,t:)) — Sa (Pa (q(@,ti-1))) - (3.24)

Basis:
We show that the statement holds for the first timestep n = 1. qlA is calculated by
applying one application of the discrete time-stepping operator of our model Sa to q&

gr = Sa (qd) - (3.25)
Now, we correct gj by the first vector of local truncation errors N} (q)
NA(Paq) = Pa (q(z,11)) — Sa (Pa (q(z, to))) - (3.26)
The corrected solution q1A7 ¢ is then
4, ¢ = 4a + Pa (a(@,t1)) — Sa (Pa (a(@, o)) - (3.27)

By definition of the discrete system (3.3), Pa (q(z,t0)) = ¢, which means that we
can replace Sa (Pa (g(,t0))) by gi. This yields

aA. ¢ = Pag(z, 1) (3.28)

which proves our statement to be true for n = 1.
Inductive Step:
In the induction step from n to n 4+ 1 we use that qZ’C = Ppq(z,t,). It follows
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immediately that

QZJ,% = Sa(Paq(z,t,)) + NATH(Paq)
= Sa (PAQ(xvtn)) + Pa (Q(J:’tn-i-l)) —Sa (PA (Q(x’tn)))
= Paq(z,tny1),

by using the induction statement in the second line. O

This result tells us that correcting Ja(ga) by the scalar product (3.7) is an approx-
imation of directly calculating JA(QZ,C) from a consecutively corrected state an. o
Thus, we can also expect qualitatively similar results in case of replacing the local trun-
cation errors by our stochastic process. In general, the distribution of the stochastic-
physics ensemble might be different from the probability distribution resulting from the
error estimator (3.20) due to the nonlinearity of the model. The advantage of using
an adjoint-based approach lies in its lower computational cost.

3.4 Goal Error Ensemble Method

In this section, we propose an algorithm based on the framework described in section
2. To obtain the probability distribution of the error in the goal E,,, from (3.20),
we need the algorithm to yield estimates for the parameters of the stochastic pro-
cess {X¢,(P;) }ien. The main ingredient to estimate these parameters is the knowledge
about the local truncation errors Na(gq) and thus of the unknown ¢(z,t). To bypass the
knowledge of the analytical solution ¢(z,t), we make use of information from higher grid
resolutions. More specifically, we use information from a near-initial, high-resolution
solution gp;gn. Near-initial means that we start at the same initial conditions but inte-
grate the highly-resolved model for only a small number of timesteps m. The solution
dhigh 1s then interpreted as our 'true’ solution, and the vectors Ng(qhigh), 1=0,....,m
are used as approximations to the vectors NZ(q), 1 = 0,...,m. With this step, we
make the assumption that the local truncation error characteristics from near-initial
behavior can be extrapolated to a much longer time window.

In the case that g(z,t;) is replaced by a high-resolution solution gpgn, we need to
actually define a mapping Pa that fits to our ICON-Shallow-Water model. Our choice
is motivated by the structure imposed by the grid refinement process of grids in ICON.
To perform one refinement for a grid of chosen resolution, the triangle edges are simply
bisected. Each triangle is thus split into four refined sub-triangles. Thus, we choose to
use point-wise projection to map the heights onto the coarse resolution. As each edge
is bisected into an even number of edges, the velocities are chosen to be mapped onto
the coarse grid by averaging over the two innermost velocity values.

We formulate our algorithm description for a stochastic process that is fully described
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by the parameters mean and variance. The algorithm is, however, not dependent on
this specific choice, and other parameters may be chosen according to the probability
distribution of the random variable Ya:(pPay)-

We identify three steps for our error estimation algorithm, a pre-processing, a process-
ing and a post-processing step. The parameter estimation for the stochastic process
is at the core of the method and is performed in the processing step. The general
structure of our algorithm is similar to the goal error ensemble method in [41]. The
differences are the separation of different flow regimes that is at the core of a now cyclic
processing step, and we now estimate random variables for the temporal fluctuations
of the local truncation errors Ya:(pa;) instead of estimating the random vector X;, (p;)
directly.

3.4.1 Pre-processing: Calculate the approximate goal J5(ga) and the
corresponding adjoint solution ¢}

Our error estimation algorithm is an a posteriori method. Therefore, the pre-processing
part consists of solving the model (3.7) to calculate the discrete model solution ga and
finally the approximate goal Ja(ga). This specific Ja(ga) is then the initial value for
the calculation of the discrete adjoint solution g} .

3.4.2 Processing: Derive a problem-specific stochastic process { X, (p;)}ien

The following processing steps describe a cycle that needs to be run until the parameter
sets of the stochastic process are satisfactory. Because there might be many possibilities
for reasonable stochastic processes { Xy, (p;) }ien, this calls for a subjective user decision
to exit the processing step.

1. Separate different flow regimes:

As a consequence of the multiscale nature of Geophysical Fluid Dynamics, we
expect to encounter different dynamical flow regimes and thus changing error
behavior throughout the space domain. Therefore we divide the flow into re-
gions of different dynamical regimes. This means separating 2a into subsets
Qax, k= 1,...,1. We choose the subsets to be disjunct and their union to be
again (2. Each region Qn ; then has its own parameter set for the random vari-
able Ya¢(pa;)- The regional change in parameter set is indicated by the subscript
k in pa; . The separation of flow dynamics has to be visible and derived just
from the knowledge of the coarse-grid solution ga. Furthermore, for every flow
there might be several possibilities to separate the flow regime. In principle, if
dynamical features are prominent in one field only, different variables could use
different separations.
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40

2. Choose length of near-initial learning phase m:

For simplicity we assume that i timesteps at standard resolution are equivalent to
ki timesteps, with £ € N, at high resolution. In total, we then have to perform km
timesteps on the high-resolution grid. Applying the coarse model NZ(thgh) then
yields the approximations for the local truncation errors for the first m timesteps.

. Choose the probability distribution of the random variables Ya:(Pat x):

Our experimental experience shows that for the flows considered here a Laplace
distribution fits better than a Gaussian. For other models, entirely different
probability distributions might have to be considered.

. Estimate the parameter sets py :

The entries of the vectors Ng(qhigh) — NZ_l(th’gh) that correspond to subset Qa g
are interpreted as realizations of the random variable Ya;(pa¢ ). The parameter
estimation is performed separately for each model variable. To calculate pay,
we first estimate the first two moments, mean and variance, of the truncation
error rate of change from timestep ¢ — 1 to ¢

1

Pitio bk 2= Z NAa(anign)(7) — NA " (anign) (5) (3.29)
#QA’k JEQA K
and
1 } . . . 2
Oltirtilk = | o 1 Z ((NA(ghign) () = Nx~(anign) (7)) = Bty k)~
#oan 1 i
(3.30)

#q, ,, is the number of model variables in region Qa k. NiAfl(qhigh)(j) denotes
the j-th entry of vector Ngﬁl(qhigh). By using time averages of the estimated
values w16 and op,_, 11k We intend to make our parameter estimations
more robust

1 m
HAtk = m Z Kt gtk (3-31)
i=d
1 m
OAtk ‘= m—d Z; Olt;_1,t:],k> (3.32)
i=

with d < m. d should be chosen such that the solution is not in a state of an
initial shock any more and is able to represent the error characteristics of the
following timesteps.
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3.4.3 Post-processing: Calculate Confidence Intervals on the Error in the
Goal

Our stochastic process {Xy,(p;)} is then fully described by the estimated parameter
sets pay i, and the first vector of local truncation errors N (qnign). With this knowledge
we can estimate the parameters pu and o of the Gaussian random variable Fg,,. These
two moments are sufficient to calculate the confidence intervals described in (3.21),
where €; and €9 are chosen as

€1 = p — co,

€2 = 4+ co.

The constant ¢ € R relates to the reliability of the error estimator, and we find a
reasonable choice for our application to be ¢ = 3 for 99.7% confidence intervals. These
confidence intervals act as bounds for the error in the goal. Repeating the algorithm
for a series of integration times ¢, yields a stochastic process of random variables Fg,
that represents the temporal evolution of confidence intervals.

3.5 Numerical Results

We evaluate our error estimation algorithm in two ocean-type experiments, the Munk
gyre and a flow around an island. We show how the algorithmic steps we have described
lead to confidence intervals that bound the error in a goal. The Munk gyre experiment
is designed to show the capabilities of our error estimator in the case of resolution-
dependent viscosity parameters. In this experiment, the flow is in steady state. The flow
around an island experiment is designed to show the capabilities of our error estimator
for a flow that is in a transition phase. Here, the viscosity parameters do not change
with resolution. The separation of these two factors, parametrization and transition,
enables us to study their influence on our error estimation algorithm independently.

For both experiments, the error estimation procedure is started from a mapped-
down, spun-up state of a high-resolution run. To these two experiments, we apply
three physically relevant goals: the area-averaged potential energy, the area-averaged
kinetic energy, and the volume flux through a cross-section. We choose the energies
as goals because of their non-linearity in their respective variable, whereas the volume
flux is an important quantity of interest in oceanography, where often flows through
cross-sections, such as the Drake passage, are discussed.

For each combination of goal and experiment, we derive a series of confidence intervals
that are distributed equidistant in time. The resulting temporal evolutions of confidence
intervals are discussed and compared to reference goals calculated from high-resolution
solutions. In order to illustrate that the error estimator works for different resolutions,
confidence intervals are calculated for two sets of model resolutions, resolution A3 with
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Table 3.1: Averages over the square roots of the triangle areas for employed grids

Resolution | Grid Spacing in km
A3 320
A4 158
Ab 79
A6 39

A5 as reference resolution and resolution A4 with A6 as reference resolution. In this
grid notation, the numbers refer to the number of edge bisections performed on a base
grid. The corresponding grid spacings are given in table 4.1. With this specific choice
of the two sets of model resolutions, the distance between the grids is kept constant in
order to highlight the convergence properties of our error estimator.

To demonstrate the connection of our error estimator to the class of stochastic-
physics ensembles (see 3.3.2), we also show series of error bounds derived from full
stochastic-physics ensembles (SPE) that are forced by the respective stochastic process

{ Xt (p;) bien-

3.5.1 Goals

The three different goals are all area-averaged or length-averaged quantities, calculated
from the state vector at one specific timestep. The region or cross-section that is
averaged over is denoted by Qpr, A(Q2g) is its area or length respectively, and their
discretized counterparts are Qar and A(2agr). In this section, A(Q2ag) is chosen to
be equal to the size of one specific element at resolution A2, which coincides well with
the size of the dynamic flow features encountered in the two experiments. For a chosen
grid Qa, consisting of cells C* and edges E', the three diagnostics can be expressed in
the following way.

Area-averaged Potential Energy: The area-averaged potential energy in region
QARr is defined by:

n ._¢ 1,2
IR) = St Cg; A(C)h;. (3.33)
AR

For the displayed results we omit the factor %.

Area-averaged Kinetic Energy: For the kinetic energy, the velocities vna, resid-
ing on the edges, are first interpolated into the cell centers by radial basis function
interpolation. This yields one zonal velocity component v and one meridional velocity
component v per cell. With these velocities we can define the area-averaged kinetic
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energy by:
RAah) = s 2 ACE +0d) (3.34)

C'eQar

Volume Flux: For the volume flux, the heights ha are first interpolated onto the
edges. These height variables are denoted by ha. We then define the volume flux by:

> A(E)(vnaihai). (3.35)

QA
R E'eQar

3.5.2 Experiments
Experiment 1: Munk Gyre

The first experiment is the Munk gyre experiment, a wind-forced gyre circulation in an
idealized ocean basin, for which the main feature is a western boundary intensification
[34], which we will refer to as ”Munk layer” from now on. The basin extends in longitu-
dinal direction from 35W to 35E and in longitudinal direction from the equator to 60N.
Due to the triangular grid, the shape is not fully rectangular as in the original Munk
gyre experiment. We choose the basin to have a depth of 1 km with flat bathymetry.
As for the wind-forcing, the meridional wind stress 7 is set to zero, while the zonal
wind stress 7 is prescribed as

—1.08 - 10~ %¢os ((’).TO/},) m—Q

’7’¢ = hA s

where A is the latitude and ha is the height. This wind-forcing mimics the mean winds
prevailing in the Atlantic basin that change from westwards winds to eastwards winds
with latitude. The viscosity for the simulation on A3 is chosen in a way that the flow
at the western boundary is resolved by at least one grid-point [50]. A criterion for the
viscosities of the subsequent higher resolution runs is then given by [23], where the aim
is to have the same ratio between inertial and frictional forces in the Munk layer at
all resolutions. The resulting eddy viscosities and timestep lengths are given in table
4.2. From a physical point of view, decreasing viscosity when increasing resolution
ensures a more realistic representation of the gyre circulation. Figure 3.1 shows the
spun up state of the Munk gyre at resolution A5. The error estimation procedure is
started after a short spin-up phase of approximately one week of integration time on
the respective reference resolution. This high-resolution solution is then mapped onto
the coarse-resolution grid using the operator Pa. The error estimation is started from
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Table 3.2: Eddy viscosity parameters and timestep lengths on different resolutions for
the Munk gyre experiment

Resolution | v in mTQ At in s
A3 4.92E4-05 600
A4 3.15E4-05 600
A5 1.9E+05 600
A6 1.15E+05 300

this initial state and run for another 10 days of integration time.

Experiment 2: Flow Around an Island

The second experiment is a flow around an island that is located at the equator. The
flow is driven by wind-forcing that has a cosine shape in latitude and has its maximum
intensity at the equator. We define two setups for this experiment. Although the
general setups are that of an ocean-type experiment, we here choose the parameters
such that the flow velocities and heights are one to two orders of magnitude higher
than typical oceanographic values to cover different value ranges for the flow variables.

In the main setup, which we refer to as ”flow around an island setup”, the viscosity
parameter is chosen to be v = 6.5 x 1067”?2 for all resolutions. We prescribe a zonal
wind stress of

1.08cos (%) ’?—22
Ty = )
ha

which is 1000 times stronger than the forcing for the Munk gyre experiment and acts in

opposite direction. The timestep is 60s for resolutions A3 to A5 and 30s for resolution
AG6. Figure 3.2 shows the state of the flow around the island setup after an initial spin-
up phase of 30 hours at resolution A5. After the initial spin-up phase at the respective
reference resolutions, the typical flow velocity upstream of the island is about 807 for all
resolutions. For the island with a width of around 1500km and viscosity v = 6.5x 106’%2
the Reynolds-number is about 20, and thus the flow is still in the laminar regime. As
the flow is further spun up during the error estimation phase of additional 24 hours of
integration time, a pair of symmetric vortices develops in the flow behind the island.
The second setup is especially designed to show that the error estimator also works
for regimes with higher Reynolds numbers, and we refer to this setup as ”Kérman
vortex street setup”. In this setup, the wind forcing is chosen to be a factor 16 smaller
than in the main flow around an island setup, and the viscosity is v = 2.4 104”‘72. The
timestep is chosen to be 60s for all resolutions. The resulting velocity upstream of the
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Figure 3.1: State of the flow after the short spin-up phase of one week of integration
time, the starting time of the error estimation, on the reference resolution A5 in the
Munk gyre experiment. (a) zonal velocities, (b) meridional velocities, (c) heights.

island is about 20”*. Thus, the calculated Reynolds-number is 1250 for which a Kadrmén
vortex street downstream of the island emerges. This dynamical feature develops after
an initial spin-up phase of 4 days of integration time. The error estimation phase is an
additional 24 hours of integration time. The state of the flow at the end of the error
estimation phase is shown in figure 3.3. The Karman vortex street is most pronounced
in the meridional velocities (Figure 3.3 b). For this setup, error estimation is only
performed at resolution A4 with reference solution A6.
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Figure 3.2: State of the flow after the spin-up phase of 30 hours, the starting time of the
error estimation, on the reference resolution A5 for the flow around an island setup.
The island is located at the center of each plot. (a) zonal velocities, (b) meridional
velocities, (c) heights.

3.5.3 Estimating the Problem-specific Stochastic Processes { X}, (p;)}ien

We now present the results for the processing cycle of our algorithm that is described
in section 3 and show how to obtain a problem-specific stochastic process for a given
experiment. We start with a description of the chosen separation of dynamical flow
regimes:

o Experiment 1: Munk gyre
We identify two dynamical regimes. The first is the region of the western bound-
ary current west of 15 longitude, with high flow velocities of up to 0.32% in the
boundary layer and a boundary layer separation at around 45N. Compared to
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Figure 3.3: State of the flow after 5 days of integration time, at the end of the error
estimation phase, on the reference resolution A6 for the flow around an island setup.
The island is located at the center of each plot. (a) zonal velocities, (b) meridional
velocities, (c) heights.

this western boundary region, the area-averaged kinetic energy in the rest of the
basin is several orders of magnitude smaller. Our choice is therefore to separate
the basin into the Munk layer region west of longitude 15W, with its western
boundary current, and the area east of longitude 15W, referred to as the basin
interior.

Experiment 2: flow around an island

Similarly to the Munk gyre experiment, we separate the computational domain
into two regions.

For the flow around an island setup, based on the initial state at the start of the
error estimation, we choose to have the island’s boundary layer to be confined by
a circle with radius 40, with the center on the equator at 15E. We refer to this
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region as the boundary region. The area lying outside of this circle is called the
interior region, to be consistent with the Munk gyre experiment. This separation
ensures that all boundary effects are confined in one region.

For the Karman vortex street setup, the changed dynamical flow regime due to
the emerging vortex street in the wake of the island motivates the definition of
the boundary layer region by a rectangle with the lower left corner at 10W, 105
and the upper right corner at 40F,10N. This choice ensues that the vortex
shedding is enclosed within the boundary region, as this is a major source of local
truncation error production. The area lying outside of the rectangle is defined as
the interior region.

For both experiments and all resolutions, we choose the length of the near-initial learn-
ing phase to be m = 20 timesteps. As the probability distribution of the stochastic
process { Xy, (p;) }ien, we choose a Laplace distribution. The corresponding probability
density function is given by

f(z|b) = %beXp <—Z> (3.36)

where the shape parameter b is defined by the variance, 2b°> = 2. Thus, the stochastic
process is completely defined by its mean and variance.

For these choices, we perform the last step of the processing part, which is estimation
of the parameter sets PAtk that now only consist of the parameters pa¢x and oa¢ k.
We choose d = 10, thus average the parameters for 10 timesteps.

We find that we can neglect the influence of the means j1a¢ 1, because they are consis-
tently at least one order of magnitude smaller than oay y for all regions and timesteps.
We prove that the influence of the means on the uncertainty in the goal is negligible.
For the random vector Xi,(p;), the mean is the sum 23:2 patk = (1 — pae g, and
its standard deviation is (i — 1)oasx. The difference of one order of magnitude is thus
persistent throughout all timesteps. Calculating the scalar product (3.20) also does
not change this difference, as it is a linear operation, and since we use ¢ times ¢ inter-
vals in the end, the influence of the means becomes even smaller. As an example, for
30 = 90, the associated influence of the means would be of the order of 3. Thus, we
will only give values for the standard deviations.

The estimated parameters for all experiments are given in table 3.3. As expected,
the standard deviations in the boundary regions are bigger than the ones in the interior
regions for all experiments and all resolutions. For the Munk Gyre, the parameters are
consistently bigger for resolution A4 with reference resolution A6. This is counterintu-
itive at first, because we would expect the error growth rate to decrease when increasing
resolution because of convergence of the solution. However, the resolution-dependent
viscosity parameters hinder a fast convergence of the solution. The error growth rate
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Table 3.3: Estimated parameters at resolution A3 with reference A5 and at resolution

A4 with reference A6 for all experiments

3.5 NUMERICAL RESULTS

|

Resolution A3

Resolution A4

Munk gyre OAt,Boundary | OAt,Interior | OAt,Boundary | OAt,Interior
h 2.23E-05 1.09E-05 2.62E-05 1.53E-05
wn 8.24E-07 7.15E-07 1.12E-06 8.39E-07
Flow around an island OAt,Boundary | OAt,Interior | OAt,Boundary | O At,Interior
h 2.78E-04 4.24E-05 1.61E-04 2.51E-05
un 4.18E-05 1.31E-05 4.48E-05 1.30E-05
Karman vortex street OAt,Boundary | OAt,Interior
h 5.46E-04 8.97TE-06
un 1.54E-05 8.96E-07

might thus just be bigger because the differences in the flow between resolution A4
and A6 are slightly bigger than the differences between A3 and A5. Comparing the
parameter values of the Karman vortex street setup and the flow around an island
setup, it is noteworthy that the parameters in the boundary region are of the same or-
der of magnitude. As the velocity upstream of the island in the Karméan vortex street
setup is however four times smaller, the relative error growth rate is much larger in the
boundary region for the Karman vortex street setup.

From these standard deviations, we derive the shape parameter b. For resolution A3
with its reference resolution A5, we show the spatial distribution of the temporal fluc-
tuations N3 (qnigh) — NAY(qnign) (blue bars) in figure 3.4 for the Munk gyre experiment,
in figure 3.5 for the flow around an island setup,and in figure 3.6 for the Karmén vortex
street setup. We find these distributions to be sufficiently stable for the entire time
of the error estimation and all experiments. We compare the distributions to the rel-
ative frequencies given by the estimated random variables Y; o 1,0] (P[t;9,t50),6) (dashed
red line), where the shape parameter b is taken to be equal to the standard deviations
Olt19,t20],k- Lhis choice of shape parameter is basically an overestimate. However, a
Laplace distribution with this choice of parameters is a reasonable fit (Figures 3.4, 3.5,
and 3.6). We thus also choose the shape parameters of the random variables Ya¢(Pay k)
to be equal to the standard deviation parameters oay, which then fully defines our
problem-specific stochastic processes {Xt, (p;) }ien-

3.5.4 Error Estimates

We now study the temporal evolutions of the confidence intervals for the chosen goals.
For a combination of goal and region, we calculate 20 confidence intervals equidistantly
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Figure 3.4: Distribution of the temporal fluctuations in local truncation errors
N2(qnign) — NX(qnign) (blue bars) and the distribution of the estimated random vari-
able Yt g 150] (Plt19,t50]) (red dashed line) in the Munk gyre experiment. (a) h in the
basin interior, (b) h in the boundary region, (c) vn in the basin interior region, (d) vn
in the boundary region.

in time, covering the whole time interval of 1440 timesteps. We focus on the regions
near boundaries.

In our analysis, we make the distinction between two reference goals, Ja (Pa(qnigh))
and Juigh(qnign), to be able to discuss both error terms appearing in (3.5) separately.
Ideally both forms of the reference goal are bounded by our confidence intervals. In
this case our main criterion for an error estimator is fulfilled. If, however, Jxign(qnign)
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Figure 3.5: Distribution of the temporal fluctuations in local truncation errors
N2(qnign) — NX(qnign) (blue bars) and the distribution of the estimated random vari-
able Yt t20] (Plt1,t00)) (red dashed line) in the flow around an island setup. (a) h in
the basin interior, (b) A in the boundary region, (c) vn in the basin interior region, (d)
vn in the boundary region.

is not bounded, we can distinguish between two cases.

o If JA(Pa(gnign)) is not bounded by the confidence interval either, our main crite-
rion from section 3.3.1 not being fulfilled can be attributed to our error estimator,
the scalar product (3.20). We can then also identify which component of the
scalar product is responsible by looking at the approximated goal Ja(ga) that
is corrected by the scalar product (gx, Na(qnign)). This means, Ja(ga) is cor-
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Figure 3.6: Distribution of the temporal fluctuations in local truncation errors
N2(qnign) — NX(qnign) (blue bars) and the distribution of the estimated random vari-
able Y[tq t20] (Plt1o,t00]) (red dashed line) in the Karmén vortex street setup. (a) h in the
basin interior, (b) A in the boundary region, (c) vn in the basin interior region, (d) vn
in the boundary region.

rected with the full knowledge about the local truncation errors at all timesteps.

If this corrected goal is bounded by the confidence interval, the adjoint solution

qA is responsible for the bad performance of the error estimator and is thus not

a valid surrogate for the full model information. If the corrected goal is however

not bounded, the only remaining error source is the chosen stochastic process
{ X, (ps) tien.
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o If JA(PA(qnign)) is bounded by the confidence intervals but Jpign(qnign) lies out-
side, the discretization error in the goal cannot be neglected. In this case we
have reached a fundamental limit of any dual-weighted error estimator based on
framework (3.7).

This rationale enables us to analyze the results of our error estimator and its limitations.

Confidence Intervals at Resolution A3

We find Ja(Pa(qnign)) to be bounded by the confidence intervals not only for the fol-
lowing selection of results but for all possible combinations of experiment, region and
goal at this resolution.

Experiment 1: Munk gyre

The results for the Munk gyre experiment are summarized in figure 3.7. For this ex-
periment, we show confidence intervals for the Munk layer. For each goal, we show one
temporal evolution of confidence intervals for one specific region, except for the kinetic
energy, where we give results for two regions of the Munk Layer region. The system
is in steady state, however, the steady state for the model resolution A3 is different
from the steady state of the 'true’ reference solution at resolution A5. In particular,
the kinetic energy in Region 2 stabilizes at around 0.0478”—22 for resolution A5 compared
to 0.027;1—22 for resolution A3, a relative error of 100 percent.

For the potential energy, the volume flux and the Kinetic energy in Region 1, we
find our main criterion to be fulfilled; the confidence intervals confine the 'true’ goal
Jhigh(Qnign)- We now discuss whether the second criterion is fulfilled, which requires
that the effectivity index ef f given by the ratio between 30 and e does not exceed 10.
We find that for certain phases of the error estimation the confidence intervals are even
small enough that they do not confine Ja(ga) anymore. In these cases, ef f is below 1.
This occurs approximately for the first 50 hours of integration time and it tells us that
for this time window we have not just derived a bound on the error in the goal but we
can go beyond this and even effectively correct for this error. After this initial phase,
the effectivity index grows continuously and eventually reaches 10. For the Kinetic
energy in Region 1 ef f exceeds a value of 10 after 225 hours of integration time. For
the volume flux this threshold is crossed after 150 hours of integration time, and for the
potential energy ef f exceeds 10 after 120 hours of integration time. In figure 3.8, we
illustrate how the confidence intervals behave in comparison to intervals that indicate
when the effectivity index ef f exceeds a value of 10. As an example we here choose the
volume flux goal but we find the same behavior for the other goals as well. The intervals
for the effectivity index increase strongly in comparison to the confidence intervals for
the first 75 hours of integration time. This is because the flows have not reached their
respective steady states yet, and as a result the error in the goal is strongly increasing
in this phase. However, after the steady states are reached, the intervals for ef f do not
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Figure 3.7: Temporal evolution of four different goals: (a) the potential energy, (b) the
kinetic energy (Region 1), (¢) the volume flux, and (d) the kinetic energy (Region 2)
for the Munk gyre experiment at resolution A3. The goal calculated from the model
solution Ja(ga) (solid red line) is shown in comparison to the discrete goal applied to a
high resolution solution Ja(Pa(qnign)) (solid orange line) and Jpign (qhign) (solid green
line). If JA(PA(qnign)) and Jhigh(qnign) coincide, only Jhigh(qhign) is shown. The con-
fidence intervals (dashed blue lines) are derived to confine Jhigh (qhigh), Ja(Pa(qnigh))
and Ja(ga) corrected by the scalar product (gx, Na(qnign)) (dashed black line).

grow further while the confidence interval width keeps increasing at a steady pace. The
skill of the error estimate is thus very high in the early phases of the error estimation
but then steadily decreases in time until our second criterion is not fulfilled any more
after 150 hours of integration time.

We now compare the behavior of the confidence intervals for the kinetic energy goals
in Region 1 and Region 2. Both regions are located at the center of the Munk layer
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Figure 3.8: Comparison of the confidence intervals (dashed blue lines) with intervals
that show when the effectivity index equals 10 (solid orange lines) for the volume flux
in the Munk gyre experiment at resolution A3. The goal calculated from the model
solution Ja(ga) (solid red line) is shown, as well as Jpign (qnign) (solid green line), and
Ja(ga) corrected by the scalar product (g, VA (qnign)) (dashed black line).

region and overall we observe a similar behavior for the temporal evolution of the con-
fidence intervals. A closer look to the first 25 hours of integration time however reveals
differences. Where the confidence intervals also confine the true’ goal Jpign(qnign) for
Region 1, they do not so for Region 2. Applying the reasoning we developed at the
beginning of the section, we can identify that the cause is the discretization error in
the goal that cannot be neglected for the total error in the goal. At later timesteps,
the discretization error in the goal is again negligible compared to the uncertainty that
is accumulated in the confidence intervals.

The question arises, whether this discretization error in the goal can be corrected for,
given the information available. For the kinetic energy goal in Region 2, we find that the
discretization error in the goal stays almost constant in time. This motivates us to use a
bias correction on the confidence intervals to make them confine Jyign (qnign). We make
use of the information from the near-initial learning phase and correct all confidence in-
tervals by adding Jhigh(q,%?gh) - JA(PA(q}%?gh)), where q%ggh denotes the high-resolution
solution at timestep 20. The bias-corrected confidence intervals are shown in figure 3.9.
The corrected confidence intervals now bound Jhigh(qrign) at all times which fulfills
our first criterion. Our second criterion is also fulfilled as the effectivity index never
exceeds a value of 7. We thus obtain a corrected error estimator that is valid for the
whole integration time. As a result of the bias correction, Ja(Pa(qnign)) and Ja(ga)
corrected by the scalar product (¢i, Na(qnign)) are not necessarily bounded by the
confidence intervals any more, as can be seen here for the first 50 hours of integration

55



CHAPTER 3 STOCHASTIC GOAL-ORIENTED ERROR ESTIMATION WITH MEMORY
time.

Corrected Error Estimator for Kinetic Energy (Region 2)

0.14 [ [ [ |
012 - P
0.1 - ad
0.08 |- ]
0.06 - .‘ |
0.04 + b peeeee””
0.02 -
0+
-0.02 - .
-0.04 |- T

-0.06 1 1 1 1 "o
0 50 100 150 200 250

Kinetic Energy [m%/s?]

Time [hours]

Figure 3.9: Bias-corrected confidence intervals (dashed blue lines) for the kinetic energy
in Region 2 in the Munk gyre setup at resolution A3. The goal calculated from the
model solution Ja(ga) (solid red line) is shown in comparison to the discrete goal
applied to the high resolution solution Ja(Pa(qnign)) (solid orange line), Jhign(qnigh)
(solid green line), and Ja(ga) corrected by the scalar product (gA, Na(qnign)) (dashed
black line).

Experiment 2: flow around an island

The results for the flow around an island setup are shown in figure 3.9. For the flow
around an island setup, we are mostly interested in the regions near the island and
especially focus on the area upstream of the island, where the maximum in meridional
velocities is reached and the potential energy is at its peak due to the stagnation point
in front of the island. For each goal we show one temporal evolution of confidence
intervals for one specific region. The examples for the potential energy and the kinetic
energy indicate that the flow is in a transition phase and that energy is constantly
added to the system. For the potential energy, the chosen region is located around lon-
gitude 4W and latitude 11N, which is close to the stagnation point. Thus, as the flow
is further spun up, the potential energy in this area will be mostly increasing in time.
The kinetic energy goal is from an area around the location longitude 9W, latitude 4N.
The kinetic energy roughly doubles for the time window of the error estimation, and
this increase is almost entirely due to the increase in meridional velocities. The increase
in the respective energies occurs very differently at different resolutions (Figure 3.10).
In contrast to these two goals, the volume flux is calculated for a cross-section down-
stream of the island. The chosen cross-section lies parallel to the equator at latitude
14N and stretches from longitude 2F to longitude 7E. Due to this specific choice of
cross-section, the volume flux indicates the formation of the vortex pair downstream of
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Figure 3.10: Temporal evolution of three different goals: (a) the potential energy, (b)
the kinetic energy, and (c) the volume flux for the flow around an island setup at reso-
lution A3. The goal calculated from the model solution Ja (ga) (solid red line) is shown
in comparison to the discrete goal applied to a high resolution solution Ja (P (qnrign))
(solid orange line) and Juign(qnign) (solid green line). If JA (P (qnign)) and Jhigh(qnign)
coincide, only Jhigh(qnign) is shown. The confidence intervals (dashed blue lines) are de-
rived to confine Jhigh (qhigh), JA(PA(qhign)), and Ja(ga) corrected by the scalar product
(@A, Na(qnign)) (dashed black line).

the island, as the volume flux changes from negative to positive values, which means a
change in direction of meridional velocities from southward to northward.

As for the Munk gyre experiment, the potential energy, the volume flux, and the
kinetic energy fulfill our main criterion for the error estimator. Concerning the second
criterion, we find that the effectivity index is far lower than for the Munk gyre exper-
iment. The maximum values for ef f ranges from 1.6 to 2.5. The confidence intervals
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for the flow around an island setup are thus tighter around the ’true’ goal. At the
start of the error estimation, we have an effective error correction for the error in the
goal. This effect prevails for a time window of about 5 hours of integration time for the
potential energy and the volume flux and up to 13 hours for the kinetic energy plot,
which corresponds to approximately 800 timesteps.

Comparison to Stochastic-Physics Ensembles

We perform full stochastic-physics ensemble simulations in the manner we described
in section 2.5 at resolution A3. The ensemble of perturbed goals calculated from the
perturbed model solutions is used to derive error bounds in a similar fashion as for our
adjoint-based error estimator. From our 100 ensemble members, we choose the lower
error bound €; to be the ensemble’s minimum and the upper error bound es to be
the ensemble’s maximum. We compare these bounds to the bounds from the previous
section.

The results are shown in figure 3.11 for the Munk gyre experiment and in figure 3.12
for the flow around an island setup. The main finding is that the bounds derived from
the stochastic-physics ensemble also bound the error in the goals and are in this way
qualitatively similar. For the flow around an island setup, the bounds for all regions
and goals are of comparable size. For the Munk gyre experiment this holds true for
the potential energy and the volume flux. For the kinetic energy, we again find that
Jhigh(Qnign) is not bounded in the beginning of the error estimation for Region 2 while it
is bounded for Region 1. Additionally, the bounds derived from the stochastic-physics
ensemble behave differently compared to our error estimator. The first difference is that
the lower bounds do not cross the zero line, which is to be expected as it is the kinetic
energy’s lower bound. The second difference is the far stronger growth of the upper
bound to 0.3’{';—22 towards the end of the error estimation window compared to 0.14’:—22 in
the case of our error estimator. The increased growth rate is for the most part confined
in the second half of the error estimation window and thus coincides with stronger
perturbations by the stochastic process. Our error estimator is an approximation to the
stochastic-physics ensemble, and thus the question arises whether the adjoint solution
provides a valid surrogate under these perturbations.

Confidence Intervals at Resolution A4

To have comparable results, we show the same combinations of regions and goals as
presented for resolution A3. In general, the results are very similar, which is why
we will only give a short description and focus on the cases where the results differ
significantly.

Experiment 1: Munk gyre

The error estimates for the potential energy, the volume flux and the kinetic energy in
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Figure 3.11: Temporal evolution of error bounds derived from stochastic-physics en-
sembles for four different goals: (a) the potential energy, (b) the kinetic energy (Region
1), (c) the volume flux, and (d) the kinetic energy (Region 2) for the Munk gyre exper-
iment at resolution A3. The goal calculated from the model solution Ja(ga) (solid red
line) is shown in comparison to the discrete goal applied to a high resolution solution
JA(PA(Gnign)) (solid orange line) and Jhigh(qhign) (solid green line). If Ja(Pa(qnign))
and Jhigh (qrign) coincide, only Jpign(qnign) is shown. The confidence intervals (dashed
blue lines) are derived to confine Ja(Pa(qnign)) and Jhigh(qhigh)-

Region 1 (not shown) stay qualitatively the same, and we find an effective correction of
the goal for the first 50 to 75 hours of integration time. The confidence intervals for the
kinetic energy in Region 2, shown in figure 3.13 (a), again do not bound Jhign(qhign)
for the first 75 hours of integration time. However, we now find that Ja (Pa(qnign)) is
not bounded by the confidence interval either, which indicates that the problem lies
within the scalar product (3.20). More precisely, the problem lies with the adjoint
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Figure 3.12: Temporal evolution of error bounds derived from stochastic-physics en-
sembles for three different goals: (a) the potential energy, (b) the kinetic energy, and
(c) the volume flux for the flow around an island setup at resolution A3. The goal
calculated from the model solution Ja(ga) (solid red line) is shown in comparison to
the discrete goal applied to a high resolution solution Ja (Pa(qnign)) (solid orange line)
and Jhigh(qnign) (solid green line). If JA(PaA(qnign)) and Jhigh(qnign) coincide, only
Jhigh(Qnign) is shown. The error bounds (dashed blue lines) are derived to confine
IA(PA(qrign)) and Jhign(qnigh)-

solution ¢, because Ja(ga) corrected by the scalar product (gA, Na(qnign)) does not
coincide with JA(Pa(qrign)). To further strengthen this argument, we show the error
bounds derived from the stochastic-physics ensemble (Figure 3.13 b). The error bounds
derived in this way fully bound Ja(Pa(qnign)) as well as Jpigh(qnign) at all times and
even yield an effective goal correction for 125 hours of integration time.

For all goals, the widths of the confidence intervals are consistently reduced by 20 to
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Figure 3.13: Comparison of temporal evolutions of (a) confidence intervals for the kinetic
energy (Region 2) with (b) error bounds derived from a stochastic-physics ensemble for
the Munk gyre experiment at resolution A4. The goal calculated from the model
solution Ja(ga) (solid red line) is shown in comparison to Juign(qnign) (solid green line)
and to JA(Pa(qnign)) (solid orange line). The derived confidence intervals and error
bars (dashed blue lines) are given, and if applicable Ja(ga) corrected by the scalar
product (gx, Na(qnign)) (dashed black line) is shown.

40 percent compared to resolution A3. To further compare the results, we calculate a
score for the change in confidence interval width. The score is calculated as the ratio
between the effectivity index at resolution A4 and the effectivity index at resolution
A3. This score indicates how fast the error in a goal decreases in relation to the
decrease in confidence interval width when increasing the resolution. For the Munk
gyre experiment, this score is mostly found between 1 and 4, meaning that the width
of the confidence interval decreases faster than the error in the goal when increasing
the resolution from A3 to A4. The confidence intervals are thus getting tighter for the
goals shown.

Experiment 2: flow around an island

For the flow around an island setup, the ’true’ goals Jxign(qnign) are bounded for all
plots (not shown), and we find an effective correction of the goal for the first 5 to 7.5
hours of integration time. For the kinetic energy this time window is thus roughly
halved compared to resolution A3.

Concerning the widths of the confidence intervals, we find that they are consistently
reduced by 40 to 70 percent. We observe the strongest reductions of up to 70 percent
for the kinetic energy. Comparing again the scores for the changes in the confidence
interval width, we find the values to vary between 0.5 and 1.4. For the potential energy
the values vary between 0.7 and 1.4 and are concentrated around 1. This means the
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ratio between the error in the goal and the confidence interval width is comparable
on both resolutions. For the volume flux, the values concentrate around 0.8 and for
the kinetic energy values lie between 0.5 and 0.7. In total, this means that although
the width of the confidence intervals decreases quite substantially, the error in the goal
decreases even faster.

For the Karman vortex street setup, we show a kinetic energy goal in figure 3.14. The
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Figure 3.14: Temporal evolution of the kinetic energy for the Karmén vortex street
setup at resolution A4. The goal calculated from the model solution Ja(ga) (solid red
line) is shown in comparison to Jhigh(qnign) (solid green line). The confidence intervals
(dashed blue lines) confine Jyigh (qrign) as well as Ja(ga) corrected by the scalar product
(@A, Na(qnign)) (dashed black line).

area which the kinetic energy is averaged over is located at a region around longitude
22F, latitude 25, directly downstream of the island on the southern hemisphere. In
this region a vortex is shed from the island at the starting point of the error estimation,
which leads to a strong increase in the kinetic energy goal over the period of the error
estimation. We find that Jhigh(qrign) is bounded by the estimated error bars at all
times, our error estimator thus fulfills our main criterion. The second criterion is also
fulfilled as we find that the effectivity index ef f is constantly around a value of 3.

3.5.5 Discussion

In most cases, our error estimator is able to bound the ’true’ goal, and we can often
even correct for the error in the goal. This property is found at the beginning of the
error estimation time windows and can be persistent for several hundreds of timesteps.
This effect can be entirely explained by the mean-field part of the stochastic process,
which is constant in time by construction. Whenever the influence of the constant mean
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field on the goal dominates over the influence of the purely stochastic part on the goal,
we can perform a correction of the goal’s value. After the initial phase where the goal
can be corrected, the ratio of the confidence interval width 3¢ to the error in the goal
€ does not stay below our chosen threshold of 10 for the volume flux and the potential
energy goals in the Munk gyre experiment. This occurs only for the Munk gyre experi-
ment because it is not in transition anymore, which means that the fluctuations in local
truncation errors are only weakly correlated in time. As a result, the upper bound for
the correlation coefficient given by the Cauchy-Schwarz inequality in equation (3.15)
is an overestimate, which results in wide confidence intervals on the error in the goal
compared to the actual error. In the context of ocean-type experiments, however, the
error estimator would not be applied to an experiment that is in a steady state but to
transient flows where transition and the change of viscosity parameters with resolution
occur both at the same time. Under these conditions, the temporal evolution of local
truncation errors will be that of a transient flow but with increased values. Based on
our results, this is a situation that the error estimator should be able to cope with.

We have found strong indications that our error estimator converges, as the con-
fidence interval widths were consistently reduced when increasing resolution. This is
an important property that any error estimator should satisfy. The different rates at
which this convergence takes place for the two experiments is most likely due to the
resolution-dependent eddy parametrization. It prevents a fast convergence of the model
solution for the Munk gyre experiment and thus also of the error estimator.

Certain properties of the random variables that we estimated from the temporal fluc-
tuations in local truncation errors are found to be consistent for all model variables and
dynamical flow regimes. All random variables can be assumed to be centered around
zero. For the heights, this follows directly from the volume conservation of the model
and the chosen separation of the different dynamical regimes. For the velocities, which
reside on the midpoints of triangle edges and point in normal direction, this holds due
to a property of the ICON-grid. For every edge with given velocity, there is an edge in
its vicinity with similar velocity but opposite orientation and thus opposite sign. The
resulting local truncation errors will then also be of the same order of magnitude but
opposite sign. Another property we find in all random variables is that their probability
distribution can be assumed to be Laplacian, which seems to be more appropriate for
flows with boundaries than a Gaussian distribution.

We have shown that the confidence intervals from our error estimator and the error
bounds derived from the stochastic-physics ensemble are similar to the point of being
indistinguishable. An exception is the kinetic energy in the boundary region of the
Munk gyre experiment for which the upper bound derived from the stochastic-physics
ensemble has a higher growth rate. We can exclude the kinetic energy itself as the
reason, as this does not occur for the kinetic energy in the flow around an island setup.
The only explanation left is that here the perturbations due to the stochastic process
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cannot be considered to be ’small’ anymore. The adjoint solution is thus not fully
capable of accounting for the accumulated uncertainty in the goal.

The limitation we encounter for our error estimator is due to the part of the total er-
ror in the goal that comes from the discretization of the goal itself. In the dual-weighted
error estimation framework underlying our approach this error is not represented, and
we thus assumed it to be negligible which is in accordance with most of our numerical
results. If the error is, however, not negligible in practice, our error estimator can-
not bound the ’true’ goal directly. This is for instance the case when flow features
that have a strong influence on the goal are underresolved compared to the ’true’ so-
lution, which is also in accordance to our finding that increasing the model resolution
resolves the issue; our method thus yields asymptotic bounds. We however also find
that if the discretization error in the goal is approximately constant in time, applying
a bias-correction to our confidence intervals yields a valid error estimator that again
bounds the ’true’ goal. In summary, this effect is a known limitation of the chosen
dual-weighted error estimation framework, and it requires expert knowledge about the
flow to decide whether or not this limitation poses a problem for the error estimator.

3.6 Conclusions

From our numerical results we conclude that our error estimator is capable of estimating
bounds on the error in a goal for shallow-water flows with lateral boundaries and an
eddy viscosity parametrization. The method is shown to be a valid approximation to a
full stochastic-physics ensemble by theoretical arguments as well as numerical results.
Our results thus further strengthen the statements made in [41] that deterministic
local truncation errors can be interpreted stochastically, and the already suspected
connection to the class of ensemble methods is clarified. We find that our method
requires expert knowledge in choosing a suitable separation of regions of different flow
dynamics, and it is required to assess whether the error due to the discretization of the
goal is negligible, and if not whether it is correctable.

The stochastic framework of our extended method was motivated by our finding
that the spatial distribution of temporal fluctuations in local truncation errors can be
described by a Laplace-distributed random variable. The stochastic process is then
defined as the sum of these random variables that we assume to be fully correlated
in time. In the context of the Mori-Zwanzig formalism, the stochastic process is a
noise term. The correlation of noise components in time, and the non-Markovian and
non-Gaussian character of our stochastic process are in accordance with the properties
expected for a noise term by Chorin et al. [8].

In our error estimator it is only the stochastic process that is capable of providing
such a memory effect introduced by the Mori-Zwanzig formalism. Furthermore, the
only features of the stochastic process where a memory term could possibly be residing
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in, is its constant mean field and the growth rate of its variance. This implies that
for our approach, the memory term consists of a contribution from the mean field that
is constant in time and a remaining part that is purely stochastic and has thus been
completely converted into uncertainty.

Our algorithm employs a separation of the flow into regions of different dynamical
regimes in order to separate regions of different local truncation error production rates.
For this separation of dynamical regimes, we expect a typical trade-off situation between
the robustness of the method and the performance in terms of ensemble spread. While
a greater number of dynamical regimes should result in tighter confidence intervals,
the estimated parameters of the stochastic process might lose robustness, resulting
in a reduced time window for error estimation. Conversely, reducing the number of
dynamical regimes might be more robust but might potentially yield a vast overestimate
of the uncertainty in the respective goal.

Similarly to [41], our algorithm uses near-initial, high-resolution information, which is
extrapolated to a much larger time-window. Here, we have extended this extrapolation
approach from the local truncation errors themselves to their temporal fluctuations.
This means that spatial knowledge about the temporal fluctuations in local truncation
errors can be converted into temporal knowledge about local truncation errors at future
timesteps, and we have shown that this knowledge transfer can be carried out by means
of a random variable.

The strong underlying theoretical framework we have developed for our method, our
understanding of its limitations, and the robustness of the obtained numerical results
for the 2D shallow-water cases make us confident that we can go one step further and
apply our error estimator to idealized experiments in a full 3D ocean model.
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Chapter 4

The Stochastics of the Local Truncation
Error in an Eddying Regime

Towards a stochastic goal-oriented error estimator for three-dimensional ocean models,
we investigate the local truncation error and its stochastic representation for an eddy-
ing flow driven by baroclinic instabilities. In this regime, we argue that it is extremely
difficult if not impossible to obtain the local truncation error for all state variables. We
instead define a temperature-based representation of the local truncation error that is
shown to be valid for density-driven flows.

For a stochastic representation of the local truncation error, the structure of the
temperature-based local truncation error is divided into three components: its horizon-
tal structure, its vertical structure and its temporal evolution. The horizontal and the
vertical structure are represented by correlation matrices that we successfully merge
into a stochastic representation of the three-dimensional spatial structure of the lo-
cal truncation error. For the stochastic representation of the temporal evolution, the
inclusion of the history of the stochastic process in the form of time-lagged correla-
tion coefficients is argued to be crucial. Based on this analysis, a revised stochastic
timestepping scheme of the stochastic process is proposed.

4.1 Introduction

The quantification of numerical errors in ocean models is a long-standing and still un-
resolved problem. In ocean modeling, key physical quantities of interest (goals) that
characterize the physical system are of interest. These goals are linear or non-linear
functionals of the model solution. A conceptual framework for the error estimation in
goals is provided by dual-weighted error estimation techniques [40, 3, 15, 17, 11, 19, 51].
In the dual-weighted error estimation technique, the error in a goal is translated into
a weighted sum of local truncation errors, the error in the state variables done by the
model per timestep. For an oceanographic context, we have developed a stochastic
extension of the dual-weighted error estimation approach for viscous, bounded shallow-
water flows in chapter 3. Its key component is a stochastic process that parametrizes
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the local truncation error. The purpose of this chapter is to carry the idea of the
stochastic dual-weighted error estimator towards a full 3D-Ocean model, as used in a
comprehensive Earth System Model, by investigating the local truncation error of an
eddying three-dimensional flow and its corresponding stochastic process. The stochas-
tic process is estimated using the learning algorithm 3.4 developed in the previous
chapter.

Due to the complexity of state-of-the-art ocean models and their choice of discretiza-
tion schemes, a continuous evaluation of the local truncation error or equivalent residual
information is not possible. An alternative approach that replaces the local trunca-
tion error by a suitable stochastic representation was first proposed and tested for a
shallow-water model and wave-type flows in [41] and later extended by us to ocean-type
experiments in a shallow-water model in chapter 3. The replacement of deterministic
local truncation errors by a stochastic component was motivated by the Mori-Zwanzig
formalism [33, 32, 54, 18] from statistical mechanics.

Here, we aim to extend the stochastic component of our stochastic error estimator
to a full 3D ocean model, namely the ICON-Ocean model [27]. The additional dimen-
sion and the overall increase in model complexity introduces several challenges for our
stochastic component. The stochastic component now has to incorporate the effects
of a downward energy cascade that is present in a three-dimensional flow. The model
now includes an active tracer in the form of a temperature variable that influences the
model dynamics and introduces the important concept of stratification to the model,
and the model physics is extended by additional sub-grid scale parametrizations. The
interplay of all these additional processes can result in complex spatial and temporal
flow structures which will be reflected in the structure of its local truncation error.

The experiment we study in this model framework is a channel flow driven by baro-
clinic instabilities [38]. The occurring baroclinic instabilities are a source for the de-
velopment of mesoscale eddies, ocean eddies that are nearly in geostrophic balance.
As such, the experiment is a draft for dynamics that frequently occur in many regions
of the ocean such as in the Antarctic Circumpolar Current or near western boundary
currents like the gulf stream [30]. The mesoscale eddy field induces a heat transport in
the lateral direction [24] as well as a net upward heat transport [22, 52].

For the resulting local truncation error and its stochastic representation, several chal-
lenges need to be overcome. First, we encounter that the concept of the local truncation
error as we have used it in previous chapters is not directly applicable (see definition
(3.8) from chapter 3) due to non-physical heating of the channel when correcting the
surface elevation variable. We investigate alternative local truncation error represen-
tations that are applicable to an eddying flow regime in a 3D ocean model. Second,
the occurrence of mesoscale eddies at high resolution entails a spatial structure of the
local truncation error at low resolution that needs to be respected by its stochastic
representation. We show how the spatial structure can be described stochastically
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as a compound of sub-structures that each can be described by their own correlation
matrix. And third, the persistence of mesoscale eddies for a certain lifetime suggests
that a stochastic representation of the temporal structure of the local truncation error
is strongly dependent on its past states. An approach to model this memory of the
stochastic process is proposed that is based on a correlation matrix of time-lagged cor-
relation coefficients.

The chapter is structured as follows: In section 2, we propose how the basic dual-
weighted error estimation approach could be carried into a stochastic framework for a
3D model environment. Section 3, introduces the hydrostatic primitive equations and
the ICON-Ocean model. In section 4 we introduce our channel experiment and analyze
the impact of the mesoscale eddy field on the flow. In section 5, we analyze the local
truncation error and its resulting stochastic representation for the channel experiment
and discuss the results, and in section 6 we conclude.

4.2 Stochastic Dual-Weighted Error Estimation

For our error estimation framework, we define a general form of a continuous model
and its discrete counterpart. The system

N (q(z,t)) =0, (4.1)

is a continuous model, with initial conditions g(z,0) = ¢° and boundary conditions
q(z,t) = ¢°(x,t) on 0Q. The function q(z,t) is defined on Q x [0,7] and satisfies
system (4.1).

The discretization of the continuous system (4.1) can then be written as

Na (ga) =0, (4.2)

with initial conditions ¢} = Pa(¢") and boundary conditions ga = Pa(g’) on 9.

Pa represents a projection of the continuous solution ¢ from the continuous function

space V(€ x [0,7T]) on © x [0,7] to the discretized function space VA(Qa x Ta) on
9A

QA X Ta.. The solution of system (4.2) is denoted by ga = : and is a vector

n

qn
of state vectors in €R™ i =0,...,n in discrete time Th := {to,...,t,} and discrete

space.

4.2.1 Errors in a Physical Quantity of Interest

A physical quantity of interest (goal) is represented by a functional J that is applied to
the continuous model solution q. We denote its discrete version, which is applied to the
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discrete model solution ga, by Ja. The calculated goal Ja(ga) is inherently erroneous
because of the error due to discretization in ga. The total error € in a goal J is defined
as the difference between the true value of the goal J(¢q) and its approximation Ja (ga)

€:= JA(qA) — J(q). (4.3)

This error in a goal can be estimated via the dual-weighted error estimation approach
given in [15]
€ ~ €app = (G, Na(9))oaxTa (4.4)

where (-)o, x7, denotes the standard euclidean scalar product in discrete space and
time, g is the discrete adjoint solution to ga, and Na(q) are the local truncation
errors.

In our stochastic extension of (4.4) described in chapter 3, we replace the local
truncation error Na(q) by a suitable discrete-time stochastic process { X, (p;)}ien of
random vectors Xy, (p;) with parameters p;. This stochastic process is our model for
the temporal evolution of the local truncation error, and its insertion into (4.4) yields

Xt1 (pl)

: )QAXTA > (4.5)
th (pn)

€app ‘= <q*A7

where each random vector Xy, (p;) € R™ is multiplied by the transpose of vector q*Ai €
R™at timestep i. Error estimates €, from (4.5) are then a measure for the uncertainty
in the goal J which can be used to derive bounds €1, €2 € R that satisfy

Jalga) —e1 < J(Pa(q)) < Ja(gqa) + €. (4.6)

Alternatively to the calculation of the scalar product (4.5), one can obtain equivalent
information about the uncertainty in a goal from an ensemble of perturbed model runs
of the discrete model (4.2). The perturbations applied to the model state in at timestep
i are given by the random vector Xy, (p;) of the stochastic process { Xy, (p;)}ien. The
relationship between the ensemble approach and the dual-weighted approach (4.5) is
discussed extensively in chapter 3.

4.2.2 Parametrizing the Evolution of Local Truncation Errors by a
Stochastic Process

Regardless of whether one chooses the ensemble approach or the dual-weighted ap-
proach (4.5) for goal-oriented error estimation, a suitable discrete-time stochastic pro-
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cess {X¢,(p;) }ien that models the temporal evolution of the local truncation error is
required. The temporal character of the euclidean scalar product in equation (4.4)
is emphasized when it is written as a weighted sum of local truncation errors at the
different timesteps %

ex = (dr' s NA(Q))g, (4.7)
=1

where (-)q, is the standard euclidean scalar product in discrete space Qa, q*Ai is the
vector of the discrete adjoint solution at timestep i, and N (q) is the vector of local
truncation errors at timestep .

In contrast to the previous chapter 3, we do not aim to build the stochastic process
around the separation of the local truncation error into a time-invariant bias plus the
temporal fluctuations in the local truncation, but instead we build the stochastic pro-
cess around the local truncation error itself. The reason is that in an eddying regime,
we cannot expect to find significant time-invariant biases in the local truncation error.
As a result, the complete local truncation error information will reside in the temporal
fluctuations, which would then be large, which in turn would make the spread of the
stochastic process large. In total, the concept that was found to be appropriate for
flows dominated by strong boundary currents is not deemed to be well applicable here.

Additionally, we expect a generally more complex flow structure than the one en-
countered in chapter 3, which the stochastic component needs to adhere to. We now
have to incorporate the vertical structure of the three-dimensional ocean experiment
which will impose certain restrictions on the vertical structure of the stochastic compo-
nent. For the horizontal structure in chapter 3, important horizontal correlations were
dealt with by the bias of the stochastic process. Here, we also expect to encounter im-
portant horizontal structures in the local truncation error of the low resolution solution
due to unresolved eddies, and we have to find an alternative way to prescribe these
patterns stochastically that is not based on biases. Given that the spatial structures
can be described stochastically, we additionally require a component that governs the
temporal evolution of these spatial structures, a stochastic timestepping scheme which
represents the temporal structure of the local truncation error. A simple approach to
assume an upper bound on the temporal correlations as used in chapter 3 is not deemed
applicable to a complex, eddying flow.

Our approach to model these structures of the local truncation error in a stochastic
process is by means of correlation matrices. Correlation matrices provide a stochastic
measure for the strength of the connection between different local truncation error val-
ues. Optimally, we would of course like to have one correlation matrix that describes
the whole structure of the local truncation error. However, the amount of variables of
the local truncation error is far too large to estimate a correlation matrix of this size.
In our approach we thus choose to separate the full structure of the local truncation
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error into three sub-structures — vertical, horizontal and time — which we each describe
by correlation matrices. In this we have to make assumptions about the negligibility of
certain correlations between variables of different sub-structures.

Given we have obtained a correlation matrix for each sub-structure, our aim is the
calculation of stochastic fields that satisfy the complete structure of the local trun-
cation error. Towards this, we perform a Cholesky decomposition of each obtained
correlation matrices. The resulting matrices can be applied to uncorrelated fields to
obtain fields that satisfy the structures of the corresponding correlation matrices. The
difficulty lies now in merging the correlated fields that all contain the patterns of their
respective sub-structure into one large spatio-temporal structure that can represent the
local truncation error. How to link the correlation matrices of the sub-structures in
order to directly obtain such a structure is the topic of this section.

We start with the definition of the correlation matrix of a given Gaussian random
vector Y € R™ with covariance matrix X

S = cov(Y) = E [(Y ~_E[Y)(Y - E [Y])T] , (4.8)

R™*™ and the variances of the entries of Y lie on the diagonal of ¥. The

dimension
correlation matrix of Y is then defined as the covariance of the standardized entries of

Y

VI

corr (Y) = (diag (2))"2 2 (diag (£)) "2 , (4.9)

where the matrix diag () consists of the diagonal elements of X.

To be able to produce a correlated random vector Y with desired distribution A (1, ¥)
from an uncorrelated one Y ,correlated; @ Cholesky decomposition of the correlation
matrix can be performed. The correlation matrix associated with the covariance matrix
3 is denoted by C. This correlation matrix can then be decomposed by Cholesky
decomposition into a product of a lower and an upper triangular matrix

LLT = C. (4.10)

This decomposition is possible because correlation matrices are always positive-semidefinite
and symmetric. Given the lower triangular matrix L, a vector Yyncorrelated ~ N (0,1)

of uncorrelated normally-distributed random variables can be correlated by applying
the matrix L

}/correlated = LYuncorrelated7 (4 1 1)

such that the correlation matrix of Y.orrelated 1S

corr (}/correlated) =C. (412)
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Thus, the random vector

V=t (diag (£))2 Yeorretatea ~ N (1, %) (4.13)

has the desired distribution and correlation structure.

The Spatial Structure of the Local Truncation Error

We separate the modeling of the spatial structure of the local truncation error into two
parts, the local truncation error’s horizontal structure and its vertical structure. Both
parts are represented by a correlation matrix. The employed 3D grid is constructed as
several layers of a chosen horizontal grid.

In our approach, the horizontal structure is governed by a correlation matrix that
represents the correlations between the local truncation error in all model variables at
one specific vertical layer. Which vertical layer is generally best suited is however not
known a priori. Here, we simply choose the surface layer as vertical layer. We note
that the approach described here is however not limited to the surface layer and other
horizontal layers could be chosen as well, which can make sense considering that the
ocean mixed layer in the upper ocean often behaves very differently from the deeper
ocean. Regardless of the choice, the correlation matrix is a quadratic matrix of a di-
mension R™surf*Msurf where mgy, s is the number of degrees of freedom in the surface
layer.

The vertical structure of the local truncation error is important as the flow will for
the most part be in a stratified state, and in presence of a mesoscale eddy field, single
eddies will not just occur in the surface layer but will also have a vertical extend. The
local truncation error will also inherit these properties and vertical correlations are thus
an integral part of its stochastic representation.

For each model variable 6, the vertical structure corresponding to each surface grid
point i is represented by a correlation matrix C, ¢ ; that contains the correlations
within the entire vertical column of said model variable. The dimension of the corre-
lation matrices is equivalent to the number of vertical levels and the entries of C, g, ;
are ordered, starting from the surface layer 1 and to the bottom level #layers.

Both structures are connected by first creating a horizontally-correlated surface field
and use it to seed the calculation of the vertical structure. More precisely, we start by
creating a realization

m
Ysurf, uncorrelated € R"Msurf

of an uncorrelated normally-distributed random vector Yu,f uncorrelated ~ N (0,1).
With the lower triangular matrix Lg,,s that we obtained from the decomposition of
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T
surf

Csurp into Ly, rL we can use equation (4.11) to obtain Ygurf, correlated

Ysurf, correlated *— Lsurf Ysurf, uncorrelateds (414)

a realization of the random vector Ysu,f, corretated ~ N (0, Cgurf) that follows the cor-
relation pattern of the surface layer.

The correlated surface field Ysyr £, corretated is now used in the calculation of the vertical
structure. First, for each model variable § and each surface grid point ¢, a realization
Yv, 0, i, uncorrelated € R#layers
of an uncorrelated random vector Yy, g i uncorrelated ~ N (0,1) is drawn. Then, the first
entry of ¥y, 9. i, uncorrelated 18 Teplaced by its corresponding value from the surface field
vector Ysurf, correlated- 1f we now apply the lower triangular matrix L,, ¢, ; obtained from

the decomposition of C,, ¢, ;, we obtain v, g, i, correlated

Yu, 0, i, correlated = Lv, 0,1 Yv, 0, i, uncorrelated- (415)

Due to the special construction of the matrix L, g, ;, the first entries of the vectors
Yu, 0, i, correlated aT€ identical to the corresponding entries in the surface layer vector
Ysurf, correlated- Lhis is because Ly, ¢ ; is a lower triangular matrix and the first entry in
its first row is 1. As a consequence, the matrix L, ¢ ; then carries the information from
the horizontal surface structure associated with ygu, ¢, correlated into the vertical columns
of the 3D grid. The described procedure thus results in a stochastic representation of
the local truncation error’s 3D structure at a specific timestep.

Of course, this choice of splitting up the spatial structure into a horizontal and a
vertical part comes at a cost. Because both correlation matrices are connected by one
horizontal layer only, we do not account for all correlations of the 3D flow structure.
Instead, we have already implicitly made a choice that certain correlations are not
taken into consideration. Direct correlations between different grid points that reside
on different vertical levels are neglected. Also, apart from the correlations that are
already determined by the surface layer and propagated to deeper layers, possible fur-
ther correlations between different model variables 6 in the vertical column have to be
neglected. If these correlations are however found to be important for an experiment,
the steps described above need to be adjusted. For instance, one of possible variation
would be to replace the surface layer by another horizontal layer for linking the fields.

If the assumptions about the correlations hold, the approach described above yields
the spatial structure of the random vectors Xy, (p;) of the stochastic process for the
local truncation error { Xy, (p;)}ien. Given the vectors s, g, i, correlated, all information
is available to reassemble them into a base realization y;, from which a realization of the
random vector X;, (p;) can be obtained. De-normalization by the standard deviation
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and the addition of the mean vector as given in (4.13) yields the desired realization of
the random vector Xy, (p;). However, although the spatial structure can be obtained,
the framework so far does not provide information on the temporal evolution of the
random vectors Xy, (p;).

The Temporal Structure of the Local Truncation Error

We make certain assumptions for the stochastic timestepping of a realization of the
random vector Xy, (p;) at timestep i to a realization of X;, ,(p;y1) at timestep i + 1.
We first assume that we already obtained a realization of a random vector Xy, (p;)
that is from here on always denoted by z¢,(p;). We here assume that the correlation
matrices corr (X, (p;)) are invariant in time, which is in accordance for what we find
in the results setion. For simplicity, we also assume that the mean vectors p;, and the
covariance matrices ¥, of the random vectors X, (p;) are invariant in time and are
thus only referred to as p and ¥ from now on. If for an experiment p and 3 were found
to change in time, both can be made time-dependent without affecting the algorithm
described here.

The proposed stochastic timestepping is based on directly estimating the correlation
coefficient § between the local truncation error at two consecutive timesteps. Given the
correlation coefficient d, the timestepping can be defined straightforwardly. In the first
step, we construct a base realization y;,,, of the random vector X, (p;;1) that by
construction has the correct spatial structure as described in the previous section. The

vector yy,, , is still unconnected to the realization xy,(p;) of the random vector X, (p;)

i+1
at the previous timestep. The second step is then to construct a new realization of

the stochastic process at timestep i + 1 from ¢, (p;) and vy, , by using the formula for

1+1
correlating two random variables

Tii1(Pii) = 1+ (diag (£))? 8 (diag (%)% (@, (p) = 1) + V1= Py |- (416)

In this, each entry of the vector x4, (p;) is propagated in time separately and the vector
Yt,., provides the rate of change in 2, (p;) when performing the timestep. As was al-
ready the case for the spatial structure, we here also have to make assumptions about
certain correlations being negligible. The effect that several entries of the vector x, (p;)
might influence one specific entry of =y, , (p;,1) is not represented in this approach.
We need to prove that a random vector Xy, , (p;; 1) modeled in this way, indeed fol-
lows the desired probability distribution N (u, X). qu}ation (4.16) is basically a sum
of two independent random vectors, X; := (diag (X)) 2 (X, (p;) — p) and Xo :=Y};

417

that both have the same probability distribution Xy, X ~ N (O, (diag (E))fé Y (diag (X))~

The covariance matrix of X3 := X1 + V1 — §2X5 follows from the summation rules
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for covariance matrices

cov (X3) = cov <5X1 + MXQ) (4.17)
= §%cov (X1) + (1 — 6%) cov (X>) (4.18)
= cov (X7) (4.19)
= (diag (2))"2 3 (diag (£)) "2 (4.20)

Thus, X3 follows the desired distribution X3 ~ N (0, (diag (2))_% by (diag(E))_%)
Finally, by using (4.13) to reapply the variance and the mean, it is shown that
Xti+1 (pi—i—l) ~N (ﬂa Z)'

With this, we can now fully define the stochastic process Xy, (p;) bien and discuss its
properties. To fully define the stochastic process, we need to assign the first random
vector Xy, (p;). We could simply start from any realization with the correct spatial
structure. In our case, it is however reasonable to assume that the local truncation
error Ni(q) at timestep 1 is known, and we choose it as a realization of the random
vector Xy, (pp) as it already satisfies the requirements in terms of the spatial structure.
A fixed choice of Xy, (p;) is also advantageous in terms of spread of the desired goal
error estimates. The reason is that the variance of the stochastic process { Xy, (p;) }ien
is then zero for the first timestep and afterwards only slowly growing in time due to
the correlation coefficient §. At least, the reduced growth rate of the error estimator’s
variance holds true until stochasticity takes over and the random vectors X, (p;) from
a specific timestep ¢ onwards can be considered to be uncorrelated from the initial
information N} (q).

4.3 The ICON-Ocean Model

The ICON-Ocean model is based on the hydrostatic primitive equations [21, 37]

v . Vil ov 1 d_, 0

— — 4+ — — Dy — —KV—v = 4.21

at—l—(f—i—w)zxv—l— 5 +w62+povhp W = 5 Kyz-v 0 (4.21)

dp

—_— = — 4.22

0z P9 ( )

n

% + div /—B vdz =0 (4.23)

dz’vv—l—a—w—() (4.24)
h 9 .

ac N 0 wc 0 ~_

a + dZU (C’U) — dZUh (Kh VC) — &KU ac = 0 (425)

p = Feos (p7 t, §) . (4.26)
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Staying in the notation of the continuous system (2.1) from chapter 2, the solution
q is represented by the surface elevation 7, the temperature ¢, the salinity § and the
horizontal velocity v. The variables and parameters of the system of equations (4.21)
- (4.26) are: the Coriolis parameter f, the vorticity w, z denotes the vertical dimension,
the vertical velocity w, the density of sea water p and its reference value pg, the hydro-
static pressure p, g is the gravitational constant, B describes the bathymetry, and C
denotes a tracer, i.e. the temperature ¢ or the salinity §. Additionally, the operator Dy,
denotes a diffusion operator for the horizontal velocity with viscosity coefficient K}. In
the same way K} denotes the viscosity coefficient for the vertical velocity diffusion. The
diffusion coefficients K¢ and Kg are the vertical diffusion coefficient and the horizontal
diffusion coefficient for the tracer C'. The function F,,s is an equation of state for the
density of sea water.

Our numerical model to approximate ¢ is the ICON-Ocean model [27]. The chosen
discretization is based on a mimetic scheme, which means that the discrete operators
are build in a way that they mimic their continuous counterparts in key quantities such
as conservation properties and a consistent behavior in terms of energy, wave propaga-
tion, vorticity dynamics and tracer transport. The timestepping is performed with a
semi-implicit Adam-Bashford method. The model is implemented on an unstructured,
triangular grid on the sphere, using a C-type staggering for the prognostic variables
height, temperature, salinity and velocity. The discrete surface elevation na, discrete
temperatures ¢ and the discrete salinity 4 are located at the center of grid cells, while
the velocities are residing on the midpoints of the triangle edges, oriented in normal
direction to the triangle edge. The velocities are denoted by vna. The vertical dimen-
sion is realized as a layering of several horizontal grids, where their vertical spacing
defines the thicknesses dj, of the layers k € {1,...,#layers}. In this, the layers are
numbered consecutively from the surface layer k = 1 to the bottom level k = #layers.
The discretized solution at timestep 7 is thus a vector in = (niA,fiA, éiA,vniA)T € R™,
where a single horizontal layer consists of % variables.

As a sub-grid scale parametrization besides the already mentioned horizontal eddy
viscosity K} used in the diffusion operator Dj,, we employ the so called PP-scheme [39]
by Pacanowski and Philander for the vertical ocean mixing. With this scheme, the
intensity of vertical mixing is chosen to be dependent on the Richardson number Ri, a
measure for the importance of buoyancy compared to vertical shear. In ICON-Ocean
model, the Richardson number is calculated as

D
Ri:= max {sz, 0} , (4.27)
| D, Pguna|

where D, denotes the vertical derivative and Py is a reconstruction from the trian-
gle edges to centers. The dependence on the Richardson number is realized by an
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Table 4.1: Averages over the square roots of the triangle areas for employed grids

Resolution | Grid Spacing in km
A4 160
Ab 80
A6 40
AT 20
A8 10

adjustment of the vertical diffusion coefficient for velocity Kj

KU
K)=—9% — + K} (4.28)
(14 CriRi)

and for the vertical tracer diffusion coefficient

KC
0 +Kf. (4.29)

K{=—0
" (1+ CgiRi)

The coefficients K} and Kbc are the respective background diffusivities, Kf and Kg are
scaling factors, and Cg; is an adjustable parameter.

To perform one refinement for a grid of chosen resolution, the triangle edges are
bisected. As in chapter 3, the resolution of the grid is characterized by the number of
bisections N € N of a base grid, where we denote the N-times refined grid by AN. The
average over the square roots of the triangle areas is given as a measure for the grid
spacing in table 4.1.

For the resulting discretized system of the ICON-Ocean model, an analysis of its
numerical properties and its physical behavior, we refer to the manuscript [27]. Based
on the specifics of the ICON-Ocean model, we give the usual definition of the local
truncation error at timestep ¢

NA(q) = Pa (a(@,t:)) — Sa (Pa (a(w,ti1)) , Pa (a(@, ti-2))) - (4.30)

Here, Sa is one application of the discrete time-stepping operator of the ICON-Ocean
model, and Pa again denotes a mapping onto the discretized space Qa. In the calcu-
lation of the local truncation error we have to consider the two previous timesteps ¢;_1
and t;_o in the calculation of ¢; due to the chosen time discretization that is directly
dependent on the two previous model states. In the case that ¢(x,t;) is replaced by
a high-resolution solution gp;gn, we need to define Pan. A reasonable choice that was
also used in chapter 3 is to use point-wise projection to map the height, salinity and
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temperature values onto the coarse resolution and a nearest neighbor approach to map
the velocities onto the coarse grid.

4.4 Experiment: Spherical Channel with Baroclinic
Instabilities

We want to test our stochastic parametrization for the local truncation error that we de-
rived in section 4.2.2 in the 3D ICON-Ocean model. As numerical experiment we want
an idealized, 3D ocean flow that however still incorporates fundamentally important
ocean dynamics. This is why we choose to study an experiment in which tilted density
surfaces trigger baroclinic instabilities, one important source of mesoscale ocean eddies.
In the process, available potential energy is converted into kinetic energy. Among other
effects, the occuring mesoscale eddies have a strong influence on the heat transports in
the ocean as they induce a heat transport in meridional direction [24] as well as a net
upward heat transport [22, 52]. In the experiment we describe here, we focus on the
differences in the net vertical heat transport due to differences in the model resolution
that stem from not fully resolving the mesoscale eddy field.

Our numerical experiment is based on the experiments described in [10, 27]. The
computational domain is a zonally-reentrent channel on an f-plane at 65° South. The
channel has a length of 1900km and a width of 1650km and a depth of 1600m with
flat bathymetry. The vertical dimension is discretized into 31 vertical layers whose
thicknesses increase from 14m at the surface to 150m for the bottom layer. For this
specific channel setup, the triangular grid can be constructed in a way that the lateral
boundaries are entirely smooth which keeps disturbances to the channel flow due to
lateral boundaries to a minimum. This enables us to further reduce the horizontal
viscosity parameter K7 and thus have a stronger mesoscale eddy field.

The channel flow is initialized with a temperature profile for tg that increases lin-
early from 10.5°C at the southern channel boundary towards 18.5°C' at its northern
boundary. In the vertical dimension the initial temperature is linearly decreasing with
depth with a rate of —6.2-1073K/m. Additionally, a temperature perturbation is added
with an intensity of 0.5 percent of the original field and of wavenumber 4. The salinity
tracer is initialized with a constant value of §OA = 3bpsu. Concerning the tracers, the
density p is thus only dependent on changes in the temperature field. At initialization,
the fluid is at rest UTLOA = 0 and the ocean surface is flat T]OA =0.

The channel flow is driven by wind forcing and a temperature restoring. The wind
forcing is analytical, follows a cosine shape, acts in zonal direction with a maximal
intensity of O.O5NTm at the center of the channel, and diminishes to zero at its north-
ern and southern boundaries. The initial temperature field is restored by a full field
relaxation to the initial temperatures in small longitudinal bands of width 165km at
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Table 4.2: Horizontal velocity viscosity coefficients K} for the Laplacian and bihar-
monic diffusion operator respectively and corresponding timestep lengths at different
resolutions. D}, = A denotes Laplacian diffusion and in case Dj, = A? a biharmonic
diffusion operator is used.

Resolution | Diffusion Operator Dy, | Kj in mTQ Atin s
160km A 5.5E+04 ™ | 3600
80km A 45E+03 ™ | 1800
40km A? 9.6E+11 ™ | 1200
20km A? 1.2E+11 ™ | 600
10km A? L.5E+10 ™ [ 300

the northern and southern channel boundaries. The restoring timescale is 3 days. The
task of the temperature restoring is to replenish the available potential energy that is
converted into eddy kinetic energy, the kinetic energy contained in the mesoscale eddy
field.

We implement the experiment for a series of different model resolutions from 160km
to 10km. The horizontal velocity diffusion coefficients K} at the different resolutions
are given in table 4.2. The other model parameters are chosen to be independent of
the horizontal resolution in order to increase the comparability of the model results
at different resolutions, and to be able to easier explain differences in the model solu-
tions by the change in grid spacing. The horizontal temperature diffusion coefficient
K}El is chosen as 3007’%2 for all resolutions. The vertical background viscosity and dif-
fusion coefficients are chosen to be K} = 2.0 x 1()_5’”72 and K'g = 1.0 x 10_5%2, and
the parameter Cr; is chosen as Cg; = 0.572. The scaling factors in the PP-scheme
are Kj = 3.2 - 10*37”72 for vertical viscosity and the corresponding scaling factor for
the vertical diffusion of temperature is Ké =3.0- 10*3%2. Additionally, the forcings
are balanced by bottom boundary friction in the form of a bottom drag coefficient of
3.2-1073.

Figure 4.1 shows snapshots of the final state for the surface elevation, the temper-
ature at 105 m depth and the vertical velocities at 110m depth at the 10km model
resolution. All flow fields clearly indicate the presence of mesoscale eddies and the
geostrophic turbulence in the flow. This first impression is further strengthened by
the corresponding snapshot of the vertical structure shown for a cross-section of the
potential temperature field in figure 4.2. In the absence of salinity changes, this is
equivalent to the pattern of density. The perturbations to the density field due to the
passing of mesoscale eddies extend to the entire vertical column in our experimental
setup and are visible in figure 4.2 at 285, 55, 7N, 20N and 32N as undulations in the
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Figure 4.1: State of the channel flow after an integration time of 2 years at a resolution
of 10km. The plots show snapshots of surface elevation (a), potential temperature at
105m depth (b), and vertical velocities at 110 meters depth (c). The channel is mapped
to [180W, 180FE] x [40S,40N].
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Vertical profile of potential temperature in meridional cross-section
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Figure 4.2: Snapshot of the vertical structure of the potential temperature for a cross-
section from the southern to the northern boundary after an integration time of 2 years
on a resolution of 10km. The channel is mapped to [40S,40N].

temperature field.
We now want to quantify this rather qualitative description of the channel flow by
evaluating the strength of the mesoscale eddy field and its resulting effects on the dis-
tribution of heat. A good indicator for the strength of the mesoscale eddy field is the
kinetic energy contained in the eddies, referred to as Eddy Kinetic Energy (EKE). We
here define the volume-averaged eddy kinetic energy where we choose the volume to
be the entire volume of the channel. For the volume-averaged eddy kinetic energy, the
velocities vniA, residing on the edges, are first interpolated into the cell centers. This
yields one zonal velocity component uiA and one meridional velocity component viA per
grid cell. With these velocities we can define a volume-averaged eddy kinetic energy in

a region Qapr with volume V (QaR) by:
1

JEKE(in) = W

o7 2 V(O(ua—u) +@h—e)?). (43D

CiGQAR

The C's denote grid cells of thickness d(C?) and volume V(C?). Usually, u_iA and v_"A
denote temporal averages of uiA and viA, respectively. However, due to the zonally
symmetric structure of the channel, we are able to replace the temporal averages with
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spatial averages of uiA and UiA over latitudinal bands. The reasoning behind this choice
is that, in a zonally symmetric channel, the grid cells at one specific latitudinal band
all share the same statistical properties.

The resulting behavior of EKE for the channel flow at different model resolutions
is shown in figure 4.3 for a series of model resolutions, ranging from 10km to 160km.
At the beginning of the integration time, the EKE is small for all model resolutions

Volume-averaged Eddy Kinetic Energy

0.07 \ \ |

10km
& 40km
E 005 - -/ 80km
> 160km
o 0.04 .
L
L 0.03 N
(]
=
X 0.02 N
>
3
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Figure 4.3: The Eddy Kinetic Energy averaged over the entire channel volume is shown
for the entire integration time of 2 years for different model resolutions: 160km (red),
80km (orange), 40km (blue), 20km (green), 10km (black)

until 100 days of integration time. After that, the flows at model resolution 40km and
higher start to develop a significantly different behavior than the 80km and 160km
experiments. For the higher model resolutions, mesoscale eddies emerge in the flow in
order to even out the sloped temperature profile. The highest rate of increase in EKE
is found at about 150 days of integration time. The temperature profile is however
constantly replenished by the temperature forcing in form of the temperature relax-
ation to the initial temperature field. As a result, the mesoscale eddy field is further
spun up until the system eventually runs into an equilibrium state where the rate
at which available potential energy is restored is on par with the rate at which it is
converted into EKE. This state is obtained after around one year of integration time
for the 40km, 20km and 10km resolution. The strengths of the resulting mesoscale
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eddy fields are however quite different. While the strength at the 40km resolution is
about 0.015 m?/s2, the mesoscale eddy field at the next higher model resolution 20km
is already more than 100 percent stronger, and the 10km resolution is again about 60
percent stronger in terms of EKE compared to the 20km resolution. Compared to these
resolutions, the EKE for the 160km resolution (0.0025 m?/s?) and the 80km resolution
(0.005 m?/s?) is significantly weaker. However the EKE is not just lower at the coarser
resolutions, its behavior in time is also completely different. The channel flow at the
two low model resolutions does not undergo the same transition in terms of the spin
up of the mesoscale eddy field that starts at a 100 days of integration time. There is
an indication of an onset of a similar transition at later times at around 150 to 200
days of integration time, but this transition is much weaker and progresses slower as
it reaches its peak after 270 days of integration time. These differences between the
higher and lower resolutions might be in part explained by the different forms of the
horizontal velocity diffusion operator Dy, but ultimately they are a consequence of the
horizontal model resolution.

The differences in the EKE have a strong influence on the heat distribution in the
channel. For the analysis of the heat distribution, we compare timeseries of the change
in regionally-averaged potential temperatures compared to the initial temperature pro-
file. We define this quantity by

> V() (Ey %) (4.32)

CieQar

Jpr(gh) == Vin)

In figure 4.4 a) , we show the evolution of Jpr(gly) for the upper 500 meters of the
entire channel at different model resolutions. The general trend is an average warming
of the upper 500 meters for all model resolutions. The rates at which this region of the
channel warms differ depending on model resolution. After the 2 year of integration
time period, we obtain the lowest warming of 0.95° K for the 160km resolution, which
then steadily increases by about 0.01° — 0.03° K with every refinement step of the
horizontal grid. An exception is the 20km resolution for which the warming is on
par with the 10km resolution. For the lack of difference between the 10km and the
20km resolution we can however not draw final conclusions because after 2 years of
integration time, none of the model simulations is in equilibrium yet. The reason for
the differences in the warming at the five different model resolutions can be clearly
tracked down to the strength of the mesoscale eddy field. This can be best seen for
the model resolutions higher than 40km for which the strong increase in warming after
150 days of integration time is lead by the strong increase in EKE that was discussed
previously in this section.

The effects of the mesoscale eddy field on the vertical heat distribution are also found
for the lower 1000 meters of the channel, see figure 4.4 b). While the averaged potential
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Figure 4.4: The change in the averaged potential temperatures compared to the initial
temperature profile is shown for the upper 500 meters (a), and for the lower 1000 meters
(b) for the entire integration time of 2 years and different model resolutions: 160km
(red), 80km (orange), 40km (blue), 20km (green), 10km (black)

temperature in the lower 1000 meters is constant for the 160km resolution, the values
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fluctuate for the higher model resolutions with an eventual cooling at the end of the
integration time. This cooling becomes stronger with increased model resolution. The
cooling is suspected to result from a lack of warming of the deeper layers when the
warmer waters at the northern boundaries are constantly advected by mesoscale eddy
activity instead of being diffused to warm the surrounding deep waters.

4.5 Estimation of the Problem-specific Stochastic Process
{th(pz)}l€N

For the channel experiment described in the previous section, we want to perform the
estimation of a problem-specific stochastic process { X, (p;) }ien that could be used in
the goal error estimation procedures described in 4.2.1. As we do not yet have an
adjoint model of the ICON-Ocean model that could provide an adjoint solution for
the required timescales of weeks to months, we aim at deriving a stochastic process
for the stochastic-physics ensemble error estimator that corresponds to our stochastic
dual-weighted error estimator (4.5). Because we do not work with the linear, adjoint-
based error estimator but instead create an ensemble of perturbed model simulations
at the chosen low model resolution, the stochastic process {X¢, (p;)}ien needs to be
even stronger constrained to behave physically sound, as unphysical behavior now has
a direct negative impact on the underlying flow.

The chosen structure of the stochastic process is described in 4.2.2, but the task to
calculate the local truncation error and estimate the required parameters p, remains
and is described in this section.

First, the calculation of the local truncation error is discussed that we need for the
estimation of the parameters p;. We discuss the local truncation error and how we
can represent it in our model. We show that the usual approach that we described in
(4.30) to simply insert the complete true state vector into the timestepping operator
S is not applicable and we discuss alternatives.

Afterwards, we analyze the stochastic process and its derivation in the following way.
First, we thoroughly describe the parameter learning process and the choices made, in
order to guarantee that the parameters are robust estimates. Then we analyze the
resulting structures of the random vectors Xy, (p;). In a first step, we compare the
spatial structure of the local truncation error to realizations of the spatial structure
we obtain for the random vectors Xy, (p;). For this, we compare snapshots of both
spatial structures and discuss their patterns, value ranges and the general visual im-
pression. In a second step, we discuss how these spatial structures are connected in
time by the stochastic timestepping scheme of the stochastic process. This is done by
analyzing a realization of the stochastic process in the context of the ensemble-type
error estimator described in 4.2.1. We describe the impact of the stochastic forcing on
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the channel circulation, and discuss the differences between the temporal evolution of
the local truncation error and the stochastic process by numerical as well as analytical
arguments.

To estimate the required parameters, we use the parameter learning algorithm 3.4
we developed in chapter 3 for the shallow-water flows. The algorithmic steps to obtain
the parameters of the stochastic process have been proven to work successfully and we
find that they only need to be slightly adjusted to work in our 3D environment. This
adjustment is not about conceptual changes but we now estimate different stochastic
quantities and thus the fourth step of the processing step of the described learning
algorithm needs to be extended. The changes are that the parameter set p; is now a
associated with the full local truncation error instead of its temporal fluctuations, and
additionally to our standard stochastic quantities, variance and mean, we now need
estimates of the correlation matrices for the spatial structure of the local truncation
error and an estimate of the correlation coefficient for the time-correlations of the local
truncation error.

In the estimation of all of these stochastic quantities we make use of the zonally-
symmetric structure of the channel to increase the number of available observations
of the local truncation error at each timestep. The idea is that the local truncation
error values in a specific latitudinal band are treated as independent observations of
the same random variable, which as a result largely increases the available observations
per random variable in a given timestep. This is especially important for the esti-
mation of the correlation matrices such as the matrix for the surface structure Cg,,. s
that requires a large amount of observations because a necessary condition for the
Cholesky-decomposition is that the number of observations is larger than its dimen-
sion. The dimension, however, is dependent on the chosen model resolution for the
channel experiment.

We need to choose two model resolutions, one coarse resolution model for which we
eventually want to perform goal-oriented error estimation, and its high-resolution ref-
erence model resolution. As coarse model resolution, we choose the 40km resolution
model, as this is targeted to be the new standard resolution for future ocean models
in climate simulations. Also, this is the coarsest resolution at which we obtained a
significant mesoscale eddy field. As a corresponding high-resolution reference model
resolution that will be known for the near-initial-learning period to estimate the pa-
rameter set p; from, we choose the 10km model resolution, a model resolution which is
considered to be eddy-resolving. The local truncation error will contain the differences
between these two model resolution by insertion of the 10km model solution, denoted
by ga, 10km, into the 40km model operator.

The parameter estimation process is started after about 340 days of integration time,
which corresponds to 24500 timesteps at the 40km resolution. This time-window is of
interest because the flow already has a fully developed mesoscale eddy field (see figure
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4.3), but at the same time the temperature field is in transition into a mean warming of
the upper layers of the channel and a cooling for the deeper layers (as shown in figures
4.4 a) and b)). A suitable stochastic process { X, (p;)}ien would have to be able to
represent the connection between the differences in warming respective cooling and the
strength of the mesoscale eddy field at different model resolutions.

4.5.1 The Representation of the Local Truncation Error

For our 3D ocean model, we find the straightfoward formulation of the local truncation
error by (4.30) that uses all model variables to be not applicable. We will illustrate the
problem we encountered with this formulation and propose an alternative formulation
of the local truncation error that is then shown to be valid for an eddying flow regime
driven by density differences.

We implement the local truncation error (4.30) calculation as a cycle that is oper-
ated while running the model. We assume that we have already obtained a timeseries
of corrected model states until timestep ¢ — 1 and we are at the i-th timestep. The
cycle then starts with correcting the current state variables of the 40km resolution
model at the i-th timestep, i.e. add the difference between the true 10km model state
at timestep ¢ and the model state at timestep ¢ as a forcing term. Second, with the
corrected 40km model states at timestep ¢ and ¢ — 1 we can apply Sa once to obtain
SA (Pa (q(z,ti)), Pa (¢(x,ti—1))) from which we can calculate the local truncation er-
ror. Third, we correct the 40km model state at timestep ¢ + 1 by the true 10km model
state at timestep ¢ + 1 and move to the next timestep ¢ + 2.

The Local Truncation Error using the Full State Vector

We use the described cycle to create the local truncation error by correcting all state
variables at the same time. However, as a result we obtain unphysical values for the
local truncation error which can be traced back to the surface elevation variable n. To
isolate the effect, we only correct the surface elevation variable 7 in the local truncation
error calculation and show snapshots of the resulting temperature fields in which the
unphysical behavior occurs (figure 4.5). The effects are however not limited to a specific
timestep but occur frequently at every timestep. The highest temperature values are
found at the surface at 40N in figure 4.5 a), and we argue that these temperature
values indicate artifacts in the solution. This is because we obtain values larger than
19.0°C, with the maximum value being 19.38°C, where the maximum temperature in
the channel in the absence of an additional temperature forcing can only be 18.5°C by
construction. These artificial temperature are found to occur throughout the channel
and not just at the northern boundary. They can just not be easily identified as such
because they can be easily mistaken as mesoscale eddies. For instance, in the vertical
cross-section in figure 4.5 b), the vertical extend of the surface heating at 10S,70F
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is shown. It strongly resembles the temperature undulations due to mesoscale eddies.
However, these temperatures in the surface layer can grow larger than 18.5°C', the
heating is strongly confined to the surface, and it is several degrees warmer than its
surroundings. What we have not shown here is that these high temperatures are not
transported to this specific location, but they just occur seemingly random in the flow
and must thus be a consequence of our applied correction of the surface elevation. The
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Figure 4.5: Potential Temperature of height-corrected simulation at 40km resolution
for (a) the surface layer and (b) a vertical cross-section at 70E at timestep 24487.

presence of these artifacts in the temperature variable would of course then also be
present in the local truncation error which means that many of the indicated errors in
the model solution could just be artifacts.
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A Temperature-based Local Truncation Error Representation

We thus need an alternative formulation of the local truncation error that bypasses
the correction of the surface elevation variable n. As an alternative, we choose to omit
the corrections for the surface elevations 7 and the velocities vn entirely from the lo-
cal truncation error calculation. The omitted variables have to follow the changes in
the temperature field, and we show this to be a suitable assumption for the channel
flow that is for the most part density-driven. The local truncation error and thus the
stochastic process { Xy, (p;)}ien then only consist of the the temperature variable .
We show that, for the channel experiment, our choice to only take into account the
temperature variable in the calculation of the local truncation error is justified. To-
wards that aim, we compare the resulting surface elevation fields n from the 10km
high-resolution reference solution to the n fields of a 40km model resolution solution
whose temperature variable is corrected to the corresponding true value from the 10km
reference solution at the beginning of each new timestep. If the resulting 40km model
solution is close to the 10km reference solution in the model variable 7, we consider
the assumption to omit the surface elevation field n and the velocity field vn to be
justified. For the comparison, we show snapshots of the surface elevations 1 from the
same timestep for the 10km resolution and the temperature-corrected 40km resolution
in figure 4.6. To get a better picture for the changes in the surface elevation, we ad-
ditionally show the original field at a 40km model resolution and show difference plots
between the two different 40km solutions and the 10km solution in figure 4.7. From
figure 4.6 we can see that the temperature-corrected 40km resolution field and the 10km
reference resolution field generally show a very similar pattern for the entire surface
layer. Although similar, the temperature-corrected 40km field is generally weaker and
differs in the details, i.e. it differs in the exact position and shape of the surface ele-
vations. However, in comparison to the uncorrected 40km resolution surface elevation,
the full impact of the temperature correction in the 40km resolution solution becomes
visible. Although both are being run using the same 40km resolution grid, we can state
that there is not much of a resemblance between the uncorrected and the temperature-
corrected fields. Where the uncorrected 40km resolution field does not indicate much
of a mesoscale eddy field, the temperature-corrected 40km resolution flow in contrast
clearly indicates a geostrophically-turbulent flow. This interpretation is strengthened
by the difference plots in figure 4.7. The difference between the uncorrected 40km so-
lution and the 10km solution (figure 4.7 a) can be up to 1m, which is exactly double
compared to the maximum difference between the temperature-corrected 40km solution
and the 10km solution (figure 4.7 b) of 0.5m. The difference is not just significantly
smaller, the difference in surface elevation also looks much smoother, indicating that
much of the high-resolution dynamics are represented, the effects are just represented
consistently weaker. We find these results to be a general description, regardless of
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Figure 4.6: Snapshot of the surface elevation na after 24487 timesteps of integration
time at (a) the 10km high-resolution reference resolution, (b) the 40km model reso-
lution, and (c) the 40km model resolution whose temperature values are corrected by
the 10km reference resolution values at the beginning of each timestep. The channel is
mapped to [180W, 180E] x [40S,40N].
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the chosen timestep. The temperature-corrected 40km resolution solution is thus un-
doubtedly much closer to the 10km resolution solution than it is to the uncorrected
40km resolution solution. We conclude that the temperature variable conveys enough
information about the 10km resolution flow to reliably correct the 40km resolution
flow. Omitting the surface elevation 1 and the velocities vn from the calculation of the
local truncation error is thus justified. This holds especially true if one is eventually

interested in error estimates for temperature-based goals.

(a)

Original 40km Surface Elevation Difference
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Figure 4.7: Snapshots of differences in the surface elevation na after 24487 timesteps
of integration time between (a) the 10km high-resolution reference resolution and
the original 40km solution, (b) the 10km high-resolution reference resolution and the
temperature-corrected 40km solution, whose temperature values are corrected by the
10km reference resolution values at the beginning of each timestep. The channel is
mapped to [180W, 180E] x [40S,40N].
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4.5.2 Learning the Parameters of the Stochastic Process

We now follow the four algorithmic steps that are part of the processing cycle of algo-
rithm 3.4.

Step 1: Separate the Flow into Different Dynamical Flow Regimes

The first algorithmic step of the processing step is the separation of the flow into dif-
ferent dynamical flow regimes. We choose to separate the channel flow into latitudinal
bands and to separate their vertical layers. We choose each latitudinal band to have the
width of a grid cell, which means each band extends only over one band of temperature
variables that all reside on the same latitude. We denote the number of resulting lati-
tudinal bands by # Lats and number them consecutively from the first latitudinal band
at the southern boundary of the channel to the #Lats’s band at its northern boundary.
The total number of chosen dynamical flow regimes is then #Lats - #layers. For the
channel at 40km resolution the number of latitudinal bands is #Lats = 31 and the
channel consists of 32 vertical layers, which makes 992 dynamical flow regimes, which
we denote by the su