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Abstract

Adjoint-Guided Adaptive Mesh Refinement for Hyperbolic Systems of Equations

Brisa N. Davis

Chair of the Supervisory Committee:
Professor Randall J. LeVeque
Applied Mathematics

One difficulty in developing numerical methods for time-dependent partial differential equa-
tions is the fact that solutions contain time-varying regions where much higher resolution is re-
quired than elsewhere in the domain. The open source Clawpack software implements block-
structured adaptive mesh refinement to selectively refine around propagating waves in the AMRClaw
and GeoClaw packages. In particular, GeoClaw is widely used for tsunami modeling, the applica-
tion that motivated this work.

For problems where the solution must be computed over a large domain but is only of interest
in one small area (e.g. one coastal community when doing tsunami modeling, or the location of a
pressure gauge when doing acoustics modeling), a method that allows identifying and refining the
grid only in regions that influence this target area would significantly reduce the computational cost
of finding a solution. The adaptive mesh refinement approach currently implemented in AMRClaw
and GeoClaw often refines waves that will not impact the target area. To remedy this, we seek a
method that enables the identification and refinement of only the waves that will influence the
location of interest.

In this work we show that solving the time-dependent adjoint equation and using a suitable in-
ner product with either the forward solution, or the estimated one-step error in the forward solution,
allows for a more precise refinement of the relevant waves. We present the adjoint methodology

first in one space dimension for illustration and in a broad context since it could also be used in



other adaptive software, and for other tsunami applications beyond adaptive mesh refinement. We
then show how this adjoint method has been integrated into the adaptive mesh refinement strategy
of the open source AMRClaw and GeoClaw software and present linear variable coefficient acous-
tics and tsunami modeling results showing that the accuracy of the solution is maintained and the
computational time required is significantly reduced through the integration of the adjoint method
into adaptive mesh refinement. The adjoint method is compared to adaptive mesh refinement meth-
ods already available in the AMRClaw software, and the advantages and disadvantages of using
the adjoint method are discussed. Other capabilities of the adjoint method such as focusing on
specific time ranges of interest, sensitivity analysis, and source impact analysis and design are also
presented. The new algorithms are incorporated in Clawpack and code for the examples presented

in this work is archived on Github.
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Chapter 1
INTRODUCTION

1.1 Motivation

Hyperbolic systems of partial differential equations appear in the study of numerous physical phe-
nomena involving wave propagation. Methods for numerically calculating solutions to these sys-
tems of PDEs have broad applications in many disciplines. Complicating the development of
numerical methods for solving these systems is the fact that solutions often contain discontinuities
or localized steep gradients. A variety of adaptive mesh refinement (AMR) techniques have been
developed to allow the use of much finer grids around discontinuities or localized regions need-
ing higher resolution, which generally propagate as the solution evolves. Nonlinear hyperbolic
problems that produce shock waves often require AMR in regions that can be easily identified by
computing the local gradient. But AMR is also often extremely useful for linear hyperbolic equa-
tions with smooth solutions, particularly when the solution is of interest over some small region
relative to the size of the computational domain. Examples motivating this work include modeling
tsunami propagation over the ocean (for which linearized shallow water equations are suitable until
the waves reach shore) and earthquake modeling, where linear elasticity equations are generally
used. In both cases spatially varying coefficients in the PDE lead to scattering and reflections that
can make it difficult to predict which portions of the domain must be refined at any given time in
order to capture the waves that will ultimately reach the location of interest.

In this work I focus on the implementation of AMR in the Clawpack software [30, 77], and
on methods for achieving targeted AMR by using the adjoint method. This open source software
has been developed since 1994 and can be applied to almost any hyperbolic PDE in 1, 2, or 3

space dimensions by providing a Riemann solver, the basic building block of the high-resolution



Godunov-type finite volume methods that are employed [10, 66, 68, 69]. The AMRClaw pack-
age of Clawpack uses block structured AMR as developed in [16, 13] and adapted to the wave-
propagation algorithms used in Clawpack in [15]. The AMR software is also used in the GeoClaw
variant of Clawpack developed for modeling tsunamis, storm surge, and other geophysical flows
(e.g. [14, 71, 78]).

A key component of any AMR algorithm is the criterion for deciding which grid cells should
be refined. Before this work, four different criteria were available in AMRClaw and GeoClaw for

flagging cells that need refinement from one level to the next finer level. These are:

e a Richardson extrapolation error estimation procedure that compares the solution on the
existing grid with the solution on a coarser grid and refines cells where this error estimate is

greater than a specified tolerance,

o refining cells where the gradient of the solution (or an undivided difference of neighboring

cell values) is large,

e refining cells where the surface elevation differs significantly from sea level (this refinement

criteria is specific to GeoClaw for tsunami modeling), or

e some other user-specified criterion that examines the current solution locally.

In general these approaches will flag cells for refinement anywhere that a specified refinement
tolerance is exceeded, irrespective of the fact that the area of interest may be only a subregion of
the full solution domain. To address this, recent versions of AMRClaw and GeoClaw also allow
specifying “refinement regions,” space-time subsets of the computational domain where refinement
above a certain level can be either required or forbidden. This is essential in many GeoClaw
applications where only a small region along the coast (some community of interest) must be
refined down to a very fine resolution (often 1/3 arcsecond, less than 10 meters) as part of an
ocean-scale simulation. GeoClaw simulations often use 6 or 7 nested levels of refinement, starting

with a resolution of 1 or 2 degrees of latitude/longitude over the entire computational domain.



This might be refined to 4-minute or 1-minute resolution around the propagating waves, and then
refined to successively higher resolution around the target region, where the finest grids may be
1/3 arcsecond for inundation studies. The target location where the highest levels of refinement
is required can be specified directly by the user. These AMR regions can also be used to ensure
that the simulation only refines around the waves of interest. However, since the regions are user-
specified, placing them optimally often requires multiple attempts and careful examination of how
the solution is behaving. This generally necessitates the use of coarser grid runs for guidance,
which adds computational and user time requirements. This manual guiding of AMR may also fail
to capture some waves that are important. For example, a user may determine, based on a coarser
grid run, that a portion of a wave is heading away from the region of interest and therefore forbid
excessive refinement in that area in an effort to save computational time. However, this portion
of the wave may later reflect off a distant boundary or material heterogeneity, causing it to have
an unexpected impact on the region of interest. Alternatively, edge waves may be excited that
propagate back and forth along the continental shelf for hours after the primary wave has passed.
This challenge in tsunami modeling was the original motivation for our work on adjoint-based
refinement, which we are also incorporating into the more general Clawpack software [30]. Geo-
Claw is based on the AMRClaw branch of Clawpack, a more general code that implements adap-
tive mesh refinement in both two and three space dimensions (which has now been extended to one
space dimension, as a part of this work). Other applications where adjoint-based refinement could
be very useful include earthquake simulation, for example, where the desire might be to efficiently
refine only the seismic waves that will reach a particular location. For any problem where only a
particular area of the total solution is of interest, a method that allows specifically targeting and re-
fining the grid in regions that influence this area of interest would allow for computational savings

while also ensuring that the accuracy of the solution is preserved.

1.2 Contributions of this work

In this work we are concerned with the question of how best to refine the computational domain to

capture the portions of the propagating waves that will eventually impact a target location, without



over-refining waves that will not. We present a general approach to using the adjoint equation
to efficiently guide adaptive refinement in this situation, and describe an implementation of this
approach in the Clawpack software. In this work we show acoustics examples, where the region
of interest might be dictated by the placement of a pressure gauge or other measurement device.
We also explore the use of adjoint methods in tsunami modeling by incorporating them into the
open source GeoClaw software that is widely used for tsunami simulation, see e.g. [14, 49, 71],
where the target location is likely dictated by a community of interest or the location of a tide
gauge. However, the methods presented here could be applied to any problem or software that uses
time-dependent AMR.

For a hyperbolic PDE, the adjoint equation is another (closely related) hyperbolic PDE that
must be solved backwards in time, starting with a disturbance at the location of interest. Waves
propagating outward in this adjoint solution indicate the portion of the domain that can affect the
solution at the location and time of interest. Taking a suitable inner product between the forward
solution (or an estimate of the local error in the forward solution) and the adjoint solution allows
us to determine what regions need to be refined at each earlier time.

Adjoint methods are often used in conjunction with the numerical solution of differential equa-
tions for a variety of purposes, such as computing sensitivities of the solution to input data, solving
inverse problems, estimating errors in the solution, or guiding the design of a computational grid
to most efficiently compute particular quantities of interest. We present a detailed description of
the adjoint method and its background in chapter 2, but in this work we focus primarily on one
particular use: guiding adaptive mesh refinement (AMR) to efficiently capture the waves that will
impact a particular “target location,” by which we mean a specific location we are interested in. In
the case of a tsunami modeling example this could be a location where we want to compare with
available DART buoy or tide gauge data, or a portion of the coastline where we wish to compute
inundation.

We show linear variable coefficient acoustics problems in this work because in this case the
adjoint equation is independent of the forward solution, and can be computed a priori before

solving the forward problem. We also develop the adjoint method for the shallow water equations,



since these can be linearized about the ocean at rest to yield an equation that is valid in deep
water. Since in this case a single linearized equation is valid across the ocean in deep water, the
adjoint is again independent of the forward solution and can be solved before solving the forward
problem. The adjoint problem is generally solved on a much coarser grid than will be used for
the forward problem, so that this adds relatively little computational expense. For a nonlinear
hyperbolic PDE, an adjoint problem can still be defined, but involves linearizing about a particular
solution of the forward problem. For nonlinear problems, making full use of the adjoint to guide
adaptive refinement might require iterating between approximations to the forward and adjoint
problem as the forward problem is better resolved in appropriate regions. The work reported
here could form the basis for such an extension, and has already proved very useful in its own
right for the applications mentioned above. We also assume that the coefficients of the equations
we consider vary in space but not in time. Time-varying coefficients could be handled in much
the same way if the focus is on a single output time of interest, but in most practical cases the
coeflicients are time-invariant and hence the equation is autonomous in time. This makes it easy to
extend the approach to handle problems where the solution at one spatial location is of interest over
a range of times, which is the situation in the examples mentioned above, for example. The adjoint
solution needs to be computed only once over a sufficiently long time period, and snapshots in time
of this one solution can be used to guide the adaptive refinement regardless of the time period of
interest.

In two space dimensions (with obvious modifications for 1 or 3 dimensions), a linear hyperbolic
system with coeflicients varying in space typically takes one of two forms, either the conservative

form
qi(x, y, ) + (A(x, y)q(x, y, 1) + (B(x,y)q(x, y, 1)), = 0, (1.1)
or the non-conservative form

q1(x, y, 1) + A(x, y)q.(x, y, 1) + B(x,y)q,(x, y,1) = 0. (1.2)

Of course eq. (1.2) differs from eq. (1.1) only if the coefficient matrices, A(x,y) and B(x,y), vary

in space. Often the same physical system can be modeled by equations of either form, depending



on what variables are chosen to make up the vector g(x,y, ). For example, linear acoustics can
be written in the form eq. (1.1) as a system of 3 equations where g models small disturbances of
density and momenta in the x- and y-directions. Alternatively the same acoustics problem can be
modeled in the form eq. (1.2) (with different coefficient matrices) if instead the system is written
in terms of pressure and velocities. Clawpack can be used to solve equations in either form. This
is important to note since if the original equation is in one form then the adjoint equation takes the
other form. As derived below in chapter 2, the adjoint equations arise from an integration by parts

and hence if the original equation is eq. (1.1) then the adjoint equation is

Qt(xa ya t) + A(X, y)qu(x’ y7 t) + B(X, y)TCA]y(X,y, t) = 0’ (13)

while if the original equation is eq. (1.2) then the adjoint equation is

4i(x, 3, 1) + (ACx, )" 4(x,y, D) + (B(x, )" 4(x,y, 1)), = 0. (1.4)

When solving the original time-dependent PDE, which we will call the “forward problem”,
generally we have initial data specified at some initial time 7, and the problem is solved forward
in time to find the solution at the target location at some later time #; (or, more typically, over
some time range of interest). The adjoint equation (derived in chapter 2, and more specifically for
particular forward problems in chapter 6) must then be solved backwards in time from the final
time 7, to the initial time 7. The “initial ” data for the adjoint equation, which must be specified
at the final time, is non-zero at the target location and then spreads out into waves as the adjoint
equation is solved. The key idea is that at any intermediate “regridding” time ¢,., between #, and
t, the only regions in space where the forward solution could possibly affect the target location
at time 7, are regions where the adjoint solution is nonzero. Moreover, by computing a suitable
inner product of the forward and adjoint solutions at time ¢, it is possible to determine whether the
forward solution at a given spatial point will actually impact the target location at the final time
tr, or whether it can be safely ignored. Alternatively, by computing a suitable inner product of an
error estimate in the forward solution and the adjoint solution at time ¢,, it is possible to estimate

how much the error at a given spatial point will affect final accuracy at the target location. This



information can then be used to decide whether or not to refine this spatial location in the forward
solution.

In short, the contributions of this work are:

e The development of the use of the continuous adjoint method to guide adaptive mesh refine-

ment (AMR).

e Implementation of this adjoint guided AMR in the context of AMRClaw.

e Implementation of adjoint guided AMR in the context of GeoClaw.

e Novel use of the continuous adjoint for the shallow water equations to:

— guide AMR,

— identify waves that contribute to the data seen at a tide gauge in a particular time interval

of interest, and

— do sensitivity analysis and source design.

e The development of a one-dimensional version of AMRClaw, to enable better performance

analysis on the code base.

e Analysis of computational performance of the adjoint guided AMR methods relative to AMR

methods previously used in AMRClaw and GeoClaw.

1.3 Overview

To develop a framework for the work presented here, I first introduce some of the background of
the adjoint method in chapter 2. This chapter introduces the uses of the adjoint in literature, some
of the terminology and important distinctions that are present in the adjoint method work, and
the mathematical derivation of the adjoint equation first in the context of an algebraic system of

equations and then for a general time-dependent linear equation. Both the forward and the adjoint



problem are solved using finite volume methods, so a short introduction to the basic terminology
and methods is presented in chapter 3. This chapter introduces the forms equations must take for
them to be solvable using the methods presented in this work, and the algorithms used to solve the
equations.

We first introduce various methods for determining where to apply AMR in chapter 4, some of
which have been implemented in AMRClaw and GeoClaw already and some of which were newly
implemented in the Clawpack framework for this work. This chapter presents more detail on the
adjoint equation and how it can be used to guide AMR, and expands the basic adjoint method to
take into account the approximated error in the calculated solution at each time step. The material
throughout this chapter is generally applicable to any adaptive mesh refinement software.

Specifics on implementing this new method in the context of Clawpack are presented in chap-
ter 5. This includes various considerations that need to be taken into account due to the nature of
the algorithms in Clawpack and AMRClaw, and describes the new algorithms that were developed
to solve and use the adjoint problem to guide adaptive mesh refinement.

The governing equations for the examples shown in this work are given in chapter 6. These
are the linear variable coefficient acoustics equations in one and two dimensions as well as the
shallow water equations. The derivation of the continuous adjoint problem for these equations is
shown, and a discussion of how to solve the Riemann problem for these forward problems and
their adjoints is given. Examples of the adjoint method applied to the one- and two-dimensional
variable coefficient linear acoustics equations are given in chapter 7, as well as an analysis of the
computational performance of this method relative to the previously available AMR methods in
Clawpack. I first consider one-dimensional problems (one space dimension plus time) for ease of
exposition and because it is informative to view the solutions in the x—¢ plane in this case. The
ideas extend directly to more space dimensions, as illustrated by the two-dimensional examples
presented. This work could serve as a basis for an extension to three-dimensional problems, which
would follow directly from the work presented here. Finally, examples of the adjoint method
applied to tsunami modeling are given in chapter 8. This chapter not only presents the novel use of

the continuous adjoint method to guide adaptive mesh refinement for tsunami modeling, but also



has examples that highlight various different capabilities of the adjoint method such as focusing on
time ranges of interest, sensitivity analysis, and source design.

Much of the new work presented in this thesis appears in publications as well. Large portions of
chapter 2, the basics of the methods presented in chapters 4 and 5, and the tsunami example given
in section 8.1 appeared in [35]. That publication also contained a one dimensional shallow water
equation example, which was used to illustrate the areas that would be refined by using adjoint-
flagging even though no adaptive mesh refinement was actually utilized. The one-dimensional
version of AMRClaw that was developed as part of this thesis was completed after [35] was pub-
lished. Therefore, rather than including the one dimensional example from [35] that did not use
AMR, one dimensional examples using adaptive mesh refinement are included in section 7.1 of
this thesis. A second publication which contains the majorities of chapters 4, 5 and 7 is currently

in preparation [34].
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Chapter 2

ADJOINT METHOD

In this chapter, we introduce the adjoint method in the context of linear algebraic equations and
then extend the method to more general systems of equations. Common uses of the adjoint method
in literature are presented, and the basic framework for how we plan on using the adjoint in this

work is developed.

2.1 Use of the adjoint in literature

Adjoint equations have been used computationally for many years in a variety of different fields,
with wide ranging applications. A few examples include weather model tuning [55], automobile
aerodynamics [89], and geodynamics [23]. The adjoint equations have been used in design meth-
ods for aeronautics, like laminar flow control [2]. A good overview of adjoint design methods for
aeronautical applications can be found in [86]. Adjoint equations have even been used for seismic

and tsunami inversion [3, 19].

Because of the wide use of the adjoint equations, and the great variability of the fields that it
has been accepted into, the adjoint equations have also been used with a wide variety of numerical
methods. For example, adjoint equations have been used with Monte Carlo methods to follow a
tracer in an advection-diffusion equation [22], with finite volume methods for rotor blade design

[81], and with spectral-element methods for seismic tomography [109].

The majority of the work with the adjoint equations, however, can be slit up into three main

categories: sensitivity analysis, error correction, and adaptive mesh refinement.
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2.1.1 Sensitivity analysis

The mathematics behind how the adjoint can be used for sensitivity analysis is discussed in sec-
tion 2.3 for an algebraic system of equations and in section 2.4 for a system of linear equations, but
for now note that if the adjoint method gives the sensitivities of an output functional of interest to
any changes in the input then this can determine which variables in the input need to be optimized.
The use of the adjoint equation for optimization had its beginning in the 1970s [74]. It was first
used in the field of fluid mechanics by Pironneau [95], who referred to the vector containing the
variables for the adjoint equation as the co-state vector. He also used the adjoint in the areas of

profile optimization in Stokes flow and shape design for elliptic systems [94, 96].

Jameson pioneered the effort to use the adjoint for potential flow equations in the field of aero-
dynamics design optimization [57]. He has since expanded his work to also consider shape design
in viscous compressible flow [59, 58]. The adjoint equation has also been used for optimization
in the context of the Navier-Stokes equations in 2-dimensions [39], and even on unstructured grids
[87]. It has also been used for optimization with the 3-dimensional Euler equations [39]. All of

these, however, were focused on steady state (time-independent) problems.

More recently, there had been some advances in using the adjoint method for time-dependent
optimization problems. Rumpfkeil and Zingg developed a general framework for using the discrete
adjoint for unsteady flows [101], and Nielsen used the adjoint method for time-dependent unsteady
flows on dynamic grids [88]. A time-dependent adjoint problem has also been used in the context

of aerodynamics design optimization [63].

The capability of the adjoint to compute sensitivities of a functional of interest to changes
in the input data has also lead to adjoint equations being utilized for system control in a wide
variety of applications. A general approach for using the adjoint method for optimal control of free
boundary problems is presented by Marburger [80], who tests his method against a Navier-Stokes
equation problem. Work with time-dependent flow control problems has also begun to appear in the
literature recently. For the time-dependent case, Bewley gives an excellent review for flow-control

problems [18]. Of particular interest to this dissertation, Sanders and Katopodes use the adjoint
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method with the shallow water equations to compute the sensitivities of the problem to changes in

the input data in the context of water wave control in rivers and estuarine systems [104].

2.1.2  Error estimation and reduction

In the context of a priori error estimation the use of adjoint equations, or duality arguments as
they are sometimes called in this field, can be traced to the work of Aubin [7]. More recently, the
literature has focused on a posteriori error estimates, with the goal being to improve the accuracy
of the solution by finding appropriate correction terms. As in the field of sensitivity analysis, the
majority of the work using the adjoint method has been for steady-state problems. Giles and Suli
provide a good overview of the use of the adjoint method for a posteriori error analysis, with an
emphasis on finding appropriate correction terms for the calculated solution or on finding error
bounds on the final solution accuracy [52].

A technique based on solving an adjoint problem to estimate the error in a quantity of interest
given a functional of the solution was developed by Eriksson et al. [40, 41, 42]. Also, motivated
by the applications in computational fluid dynamics, Pierce and Giles used the adjoint equations
to relate the local errors in approximating the solution to a flow problem to the corresponding
global errors in the final functional of interest [92]. Using this in combination with an estimation
of the local residual error produced a correction for the solution approximation that resulted in
significantly improved accuracy. They applied this method to the Poisson equation in one and two
dimensions and for the nonlinear quasi-one-dimensional Euler equations. This approach has since

also been used in the field of aerodynamics [11].

2.1.3 Guiding adaptive mesh refinement

The adjoint equation has also been used to guide adaptive mesh refinement. Typically the basic
approach is to estimate the error in the calculated solution, determine the significance of that error
by using the adjoint equation, and then refine the mesh appropriately.

Drawing from the use of the adjoint in optimal control, Becker and Rannacher used the adjoint
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equation to relate the global error to errors in the physical quantities of interest for the particular
problem being considered, and then used these a posteriori error estimates to refine or coarsen the
mesh [11]. The field of computational fluid dynamics motivated Venditti and Darmofal, who used
this same basic approach for a standard, second-order, finite volume discretization of the quasi-one-
dimensional Euler equations [110]. Both isentropic and shocked flows are considered. They then
extended their approach to two-dimensional inviscid and viscous flows [111, 112]. Park extended
the methods presented in [111] to three-dimensional problems in the area of computational fluid
dynamics [90].

Notably, the adjoint method has been used to guide adaptive mesh refinement in connection
with finite volume methods. In the finite volume literature this approach is known as output-
based mesh adaptation, although perhaps a clearer term would be adjoint-error based mesh adap-
tation. Nemec et al. apply the adjoint method to mesh refinement for a Cartesian finite volume
code [85, 84]. Park presents adaptive mesh refinement results for compressible flows, achieved by
merging the adjoint method and a finite volume method [91]. However, in all these works steady
state problems are solved and the adjoint problem takes the form of another steady state problem,
typically yielding a large sparse system of linear equations to be solved.

By contrast, in our time-dependent problem the adjoint equation will also be time-dependent,
and must be solved backwards in time. Note that this is a more expensive problem than the time-
invariant problems the adjoint equation has been working with previously, due to the fact that there
is not a single time-invariant adjoint solution but rather the problem requires computing and saving
adjoint snapshots at various times.

Within the finite volume community adjoint-error based mesh refinement has begun to be used
for unsteady problems. For example, temporal-only adaptation and space-time adaptation in the
context of aerodynamics have been explored in [79] and [44] respectively. Similarly, the adjoint
method has been used to calculate the error in the solution in an effort to determine how often to
conduct blockwise time and space refinement [25].

Work with the compressible Navier-Stokes equations has been done for both static domains

[76], and deforming domains [62]. This method has even been extended into the realm of general
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coupled time-dependent systems [6]. They derived an adjoint-based a posteriori error representa-
tion for parabolic problems, and a time-space refinement strategy based on the fact that they can
distinguish between temporal and spatial errors.

Other examples include [62] and [76] who use the adjoint method to guide AMR for both spatial
and temporal grid refinement for the Navier-Stokes equations and [64] who applies this method to
the compressible Euler equations. All of these examples work with the discrete adjoint formulation,
whereas in this work we derive the continuous adjoint and then discretize this hyperbolic system
using the same finite volume methods as used for the forward problem. A discussion of the benefits

and disadvantages of the continuous and discrete adjoint approaches are in section 2.2.

2.1.4 Geosciences and the adjoint method

The adjoint method has been used in the geosciences for data assimilation [75, 26, 48, 27], pa-
rameter identification [9, 37], wave and flood control [38, 103, 102], seismic and tsunami source
inversion [3, 19], and seismic tomography [109]. [93] presents an approach for using the adjoint
method for tsunami source inversion. Since then, work has been done on finding the tsunami
source based on buoy measurements and water heights [19, 61]. The discrete adjoint method has
even been extended to do tsunami source inversion given inundation data [47]. Using the adjoint
method for goal-oriented error estimation was first adapted from the field of computational fluid
dynamics to geophysical models by [99]. They followed the methods used in computational fluid
dynamics rather closely, adhering to the use of the discrete adjoint and using the calculated errors
as correction terms for the forward solution. In fact, all of these works using the adjoint method in
the field of geosciences used the discrete adjoint formulation.

The use of the continuous adjoint method in the context of geosciences to guide adaptive mesh
refinement is novel to the work presented in this dissertation. Previously, the continuous adjoint
approach had been used for the shallow water equations to perform sensitivity analysis with the
goal of wave control [104]. Since the publication of our first journal paper using the continuous
adjoint equations for the shallow water equations, Lacasta et al. has published work also using the

continuous adjoint equations for the shallow water equations — which they used to control their
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internal boundary conditions [65].

2.2 Discrete and continuous adjoint methods

Computationally there are two different varieties of the adjoint method: the discrete adjoint ap-
proach, where the PDE is first discretized and the adjoint system is derived by algorithmic dif-
ferentiation of this discretization, and the continuous adjoint approach, where the adjoint of the
original continuous mathematical equation is first derived and then discretized. The use of the
discrete and the continuous adjoint systems varies by field, but generally computational work has
focused on the use of the discrete adjoint. For instance, optimality conditions for aerodynamic ap-
plications have been derived from a continuous approach [17, 5] but the computer implementations
have generally followed the discrete approach in this field [4].

[46] presents a comparison between the continuous and discrete adjoint for quasi-one-dimensional
flow, and [82] develops a comparison between the discrete and continuous adjoint formulations for
automatic aerodynamic optimization. [4] conducted a performance analysis between the discrete
and continuous adjoint methods and found that they agreed far from the surface being considered —
recall that this is in the context of aerodynamics so they were considering a surface in both inviscid
and viscous flows. Based on their analysis they posited that in the limit of infinitely small mesh
size the two approaches would agree throughout the computational domain.

In general, one of the main advantages of the discrete adjoint approach is that the equations are
discretely adjoint to the discrete versions of the original (forward problem) equations. This means
that the derivatives obtained are consistent with the finite-difference gradients. However, [82] found
that the difference between the finite-difference gradients calculated by these two adjoint methods
is small and that the cost of deriving the discrete adjoint is greater than the corresponding cost of
deriving the continuous adjoint. Therefore, they argue for the use of the continuous adjoint method.
Moreover, the continuous and discrete adjoint approaches have been shown to give comparable
results in the area of aerodynamic shape optimization [83].

Nevertheless, the discrete adjoint formulation is still most commonly used and algorithms for

this formulation continue to be developed [51]. In fact, for some problems (e.g. to obtain precise
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error estimates, or for optimization or control problems), it is crucial that the adjoint equations
solved be the adjoint of the discretized forward problem. For this reason the majority of the existing
mesh adaptation algorithms using the adjoint method are based on the discrete adjoint approach —
since most mesh adaptation algorithms rely on relating the local error in the solution to the global
error in a functional of interest, and doing so arises more naturally in the context of the discrete
adjoint [43]. However, in the context of mesh adaptation for steady state problems the continuous
and discrete adjoint approaches have been shown to give comparable results [72].

Determining the boundary conditions for the adjoint PDE can be difficult for some problems
and limits the ability to use the continuous adjoint approach, although progress has been made in
simplifying the derivation of the boundary conditions for this approach [72]. As a work-around,
[73] introduces a hybrid approach for computing sensitivities in time-dependent problems where
AMR is used. They propose a nested system, where the continuous adjoint formulation is used
to compute the inner grid and the discrete adjoint computes the outer grid. This approach also
allows them to use mesh refinement when solving the adjoint problem, which cannot be used when
solving the adjoint problem that arises from the discrete adjoint method since the problem does not
remain consistent with the original forward problem if the mesh is refined.

In our work we are primarily interested in identifying regions in space where the grid for
the forward problem should be refined and for this the continuous adjoint approach appears to be
sufficient and is much easier to implement in the context of Clawpack. For the hyperbolic equations
we consider we will see that the boundary conditions can be easily obtained analytically, which
also allows us to use the continuous adjoint. Moreover, we will show that the adjoint equation for
a hyperbolic system of equations written as a PDE is also a hyperbolic PDE, which can be solved

by the same finite volume methods using Clawpack as are used for the forward problem.

2.3 Adjoint method for linear systems

For readers not familiar with the concept of an adjoint equation, it may be easiest to appreciate
the power and limitations of this approach by first considering the solution to an algebraic system

of equations, beginning with a linear system of the form Ax = b, where A is an invertible n X n
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matrix, b is a given vector with n components, and the solution is x = A~'b. In practice such
a system is best solved by Gaussian elimination, requiring O(n*) operations when A is dense for
each system solve. When A is sparse with semi-bandwith 8, Gaussian elimination without pivoting
would require O(nS?) for each solve. Suppose that we are not interested in the full solution x but
only in one component, say x;. In general we must still solve the full system to determine x;. But
now suppose we want to do this for many different sets of data b, or that we wish to determine the
sensitivity of x; to changes in any component of b. In these situations the adjoint equation can be
very useful since it requires solving only a single system of equations rather than many systems.

More generally, suppose that we only care about J = ¢’ x = 37| ¢,x;, where ¢ is some specified
vector with n components. In particular if ¢ is the unit vector with ¢; = 1 and ¢; = 0 for i # k, then
¢' x = x, the case considered in the previous paragraph. The adjoint approach works for more
general ¢, i.e. when we only care about some scalar quantity of interest that can be defined as a
linear functional applied to x.

For the linear system Ax = b, the adjoint equation is the linear system A”% = ¢, where the
vector ¢ is now used as the data on the right hand side and we solve for X, the adjoint solution.
The matrix AT is the transpose (also called the adjoint) of the matrix A, with elements (A7), i=Aj.
This is also an n X n invertible matrix so this problem has a unique solution £ = A7 ¢. The matrix
AT is the inverse of the transpose, which agrees with the transpose of the inverse.

The adjoint solution can now be used to compute J(b), the value of the functional ¢’ x, where

x solves Ax = b, by using elementary linear algebra:
Jb)=¢"x=¢p"A"'b=(ATp) b =1"b. 2.1)

Note that once we have solved the adjoint equation for X, we can compute J(b) for any data b
without solving additional linear systems. We need only compute the inner product 27b = 3%, %,b;,
which requires only O(n) operations.

Moreover, we can also compute the sensitivity of J(b) to a change in any component b; of the

data. Differentiating eq. (2.1) with respect to b; shows that

dI(b) _

. 2.2
o, Xi (2.2)
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in other words the components of the adjoint solution are exactly the sensitivities of J to changes in
the corresponding component of 5. We could have estimated the sensitivity 0J(b)/0b; by varying
b; slightly and solving a perturbed linear system, but we would have had to solve n such linear
systems to estimate all the sensitivities. The adjoint equation computes them all simultaneously
through the solution of a single linear system.

This can be useful in a variety of different fields. As an example, in tsunami modeling we
may wish to compute the sensitivity of the tsunami observed at our target location to changes in
the data, e.g. to changes in the seafloor deformation if we are using a gradient-based optimization
algorithm to solve an inverse problem to match observations (see [19] for one such application to
tsunami source inversion). Or we may want to determine what potential source regions around
the Pacific Rim give the largest tsunami response at a particular target location (such as Pearl
Harbor, as considered in a study by [105]). Rather than solving many forward problems, this can
be determined with a single adjoint solution.

One limitation of the adjoint approach is that changing the target location is analogous to chang-
ing the vector ¢ defining the quantity of interest J(b) in the linear system problem, and a new adjoint
solution must be computed for each location of interest.

Another limitation is that the adjoint approach is most easily applied to a linear problem. If we
replace the linear system Ax = b by a nonlinear system of equations f(x) = b that defines x for data
b, then we can still use an adjoint approach to compute sensitivities of J(b) = ¢ x to changes in
b, but we must first linearize about a particular set of data b with solution % and can only compute
sensitivities due to small changes in b around b. The adjoint equation then takes the form of a
linear system where the matrix A is replaced by the Jacobian matrix of the function f evaluated at

X.
2.4 Developing the continuous adjoint equation

Suppose g(x, ) is the solution to the time-dependent linear equation (with spatially varying coeffi-
cients)

qi(x, 1) + A(x)g(x,1) =0, a<x<b, tH<t<ty (2.3)
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subject to some known initial conditions, g(x, fy), and some boundary conditions at x = a and x = b.
Here g(x, 1) € R™ for a system of m equations and we assume A(x) € R™" is diagonalizable with
real eigenvalues at each x, so that eq. (2.3) is a hyperbolic system of equations.

Now suppose we are interested in calculating the value of a functional

b
J= f @' (x)q(x, tr)dx (2.4)

for some given ¢(x). For example, if ¢(x) = 6(x — xo) then J = g(xo, ty) is the solution value at
the point x = x at the final time 7. This is in fact the situation we consider here, with the delta
function smeared out around the region of interest for the computational approach.

If g(x,t) € R™ is any other function then multiplying this by eq. (2.3) and integrating yields

t b
ff f @T(x, 1) (q/(x, 1) + A(x)g(x,1))dxdt =0 (2.5

for any time #y < t;. Then integrating by parts twice yields the equation

b b
f §"q|! dx + f ! §" Aq|] di - f ! f q" (9, +(A7g) )dxdr = 0. (2.6)
Iy a

a to

By defining the adjoint equation,
qi(x, 1) + (AT (0)q(x, 1)), = 0, 2.7)

setting g(x, 1) = ¢(x), and selecting the appropriate boundary conditions for g(x, ) such that the

integral in time vanishes, we can eliminate all terms from eq. (2.6) except the first term, to obtain

b b
f §"(x,t0)q(x, tp)dx = f q" (x, to)q(x, to)dx. (2.8)

The boundary conditions necessary for the integral in time to vanish vary depending on the problem
being studied, and are discussed in more detail below. Given eq. (2.8), the integral of the inner

product between g and ¢ at the final time is equal to the integral at the initial time 7y:

b
J= f §" (x, 0)q(x, to)dx. (2.9)

Note that we can replace 1 in eq. (2.5) with any 7 so long as 1y < t < t;, which would yield eq. (2.9)

with 7, replaced by ¢.
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Note that it is also possible to use adjoint equations to compute sensitivities of J to changes in

the input data, by using the equation

w:ffmm@@@m. (2.10)

This has led to the adjoint equations being utilized for system control in a wide variety of appli-
cations such as shallow-water wave control [104] and optimal control of free boundary problems
[80]. As a simple example, if we take ¢(x) = G(x, t) to be a delta function then this adjoint method
approach would provide us with the sensitivity of a single solution point to changes in the data
q(x, tp). This is also useful in solving inverse problems and potential applications of this approach
in tsunami modeling are being studied separately.

Regardless of whether we are interested in the value of J or 6/, note that we are interested in
computing the inner product between ¢ and some other vector (specifically ¢ and g, respectively)

at some time ¢. Therefore, more generally, we are interested in the integral

ffwnﬁme 2.11)

where the vector g(x, ¢) is determined by what we are trying to calculate. In this work we will use
the adjoint equation developed above to guide adaptive mesh refinement, as is described in detail

in chapter 4.
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Chapter 3
FINITE VOLUME METHODS

In this chapter, we review the fundamentals of finite volume methods for hyperbolic conser-
vation laws. This will provide a framework for the numerical methods that will be used for the
methods developed in chapter 5 as well as the applications presented in chapters 7 and 8. More

details on the topics presented briefly here can be found in [69, 67, 70, 10].
3.1 Hyperbolic systems of conservation laws

3.1.1 Systems of conservation laws

The work presented here focuses on an important class of homogeneous hyperbolic equations
called conservation laws. As a simple example, consider the one-dimensional conservation law

(written as a PDE)
q:/(x, 1) + f(q(x,1)), =0 (3.1)

were f(q) is called the flux function. Conservation laws such as this one typically arise from

physical laws in an integral form, stating that for any two points x; and x,,

d (™

7 q(x, dx = f(q(x1,0) = f(g(x2,1)). (3.2)

X1
Simply put, each component of g measures the density of some conserved quantity, and eq. (3.2)
states that the total mass of this quantity between any two points can only change due to the flux
past the endpoints. Provided that ¢ and f(gq) are sufficiently smooth, the PDE in eq. (3.1) can be
derived from the integral equation, eq. (3.2). For details on this, the reader is referred to [69].
Now consider a system of m conservation laws in d dimensions,

dqg L 0f;
U , 320 _

0, 3.3
ot (9)61' ( )

J=1
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where g € R™ is a vector with m components representing the unknowns we wish to determine,
f(g(x,1)) € R™ is a vector containing the flux for each of those unknowns, and x € R? corresponds

to the spatial dimension.

3.1.2  Hyperbolic systems of conservation laws

We are interested in the wave propagation in conservation laws of the form eq. (3.3), which is
typically observed when the system is hyperbolic. To define the hyperbolicity in the context of the

systems of conservation laws we are considering, we being by rewriting eq. (3.3) as a quasi-linear

system
d
dq
= ; (3.4)
where 71 = (ny, -+ ,n,) € RY is a unit vector,
d
A g) = ) A9, (3.5)
j=1
and
of;
A - 3.6
j)) ( aq) (3.6)

is the Jacobian of the j* dimension flux f;(g).
Consider the linear case, f(g) = Ag where A is a constant m X m real matrix. Then our

conservation law eq. (3.1) becomes
q/(x, 1) + Aq(x, 1) = 0 (3.7)

which is a constant-coefficient linear system. This system is called hyperbolic if the matrix A has
real eigenvalues and a corresponding set of m linearly independent eigenvectors.

For the nonlinear case, the system given by eq. (3.4) is hyperbolic at a state g provided that for
all unit vectors 71 the matrix A(71, g) is diagonalizable with m real eigenvalues and a complete set of
m linearly independent eigenvectors. In this case, any vector in R” can be uniquely decomposed
as a linear combination of these eigenvectors. This is used extensively in Clawpack to decompose

a problem into distinct waves, which is discussed in more detail in section 3.3. The eigenvalues
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must be real because they represent the corresponding wave speeds. This decomposition capability
is also used to solve the adjoint problem, which is explained in detail for linear variable coefficient

acoustics equations and for the shallow water equations in chapter 6.

3.1.3 Conservation vs. nonconservation form

There are several forms that a hyperbolic system might take, which present themselves naturally in

different contexts. For instance, consider a variable coefficient system
g: + A(x)gx = 0. (3.8)

A similar system is
g: + (A(x)q), = 0, (3.9)

where now the matrix A appears in the x derivative. If this were a constant-coefficient problem,
A(x) = A, then these two equations would be identical. However, in the variable coefficient case
the equations have different solutions. For a particular physical problem it may be possible to
derive an equation of either form eq. (3.8) or eq. (3.9) by varying how the vector q is defined. For
examples and more details, the reader is referred to [69].

Equations of the form eq. (3.9) are said to be in conservation form, in contrast to equations of
the form eq. (3.8) which are said to be in non-conservation form. Two-dimensional equations in
conservative and non-conservative form were presented and discussed in eqs. (1.1) and (1.2). The

significance of this distinction is explained in section 3.3.
3.2 Riemann problems and shock waves

A Riemann problem is a hyperbolic equation together with initial data that is piecewise constant

with a single jump discontinuity. For a one dimensional system it takes the form

q:(x, 1) + f(q(x, 1), =0

q ifx<0
go(x) =
qr ifx>0
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where ¢; and g, are constant state vectors.

One of the solutions that can arise from Riemann problems is propagating shock waves. We
can use the integral form of the conservation law to determine the shock speed in terms of the two
states g; and g, that are to the left and the right of the shock. Suppose that the solution exhibits a
single shock at x = s(¢). Also, assume that x; < s(f) < x, where x; and x, are the two points in
eq. (3.2). Finally, let g(x;) = ¢; and g(x,) = g,. Then we can rewrite eq. (3.2) as follows

s(1) X2
d—t( f q(x,t)dx + f q(x, t)dx) = f(q) - f(g,)

X1 s()

s(t) X
qis'(t) — q,5'(t) + f q:(x, Hdx + f q:(x, dx = f(q) — f(g,),

X1 s()
where | have used the Leibniz’s rule for differentiation under the integral sign. If we let x; — s(7)
and x, — s(¢) then both of the remaining integral terms vanish, since g, is smooth before and after

the shock. Therefore
s’ (qi = q») = f(a@) - f(q,) (3.10)

is the equation for the shock speed, s'(¢). This is called the Rankine-Hugoniot jump condition.

If the system of equations is linear, f(q) = Ag, the Rankine-Hugoniot condition becomes

SO (q—q) =A@ —q) (3.11)

which means that ¢, — g, must be an eigenvector of the matrix A, and the shock speed s'(¢) is
the corresponding eigenvalue. This is the motivation behind requiring that A be hyperbolic: the
eigenvalues must be real because they represent the physical propagation velocities for waves,
and the corresponding eigenvectors must be linearly independent so that waves can be uniquely
decomposed as linear combinations of the eigenvectors.

It is also in this context that the importance of having an equation in conservation form becomes
clear: it can be written as the integral form of a conservation law, as in eq. (3.2). For solutions
involving shock waves, the integral form is more fundamental than the differential equation and
forms the basis for the derivation of the Rankine-Hugoniot conditions that govern the form and

speed of shock waves. For nonlinear problems, if the equation is not in conservation form then
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extra conditions are needed to be able to decompose the waves as unique linear combinations of
the eigenvectors.

In the case of a system of equations eq. (3.3) can be rewritten in integral form by integrating
over an arbitrary domain Q in d-dimensional space. Let w = (wy, - ,wy) be an outward unit

normal vector to Q. Then applying the divergence theorem to eq. (3.3) gives

d d
E]g;qu+;£gfj(q)wjd5 = 0. (3.12)

This equation implies that the change of the quantity ¢ in time within Q is determined by the flux

of g through the boundary 0Q.

3.3 Godunov’s method

A finite volume method is based on dividing the domain Q into grid cells. Consider the one
dimensional case, for the sake of simplicity. The goal is to keep track of the integral of ¢ over each
of these grid cells, and update it appropriately using the calculated flux through the endpoints of
the cell. Let the ith grid cell be denoted by

Ci = (Xi—1/2, Xiz1/2)

where the discrete points (x;,1,) are given by x; = iAx, t, = nAt. The numerical solution Q7 at

(x;, t,) will approximate the average value over the ith cell at time #,:

Q?=i f q(x, 1,) dx (3.13)
Ax Je.

where Ax = X112 — Xi_12 18 the length of the cell.

Applying the integral form of the conservation law eq. (3.2) to the grid cell C; gives

d
Ef g(x,0ydx = f(q(xic1/2,1) = f (g (Xiv1)2, 1)) - (3.14)
Ci

Using this equation we wish to approximate Q"*' given Q7, and thereby be able update the approx-

imate cell average Q! from one time step to the next. Integrating eq. (3.14) in time gives

Tn+1

In+1
f q(x, tye1)dx — f q(x,t,)dx = f(q(xic1j2, 1)) dt — f (g (xi412. 1)) dt.
C; C; ty

th
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Dividing by Ax gives
1[( the1)d lf (x,t,)d (3.15)
A n AL sIn)ax .
Ax Cin, +)dx =27 c,»qx
1 I+l Tn+1
| [ ratemm a- [ G al.
X th In

Let the numerical flux function F”

i1, be some approximation of the average flux at x;_; »:

Tn+1

Filip= A7 f (g (xiz12, 1)) dt. (3.16)
tJ;,
Then using our numerical solution Q7 and rearranging allows us to rewrite eq. (3.15) as follows:

71 /1 At n n
o' = Qr - Ax (Fi+1/2 - Fi—1/2)' (3.17)

The specific method obtained depends on how we select the formula for the numerical flux func-
tion. For hyperbolic problems information propagates at finite speeds, so it is reasonable to assume
that the flux will depend on the values Q7 and Q? ,. Therefore, we will consider formulas of the

form

Fly,=F(QL,0). (3.18)
For more details on the implications of selecting different numerical flux functions, please see
[69]. To actually calculate the solution Q"*! given the solution at the previous time step we will be
considering the Riemann problem between each pair of grid cells. Solving these Riemann problems
will require describing the jump in the solution vector between neighboring cells in terms of the

eigenvectors of the matrix A of the conservation law.

3.3.1 Wave propagation form

For a linear system of equations, we can develop simple equations describing the jump in Q as a
sum of waves that will propagate into the cells being considered. This is particularly useful when
solving hyperbolic systems that are not in conservation form. Consider the nonconservative system
given in eq. (3.8). If the system is linear, and we assume that A(x) is diagonalizable at each point
X, we get

A(xi_1)2) = R(xio1 ) A1 )R (xi212)
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where R(x;_1,2) is the matrix of eigenvectors and A(x;_;/2) is the diagonal matrix of eigenvalues
at the grid point x,_;,. Recall that, since we are focusing on hyperbolic systems of equations, all
of the eigenvalues are real and we have a full set of linearly independent eigenvectors. Then the

jump in the solution vector can be expressed as a linear combination of the eigenvectors, r of

A(Xi12),

>l 1/2’

— Qi = Z“z 12Yi-12 = Z(W, 12> (3.19)

where we have defined the set of waves W" that will be advected with the velocity given by the

-1/2

corresponding eigenvalue. The coefficients o/ , are given by

a/f—l/z = R (xi-12) (Qi — Q1) -

Note that for this approach to yield a conservative algorithm it must be the case that

Ain12(Qi = Qi-1) = fi(Q) = fie1 (Qic1) (3.20)

which is just a rewriting of the Rankine-Hugoniot condition we saw in eq. (3.11).

3.3.2  Flux-based wave decomposition

For spatially varying fluxes, or for systems in conservation form like eq. (3.9), we can instead
consider using a flux-based wave decomposition. The basic idea is to decompose the flux difference
[(Q) — fi-1(Q;-1) into waves, rather than the difference in the solution vector Q as was used in
eq. (3.19). Similarly to how we decomposed the difference in the solution vector, here we will

write the flux difference as a linear combination of the eigenvectors r/ | 12

£(Q) = fi1 (Qiy) = Zﬂ, s = Zzl ) 3.21)

where coefficients 37| |, are given by

=R "(xiz12) (i (0 = fio1 (Qic1))

For an example of when using the wave propagation form will give an incorrect solution to the

Riemann problem while the flux-based wave decomposition gives the correct solution see [10].
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It is interesting to note the relationship between this approach and the wave-propagation de-
composition described above. Note that if eq. (3.20) is satisfied then multiplying eq. (3.19) by
Ai—l/2 YICIdS

m
FQ) = fr Qi) = D el ol (3.22)
p=1
since r{_ | , is an eigenvector of A;_1/>. Therefore, Z} | , = A7, , W/ ..

3.4 Riemann solvers

Clawpack [30] provides an implementation of these algorithms, along with various high order mod-
ifications and limiters to prevent nonphysical oscillations. The main building block for solving the
system of hyperbolic equations is the Riemann solver, where the jump in the solution vector or the
flux is decomposed into a linear combination of the eigenvectors. Once we have that decomposi-

tion, we have said that
.ﬁ (Ql) - ﬁ—l (Qi—l) = Z Zl['J—l/Z = Z ﬂf—l/Z(Wlp—l/Z (323)
p=1 p=1
This allows us to write Godunov’s updating formula eq. (3.17) as

At
ol = - A (ATAQi12 + A"AQiv1 ), (3.24)

with

m

ATAQ; 1 = Z (/li'p-uz)Jr Wi

p=1
m

ATAQip = Z (/lf_uz)_ Wi

p=1
if we are using wave propagation form eq. (3.19), where A" = max(4, 0) and A~ = min(4, 0), or
ATAQi i = Z 6" (/lf_l/z) Zl,
p=1

ATAQi i = Z o (/157—1/2) Zf—l/z

p=1



if we are using flux-based wave decomposition eq. (3.21), where

1 if1>0
ot () = , o ()=
0 if1<0

1
0

if1<0

if1>0

29



30

Chapter 4
ADAPTIVE MESH REFINEMENT

This chapter contains the basics on how adaptive mesh refinement is accomplished in Claw-
pack, as well as the methods that are currently available for selecting which cells to refine (referred
to as flagging the cells for refinement). How the adjoint method can be used for flagging cells for

refinement is also presented.

4.1 Adaptive mesh refinement in Clawpack

The block-structured mesh refinement used in AMRClaw consists of a set of logically rectangular
grid patches at multiple levels of refinement. The coarsest level contains grids that cover the entire
domain, with subsequent levels representing progressively finer mesh resolutions. Generally each
level is refined in both time and space to preserve the stability of the explicit finite volume method.
Each level, other than the coarsest level, is properly nested within the grids that comprise the next
coarsest level. For each time step on Level L starting with L = 0 for the coarsest level (and

recursively applying to the finest level L,,.x), the following steps are performed:

1. If L > O then fill ghost cells around each patch at this level (from neighboring Level L

patches, or by interpolating from Level L — 1).

2. Take a time step of length Az, appropriate to this level.

3. If L < L, then

(a) If it is time to regrid, flag cells on Level L that need refining, and cluster these into

rectangular patches to define the new Level L + 1 grid patches.
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(b) Take At /At time steps on all grid patches at Level L+ 1 by recursively applying this

procedure.

(c) Update the Level L solution in regions covered by Level L+ 1 patches by cell-averaging
the finer grid solution, and in cells directly neighboring these patches as needed to

preserve conservation.

We assume the refinement ratio A7, /At; . is an integer, generally equal to the refinement ratio
in space from Level L to L + 1 in order to preserve stability, since Clawpack uses explicit finite
volume methods that require the Courant number be bounded by 1. See [15] for more details on the
steps above, and [16, 13] for general background on this approach. Here, we are concerned only
with step 3(a), and in particular the manner in which cells at one level are flagged for refinement to
the next level. The clustering is then done using an algorithm of Berger and Rigoutsos presented
in [12], which attempts to limit the number of unflagged cells contained in the rectangular patches
while also not introducing too many separate patches. Some buffering is also done so that the
refined patches extend a few grid cells out from the flagged cells. Waves can travel at most one
grid cell per time step, so this ensures that waves needing refinement will not escape from the
refined patches in a few time steps, but in general for a wave propagation problem it is necessary
to regrid every few time steps on each level. The regridding interval and width of the buffer zone
are generally related, and can each be set as input parameters in the code. Because of the need
for frequent regridding, and the desire to minimize the number of needlessly refined cells, the
methodology utilized for selecting which cells to flag will have a significant impact on both the

accuracy of the results and the time required for the computation to run.

4.1.1 Flagging methods available in Clawpack

Prior to this work there were two built-in flagging methods available in AMRClaw, undivided
differences and Richardson extrapolation. Both of these methods flag a cell if the quantity being
evaluated is greater than some specified tolerance. A third flagging method, specific to GeoClaw,

determines whether to flag a cell based on the surface elevation of the water. For all of the methods
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of refinement, if the user has specified limitations on certain regions of the domain (either requiring
or forbidding flagging to occur) then these limitations are also taken into account at the flagging
step in the code.

Undivided Differences. This is the default flagging routine that is used in AMRClaw. This
routine evaluates the maximum max-norm of the undivided differences between a given grid cell
and its two, four, or six neighbors in one, two, or three space dimensions respectively. If this
maximum max-norm is greater than the specified tolerance then the cell is flagged for refinement.
Therefore, this flagging method refines the mesh wherever the solution is not sufficiently smooth.
This approach often works very well for problems with shock waves where the goal is to refine
around all shocks. In this work, we will refer to this flagging method as difference-flagging.

Richardson Extrapolation. This second approach to flagging is based on using Richardson

extrapolation to estimate the error in each cell. For each grid on Level L, this is done by

advancing the current grid a time step, as normal,

e taking an extra time step on the current grid,

e generating a coarsened grid (by a factor of 2 in each direction) and taking one time step on

this grid,

e comparing the solution on these two grids to estimate the one-step error introduced in a
single time step with the current Level L mesh size. Cells are flagged for refinement to Level

L + 1 where this estimate is above a given tolerance.

Note that this approach requires one additional time step on the Level L grid and one time step on
the coarsened grid, relative to difference-flagging. Therefore, it is more expensive than difference-
flagging, but has the advantage of refining based on estimates of the error in the solution rather
than simply anywhere that the solution is not sufficiently smooth. In this work we will refer to this

flagging method as error-flagging.
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Surface Elevation. This flagging method is specific to GeoClaw, and is in fact the default for
that code. It evaluates the surface height of the water in each grid cell (the sum of water depth and
underlying topography), and flags the cell if the difference between the surface height and sea level
for the ocean at rest is above some tolerance. In this work we will refer to this flagging method
as surface-flagging. As described above, cells can also be flagged if they are in a region that
enforces refinement. Defining regions where refinement is either required or forbidden is common
for GeoClaw simulations, due to the large total simulation area (e.g., the Pacific Ocean) and the
level of resolution required to accurately model small regions of interest (e.g., one harbor at 10 m
resolution). In addition, another option in GeoClaw allows flagging where the fluid speed is above

a given speed tolerance.

4.1.2 Flagging using the adjoint method

The use of the adjoint method to guide the flagging of cells for refinement is the focus of this work.
Here a very brief description of how the method can be used for AMR is given, to provide a general
framework for understanding our goal for the adjoint equations. Section 2.4 outlined the derivation
of the equations required for this method in one dimension, which are expanded to two dimensions
in section 4.2. Section 4.3 expands the basic adjoint method to take into account the approximated
error in the calculated solution of the forward problem at each time step. Chapter 5 contains a
detailed description of the algorithms used to implement this method. The end goal of this work is
to determine which regions of the domain need to be refined at any given time by using the adjoint
solution to determine what portions of the current forward solution will affect the target location.

The steps needed to use this flagging method are the following:

1. Determine the appropriate adjoint problem based on the forward problem.

2. Solve the adjoint problem backward in time, saving snapshots of the solution at various

times.

3. When solving the forward problem, at each regridding time:



34

(a) identify the snapshot(s) of the adjoint solution that bracket the current time in the for-

ward solution,

(b) find the value of each of the identified adjoint snapshots at the spatial location of each

grid cell by interpolation,

(c) take a suitable inner product between the forward solution and each of the identified

adjoint snapshots,

(d) and flag each cell if the maximum of these inner products for that grid cell is above a

certain tolerance.

Note that there are several extra steps required for this flagging method, which we will refer to
as adjoint-flagging, when compared to the flagging methods currently available in AMRClaw.
However, much of this has been automated in the work described here, and if the adjoint problem
is solved on a relatively coarse grid then the computational time added by the adjoint solution and
inner products may be small relative to the time potentially saved by refining in a more optimal
manner. Also note that, rather than considering the inner product between the forward problem and
various selected adjoint snapshots, we could instead start from the appropriate adjoint snapshot and
take a few small time steps to get to the time corresponding to the current regridding time for the
forward problem. Since we are trying to minimize the amount of work required while solving
the forward problem, we have selected to go with the method presented above — as it requires
less computations. However, even though the method we have selected is less computationally
intensive, it has proven to be extremely effective in enabling us to guide AMR for the forward
problem.

Finding the appropriate adjoint problem analytically and implementing the adjoint solver is a
one-time cost for each type for forward problem. For example, once the appropriate adjoint prob-
lem is found for the acoustics equations, any acoustics forward problem can use the same adjoint
problem. Note that the adjoint equation is also a linear hyperbolic equation, and can therefore
be solved using the same software as the forward problem. To see how this can be accomplished

see chapter 6 where the adjoint problems are found for one- and two-dimensional linear acoustics
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problems as well as for the shallow water equations.

When using adjoint-flagging we consider two different options when it comes to taking the
inner product, stemming from a slightly different refinement criterion analogous to the difference-
flagging vs. error-flagging described above.

Considering the forward solution. The first option focuses on the magnitude of the forward

solution, and asks the question:

At a given regridding time #,, what portions of the forward solution will eventually affect the target

location?

To answer this question we take the inner product between the forward solution and the adjoint
solution at the appropriate complementary time and flag the cells where this inner product is above
the given tolerance. This has the advantage of flagging only cells that contain information that is
pertinent to the target location and time interval, which is not possible with any of the flagging
methods currently available in AMRClaw and GeoClaw. In this work we will refer to this flagging
method as adjoint-magnitude flagging, which we describe in detail in sections 4.2 and 5.3. While
this is often quite effective, it can be difficult to choose a suitable magnitude tolerance for flagging
cells (relative to the desired accuracy of the solution). Moreover, regions where the inner product is
largest do not necessarily contribute the most error to the final computed solution at the location of
interest. Whether these regions actually require more refinement depends also on the smoothness
of the solution and hence the accuracy of the finite volume solution.

Considering the error in the forward solution. The second option focuses on estimating the

error in the forward solution, and asks the question:

At a given regridding time ¢#,, what portions of the forward solution will introduce a significant

amount of error that will eventually affect the target location?

This is the question we really want to answer in deciding where to refine, but requires more work.
To answer this question we estimate the one-step error in the forward solution using the Richardson

extrapolation algorithm of AMRClaw, take the inner product between this error estimation and the
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adjoint solution at the appropriate complementary time, and flag the cells where this inner product
is above a given tolerance. This method still has the advantage of flagging only cells that contain
information that will reach the target location, but also only if the error estimate indicates that the
error in this part of the solution is signficant on the current grid resolution. However, this flagging
method is slower than adjoint-magnitude flagging because it requires the estimation of the one-
step error in each grid cell using Richardson extrapolation. We will refer to this flagging method
as adjoint-error flagging, and consider it further in sections 4.3 and 5.4 after describing the basic

ideas in the simpler context of adjoint-magnitude flagging.
4.2 The adjoint equation and adjoint-magnitude flagging

Recall that the adjoint equation in one-dimension was presented in section 2.4. Here, we extend that
work to find the adjoint equation in the general context of two-dimensional time-dependent linear
hyperbolic equations, and discuss how the adjoint equation can be used to guide adaptive mesh
refinement. Chapter 5 describes the algorithms necessary to implement this method in AMRClaw
and GeoClaw.

Suppose ¢g(x, t) is the solution to the time-dependent linear equation (with spatially varying

coeflicients)

qr(x,y, )+ A1(x, Y)q(x,y, 1) + Ao (X, ¥)qy(x,y,1) =0, a<x<b, a<y<p, 1ttt (41)

subject to some known initial conditions g(x, y, #y) and some boundary conditions at x = a, x = b,
y = @ and y = B. Here g(x,1) € R™ for a system of m equations, and we assume A(x,y) € R™"
and A,(x,y) € R™™ are diagonalizable with real eigenvalues at each x,y, so that eq. (4.1) is a
hyperbolic system of equations. Note that we have assumed that we start with an equation in the
form eq. (1.2), but we could equally well start with an equation in the form eq. (1.1).

Now suppose we do not care about the solution everywhere, but only about the value of a linear

functional
b B
J = f f @' (x,y)q(x,y, t7)dy dx 4.2)

for some given ¢(x, y) at the final time (or, more typically, over a range of times).
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If g(x,y,t) is an appropriately sized vector of functions then note that

Iy b 3
f f f q" (q: + A1(x.9)gx + Aa(x.y)gy) dydxdt = 0. (4.3)
Iy a a

Integrating by parts three times (in x, y, and ¢) yields the equation

b ﬂ ‘o tf ﬂ tf b
f f i gl dyd + f f 37 Ay (x y)qlidy di + f f & Ax(x. gl d di
a a 1 a 1 a
Lf 1(7) 5 '
- f f f q (@,+(A{<x,y>q)x+(A§<x,y>q)y)dydxdt=0, (4.4)
to a [e%

and if we can define an adjoint problem such that all but the first term in this equation vanishes

then we are left with

b B b B
f f qr(xa Y lf)q(x’ Y, tf)dy dx = f f @T(-x’ Ys tO)q(xa Y, tO)dy dx’ (45)

which is analogous to eq. (2.8) in the one dimensional case. As in the one dimensional case, this
expression allows us to use the inner product of the adjoint and forward problems at each time step
to determine what regions will influence the point of interest at the final time. This requires that

the adjoint equation have the form

G+ (AT 0a) + (A7) =0 (4.6)

over the same domain as the forward problem.
Therefore, the integral of the inner product between ¢ and ¢ at the final time is equal to the

integral at the initial time 7,:

b B
J:f f " (x,y,10)q(x, y, to)dy dx. 4.7)

Note that we can replace 1, in eq. (4.3) with any ¢, at which we wish to do regridding (#y < 1, < t5),
which would yield eq. (4.7) with t, replaced by #,. From this we observe that the locations where
the inner product §(x,y,t,)" q(x,y,t.) is large at the regridding time are the areas that will have a
significant effect on the functional J. These are the areas where the solution should be refined

at time ¢, if we are using adjoint-magnitude flagging. To make use of this, we must first solve
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the adjoint equation eq. (4.6) for g(x,y,t). Equivalently, if we were solving a one-dimensional
problem then we would be interested in the functional J given by eq. (2.4), and from eq. (2.9) we
see that the locations where the inner product §(x,t,)"g(x,t,) is large at the regridding time are
the areas that will have a significant effect on the functional J. This requires using “initial” data
q(x,y,tr) = @(x,y), or g(x,tr) = ¢(x) if we are in one spatial dimension, so the adjoint problem

must be solved backward in time. The strategy used for this is discussed in chapter 5.

4.3 Adjoint-error flagging

To extend the adjoint approach to use adjoint-error flagging, we need to consider the errors being
made at each time step. For the sake of simplicity we will consider the one spatial dimension case,
although the equations presented here extend easily into more spatial dimensions. Let Q(x,t,) be
the calculated solution at #, that approximates g(x, t,,). Then the error in the functional J at the final

time is given by
f §" (x. 1) [0(x 1) = q(x, 1) dx.

Recall that the PDE we solve is assumed to be linear and autonomous in time, and let £(Af) rep-
resent the solution operator over time At, so we can write g(-,t + At) = L(At)q(-,t). For notational
convenience we will also write this as g(x,t + At) = L(Af)qg(x,1), but note that L(A¢) cannot be
applied pointwise, so this is really shorthand for g(x,t + Ar) = [L(Af)q(:, 1)](x). Also note that £
satisfies the semigroup property, L(t, — 1) L(t; — to) = L(t, — tp).

Now let 7(x, t,,) be the one-step error at time ¢,, defined as the error that would be incurred by

taking a single time step of length At, = ¢, — t,,_, starting with data Q(x, t,,_1):

7(x, 1y) = Q(x, ty) — LIAL)Q(x, 1),

which is approximately At, times the local truncation error (LTE). Then the global error grows

according to the recurrence

O(x, 1) = q(x, 1,) = LIAAL)O(X, 1,1) = g(X, 1,1)) + Ty,
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which, together with the assumption of no error in the initial data yields, after N steps,

N
O(x, 1) = q(x, 1) = Y Llty = 1,)T(x, ). (4.8)

n=1
Now note that eq. (2.8) implies that f a7 (x, ty) Lty — t,)g(x, t,)dx = f q" (x,t,)q(x, t,)dx. This
same expression applies if we replace g(x, #,) by any other function of x, since the solution operator

L then evolves this data according to the original PDE. Hence, in particlar,

f §" (x, ty) Lty — t)7(x, t,)dx = f q" (x, t)t(x, t,)dx. (4.9)

Bearing this in mind, we turn back to considering the error in our functional of interest, given

by eq. (2.4). Let E; be the error in our functional at the final time ty = #;:
E,= f q" (x, tn)Q(x, ty)dx — f q" (x, tn)q(x, ty)dx.
Using eqs. (4.8) and (4.9) gives us

E, = f &7 (6, 1) [, ) = (s )] dx

N
f §"(x,ty) D Llty = )7(x, 1,)dx
"~ (4.10)

M=

f@T(X, tn)L(ty = t,)7(x, 1,)dx

n=1
= qu(xv tn)T(x’ t}’l)dx'
n=1

Therefore the error in our functional at the final time is equal to the sum of integrals of the inner
product of the adjoint and the one-step error at each time step. From this we can observe that the
locations where the inner product §” (x, t,)7(x, t,,) is large at the time #, are the areas that will have a
significant effect on the final error. Moreover we can attempt to use estimates of the one-step error
to flag only the cells that contribute excessively to the estimated error in J.

Now suppose we wish to limit the error £, to a maximum value of €. Then we want

N
Z f @T(x, t)T(x, t,)dx
n=1

<e.




40

Note that
N N
AT 1 AT
Z q (x, t,)7t(x, t,)dx| < Z At, q (x,t,)7(x, t,)dx (4.11)
n=1 n=1 Atn
1
< (ty — tp) max AL f|€1T(x, t)T(x, t,)| dx. (4.12)
We can enforce this bound by requiring that
f G (x, t)T(x, 1,)| dx < €At [(ty — t) = €, (4.13)

for each n.
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Chapter 5
IMPLEMENTING THE ADJOINT METHOD IN CLAWPACK

In principle the adjoint-flagging methodology could be used with any software that uses time-
dependent AMR. In this chapter I examine the specifics of implementing it in the context of AM-
RClaw. This chapter discusses the special considerations required for coding the adjoint method

in Clawpack, and the resulting algorithms.
5.1 Solving the adjoint equation

Consider the one dimensional problem eq. (2.3) and recall that the adjoint equation eq. (2.7) has

the form
a+(A"w3q) =0,

where the initial condition for g is given at the final time, §(x, t;) = ¢(x), and is selected to highlight
the impact of the forward solution on some region of interest.
Clawpack is designed to solve equations forward in time, so slight modifications must be made

to the adjoint problem to make it compatible with our software. Define the function

Q(X,i) = Q(.X, tf - i)

for 7 > 0. This function satisfies the modified adjoint equation

Gi—(A"3g) =0 x€la,bl, 7>0 (5.1)
Q(a’i):é\l(a’tf_f) OSfSl’f—fo
q(b, D) = q(b, 1y — 1) 0<7<t;—to

with initial condition g(x,0) = ¢(x) given at the initial time 7, = 0. This problem is then solved

using the Clawpack software. Snapshots of this solution are saved at regular time intervals, 7, =
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0, fj, ---, iy = t; — tp. Note that 7 has the interpretation of time remaining to ¢, which will be
useful when selecting which adjoint snapshots to consider at a given regridding time #.. This is
discussed in the next section.

AMRClaw and GeoClaw can generate output in a variety of different formats, but the current
code assumes that the adjoint solution is being output in the binary format because the files in that
format are significantly smaller. When solving the forward problem, the saved snapshots of the
adjoint solution are retrieved from the appropriate output folder and the adjoint solution g at each
snapshot is saved in an ‘adjoints’ data structure. This structure is then utilized throughout the code
whenever we need to take the inner product between the adjoint solution and either the forward
solution or the Richardson error estimate of the forward solution.

The basic mechanism through which Clawpack solves hyperbolic problems is by using a Rie-
mann solver to calculate the waves generated between each set of adjacent cells at any point in
time. See [69] for more details of the wave propagating algorithms that are used. Therefore, an ap-
propriate Riemann solver is needed for any problem being solved using this software package. For
linear systems the Riemann solution is generally easy to compute in terms of the eigenstructure of
the coeflicient matrix, for either nonconservative or conservative linear systems. We provide details
for the linear acoustics equations in one and two dimensions and for the shallow water equations,
as well as the corresponding adjoint equations, in chapter 6, and the software implementation of

these solvers are available at [33].
5.2 Using adjoint snapshots

With the adjoint solution in hand, we now turn to solving the forward problem. During this solu-
tion process it is unlikely that solution data for the adjoint problem will be available at all the times
needed for regridding, nor will it generally be available on as fine a grid as the forward solution,
since the adjoint solution is generally solved only on a coarse grid. As refinement occurs in space
for the forward problem, maintaining the stability of the finite volume method requires that refine-
ment must also occur in time, which will further exacerbate the issue of adjoint solution data not

being available at the needed spatial and temporal locations. To address this issue, the solution for
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the adjoint problem at the necessary locations is approximated using linear or bilinear interpolation
from the data present on the coarser grid for one- or two-dimensional problems, respectively.
Typically we are interested in a time range, between f; and ¢, at the location of interest rather
than a single point in time. For example, if we were modeling an acoustic wave we could be
interested in the time range between when the first and last waves reach our pressure gauge, or
in a tsunami simulation we are interested in accurately capturing the waves reaching a tide gauge
over some time range. See chapter 8 for more details and examples for this latter application. This
time range comes into play when we are considering which adjoint snapshots to take into account
at each time step of the forward problem. Suppose that we are solving the forward problem from
ty to t; and that we are currently at regridding time ¢, in the solution process. Since the time for
our modified adjoint problem, 7, has the interpretation of being the time remaining to z;, when
evaluating which portions of the current solution will affect the target location at ¢, we need to
consider the modified adjoint at 7 = 7, — #,. Similarly, when evaluating which portions of the
current solution will affect the target location at ¢, we need to consider the adjoint at 7 = 7, — ¢,
(using the fact that the equations are autonomous in time). Because we are actually interested in
evaluating which portions of the current solution will affect the target location in the time range
between ¢, and 7;, we need to consider the adjoint solutions snapshots for which t, — 1, <7 < t;—1,.
This results in a list of adjoint snapshots, 7,, for m = my,m,,--- , M that need to be considered for
each time ¢, that we wish to preform flagging for the forward problem. To be conservative, we

expand the list to include 7, _; (if 7,,, > 0) and fy41 (if 7y <ty — o).
5.3 Implementing adjoint-magnitude flagging

Now that we have a list of adjoint snapshots that we should consider at the regridding time ¢,, we
take the inner product between the forward solution and each adjoint snapshot on our list since we
know from eq. (4.7) that the locations where this inner product is large are the areas that will have a
significant impact on our functional of interest J. (In section 5.4 we modify this to use the one-step
error estimate rather than the forward solution itself.) Since we are concerned with flagging the cell

if any of these inner products exceeds the specified tolerance, we just keep track of the maximum
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inner product calculated at the grid cell we are considering:

max g (x. . £,)q(x. y. 1) (5.2)

form = my—1,my,my,--- , M, M+1. Note that we must save snapshots of the adjoint at sufficiently
dense output times for this to be sufficient.

If this value exceeds the tolerance, the cell is flagged. Algorithm 1 describes in pseudo-code the
basic flagging procedure, although in the actual code base this functionality is spread throughout
various files.

As in the standard AMRClaw and GeoClaw codes, the user must choose a tolerance and some
experimentation may be required to choose a suitable tolerance, related to the scaling of the so-
lution. This form of adjoint-magnitude flagging allows the code to avoid refining regions of the
solution that cannot possibly affect J (the inner product will be indentically zero in such regions).
Moreover, the inner product |7 (x, ¢,)g(x, t,)| can be viewed as a measure of the sensitivity of J to
changes to the solution near x at the regridding time, and hence regions where this is large may
be important to refine. However, just because this is large at some x does not necessarily mean
that the solution is inaccurate at this location and needs refinement. The next section explores the

extension of this approach to incorporate error estimation.
5.4 Implementing adjoint-error flagging

We know from eq. (4.13) that if we wish to limit the amount of error in our functional of interest
J we need to enforce a limit on the integral of the inner product ¢’ (x,1,)7(x,t,), since the areas
where this inner product is large at the time 7, are the areas that will have a significant effect on the
final error in our functional of interest. In the AMRClaw software the Richardson error estimation
procedure described in section 4.1.1 provides an estimate of the one-step error, and this can be used
to approximate the contribution to the error E; (from eq. (4.10)) in the functional that results from
the step at ,,.

Let Q(x;, t,; L) represent the numerical solution in a grid cell at level L, where i ranges over an

index set i € I, giving the indices of cells at this level that are not covered by finer grid patches.
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Only these cells are part of the best approximation to g(x,t,) that is composed of the finest-level
approximation available at each point in the domain. Similarly, let 7(x;, #,; L) be the estimated one-
step error in such a cell, and let O(x;, t,; L) be the numerical approximation of the adjoint solution

interpolated to (x;, #,). Then the error estimate eq. (4.10) for E; can be approximated by

Lmax

E;~Ej = Z Z O" (xi, ty; L)T(x;, 1,3 L) Axy. (5.3)

L=1 el
In practice we choose the maximum refinement level L,,,, in advance along with some desired
tolerance € and hope to achieve an error in J that is no larger than €. This makes the implicit
assumption that if we refined everywhere to the finest level then we would be able to obtain at
least this much accuracy in J. Our goal is to acheive |E;| < e without refining everywhere, by
refining only the areas on each level L where the error estimate is too large. Choosing the optimal
refinement pattern would be an unsolvable global optimization problem over all grids, so we must
use some heuristic to decide what is “too large” as we sequentially refine each level to the next

resolution. We take the approach of trying to enforce

Z O (x;, ty; L)T(xi, 13 L) Axy| < €,/ Lipax (5.4)

icl,
on each level, so that the allowable error is equally distributed among levels. This suggests a way
to flag cells at level L for refinement to level L+ 1: flag cells starting with the one having the largest
error estimate and continue flagging (i.e., removing cells from the index set /;) until the sum of the
remaining estimates satisfies eq. (5.4).

This is still impossible to implement in the context of AMRClaw, where there may be many
patches at each level that are handled sequentially (or in parallel with OpenMP), and instead we

require a pointwise tolerance € so that we can simply flag any cell where
|07 (xi, 1 LyT(xi, 13 L) Axy | > €& (5.5)

One simple choice is €& = (€,/Lux)/(b — a), where (b — a) is the length of the domain, since

2.1, Ac < (b — a). This ignores the fact that in general only part of the domain is refined to level L,
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and so this can be improved by replacing (b — a) by the total length of level L grid patches. This
is the approach we use in the first time step n = 0 to choose the initial grid patches at each level.
This still ignores the fact that in some cells the error will be much smaller than the tolerance, and
hence in other cells a larger error should be allowed. So at later regridding times we choose €~
based on the error estimates from the previous regridding step, assuming a similar distribution of
errors (generally valid since we regrid every few time steps on each level). We save all the error
estimates as each grid patch is processed. At the next regridding time for each refinement level, L,
we sort the error estimates from all of the grids corresponding to level L from smallest to largest
and sum them up until the cumulative sum of the first j sorted errors reaches €,/L,,.., and then set

€F to be the last included term,
e = | Q7 (xj, tu; L)T(x), 13 L) Ax| (5.6)

In the next regridding step we flag any cell on level L for which the pointwise error estimate exceeds

this value.
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Algorithm 1: Flagging Cells For Refinement

Input: Forward solution on some level L < L, at a particular regridding time ¢,, and
adjoint solution snapshots

Output: Flagged cells needing refinement to level L + 1

list = adjoint snapshots at times ,,,, f,n,, - - - fyy such that t, — 1, <17, < t; — 1,

if 7,,, > 0 add adjoint snapshot at time #,,,_; to list

if fyy < ty — t, add adjoint snapshot at time 7, to list

for each grid patch g at level L. do
initialize max inner product to O at each grid point

for each adjoint snapshot in list do
for each grid patch in adjoint snapshot do
if the adjoint and forward patches overlap then

for each cell in grid patch g do
interpolate the adjoint snapshot in space and time to cell center

if using adjoint-error flagging: estimate error in forward solution
calculate appropriate inner product and save if greater than current

recorded maximum
end

end
end
end

for each cell on grid patch g do
if max inner product exceeds tolerance: flag cell

end

end
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Chapter 6
GOVERNING EQUATIONS

6.1 One dimensional variable coefficient linear acoustics

Consider the linear acoustics equations in one dimension in a piecewise constant medium,

pi(x, 1) + K(X)ux(x,1) = 0,

(6.1)
p(Ou(x, 1) + pr(x, 1) =0,
in the domain x € [a, b], t > fy. Setting
0 K )
A(x) = ) and qg(x,1) = pex.0) , (6.2)
I/p(x) 0 u(x, 1)

gives us the equation g,(x, 1) + A(x)g.(x,t) = 0. Here p(x) is the density and K(x) is the bulk
modulus.

The adjoint equation for this forward problem is given by eq. (2.7), but recall that in Clawpack
we will instead solve the modified adjoint equation §, — (A(x)"§), = O that is solved forward in

time (see eq. (5.1)).

6.1.1 Riemann solvers

Recall from chapter 3 that a Riemann problem is the hyperbolic equation of interest together with

initial data that is piecewise constant with a single jump discontinuity, say,
q ifx<0
qo(x) = .
qr ifx>0

where ¢; and ¢, are constant state vectors. For variable coefficient linear problems, the Riemann

problem also assumes that the variable coeflicients have a jump discontinuity at x = 0, e.g., from

p11O Py
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For the acoustics equations g, + A(x)g, = 0 with A(x) given by eq. (6.2), it is easy to compute

that the eigenvalues are
A= —c(x) and 2% = c(x)

where c(x) = 1/K(x)/p(x) 1s the speed of sound in material. We also define the impedance Z(x) =
VK (x)p(x) = p(x)c(x). The eigenvectors for this matrix A(x) are

rl = ~Z(0) an r? = 4x) .

1 1

(6.3)

Note that any scalar multiple of these vectors would still be an eigenvector of A(x). This particular
normalization was chosen for consistency with [69], where many more details are given about
Riemann solutions and the manner in which these are used as the building block for the high-
resolution finite volume methods implemented in Clawpack.

The solution to the Riemann problem for acoustics consists of two waves, a left-going sound
wave with speed —c; and a right-going sound wave with speed c,. The left-going wave moves
into a homogeneous material with impedance Z; and hence the jump in g across this wave is a
multiple of the eigenvector rl1 = [-Z;,1]", while the jump in g across the right-going wave must
be a multiple of r! = [Z,,1]7. Between these two waves the state g,, must be constant across the
jump in material properties at x = 0, or else the resulting stationary jump in ¢ would lead to a delta
function singularity in g, according to the PDE. This structure is illustrated in fig. 6.1.

Therefore, we wish to find ¢, such that

-Z
g-q=a'| [= W, and g -g,=a?| | =W
1 1

for some scalar coefficients ! and o?. If we add these two equations together we get

—Z
g-q=a| |ta
1 1
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This gives us a linear system of two equations to solve for @' and . The solution of this gives us

the decomposition of the jump in g as the sum of the two acoustic waves,

2 2
q-—q = Z alr? = Z(Wfl (6.4)
p=1 p=1

Figure 6.1: Structure of the solution to the Riemann problem for the forward problem, in the x — ¢
plane. The dashed line depicts the interface between two different cells. Between the waves is a
single state ¢,,. For the adjoint problem with initial states ¢; and g, the wave speeds are the same
but there will be two intermediate states g,,; and g, to either side of the dashed line. Figure from

[69].

When solving the Riemann problem for the modified adjoint equation §, — (A(x)?§), = 0 that
is solved forward in time (see eq. (5.1)), the eigenvalues of —A(x)” are the same as the eigenvalues

of A(x), but the eigenvectors are now

o 1 - 1
o= and = : (6.5)
Z(x) —Z(x)
Since the adjoint equation is in conservation form, it is the flux f(g,x) = —A(x)”§ that must be

continuous across x = 0 in order to avoid a singularity, and so g will generally have have a jump

from G,y to G, across x = 0, while f(Gu) = f(Gm) = fi-
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As before, the jJump across each wave is given by an eigenvector of the coefficient matrix from

the appropriate material. Therefore, we have that
r r 1 1 1 r r 2 1 2
n=fi=p| (=<; and  fi—fu=8 =<
Z —7,

are the left-going and right-going waves, for some scalar coefficients 8! and 5. If we add these

two equations together we get
L=f=B" |+8
Z

This gives us a linear system of equations to solve for 8! and 5°. If we define

o' =-u/p, +wlp, & =-K.p.+Kp
then
L Zo' + 6 ,  Zis' = &
i+ Z L+ Z

The solution of this gives us the decomposition of the jump in f as the sum of the two acoustic

waves,
2 2

fi-fi=).Br=>.2Z, (6.6)
p=1 p=1

These so-called f-waves can be used directly in the f-wave version of the wave-propagation algo-
rithms used in Clawpack, as discussed further in [10], or these can be converted into jumps in g as
follows. Since the left-going and right-going waves propagate through constant materials, we have
(by the Rankine-Hugoniot jump conditions) that

__Jn—fay _ B! o _f@) -t B!

qmi — 41 = /lll _C_l Zl ’ qr — q4mi /l% c, Zr s

which allows determining the jumps in g across each propagating wave.
Note that 7, defined in eq. (6.5), is orthogonal to 7*, defined in eq. (6.3), for k = 1, 2. Therefore,

the inner product between the left-going waves for the modified adjoint problem and the forward
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problem will be zero. Similarly, the inner product between the right-going waves for the modified
adjoint problem and the forward problem will also be zero. As we will see in later examples,
this property allows us to correctly ignore parts of the waves from the forward problem that pass
through the waves from the modified adjoint problem but are not headed in the correct direction to
have an impact on our region of interest. This property is also true for the two dimensional systems
of equations that we present in this work.

More complete details can be found in the references cited above, and in the Clawpack code
implementing the examples shown in this thesis which can be found in [32, 33]. In this code base,

the adjoint problem is solved using the f-wave version of the wave-propagation algorithms.

6.2 Two dimensional variable coeflicient linear acoustics

In two dimensions the variable coefficient linear acoustics equations are
iy, 1) + K(x,3) (16, 3,8 + v(x, 3, 2),) = 0,
p(x, Y (x, y, 1) + pa(x,y, 1) = 0, (6.7)

P, yIvi(x, y, 1) + py(x, y, 1) =0,
in the domain x € [a, b], y € [a,B], t > t,. Setting

0 K(x,y) 0O 0 0 K(x,y)
Ax,y)=|1/p(x,y) 0  Of,Blxy=| 0 o 0 | (6.8)
0 0 0 1/p(x,y) O 0
and
p(x,y,1)

q(x,y,t) = {u(x,y, )|
v(x, y, 1)
gives us the equation g,(x, y, 1) + A(x,y)q«(x,y,1) + B(x,y)q,(x,y,1) = 0.
The form of the adjoint equation for this forward problem is given by eq. (4.6), but recall that,

as in the one dimensional case, in Clawpack we will actually solve the modified adjoint equation

g~ (AT )~ (B"(x.0)7), = 0 xelablyelapl, 22 (69



53

that is solved forward in time (see eq. (5.1)).

6.2.1 Riemann solvers

For the acoustics equations g,(x,y,1) + A(x,y)q.(x,y,t) + B(x,y)g,(x,y,t) = 0 with A(x,y) and
B(x,y) given by eq. (6.8), it is easy to compute that the eigenvalues for both A(x, y) and B(x, y) are

A= —c(x,y), =0, 2 =c(x,y),

where c(x,y) = VK(x,y)/p(x,y) is the speed of sound in material. The eigenvectors for A(x, y) are

—Z(x,y) 0 Z(x,y)
= 1 |, rm=lol, rnm=| 1 |
0 1 0

_Z(Xa)’) O Z(xay)
= 0 [, rp=|1l, m=| 0 |,
1 0 1

where Z(x,y) = p(x,y)c(x,y) is the impedance.

The solution to the Riemann problem normal to each cell interface for acoustics in two dimen-
sions consists of three waves. The Riemann problem at the (i — 1/2, j) edge, for example, has a
left-going sound wave with speed —c;_; ;, a right-going sound wave with speed ¢; ;, and a stationary
wave with speed 0. The left-going wave moves into a homogeneous material with impedance Z;_; ;
and hence the jump in g across this wave is a multiple of the eigenvector r; 1y = [=Zia 1, 017,
while the jump in g across the right-going wave must be a multiple of rl.l’j =[Z:;,1,0]".

The decomposition of the jump from ¢; ; to g;_; ; is computed exactly as in the one-dimensional
case, giving us

—Zi-1,j 0 Z;
f]i,j—%'—l,j=6¥1 1 +a*|o|+a’| 1

0 1 0
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for some scalar coefficients !, a?, and o°. This gives us a linear system of three equations to solve
for the scalar coefficients @', @?, @’. The solution of this gives us the decomposition of the jump

in g as the sum of the three acoustic waves,

3 3
Gij—qi1j= ) @’ = > W (6.10)

p=1 p=1
Decomposing the jump in ¢ when sweeping in the y-direction, at say the (i, j — 1/2) edge, follows

the same procedure and can be found in detail in [69].

When solving the Riemann problem normal to each cell interface for the modified adjoint
equation g, — (A(x,»)"q), — (B(x,y)" )y, = 0 that is solved forward in time (see eq. (5.1)), the
eigenvalues of A(x,y) = —A(x,y)" and B(x,y) = —B(x,y)" are the same as the eigenvalues of

A(x,y) and B(x, y), but the eigenvectors for A(x, y) are

1 0 1
Fa=|zZey|,  F=lol,  B=|-Z(x, )|
0 1 0

and the eigenvectors for B(x, y) are

1 0 1
Fp=| 0 |, Fp=|l1|, T=| 0
Z(x,y) 0 —Z(x,y)

As in the one dimensional case, since the adjoint equation is in conservation form, it is the flux
f(Z], x,y) = A(x,y)g that must be continuous across the (i — 1/2, j) edge when sweeping in the
x-direction in order to avoid a singularity, and so between the two waves f,, will be constant across
the (i — 1/2, j) edge, while g will generally have a jump at the (i — 1/2, j) edge.

As before, the jump across each wave is given by an eigenvector of the coefficient matrix from

the appropriate material. Therefore, following the same steps as in the one dimensional case, we
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have that
1 0 1
A;;0ij—AiL1;0im1; = By Zi_yj + B3 (0] + 53 ~Z;; (6.11)
0 1 0

for some scalar coefficients 8}, 53, and 53 . This gives us a linear system of equations to solve for

BL, B4, and B3. If we define

1 2
Op = =i j/pij + Ui1,j/Pi-1js 0y = —Kijpij+ Ki1,jpi-1,

then

1 2
1 _ Zi»jéA + 5A
A — b

Zl,] +Zl—1,]

Zi_1 6} — 6%

2 3
= O’ = ——

This gives us the decomposition of the jump in the flux f as the sum of the three acoustic waves,
3 3
AijQij—Ais1j0i; = Zﬂif’z = Z Zf_l/z’j- (6.12)
p=1 p=1

The left-going fluctuation is given by

ﬂ_AQi—l/Z,j = -Zil_l/z’ja (613)
and the right-going fluctuation is given by

ﬂ+AQi_1/2’j = Z?—l/Z,j' (614)

These so-called f-waves can be used directly in the f-wave version of the wave-propagation algo-
rithms used in Clawpack, as mentioned previously, or these can be converted into jumps in Q as
follows. Since the left-going and right-going waves propagate through constant materials, we have

(by the Rankine-Hugoniot jump conditions) that

| 1 0 ) 1
A A Ba A
Qij— Qi1 = —? Zi1 +(v,~,j - Vi—l,j) o+ . —Zij|-
=1 L]

0 1 0
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Note that for the coefficients of 7' and 7 we have simply divided 8} and 3 by the corresponding
wave speed. However, given that the wave speed corresponding to 7 is equal to zero, some care
must be given for the stationary wave. For more details on how the coefficient for this stationary
wave is found when dealing with the jump in g see [69].

When sweeping in the y-direction it is the flux (g, x,y) = B(x, )" that must be continuous
across the (i, j — 1/2) edge in order to avoid a singularity, and so between the two waves g,, will be
constant across the (i, j — 1/2) edge, while g will generally have a jump at the (i, j — 1/2) edge.

As before, the jump across each wave is given by an eigenvector of the coefficient matrix from

the appropriate material. Therefore, we have that

1 0 1
Bi,jQi,j - Bi,j—lQi,j—l =Bl o [+B3|1|+B3] O
Zij1 0 —Z;

for some scalar coefficients S}, 53, and 55 This gives us a linear system of equations to solve for

By, By, and B3 If we define

1 2
Op = =Vij/pij+ Vij-1/Pij-1, 0p = —Kijpij+ Kij1pij1
then
1 2 1 2
1 _ Zi»JéB + 53 ,82 -0 ,83 _ Zi,j—léB B 53
B — ) B — Y B — — .

This gives us the decomposition of the jump in g as the sum of the three acoustic waves,
3 3
Bij0ij = BijrOijr = ) Boio =D 20 (6.15)
p=1 p=1
The down-going fluctuation is given by
B_AQi,j—l/Z = Zz‘l,j—l/z’ (616)
and the up-going fluctuation is given by

B+AQi,j—l/2 = Z?,j—l/Z' (617)
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Since the down-going and up-going waves propagate through constant materials, we have (by the

Rankine-Hugoniot jump conditions) that

1 1 0 X 1
~ ~ Bg By
Qij—Qij1= —Ci’j_] 0 |+ (Mi,j - ui,j—l) 1|+ ;} 0
Zij1 0 —Zi;

Note that the formulas given by eqgs. (6.12) and (6.15) are essentially the same, except that the use
of the second and third components of Q are switched in the definitions of the coefficients 3!, 52,
and 8, depending on which velocity (« or v) is normal to the surface being considered. In the code

base [33] the f-wave version of the algorithms is used when solving the adjoint problem.

6.2.2 Transverse Riemann solvers

Since we are dealing with two-dimensional problems, we must also consider transverse propaga-
tion. Consider the f-wave splitting given by eq. (6.12) when sweeping in the x-direction. Since to
arrive at eq. (6.12) we were considering the Riemann problem at the (i—1/2, j) edge, the right-going
fluctuation A*AQ;_ s, j» given by eq. (6.14), is flowing into (i, j) cell. This right-going fluctuation,
ATAO;_, /2,j» 18 split into up-going and down-going fluxes BrAANO;_, 52,j and B AAO;_, 52,j that
modify the fluxes above and below the cell (i, j) respectively.

To compute the up-going flux B*AAQ; 1. ; we decompose the right-going flux into eigen-
vectors corresponding to the up-going and down-going waves at the interface (i, j + 1/2). So, we

need to compute

1 0 1
ANQipj=B" 0 [+ |1|+8]| O
Z;; 0 ~Zi j+1

for some scalar coefficients 8!, %, and 3%, where the corresponding wave speeds are —c¢; ;, 0, and

cij+1 respectively. This gives us a linear system of equations to solve for g, 2, and 8. Solving
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this linear system gives

Zijn (»7(+AQ,'—1/2,/)1 + (ﬂ+AQi—1/2,j)2

I _
F= Zijs+2Zj
B =0
~ 1 - 2
5= Z; (ﬂ+AQi—1/2,j) - (»7(+AQ1'—1/2,J')
B Ziji+2Zj

where (ﬂ*AQi_l /2, j)p is the pth element in the vector AAO;_, s2,j- Then the up-going fluctuation

is given by

1
B+~7I+AQi—1/2,j = Ci,j+1ﬁ3 0
~Z; j+1
Similarly, to compute the down-going flux 8~ A*AQ;_,».; we decompose the right-going flux

flowing from the (i — 1/2, j) edge into the (i, j) cell, given by eq. (6.14), into eigenvectors cor-

responding to the up-going and down-going waves at the interface (i, j — 1/2). So, we need to

compute
1 0 1
ﬂ+AQi—1/2,j 2,31 0 +ﬁ2 1 ‘|‘,33 0
Zij 0 ~Z;;

for some scalar coefficients 8', 2, and 8, where the corresponding wave speeds are —c; j_1, 0, and
c;; respectively. This gives us a linear system of equations to solve for 8', 2, and °. Solving this
linear system gives

_ Z; <ﬂ+AQi—1/2J)1 + (ﬂJrAQi_l/z’j)z
B ZijtZij

g =0
1

Zi i ( AN 1), j) (ﬂJ“AQi_l/z,j)2
Zi, Jj + Zi, j—1 .
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Then the down-going fluctuation is given by

1
B AN 12 = —cijoif| 0
Zij1

The left-going flux A~AQ;_, 52,j flowing from the (i—1/2, j) edge into the (i—1, j) cell, given by
eq. (6.13), must be similarly decomposed into up-going and down-going fluxes. When sweeping
in the y-direction it is the up-going and down-going fluxes, B*AQ; ;1> and B"AQ; 1/, given
by eqs. (6.16) and (6.17) and flowing from the (i, j — 1/2) edge into the (i, j) and (i, j — 1) cells
respectively, that must be similarly decomposed into left-going and right-going fluxes. Therefore,

at each cell interface three Riemann problems must be solved:

e one Riemann problem splitting the jump in flux into waves traveling normal to the cell inter-

face, and

e two Riemann problems splitting each of these waves into the two waves traveling parallel to

the cell interface.

Again, more details can be found in the references cited above, and in the Clawpack code

implementing the examples shown in this paper which can be found in [32, 33].
6.3 Two dimensional shallow water equations

One limitation to using the adjoint method is that the adjoint approach is most easily applied to a
linear problem. If instead of the linear systems that we have been considering we have a nonlinear
system of equations then we can still use an adjoint approach, but we must first linearize about a
particular forward solution. Since our linearization will only be valid for small perturbations from
that particular solution, our adjoint problem will also only be valid for small perturbations from
that particular forward solution. Therefore, a nonlinear problem would in principle require some
kind of automated iterative process that linearizes about the current forward solution at regular

time intervals to find the appropriate adjoint problem for that time.
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The GeoClaw software solves the nonlinear shallow water equations, but in this work we re-
strict our attention to the application of tracking waves in the ocean that will reach the target
location. Since a tsunami in the ocean typically has an amplitude that is very small compared to
the ocean depth, these equations essentially reduce to the linear shallow water equations and the
adjoint equation linearized about the ocean at rest is sufficient for our needs. This signifies that a
single adjoint equation, found by linearizing about the ocean at rest, can be used for the entire com-
putation (rather than needing to linearize about the forward solution at regular time intervals, as
would likely be required for a different nonlinear problem). We will see that these adjoint equations
take a very similar form to the linearized shallow water equations, although with slightly different
boundary conditions. If we wanted to compute sensitivies of the nonlinear onshore inundation to
changes in data then we would have to linearize about a particular forward solution, which is not
completed in this work but is an interesting area for future work.

In two space dimensions the shallow water equations take the form

hy + (hu), + (hv)y, =0
(hu), + (hu® + 1gh®), + (huv), = —ghB, (6.18)
(hv), + (huv), + (hv* + 1gh®), = —ghB,.

Here, u(x,y, t) and v(x,y, t) are the depth-averaged velocities in the two horizontal directions and
B(x,y) is the bottom surface elevation relative to mean sea level. Let the water surface elevation be

given by

n(x,y, 1) = h(x,y,1) + B(x, y).

The shallow water equations are a special case of a hyperbolic system of equations,

q/(x,y,0) + f(@)x + g(q)y = ¥(q,x,y) (6.19)

in two dimensions, where ¢ is a vector of unknowns, f(g) and g(g) are the vectors of corresponding

fluxes, and i is a vector of source terms. Equations of this form appear in the study of numerous
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physical phenomena where wave motion is important, and hence methods for numerically calculat-
ing solutions to these systems of partial differential equations have broad applications over multiple
disciplines.

As mentioned above, when tracking a tsunami in the ocean the nonlinear shallow water equa-
tions essentially reduce to the linear shallow water equations. To linearize the shallow water equa-
tions about the ocean at rest, we begin by letting u = hu and y = hv represent the momentum in x

and y, respectively, and noting that the momentum equations from eq. (6.18) can be rewritten as
pe + (hu?) + gh(h + B), + (huv), = 0

i + (huv), + (W?), + gh(h + B), = 0

Linearizing these equations as well as the continuity equation about an ocean at rest, given by a
flat surface # and zero velocity i = 0,7 = 0, with h(x) = 7j — B(x) gives
o+ i+ 5’y =0
fis + gh(x, y)ij, = 0
¥: + gh(x, y)ff, = 0

for the perturbation (7, i1, %) about (7, 0, 0). Dropping tildes and setting

0 10 0 01 n
F(x,y)=|gh(x,y) 0 0|, Gx,y)=| 0 0 0f, gyt =ul, (6.20)
0 00 gh(x,y) 0 0 y

gives us a system of the form of eq. (4.1): q,(x,y,1) + F(x,y)q.(x,y,1) + G(x,y)gq,(x,y,t) = 0.
The form of the adjoint equation for this forward problem is given by eq. (4.6), but recall that in

Clawpack we will actually solve the modified adjoint equation

q,{Fﬁ%w@x—«ﬂuywxzo xelablyelapl, ty=1>1 6.21)

that is solved forward in time (see eq. (5.1)). When modeling tsunamis the correct boundary
conditions to use for the adjoint problem are zero normal velocity at all interfaces between any wet

cell and dry cell so that the boundary terms also drop out of expression eq. (4.4) to obtain eq. (4.5).
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6.3.1 Riemann solvers

In general, GeoClaw solves the two-dimensional nonlinear shallow water equations in the form of
a nonlinear system of hyperbolic conservation laws for depth and momentum. The details of the
Riemann solver in GeoClaw can be found in [50]. Away from coastlines, this solver reduces to a
Roe solver for the shallow water equations plus bathymetry, which means that the eigenstructure
of a locally linearized Riemann problem is solved at each cell interface, making it no more expen-
sive in the deep ocean than simply solving the linearized equations, but also capable of robustly
handling nonlinearity near shore and inundation.

Here, we will focus on describing the Riemann solver used for the linear adjoint problem.
When solving the Riemann problem normal to each cell interface for the modified adjoint equation
G — (F(x,)'§), — (G(x,y)"§), = 0 that is solved forward in time (see eq. (5.1)), with F(x,y) and
G(x,y) given by eq. (6.20), it is easy to compute that the eigenvalues for both F = —F(x,y)” and
G = —-G(x,y)" are given by

Al = —c(x,y), 12 =0, 2= c(x,y),

where c(x,y) = /gh(x,y) is the speed of gravity waves.

The eigenvectors for F' are

C(X, )’) 0 —C(X, y)
Fe=| 1 |, F=l0|, = 1 |
0 1 0

and the eigenvectors for G are

C(.X, )’) 0 —C(.X, J’)
fg=| 0 |, F=1], TG=| 0
1 0 1

Since the adjoint equation is in conservation form it is the flux (g, x,y) = F(x,y)§ that must

be continuous across the (i — 1/2, j) edge when sweeping in the x-direction in order to avoid a
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singularity, and so between the two waves f;, will be constant across the (i — 1/2, j) edge, while g
will generally have a jump at the (i — 1/2, j) edge.
As before, the jump across each wave is given by an eigenvector of the coefficient matrix from

the appropriate material. Therefore, following the same steps above, we have that

Ci-1,j 0 —Ci,j
Fi,jQi,j—Fi—l,jQi—l,j=ﬁ11v 1 +,312r 0 +ﬁ13n 1 | (6.22)
0 1 0

for some scalar coefficients B, 5%, and ﬁ;. This gives us a linear system of equations to solve for

Bt B%, and B3.. If we define

0p = =g (Rijpti; = hiovjpticn ), O = =i+ i

then

1 2
_ 5F + C,"de

Br =

—0L + ¢i_y 0%
2 3 F T Ci-1,j0F
Br =0, Br = .

b
Cijj+ Ci-1,j Cijj+ Ci-1,j

This gives us the decomposition of the jump in the flux f as the sum of the three acoustic waves,

3 3
FijQij—Fi10i1) = Z,B’}?fé = Z Z (6.23)
p=1

p=1

The left-going fluctuation is given by

FAQi-1p) = Z,'l_l/z,j, (6.24)
and the right-going fluctuation is given by

7:+AQ1'—1/2,]' = Z?_l/z,j- (6.25)

When sweeping in the y-direction it is the flux (g, x,y) = G(x,y)’ § that must be continuous
across the (i, j — 1/2) edge in order to avoid a singularity, and so between the two waves g,, will
be constant across the (i, j — 1/2) edge, while g will generally have have a jump at the (i, j — 1/2)

edge.
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As before, the jJump across each wave is given by an eigenvector of the coefficient matrix from

the appropriate material. Therefore, we have that

Ci,j-1 0 —Cij
Gi,jQi,j - Gi,j—lQi,j—l 2,310 0 +,3%; 1 +ﬁ2; 0
1 0 1

for some scalar coefficients B, Bz, and B2 This gives us a linear system of equations to solve for

Be. BZ, and B2 If we define

é%; = —g (ljli,j)/i,j - ]jli,j—lyi,j—l) 5 6%; = _ni’j + ni,j—l

then

1 2
_ 5G + ci,j(SG

Bi =

—61 + ¢; '_162
2 _ 3 _ G L] G
Bs=0, Bo=———_ "

Ci,j+ci,j—l ’ Ci,j+ci,j—l
This gives us the decomposition of the jump in the flux g as the sum of the three acoustic waves,
3 3
GijQij—Gij10ij1= Z,Bf;ff; = szj—l/r (6.26)
p=1 p=1
The down-going fluctuation is given by

G AQijp = Z,-],j_l/g, (6.27)

and the up-going fluctuation is given by
§+AQi,j—1/2 = 'Z?,j—l/Z' (6.28)

6.3.2 Transverse Riemann solvers

Since we are dealing with a two-dimensional problem, we must also consider transverse propaga-
tion. Consider the f-wave splitting given by eq. (6.23) when sweeping in the x-direction. Since to
arrive at eq. (6.23) we were considering the Riemann problem at the (i—1/2, j) edge, the right-going

fluctuation F*AQ, /5, given by eq. (6.25), is flowing into (i, j) cell. This right-going fluctuation
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F*AO;_, /2.j» 1s split into up-going and down-going fluxes GFAO;, pjand G°F *AO;_ 12,j that
modify the fluxes above and below the cell (i, j) respectively.

To compute the up-going flux G*F*AQ;_1)»,; we decompose the right-going flux into eigen-
vectors corresponding to the up-going and down-going waves at the interface (i, j + 1/2). So, we

need to compute

Cij 0 —Ci,j+1
FrAQiip;=B"0|+B8|1|+8] O
1 0 1

for some scalar coeflicients Bl, ﬁz, and ,83, where the corresponding wave speeds are —c; j, 0, and
cij+1 respectively. This gives us a linear system of equations to solve for B!, 2, and °. Solving

this linear system gives

(T+AQ1'—1/2,;)1 + Cij+1 (T+AQi—l/2,j)2

I _
P= Cij+1 +Cij
B =0
5 - - (7:+AQ1'—1/2,]')1 +cij (T+AQi_1/2,j)2

Cijr1 T Cij
where (7”AQH /2. j)p is the pth element in the vector F*AQ;_, 52,j- Then the up-going fluctuation
is given by
—ci
G F A1 =cijuB| 0
1
Similarly, to compute the down-going flux G~F *AQ;_/»,; we decompose the right-going flux
flowing from the (i—1/2, j) edge into the (i, j) cell, into eigenvectors corresponding to the up-going
and down-going waves at the interface (i, j — 1/2). So, we need to compute
Cij-1 0 —Cij
F*AQiip; =B 0 |+B|1[+8| 0
1 0 1
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for some scalar coeflicients 8!, 8%, and 8°, where the corresponding wave speeds are —c; j_, 0, and
c;j respectively. This gives us a linear system of equations to solve for 8', %, and °. Solving this

linear system gives

(7:+AQ1'—1/2,]‘)1 +Cij (7:+AQ1'—1/2,]')2

1 _
ﬁ - Ci,j+ci,j—]
B =0
A A 1 A A 2
X —(77 AQi—l/z,j) + Cij-1 (7 AQ[—I/Z,‘/’)
ﬁ h Ci,j+ci,j—l '
Then the down-going fluctuation is given by
Cij-1
Q_T+AQ1'—1/2,/ = _Ci,j—l,Bl 0
1

The left-going flux F~AQ;_, s2,; flowing from the (i—1/2, j) edge into the (i1, j) cell, given in
eq. (6.24), must be similarly decomposed into up-going and down-going fluxes. When sweeping
in the y-direction it is the up-going and down-going fluxes, G*AQ; ;1,2 and G AQ; 12, given
in eqgs. (6.27) and (6.28) and flowing from the (i, j — 1/2) edge into the (i, j) and (i, j — 1) cells
respectively, that must be similarly decomposed into left-going and right-going fluxes. So, as with
the two-dimensional linear acoustics, at each cell interface multiple Riemann problems must be
solved.

Again, more details can be found in the references cited above, and in the Clawpack code

implementing the examples shown in this paper which can be found in [32, 33].
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Chapter 7
RESULTS FROM VARIABLE COEFFICIENT LINEAR ACOUSTICS

This chapter presents some examples of the performance of the algorithms developed in this
work relative to the older AMRClaw algorithms. We begin with two one-dimensional linear acous-
tics examples for ease of visualization. Our first example showcases the capabilities of adjoint-
flagging in a rather simple setting, and the second showcases a more complex scenario. We
then present two two-dimensional linear acoustics examples. These four examples highlight the
strengths of adjoint-flagging when compared to the flagging methods currently available in AM-
RClaw. For some examples using adjoint-flagging in a two dimensional shallow water equations

context see [21], [32], and chapter 8.

7.1 One-dimensional variable coefficient linear acoustics

The linear acoustics equations in one dimension in a piecewise constant medium are given by
eq. (6.1), and they can be written in the form g,(x, 1) + A(x)g.(x,t) = 0 with g(x, ) and A(x) given
by eq. (6.2). Assume that the problem is defined in the domain x € [a, b],t > ty, with solid wall

(reflecting) boundary conditions at each boundary,

u(a,t) =0, ub,t)=0, t > 1. (7.1)

7.1.1 Example 1: constant impedance in one dimension
Letty=0,1,=34,a=-12,b = 12,

1 if x <O,
p(x) = and K(x) =
4 if x >0,

4 if x <0,
1 if x > 0,
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so that

2 if x <0,
c(x) = and Z(x) = 2.
0.5 if x >0,

Since the impedance is constant across x = 0, so are the eigenvectors of the coefficient matrix A,
which are given by eq. (6.3). Therefore, the sound speed changes and the waves are deformed as
they pass through the interface, but there will be no reflected waves. As initial data for g(x, 1) we
take two wave packets in pressure, one on each side of the interface, and zero velocity everywhere.

The wave packets in pressure are given by
p(x,0) = PV sin(£x) + e P29 sin(£x) (7.2)

with 8, = 20, 8, = 5, f; = 20 and f, = 3. As time progresses, the wave packets split into equal
left-going and right-going waves which interact with the walls and the interface giving reflected
and transmitted waves (recall that there will be no reflected waves off of the interface because the
impedance is constant throughout the domain).

Suppose that we are interested in the accurate estimation of the pressure near some point
x,. Then we can use the functional J = fa ’ a exp (—B (x - xp)z) p(x,tr)dx, which corresponds

to eq. (2.4) with

« exp (—,@ (x - xp)z) .
0

o(x) = (7.3)

For this example we take x, = 7.5, /3 = 50, and
a = +\fp/n (7.4)

to normalize the Gaussian so it has mass 1 and represents an averaging of the pressure in a small

region around x,. If we define the adjoint solution by solving

g+ (AT(0g) =0 x€la,bl, t;2121 (7.5)

i(a, 1) =0, ab,H)=0 1> 1> 1,
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then the second and third terms in eq. (2.6) vanish and we are left with eq. (2.8), which is the
expression that allows us to use the inner product of the adjoint and forward problems at each time

step to determine what regions will influence the point of interest at the final time.

Pressure at t = 34.000 seconds Adjoint at t = 34.000 seconds

1.0 ‘ 4 1
0.5 3 3 H
Y| _\/\_‘Y\_* 2 i
-05 ! 1 “
~1.0 i 0 ‘
-10 -5 0 5 10 -10 -5 0 5 10
10 Pressure at t = ?3.000 seconds . Adjoint at t = %3.000 seconds
0.5 3
[0 0] PP, :J l ‘/\+ 2
o 3 ! ) A k
~1.0 l 0 ‘
-10 =5 0 5 10 -10 =5 0 5 10
1o Pressure at t = ‘12.000 seconds 4 Adjoint att = 1}2.000 seconds
0.5 | 3
o.o\ l l /\,_ 2
-0.5 T ! 1 i A
—1.0 ‘ 0"\ 1
-10 -5 0 5 10 -10 -5 0 5 10
1o Pressure at t =: 0.000 seconds . Adjoint at t = ?.000 seconds
3 i
2 i
. § A
0 N\

-10 -5 0 5 10

Figure 7.1: Two wave packets in the forward problem (on the left, with initial data at # = 0, in
the bottom plot) and a Gaussian hump in the adjoint problem (on the right, with “initial” data at
t = 34, in the top plot), interacting with an interface at x = 0 (dashed line). There is a change of
sound speed at the interface, but the impedance is constant throughout the domain. The solutions

are plotted as points, whose density varies due to AMR in the left plots.

As the “initial” data for this problem we set g(x, t¢) = ¢(x). As time progresses backwards, the

Gaussian hump splits into equal left-going and right-going waves which interact with the walls and
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the interface giving reflected waves off of the walls and transmitted waves through the interface.
Figure 7.1 shows the AMRClaw results for the pressure of both the forward and adjoint solutions
at four different times. Each data point represents the pressure (the y axis) at the center of a grid
point in space (the x axis). The density of data points in x is indicative of the resolution of the level
of refinement in that location. For instance, in the top plot on the left side of fig. 7.1, the widely
spaced data points on the left side of the domain indicate that the region is covered by a very coarse
grid while the tightly spaced data points on the right side of the domain indicate that the region is
covered by a very fine grid. Both the forward and adjoint problems are run using ¢, = 34, so the
forward problem is run from ¢ = 0 to t = 34 and the adjoint problem is run from t = 34 to t = 0.
To better visualize how the waves are moving through the domain, it is helpful to look at the
data in the x-f plane as shown in fig. 7.2. For fig. 7.2, the horizontal axis is the position, x, and the
vertical axis is time. The left plot shows in blue the locations where 1-norm of ¢(x,?) is greater
than or equal to 1072 and in red the locations where the 1—norm of §(x, t) is greater than or equal to
102, The right plot shows in green the locations where the inner product g7 (x, t)g(x, f) is greater
than or equal to 1072, This indicates which portions of the wave in the forward problem will
actually reach our point of interest, and are exactly the regions that will be refined when using the

adjoint-magnitude flagging method.

7.1.2  Example 2: variable impedance in one dimension

As a slightly more complex example, letto = 0,7, =52, a = -12,b = 12,

1 if x <0, 4 if x <0,
p(x) = and K(x) =
2 if x > 0, 1 if x >0,
so that
2 ifx<0 4 if x <O,
c(x) = and Z(x) =
0.5 ifx>0 0.5 if x > 0.

In this case there is a jump in impedance at x = 0, which will result in there being both transmitted

and reflected waves at the interface. As initial data for g(x, r) we take two wave packets in pressure
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Figure 7.2: Space-time plots showing the forward and adjoint solutions from Example 1 overlaid
in the left plot. Colored regions are where the magnitude of the first component of g(x,t) or
§(x, 1) is above some threshold. The plot on the right shows regions where |§” (x, 1)g(x, f)| is above
some tolerance, indicating where the forward problem should be refined if we are using adjoint-

magnitude flagging. The time axis is the same for both plots.

one on each side of the interface, and zero velocity. The wave packets in pressure are the same
as in example 1, and given by eq. (7.2). As time progresses, the wave packets split into equal
left-going and right-going waves which interact with the walls and the interface giving reflected
and transmitted waves. In contrast to example 1, many more waves arise in the solution as time

evolves due to the generation of new waves at each reflection.

For this example we suppose that we are interested in the accurate estimation of the pressure
around x, = 4.5 at ¢ = 52, chosen so that several waves in the forward problem must be resolved to

accurately capture the solution (while many other waves do not need to be resolved; see fig. 7.3).



72

As “initial” data for the adjoint problem, g(x, t;) = ¢(x), we can use the same functional eq. (7.3) as
in Example 1, with this value of x,, and with a, and B defined as in the previous example. As time
progresses backwards in the adjoint solution, the hump splits into equal left-going and right-going
waves that interact with the walls and the interface giving both reflected and transmitted waves.
Both the forward and adjoint problems are run using ¢y = 52, so the forward problem is run from

t = 0 to t = 52 and the adjoint problem is run from t = 52 to t = 0.

Overlayed Solution Contours Inner Product Contours
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Figure 7.3: Space-time plots showing the forward and adjoint solutions from Example 2 overlaid
in the left plot. Colored regions are where the magnitude of the first component of g(x, ) or
g(x, 1) is above some threshold. The plot on the right shows regions where |§7 (x, 1)g(x, t)| is above
some tolerance, indicating where the forward problem should be refined if we are using adjoint-

magnitude flagging. The time axis is the same for both plots.

We will again visualize how the waves are moving through the domain by looking at the data

in the x-f plane as shown in fig. 7.3. For fig. 7.3, the horizontal axis is the position, x, and the
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vertical axis is time. The left plot shows in blue the locations where 1—-norm of g(x, #) is greater
than or equal to 10~ and in red the locations where the 1—norm of §(x, t) is greater than or equal to
1073. The right plot shows in green the locations where the inner product g7 (x, f)g(x, t) is greater
than or equal to 107, This indicates which portions of the wave in the forward problem will
actually reach our point of interest, and are exactly the regions that will be refined when using the
adjoint-magnitude flagging method.

To better visualize the impact these different flagging methods have on the final solution, fig. 7.4
shows the final solution when using difference flagging and when using adjoint-magnitude flagging
to achieve the same level of accuracy for our functional J. Similarly, fig. 7.5 shows the final
solution when using error flagging and when using adjoint-error flagging to achieve the same level
of accuracy in J. Note that the adjoint flagging methods have only focused on accurately capturing
the waves at the location of interest, whereas the difference and error flagging techniques have

captured all of the waves in the domain.

Pressure at t = 52.000 seconds Pressure at t = 52.000 seconds

1.0 ‘ 1.0 ‘
0.5 0.5 B
o.o__/t\/ay_‘.lsJ\,_W 0.0 eeveenns - _.0\,- .........

-0.5 i -0.5 i

-1.0 ! -1.0 !

—10 -5 0 5 10 —10 -5 0 5 10

Figure 7.4: The final solution computed in example 2 when using two different refinement strate-
gies. On the left: using difference-flagging. On the right: using adjoint-magnitude flagging, with a

functional J chosen to resolve only the waves that affect the solution near x,, = 4.5 at this time.

As an aid to visualizing how the different methods capture the solution at the region of interest,
fig. 7.6 shows the solution for the four different flagging methods for a zoomed-in area around the
region of interest. Difference-flagging is shown in blue, error-flagging is shown in red, adjoint-
magnitude is flagging shown in green, and adjoint-error flagging is shown in black. Note that

although all four solutions (from the four different flagging methods) are shown, they are almost
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Figure 7.5: The final solution computed in example 2 when using two different refinement strate-
gies. On the left: using error-flagging. On the right: using adjoint-error flagging, with a functional

J chosen to resolve only the waves that affect the solution near x,, = 4.5 at this time.

impossible to distinguish from one another in the figure. In this figure, only the solution on refine-
ment levels 4 and 5 is shown. Note that the area of the domain that is resolved to refinement levels
4 and 5 is smaller for the adjoint-flagging methods than for their non-adjoint flagging counterparts,

as expected.

03 Pressure at t = 52.000 seconds

0.2 - 1

0.1} .

0.0 .

4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

Figure 7.6: The final solution computed in example 2 for all four refinement strategies, in a zoomed
in region of the domain. Difference-flagging shown in blue, error-flagging shown in red, adjoint-
magnitude flagging shown in green, and adjoint-error flagging shown in black. Note that the lines

are so overlapped that they are almost impossible to tell apart.
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7.1.3  Computational performance

Recall that we are considering four different flagging methodologies: difference-flagging, error-
flagging, adjoint-magnitude flagging, and adjoint-error flagging. To compare the results from these

methods we will take into account

the placement of AMR patches throughout the domain,

the amount of CPU time required,

the number of cell updates required, and

the accuracy of the computed solution

for each flagging method.

Let us begin by considering the placement of AMR levels throughout the domain. Since the
adjoint-flagging methods take into account only the portions of the wave that will impact the region
of interest during our time range of interest we expect that using adjoint-flagging will result in less
of the domain being covered by fine resolution grids — where we are making the assumption that
some of the waves will not ultimately have an effect on our region of interest.

In both of the examples we have presented this is in fact the case. Consider the contour plots
shown in fig. 7.2 and fig. 7.3. If we are using difference-flagging then anywhere the forward
solution is large (all of the areas in blue) would be flagged. In contrast, if we are using adjoint-
magnitude flagging all of the areas where the inner product §7 (x, £)g(x, t) is large (all of the areas in
green) would be flagged. Therefore, more of the domain would be flagged when using difference-
flagging, resulting in more of the domain being covered by finer levels of refinement. For both
of these one-dimensional examples a total of five levels of refinement are used for the forward
problem, starting with 40 cells on the coarsest level and with a refinement ratio of 6 from each
level to the next. So, the finest level in the forward problem corresponds to a fine grid with 51,840

cells. Where these finer levels of refinement are placed, of course, varies based on the flagging
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method being used. The adjoint problem was solved on a relatively coarse grid with 3000 cells,

and no adaptive mesh refinement.

Levels for tol = le-

Levels for tol = 5e-4
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(a) Levels generated by using difference-flagging. (b) Levels generated by using adjoint-magnitude flag-
ging.

Figure 7.7: Levels used for the difference-flagging and adjoint-magnitude flagging methods for

example 1. Tolerances used for the two difference-flagging runs shown are 10! and 5 x 107*.

Tolerances used for the two adjoint-magnitude flagging runs shown are 10~! and 1073. A larger

level number means greater resolution: so level 5 for example has a finer resolution than level 4.

Recall that level 1 covers the entire domain, and is therefore not shown.

Figure 7.7 shows the levels of refinement for difference-flagging (on the left) and adjoint-
magnitude flagging (on the right) for two different tolerances in example 1. The larger tolerance
used for both of these flagging methods is 10~! which yields a final error in the functional of inter-
est of about 1072 for both methods. The smaller tolerance used for difference flagging is 5 x 10~
and for adjoint-magnitude flagging is 1073, both of which yield an error of about 10~ in the func-
tional of interest. Note that these two flagging methods both consider the value of the pressure in
the cell when determining whether or not the cell should be flagged — difference-flagging flags

the cell based on the relationship between the pressure in the current cell and the pressure in the
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(a) Levels generated by using error-flagging. (b) Levels generated by using adjoint-error flagging.

Figure 7.8: Levels used for the error-flagging and adjoint-error flagging methods for example 1.
Tolerances used for the two error-flagging runs shown are 10~* and 10~’. Tolerances used for the
two adjoint-error flagging runs shown are 5 x 107! and 107>. Recall that level 1 covers the entire

domain, and is therefore not shown.

adjacent cells, and adjoint-magnitude flagging flags the cell based on the value of the inner product
between ¢(x, ) and g(x, t) in the cell. As expected, when the adjoint problem is taken into account

the result is a smaller region of the domain begin refined to achieve a comparable level of error.

Similarly, fig. 7.8 shows the levels of refinement for error-flagging (on the left) and adjoint-
error flagging (on the right) for two different tolerances in example 1. The larger tolerance used for
error-flagging is 10~* and for adjoint-error flagging is 5 x 107!, both of which yield a final error in
the functional of interest of about 1072, The smaller tolerance used for error-flagging is 10~7 and
for adjoint-error flagging is 107>, both of which yield an error of about 1076 in the functional of
interest. These two flagging methods consider the estimated error in the solution in each cell when
determining whether or not the cell should be flagged. However, the adjoint-error flagging method
takes the additional step of considering the inner product of this error estimate with the adjoint

solution. Again, when the adjoint problem is taken into account the result is a smaller region of the
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domain being refined to achieve a comparable final error.

The tolerances shown were selected so that these figures would allow for easy comparison
between the four methods. All of the larger tolerances chosen yield an error of about 1072 in our
functional of interest for each of the methods, and all of the smaller tolerances chosen yield an
error of about 107 in our functional of interest. Therefore, it is appropriate to compare the amount
of refinement levels present in these figures. Note that even though the same accuracy is achieved,

the placement of regions of greater refinement varies between these four methods.
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(a) Levels generated by using difference-flagging for ex- (b) Levels generated by using adjoint-magnitude flagging
ample 2. for example 2.
Figure 7.9: Levels used for the difference-flagging and adjoint-magnitude flagging methods for
example 2. Tolerances used for the two difference-flagging runs shown are 10! and 5 x 107%.
Tolerances used for the two adjoint-magnitude flagging runs shown are 10~ and 1073. Recall that

level 1 covers the entire domain, and is therefore not shown.

For example 2, fig. 7.9 shows the levels of refinement for difference-flagging (on the left) and
adjoint-magnitude flagging (on the right) using the same tolerances that were shown for example
1. Figure 7.10 shows the levels of refinement for error-flagging (on the left) and adjoint-error

flagging (on the right) for example 2, where we have chosen the same tolerances that were shown
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(a) Levels generated by using error-flagging for example (b) Levels generated by using adjoint-error flagging for
2. example 2.
Figure 7.10: Levels used for the error-flagging and adjoint-error flagging methods for example 2.
Tolerances used for the two error-flagging runs shown are 10~ and 10~7. Tolerances used for the
two adjoint-error flagging runs shown are 5 X 107! and 107>. Recall that level 1 covers the entire

domain, and is therefore not shown.

for example 1. For this example we again see that when the adjoint problem is taken into account

the result is a smaller region of the domain begin refined.

Also of interest is the amount of work that is required for each of the flagging methods we are
considering, and the level of accuracy that resulted from that work. Figure 7.11 shows the error
in our functional of interest for example 1 as the tolerance is varied for the four flagging methods
we are considering. Difference-flagging was used with a tolerance of 10~!? to compute a very fine
grid solution to our forward problem for this example. This solution was used to compute a fine
grid value of our functional of interest, Js,.. The error between the calculated value for J and Jg,e

1s shown.

Note that the magnitude of the error is nearly the same for a given tolerance when using either

difference-flagging or adjoint-magnitude flagging although, as we will see, the amount of work
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Figure 7.11: Accuracy for the different flagging methods on example 1. Shown is the error in the

functional J for each tolerance value for the various flagging methods.

required is significantly less when using adjoint-flagging. Also note that the magnitude of the error
when using adjoint-error flagging is consistently less than the magnitude of the tolerance being
used, as we expected based on section 4.3. This means that adjoint-error flagging allows the user
to enforce a certain level of accuracy on the final functional of interest by selecting a tolerance of
the desired order. This capability has not existed in Clawpack previous to this work. Recall that
the tolerance set by the user is being used to evaluate whether or not some given quantity is above
that set tolerance. However, the quantity that is being evaluated is different for each of the flagging
methods we are considering. Therefore, other than noting the general trends of each line in this
figure, one cannot reach conclusions on relative merits by comparing one line with the others in

this plot.

We are better able to compare the methods to one another if we consider the amount of com-
putational time that is required to achieve a certain level of accuracy with each flagging method.
The above examples were run on a quad-core laptop, and the OpenMP option of AMRClaw was
enabled, which allowed all four cores to be utilized. Figure 7.12 shows two measures of the amount

of CPU time that was required for each method vs. the accuracy achieved. On the left, we have
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Figure 7.12: Performance measures for the different flagging methods on example 1. On the left:
the total CPU time (in seconds) required vs. the accuracy achieved. On the right: the regridding
CPU time (in seconds) required vs. the accuracy achieved. CPU times were found by averaging

the CPU time over fifteen runs.
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Figure 7.13: Number of cell updates calculated vs. the accuracy achieved for the four different

flagging methods begin considered. Note that the number of cell updates axis is multiplied by 1e9.
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shown the total amount of CPU time used by the computation. This includes stepping the solu-
tion forward in time by updating cell values, regridding at appropriate time intervals, outputting
the results, and other various overhead requirements. For each flagging method and tolerance this
example was run fifteen times, and the average of the CPU times for those runs was used in this
plot. Note that while the adjoint-error and adjoint-difference flagging have higher CPU time re-
quirements for lower accuracy, these two methods quickly show their strength by maintaining a
low CPU time requirement while increasing the accuracy of the solution. In contrast, the CPU
time requirements for difference-flagging and error-flagging quickly increase when increased ac-
curacy is required. Also remember that the adjoint-flagging methods do have the additional time
requirement of solving the adjoint problem, which is not shown in these figures. For this example,
solving the adjoint required about 10 seconds of CPU time, which is small compared to the time
spent on the forward problem. This CPU time was found by taking the average time required over
ten simulations.

The right of fig. 7.12 shows the amount of CPU time spent on the regridding process vs. the
accuracy of the functional J. Note that this is really where the differences between the four meth-
ods lie: the adjoint-flagging methods goal is to reduce the number of cells that are flagged while
maintaining the accuracy of the solution. While we have seen from the left side of fig. 7.12 that this
has certainly been successful in reducing the overall time required for computing the solution, we
might expect that the time spent in the actual regridding process might be longer for the adjoint-
flagging methods. This is due to the fact that adjoint-flagging requires various extra steps when
determining whether or not to flag a cell (recall, for example, that we need to calculate the inner
product between the adjoint and either the forward solution or the estimated error in the forward so-
lution). However, as we can see from this figure, the amount of time spent in the regridding process
is not significantly greater for the adjoint-flagging methods. In fact, for higher levels of accuracy
the adjoint-flagging methods required less time for the regridding process than their non-adjoint

counterparts because there are fewer fine grids.

Another advantage of the adjoint-flagging methods is the fact that they have less memory re-

quirements than the alternative flagging methods. As we have already stated, since the adjoint
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method allows us to safely ignore regions of the domain, there are fewer fine grids as observed
from the fact that many fewer cell updates were required. Figure 7.13 shows the number of cell
updates required vs. the accuracy achieved for each of the flagging methods being considered.
Note that the number of cell updates is significantly less for the adjoint-flagging methods than for
their non-adjoint counterparts. This reduces the memory requirements for the computation. For
this relatively small example memory usage when utilizing the non-adjoint flagging method did
not become an issue, but it can quickly become a constraint for larger computations (in particular

for three dimensional problems).

7.2 Two-dimensional linear variable coeflicient acoustics

The linear acoustics equations in two dimension in a piecewise constant medium are given by

eq. (6.7), and they can be written in the form

qr(x,y, 1) + A(x,y)g.(x,y, 1) + B(x,y)g,(x,y,1) =0

with g(x,y,1), A(x,y), and B(x,y) given by eq. (6.8).

As an example, consider tp = 0,1, =21,a=-8,b =8, a = -1, =11,

4 if x <0,
plx,y) =1, and  K(x,y) =
1 if x>0,
so that
2 if x <0, 2 if x <0,
c(x,y) = and  Z(x,y) =
1 if x > 0, 1 if x > 0.
We use wall boundary conditions on the top and both sides,
u(a,y,t) =0, ub,y,t)=0 t>0, (7.6)
v(x,B,1) =0 1>0, (7.7)
and extrapolation boundary conditions on the bottom at y = —1. The impedance jump at x = 0

will result in reflected and transmitted waves emanating from this interface. Also, we will have

reflected waves from the walls along both sides and the top of our domain.
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As initial data for g(x,y, r) we take a smooth radially symmetric hump in pressure, and a zero
velocity in both x and y directions. The initial hump in pressure is given by
3+ cos(m(r—0.5)/w) if |r—-03<w

p(x,y,0) = _ (7.8)
0 otherwise

with w = 0.15 and r = \/(x -05)?%+ (v — 1)%. As time progresses, this hump in pressure will
radiate outward symmetrically.

We will consider two different examples, one where there are just a few waves that intersect
at our region of interest during our time range of interest, and a second where a larger number of

waves contribute to our region and time range of interest.

7.2.1 Example 3: capturing a few intersecting waves

Suppose that we are interested in the accurate estimation of the pressure in the area defined by
a rectangle centered about (x,y) = (1.0,5.5) at the final time #; = 21. The small rectangle in
Figure 7.14 and later figures shows this region of interest. Then we can use the functional
132 574
J = f p(x,y,tp)dy dx,
0.68 J5.26

which corresponds to eq. (4.2) with

I(x,y)
ex, )= 0 |, (7.9)
0
where
1 if 0.68 < x < 1.32and 5.26 <y < 5.74,
I(x,y) = (7.10)
0 otherwise.

If we define the adjoint solution by solving

g + (AT(x,y)Q)x +(B"(x, y)c})y =0 x€la,blyelmpl, t;=1>1 (7.11)



85

with the same boundary conditions as the forward problem then the second and third terms in
eq. (4.4) vanish and we are left with eq. (4.5), which is the expression that allows us to use the
inner product of the adjoint and forward problems at each time step to determine what regions will
influence the point of interest at the final time.

As the initial data for the adjoint g(x, y, ;) = ¢(x,y) we have a square pulse in pressure, which
was described in eq. (7.9) and eq. (7.10). As time progresses backwards, waves radiate outward
and reflect off the walls as well as transmitting and reflecting off of the interface at x = 0. The
adjoint problem was solved on a 200 x 200 grid without mesh refinement, and several snapshots

of the solution are shown in fig. 7.14. The location of interest is outlined with a black box in the

plots.
10 5 10 10 3 10
5 ® 5 5 = Ny 5 io
5 |
0 ! 0 0 § 0 N
-8 -4 0 4 8 -8 -4 -8 -4 0 4 8 -8 -4 0 4 8
(a) ty— 1 second (b) ty— 6 seconds (c) ty— 15 seconds (d) ty— 18.5 seconds

Figure 7.14: Computed results for two-dimensional acoustics adjoint problem for example 3.
Times shown are the number of seconds before the final time, since the “initial” conditions are
given at the final time. The small rectangle in this and later figures shows the region of interest
defined by the functional J, and is the region where /(x,y) = 1. The color scale goes from blue to

red, and ranges between —0.005 and 0.005.

Although we have focused on the functional J, and are considering the accuracy and error in
our estimates of this functional, in actuality we are typically interested in the accurate estimation
of the pressure in the forward solution at a particular spatial and temporal area. The selection
of the initial data for the adjoint plays a role in determining the functional J, and dictates the
relationship between the solution of the forward problem and our functional of interest. Therefore,

the initial data we select for the adjoint problem is undoubtedly significant. For this example we
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have selected initial conditions for the adjoint problem such that our functional J is simply the
integral of the forward solution over our region of interest. For the one-dimensional examples
shown earlier, a Gaussian initial condition for the adjoint was used. An exploration of how these
initial conditions affect the accuracy of the forward solution is not conducted in this work, but is

an interesting area for future work.

Figure 7.15 compares the refinement levels used by each of the four different flagging methods
on the forward problem for this example. Difference-flagging was used with a tolerance of 1072
to compute a fine grid solution to our forward problem. The top row of the figure shows this fine
grid solution, for the sake of reference. Each of the following rows shows the refinement patches
(colored by level) being used in the simulation, from which we can quickly note that the adjoint-
flagging methods have smaller regions of refinement than the other two flagging methods. The
location of interest is outlined with a black box on all of the plots. For each of these flagging
methods five levels of refinement are allowed for the forward problem, where the coarsest level is
a 50 x 50 grid and a refinement ratio of 2 in both x and y is used from each grid to the next. So, the
finest level in the forward problem corresponds to a fine grid of 1600 X 1600 cells. For all of the
refinement level plots the coarsest refinement level is shown in white, and the second, third, fourth
and fifth levels of refinement are shown in grey, green, red, and blue, respectively. Where these
finer levels of refinement are placed, of course, varies based on the flagging method being used.
The adjoint problem was solved on a relatively coarse grid of 200 x 200 cells, and no adaptive
mesh refinement. The tolerance used for the difference-flagging plots shown was 3 x 1072, for
the adjoint-magnitude flagging plots the tolerance used was 3 x 107#, for the error-flagging plots
the tolerance used was 6 x 107>, and for the adjoint-error flagging plots the tolerance used was
3 x 1073. These tolerances were chosen because they all resulted in an error of about 5 x 10~ in
our functional J. Therefore, it is appropriate to compare the placement of the refined patches in
the plots shown for all four flagging methods.

Note that, as in the one-dimensional examples, the new adjoint-based approaches allow refine-
ment to occur only around the waves that eventually coalesce on the location of interest, with a

region very close to the rectangle defined by the functional J being refined at the final time ¢, = 21.
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Figure 7.15: Plots for the two dimensional forward problem for example 3. The top row shows
the fine grid solution, and the bottom four rows each show the grids for the different refinement
levels being used for this problem when it is solved using one of the four flagging methods being
presented. The color scale for the fine grid solution figures goes from blue to red, and ranges
between —0.3 and 0.3. For all of the refinement level plots the coarsest refinement level is shown
in white, and the second, third, fourth and fifth levels of refinement are shown in grey, green, red,

and blue, respectively.
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By contrast, the original difference-flagging and error-flagging approaches lead to refinement of
many waves and portions of the domain that have no benefit in terms of determining the functional

J accurately.

7.2.2  Example 4: capturing many intersecting waves

How much of the domain must be refined with the adjoint approach depends on the specification
of J. In this final example we simply move the location of interest to a place where more waves
are converging at 7y in order to illustrate that the adjoint approach will adapt to this situation.
Suppose that we are now interested in the accurate estimation of the pressure in the area defined
by a rectangle centered about (x,y) = (3.5,0.5), and define

3.82 0.74
J:f p(x’y,tf)dydx
3.

18 0.26

For this example, the definition of the adjoint problem is the same as in example 3 except for
the “initial data”, for which we now take g(x,y,s) = ¢(x,y) where ¢ is as in eq. (7.9) with I(x,y)

now defined by

1 if 3.18 < x <3.82and 0.26 <y < 0.74,
I(x,y) = (7.12)
0 otherwise.

As time progresses backwards, waves radiate outward and reflect off the walls as well as transmit-
ting and reflecting off of the interface at x = 0.

Figure 7.16 compares the refinement levels used by each of the two adjoint-flagging methods
on the forward problem for this example. The top row of the figure shows the fine grid solution
once again, for the sake of reference and to show the new location of interest. The new location
of interest is outlined with a black box on all of the plots. As with fig. 7.15, each of the following
rows shows the refinement patches (colored by level) being used in the simulation. For each of
these flagging methods five levels of refinement are allowed for the forward problem, where the
coarsest level is a 50 X 50 grid and a refinement ratio of 2 in both x and y is used from each grid to

the next. So, as with example 3, the finest level in the forward problem corresponds to a fine grid
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Figure 7.16: Plots for the two dimensional forward problem for example 4. The top row shows the
fine grid solution, and the bottom two rows each show the grids for the different refinement levels
being used for this problem when it is solved using one of the two adjoint-flagging methods. The
color scale for the fine grid solution figures goes from blue to red, and ranges between —0.3 and 0.3.
For all of the refinement level plots the coarsest refinement level is shown in white, and the second,

third, fourth and fifth levels of refinement are shown in grey, green, red, and blue, respectively.

of 1600 x 1600 cells. For all of the refinement level plots the coarsest refinement level is shown in
white, and the second, third, fourth and fifth levels of refinement are shown in grey, green, red, and
blue, respectively. Where these finer levels of refinement are placed, of course, varies based on the
flagging method being used. The adjoint problem was again solved on a relatively coarse grid of

200 x 200 cells without adaptive mesh refinement.

The tolerance used for these plots are the same as the ones shown for example 3. Note that for
the same tolerance the fine grid, difference flagging, and error flagging solutions are the same as

in example 3, except for the placement of the gauge. Since none of these computations depended
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on the adjoint method, changing the area of interest (which changes the initial conditions for the
adjoint problem) does not affect the computation. Since they would be the same as fig. 7.15, the

figures for difference-flagging and error-flagging grids are not repeated in fig. 7.16.

7.2.3 Computational performance

The advantage of using the adjoint method can be seen in the amount of work that is required for
each of the flagging methods we are considering, and the level of accuracy that results from that
work. Figure 7.17 shows the error in our functional of interest for the two-dimensional acoustics
example 3 as the tolerance is varied for the four flagging methods we are considering. Our fine grid
solution was used to calculate a fine grid value of our functional of interest, Js,.. The error between
the calculated value of J, from the various tolerances used for each of the flagging methods, and
Jtine 1S shown.

Of particular interest, note that the magnitude of the error when using adjoint-error flagging is
once again consistently less than the magnitude of the tolerance being used, as we expected based
on section 4.3. This means that, as with example 1, adjoint-error flagging allows the user to enforce
a certain level of accuracy on the final functional of interest by selecting a tolerance of the desired
order. Recall that the tolerance set by the user is being used to evaluate whether or not some given
quantity is above that set tolerance. However, the quantity that is being evaluated is different for
each of the flagging methods we are considering. Therefore, other than noting the general trends in
this figure, not much benefit comes from comparing each of the lines corresponding to a flagging
method to the others in this plot.

We are better able to compare the methods to one another if we consider the amount of com-
putational time that is required to achieve a certain level of accuracy with each flagging method.
As with the one-dimensional examples, both of the two-dimensional examples was run on a quad-
core laptop, and the OpenMP option of AMRClaw was enabled which allowed all four cores to be
utilized. Figure 7.18 shows two measures of the amount of CPU time that was required for each
method vs. the accuracy achieved for example 3. On the left, we have shown the total amount

of CPU time used by the computation. This includes stepping the solution forward in time by
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Figure 7.17: Accuracy for the different flagging methods on the two-dimensional acoustics ex-
ample 3. Shown is the error in the functional J for each tolerance value for the various flagging

methods.

updating cell values, regridding at appropriate time intervals, outputting the results, and other var-
ious overhead requirements. For each flagging method and tolerance this example was run ten
times, and the average of the CPU times for those runs was used to generate this plot. As with the
one-dimensional example, while the adjoint-magnitude and adjoint-error flagging methods have a
higher CPU time requirement for lower accuracy, these methods quickly showed their strength by
maintaining a low CPU time requirement while increasing the accuracy of the solution. In contrast,
the CPU time requirements for difference-flagging and error-flagging are larger than their adjoint-
flagging counterparts when increased accuracy is required. Note that the adjoint-flagging methods
do have the additional time requirement of solving the adjoint problem, which is not shown in
these figures. For this example, solving the adjoint required about 37 seconds of CPU time, which
is once again small compared to the time spent on the forward problem. As before, this CPU time

was found by taking the average time required over ten simulations.

The right of fig. 7.18 shows the amount of CPU time spent on the regridding process vs. the ac-

curacy of the functional J. Note that this is really where the differences between the four methods
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Figure 7.18: Performance measures for the different flagging methods on the two-dimensional
acoustics example 3. On the left: the total CPU time (in seconds) required vs. the accuracy
achieved. On the right: the regridding CPU time (in seconds) required vs. the accuracy achieved.

CPU times were found by averaging the CPU time over ten runs.

lie: the adjoint-flagging methods goal is to reduce the number of cells that are flagged while main-
taining the accuracy of the solution. While we have seen from the left side of fig. 7.18 that this has
certainly been successful for adjoint-flagging in reducing the overall time required for computing
the solution, we might expect that the time spent in the actual regridding process might be longer
for the adjoint-flagging methods. However the amount of time spent in the regridding process is
not significantly greater for the adjoint-flagging methods.

As with the one-dimensional example, here we see that the adjoint-flagging methods have less
memory requirements than the alternative flagging methods. Figure 7.19 shows the number of cell
updates required vs. the accuracy achieved for each of the flagging methods being considered.
While the results are not as drastic as what we saw for example 1, note that the number of cell up-
dates for example 3 is consistently less for the adjoint-flagging methods than for their non-adjoint
counterparts, since there are fewer fine grids throughout the domain. This reduces the memory

requirements for the computation. This example is also relatively small, and memory usage when
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Figure 7.19: Number of cell updates calculated vs. the accuracy achieved for the four different

flagging methods begin considered for example 3. Note that the number of cell updates axis is

multiplied by 1e9.

utilizing the non-adjoint flagging method did not become an issue. However, in larger simulations
(for instance, ocean-wide problems when considering tsunami modeling) memory constraints can

become a significant consideration. It can also become a significant consideration in three dimen-

sional problems.
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Chapter 8

RESULTS FROM SHALLOW WATER EQUATIONS

We present several tsunami propagation examples utilizing the adjoint method to guide adap-
tive mesh refinement, as implemented in the GeoClaw software package. Verification of the results
is performed by comparing the results from the adjoint method approach to the default surface-
flagging approach already present in the GeoClaw software. In principle the adjoint flagging
methodology could be used in conjunction with other adaptive mesh refinement tsunami models.
Various other tsunami modeling codes exist, such as COMCOT [31], MOST [106, 108, 107], and
ANUGA [8], but they offer constant nested refinement grids rather than using adaptive mesh re-
finement. A newer tsunami modeling package developed at the University of Bremen [97] does use
adaptive mesh refinement, and uses triangular grids in contrast to Clawpack’s logically rectangular
grids.

In tsunami modeling we may wish to compute the sensitivity of the tsunami observed at our
target location to changes in the data, e.g. to changes in the seafloor deformation if we are using
a gradient-based optimization algorithm to solve an inverse problem to match observations (see
[19] for one such application to tsunami source inversion). Or we may want to determine what
potential source regions around the Pacific Rim give the largest tsunami response at a particular
target location (such as Pearl Harbor, as considered in a study by Tang et al. [105]). Rather
than solving many forward problems, this can be determined with a single adjoint solution. The
adjoint method can also be used to refine only the waves that impact a target location during a
pre-determined interval of time. This time interval of interest may be guided by tide gauge data (as

is the case in the Japan 2011 tsunami discussed below).

The algorithms used in GeoClaw for tsunami modeling are described in detail in [71], and only

a brief introduction will be given here. In general, GeoClaw solves the two-dimensional nonlinear
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shallow water equations in the form of a nonlinear system of hyperbolic conservation laws for depth
and momentum. The numerical methods used are high-resolution Godunov-type finite volume
methods, in which the discrete solution is given by cell averages of depth and momentum over the
grid cells and the solution is updated in each time step based on fluxes computed at the cell edges.
In Godunov-type methods, these fluxes are determined by solving a “Riemann problem” at each
cell edge, which consists of the hyperbolic problem with piecewise constant initial data given by
the adjacent cell averages. The general theory of these methods is presented in [69] and chapter 6,
and details of the Riemann solver in GeoClaw can be found in [50]. Away from coastlines, this
solver reduces to a Roe solver for the shallow water equations plus bathymetry, which means
that the eigenstructure of a locally linearized Riemann problem is solved at each cell interface,
making it no more expensive in the deep ocean than simply solving the linearized equations, but
also capable of robustly handling nonlinearity near shore and inundation. Since the shallow water
equations away from coastlines reduce to the linearized equations, a single adjoint equation (found
by using the shallow water equations linearized about the ocean at rest) can be used. The algorithms
and Riemann solvers for solving the adjoint problem for the shallow water equations are given in
chapters 5 and 6. We consider only a few tsunami modeling examples in this thesis, but the adjoint
method has already been used with GeoClaw in other publications. For examples, see [35, 21, 1].
It should be noted that adjoint-error flagging has not yet been implemented fully in GeoClaw.
Therefore, in this chapter when we refer to adjoint-flagging we are speaking specifically about

adjoint-difference flagging.

8.1 Hpypothetical Alaska-Aleutian tsunami

As an example, we consider a tsunami generated by a hypothetical earthquake on the Alaska-
Aleutian subduction zone, the event denoted AASZe04 in the probabilistic hazard study of Crescent
City, CA performed by [53]. Crescent City is of particular interest because it has been impacted
by more damaging tsunamis in historic times than any other location on the west coast of the USA
[36]. The major waves impinging on Crescent City from this hypothetical tsunami all occurred

within 11 hours after the earthquake, so simulations will be run to this time. To simulate the effects
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of this tsunami on Crescent City a coarse grid is used over the entire Pacific (1 degree resolution)
where the ocean is at rest. In addition to AMR being used to track propagating waves on finer grids,
higher levels of refinement are allowed or enforced around Crescent City when the tsunami arrives.
A total of 4 levels of refinement are used, starting with 1-degree resolution on the coarsest level,
and with refinement ratios of 5, 6, and 6 from one level to the next. Only 3 levels were allowed over
most of the Pacific, and the remaining level was used over the region around Crescent City. Level
4, with 20-second resolution, is still too coarse to provide any real detail on the effect of the tsunami
on the harbor. It does, however, allow for a comparison of flagging cells for refinement using the
adjoint method and using the default method implemented in Geoclaw. In this simulation we used
1 arc-minute bathymetry from the ETOPO1 Global Relief Model of [24] for the entire simulation
area, as well as 1 arc-second and 1/3 arc-second bathymetry over the region about Crescent City
from [54]. Internally, GeoClaw constructs a piecewise-bilinear function from the union of any
provided topography files. This function is then integrated over computational grid cells to obtain
a single cell-averaged topography value in each grid cell in a manner that is consistent between

refinement levels.

Recall that the default Geoclaw refinement technique flags cells for refinement when the eleva-
tion of the sea surface relative to sea level is above some set tolerance, as described in [71], where
the adaptive refinement and time stepping algorithms are described in more detail. We are referring
to this flagging method as surface-flagging. The value selected for this tolerance has a significant
impact in the results calculated by the simulation, since a smaller tolerance will result in more cells
being flagged for refinement. Consequently, a smaller tolerance both increases the simulation time

required and theoretically increases the accuracy of the results.

Two Geoclaw simulations were performed using surface-flagging, one with a tolerance of 0.14
and another with a tolerance of 0.09. Figure 8.1 shows the results of these two simulations, along
with the grids at different levels of refinement used, for the sake of comparison. Note that each grid
outlined in the figure, colored based on its level of refinement, is a collection of cells at a particular
refinement. The grids and solution along the left of the figure correspond to the simulation with

a tolerance of 0.14, and the grids and solution along the right of the figure correspond to the
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Figure 8.1: Computed results for tsunami propagation problem on two different runs utilizing the
surface-flagging technique. The x-axis and y-axis are latitude and longitude, respectively. The
grids and solution along the left correspond to the simulation with a tolerance of 0.14, and the
grids and solution along the right correspond to the simulation with a tolerance of 0.09. In the grid
figures each color corresponds to a different level of refinement: white for the coarsest level, blue
for level two, and red for level three. The color scale for the solution figures goes from blue to
red, and ranges between —0.3 and 0.3 meters (surface elevation relative to sea level). Times are in

hours after the earthquake.
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simulation with a tolerance of 0.09. Note that the simulation with a surface-flagging tolerance
of 0.14 continues to refine the first wave until it arrives at Crescent City about 5 hours after the
earthquake, but after about 6 hours stops refining the main secondary wave which reflects off the
Northwestern Hawaiian (Leeward) Island chain before heading towards Crescent City. The second
simulation, with a surface-flagging tolerance of 0.09, continues to refine this secondary wave until

it arrives at Crescent City.

These two tolerances were selected because they are illustrative of two constraints that typ-
ically drive a Geoclaw simulation. The larger surface-flagging tolerance, of 0.14 was found to
be approximately the largest tolerance that will refine the initial wave until it reaches Crescent
City. Therefore, it essentially corresponds to a lower limit on the time required by the standard
surface-flagging approach: any Geoclaw simulation with a larger surface-flagging tolerance would
run more quickly but would fail to give accurate results for even the first wave. Note that for this
particular example, even when the simulation will only give accurate results for the first wave to
reach Crescent City, a large area of the wave front that is not headed directly towards Crescent City
is being refined with the AMR. The smaller surface-flagging tolerance, of 0.09, refines all of the
waves of interest that impinge on Crescent City thereby giving more accurate results at the expense
of longer computational time, particularly since it also refines waves that will never reach Crescent

City.

Now we consider the adjoint approach, which will allow us to refine only those sections of
the wave that will affect our target region. For this example, we are interested in the accurate
calculation of the water surface height (n(x, y, t), defined in eq. (6.20)) in the area about Crescent
City, California during the time range that is specified below. To focus on this area, we define
a circle of radius 1° centered about (x.,y.) = (235.80917,41.74111) where x and y are being

measured in degrees. Setting

Xmax Vimax(X)
J = f f n(x,y,t)dy dx,
Xmin Yimin(X)
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where the limits of integration define the appropriate circle, the problem then requires that

I(x,y)
ex,y)=| 0 |, (8.1)
0

where

if - 50+ P < 1,

0 otherwise.

I(x,y) = (8.2)

This function ¢(x,y) defines the “initial data” g(x,y, ts) for the adjoint problem. Figure 8.2
shows the results for the simulation of this adjoint problem. For this simulation a grid with 15
arcminute = 0.25° resolution was used over the entire Pacific and no grid refinement was allowed.

The simulation was run out to 11 hours.

Surface Height Surface Height Surface Height Surface Height
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Figure 8.2: Computed results for tsunami propagation adjoint problem. Times shown are the
number of hours before the final time, since the “initial” conditions are given at the final time. The

color scale goes from blue to red, and ranges between —0.05 and 0.05.

The topography files used for the adjoint problem are the same as those used for the forward
problem. However, given that the adjoint problem is being solved on a coarser grid than the forward
problem, the coastline between the two simulations varies. Since the coastline varies between the

two simulations, when computing the inner product it is possible to find grid cells that are wet in
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the forward solution and dry in the adjoint solution. In this case, the inner product in those grid
cells is set to zero.

The simulation of this tsunami using adjoint-flagging for the AMR was run using the same
initial grid over the Pacific, the same refinement ratios, and the same initial water displacement
as our previous surface-flagging simulations. The only difference between this simulation and the
previous one is the flagging technique utilized. The first waves arrive at Crescent City around 4
hours after the earthquake, so we set z, = 3.5 hours and 7, = 11 hours.

Figure 8.3 shows the Geoclaw results for the surface height at various different times, along
with the grids at different levels of refinement that were used and the maximum inner product in
the appropriate time range. Compare this figure to fig. 8.1, noting the extent of the grids at each

refinement level for each of the three simulations.

8.1.1 Computational Performance

The above example was run on a quad-core laptop, for both the surface-flagging and adjoint-
flagging methods, and the OpenMP option of GeoClaw was enabled which allowed all four cores
to be utilized. The timing results for the tsunami simulations are shown in Table 8.1. Recall that
two simulations were run using surface-flagging, one with a tolerance of 0.14 (“Large Tolerance” in
the table) and another with a tolerance of 0.09 (“Small Tolerance” in the table). Finally, a GeoClaw
example using adjoint-flagging was run with a tolerance of 0.004 (“Forward” in the table), which
of course required a simulation of the adjoint problem the timing for which is also shown in the
table.

As expected, between the two GeoClaw simulations which utilized surface-flagging the one
with the larger tolerance took significantly less time. Note that although solving the problem
using adjoint-flagging did require two different simulations, the adjoint problem and the forward
problem, the computational time required is only slightly more than the timing required for the
large tolerance surface-flagging case. Another consideration when comparing the adjoint-flagging
method with the surface-flagging method already in place in GeoClaw is the accuracy of the results.

To test this, gauges were placed in the example and the output at the gauges compared across the
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Figure 8.3: Computed results for tsunami propagation problem when adjoint-flagging is used. The
x-axis and y-axis are latitude and longitude, respectively. In the grid figures each color corresponds
to a different level of refinement: white for the coarsest level, blue for level two, and red for level
three. The color scale for the surface height figures goes from blue to red, and ranges between —0.3
and 0.3. The color scale for the inner product figures goes from white to red, and ranges between

0 and 0.04. Times are in hours since the earthquake.
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Table 8.1: Timing comparison for the example in Section 8.1.1 given in seconds.

Surface-Flagging Adjoint-Flagging

Small Tolerance | Large Tolerance | Forward | Adjoint

8310.285 5724.461 5984.48 | 26.901

two different methods.

For the tsunami example two gauges are used: gauge 1 is placed at (x,y) = (235.536,41.67)
which is on the continental shelf to the west of Crescent City, and gauge 2 is placed at (x,y) =
(235.80917,41.74111) which is in the harbor of Crescent City. In fig. 8.4 the gauge results from the
adjoint method are shown in blue, the results from the surface-flagging technique with a tolerance
of 0.14 are shown in red, and the results from the surface-flagging technique with a tolerance of
0.09 are shown in green. Note that the blue and green lines are in fairly good agreement, indicating
that the use of the adjoint method achieved a comparable accuracy with the smaller tolerance
run using the surface-flagging method, although the time required was significantly less. While the
larger tolerance run using the surface-flagging method had a similar time requirement to the adjoint

method simulation, it agrees fairly well only for the first wave but then rapidly loses accuracy.



103

Surface at gauge 1

0.75+

-0.75+¢

-1.5

Figure 8.4: Computed results at gauges for tsunami propagation problem. The results from the
simulation using the adjoint method are shown in blue, the results from the simulation using the
surface-flagging method with a tolerance of 0.14 are shown in red, and the results from the sim-
ulation using the surface-flagging method with a tolerance of 0.09 are shown in green. Along the

x-axis, the time since the occurrence of the earthquake is shown in hours.
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8.2 Chile 2010 tsunami

As another example illustrating the power of the adjoint method, consider the Chile 2010 tsunami.
The impact that this (and other) tsunamis have had on Crescent City, CA has been the subject of
a lot of research. For some examples on the studies focusing on the impact to Crescent City see
[20, 113, 53]. Studies have also been done on the effects of harbor modification on mitigating
Crescent City’s vulnerability to tsunamis, for example see [36].

Recently, Adams and LeVeque [1] conducted a study comparing GeoClaw tsunami model re-
sults to detided tide gauge results at multiple destinations for each of several tsunamis. These re-
sults were also compared to MOST tsunami results, which is a depth-averaged long wave tsunami
inundation model adapted by the National Oceanic and Atmospheric Administration (NOAA) for
tsunami forecasting operations [106, 108, 107]. One of the tsunami and destination pairs consid-
ered was the Chile 2010 tsunami and its impact on Crescent City, CA. This particular example

presented a great deal of difficulty for GeoClaw, due to the facts that

e the tsunami waves propagated across a large portion of the ocean, and

e significant waves were seen at Crescent City up to 26 hours after the earthquake.

In the preparation of [1], Adams spend a great deal of time and effort comparing the results from
using adjoint-flagging and surface-flagging for this particular tsunami on a computer with 512 GB
of memory. Six cores were used for the simulations discussed below.

Advantage 1: Memory usage vs. user time. After setting up a working adjoint-difference flag-
ging model of this tsunami, the flagging method was switched to use the surface-flagging method
which is currently the default in GeoClaw. Initially, no extra user effort was put into making sure
that the regions allowing additional refinement were as small as possible to sufficiently resolve
the wave (since this is not necessary when using adjoint-flagging). When this model was run, the
simulation was only able to compute about 12 hours of tsunami propagation rather than the re-
quested 26 hours because the simulation ran out of memory, due to the large portion of the ocean

that was being refined. This first issue was resolved by a great deal of user time being spent on
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defining appropriately sized regions where greater refinement is allowed, and determining at what
times those regions could be removed. With this extra user time and effort, the surface-flagging
technique was able to produce results for the requested 26 hours of tsunami propagation time for
this particular example. For details on the regions used for the surface-flagging case please see [1].
Anecdotally, Adams relied on visual inspection of the adjoint solution when determining where
to place the regions where greater refinement is allowed — which speaks to the usefulness of the
adjoint solution even when adjoint-flagging is not being used.

Advantage 2: Computational time vs. accuracy of results. In addition to the extra user time
put into the surface-flagging method, the computational time required to run the simulation was
about 90 hours of CPU time. In contrast, the adjoint method took 88 hours of CPU time to run. So,
not only did the adjoint method require less user time but it also required less computational time.
Because of the large number of grids that were enforcing refinement along the coast and near the
target area, the computational time required for the adjoint does not offer as significant savings as
we have seen for previous examples.

Moreover, even though the adjoint-flagging method took less time the accuracy of the computed
results was retained. Figure 8.5 shows the results from surface-flagging and adjoint-difference
flagging using GeoClaw for a gauge in Crescent City. Also shown are the observed de-tided tide
gauge results, and the MOST computational results. Note that the results from the two GeoClaw
runs are really on top of each other, showing that the results from the two flagging methods are
nearly identical.

For the adjoint-flagging run shown in [1] a coarse grid was used over the entire Pacific (2
degree resolution) where the ocean is at rest. Up to three levels of refinement were allowed across
the ocean, with refinement ratios of 5 and 6 from one level to the next. A fourth level of refinement
was used, with a refinement ratio of 4 (so this level had 1 minute resolution), around Hawaii and
some of Alaska. Other AMR regions were used to require certain levels of refinement around the
source in Chile and around the target area in Crescent City. Please see [1] for the specifics of
the regions used. The waves impinging on Crescent City between 14 hours and 26 hours after

the earthquake were considered. When generating the surface-flagging simulation results that are
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Figure 8.5: Compared results for surface-flagging and adjoint-flagging for the impact of the Chile
2010 tsunami on Crescent City, CA. Also show are the observed de-tided tide gauge results, and
the MOST computational results. Please note the green and dashed red curves, which are really on
top of each other, showing that the adjoint-flagging and surface-flaggings methods generate nearly

identical results.

shown in fig. 8.5 only a single level of refinement (2 degree resolution) was allowed over the entire
Pacific, and many regions were defined to allow refinement up to four levels of refinement in certain
areas of the ocean. Again, other regions were used to require certain levels of refinement around
the source in Chile and around the target area in Crescent City. A total of 8 levels of refinement
are used, starting with 2-degree resolution on the coarsest level, and with refinement ratios of 5, 6,

4,5, 2,6, and 3 from one level to the next.

To better showcase the ability of the adjoint method to save user time, we ran this simulation
again with even less restrictions on refinement regions. We allowed up to 4 levels of refinement
across the entire ocean (so, up to 1 minute resolution), and up to 5 levels of refinement (12-second

resolution) in water shallower than 100 feet. We used the same regions around Crescent City as
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used in [1], but modified them to allow (rather than require) refinement to occur. The only region
of enforced refinement was around the Chile source, which forced the model to use 1-minute
resolution around the source for the first four hours of tsunami propagation. In this simulation
we used 1 arc-minute bathymetry from the ETOPO1 Global Relief Model of [24] for the entire
simulation area, as well as 1 arc-second bathymetry and 1/3 arc-second bathymetry over the region
about Crescent City from [54].

For this example, as mentioned above, we are interested in the accurate calculation of the water
surface height in the area about Crescent City, California. To focus on this area, we define a
Gaussian of width § = 20 meters centered about (x.,y.) = (235.5661,41.74512), where x and y
are being measured in degrees. Setting

Xmax — (Ymax(X)
J = fx g f} . @(x, Y)n(x, y, ty)dy dx, (8.3)

where the limits of integration define the appropriate circle, we set

0.1exp(=(r/B)*)
o(x,y) = 0 : (8.4)
0

where r = haversine(x, y, x., y.) is the Haversine formula giving the distance in meters between the
points (x,y) and (x.,y.). This function ¢(x,y) defines the “initial data” g(x,y, ;) for the adjoint
problem.

A figure for the adjoint problem results is not shown, because it appears nearly identical to the
results shown in fig. 8.2. For this simulation a grid with 15 arcminute = 0.25° resolution was used
over the entire Pacific, and a second region of refinement with a refinement ratio of 4 was required
along the West Coast. The topography files used for the adjoint problem were the 1 arc-minute
bathymetry from the ETOPO1 Global Relief Model of [24] for the entire simulation area.

For this example, we are concerned with the entire wave train that arrives at Crescent City.
The first waves arrive around 14 hours after the earthquake, so we set #, = 14 hours and 7, = 26
hours. Figures 8.6 and 8.7 show the GeoClaw results from running this problem using the adjoint-

magnitude flagging method with a tolerance of 8 x 107°. The first column shows the surface
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Figure 8.6: Computed results for Chile 2010 tsunami propagation problem when adjoint-flagging

is used. The x-axis and y-axis are latitude and longitude, respectively. In the grid figures each

color corresponds to a different level of refinement: the coarsest refinement level is shown in

white, and the second, third, fourth and fifth levels of refinement are shown in grey, green, red, and

blue, respectively. The color scale for the surface height figures goes from blue to red, and ranges

between —0.03 and 0.03. Times are in hours since the earthquake.
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Figure 8.7: Computed results for Chile 2010 tsunami propagation problem when adjoint-flagging

is used. The x-axis and y-axis are latitude and longitude, respectively. In the grid figures each

color corresponds to a different level of refinement: the coarsest refinement level is shown in

white, and the second, third, fourth and fifth levels of refinement are shown in grey, green, red, and

blue, respectively. The color scale for the surface height figures goes from blue to red, and ranges

between —0.03 and 0.03. Times are in hours since the earthquake.
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height of the water at various times and the second column shows the grids at different levels of
refinement. For all of the refinement level plots the coarsest refinement level is shown in white,
and the second, third, fourth and fifth levels of refinement are shown in grey, green, red, and blue,
respectively. The sixth, seventh, and eighth levels of refinement, which are only allowed around

Crescent City, are not shown but are nested within the fifth level of refinement.
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Figure 8.8: Compared results for surface-flagging and adjoint-flagging with limited numbers of
regions of required refinement for the impact of the Chile 2010 tsunami on Crescent City, CA. Also
show are the observed de-tided tide gauge results, and the MOST simulation results. Please note
the green and dashed red curves, showing that the adjoint-flagging and surface-flaggings methods

generate very similar results.

Figure 8.8 shows the gauge results from running this problem. In this figure the observed waves
from a tide gauge are shown in black, the waves calculated by MOST are shown in blue, and the
waves calculated by GeoClaw using surface-flagging are shown in red, and the waves calculated
by GeoClaw using adjoint-difference flagging are shown in green. Note that the arriving waves

are well captured by GeoClaw when we are using adjoint-flagging, even though there are very few
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regions allowing or forbidding increased refinement — the adjoint method is able to do all of that
work for us and produce accurate results. There is some difference between the surface-flagging
and adjoint-flagging results here, unlike the basically identical result we saw in fig. 8.5. This may
indicate that regions requiring refinement are more important when trying to resolve later waves
— since these waves are likely caused by edge waves propagating in the continental shelf, where
the adjoint method is not as well equipped to guide AMR.

Given these results, we can see that the saving on memory restrictions and user time require-

ments that the adjoint method allows are substantial.

8.3 Japan 2011 tsunami

Another tsunami that had a significant impact on Crescent City, CA was the March 11, 2011
tsunami that originated from Japan. This tsunami has been the subject of a lot of research, for both
the near field [100, 60, 29, 28] and far field [56, 20, 113] effects. This tsunami is of particular in-
terest in the far field because at many coastal time gauge stations the largest waves arrived several
hours after the initial arrival of the tsunami waves [56]. As we will see from the tide gauge data
presented below, this was true of tide gauges at Crescent City. With this example we will highlight
another great strength of the adjoint method. Since we are able to define a time range of interest,
we are able to selectively refine around only the waves that will influence our target location at par-
ticular points in time. Therefore, we are able to isolate and refine only the parts of the waves that
contribute to the largest waves that arrive several hours after the initial tsunami waves. Isolating
these parts of the waves allows us to study in more detail the behavior of the waves as they prop-
agate across the ocean, and develop a greater understanding of the effect of the varied bathymetry
and topography that waves encounter as they propagate across the ocean.

For this example we used the source deformation file used by [1] for the Japan 2011 event. We
consider the waves impinging on Crescent City until about 13 hours after the earthquake, although
the simulations are run out for a total of 15 hours. To simulate the effects of this tsunami on
Crescent City a coarse grid is used over the entire Pacific (2 degree resolution) where the ocean is

at rest. A total of 7 levels of refinement are used, starting with 2-degree resolution on the coarsest
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level, and with refinement ratios of 5, 6, 4, 5, 12, and 3 from one level to the next.

Generally, GeoClaw simulations use AMR to track propagating waves on finer grids and also
enforce higher levels of refinement around the point of interest and in locations that the user be-
lieves need a higher level of refinement (through the use of user-defined regions). One of the main
advantages of the adjoint method is that the method can determine what parts of the waves are
significant for our area and time of interest. Therefore, a minimal number of regions was used for
this example (which saved significant user time). A total of 4 levels of refinement (up to 1-minute
of resolution) were allowed over most of the Pacific, and up to 5 levels of refinement (12-second
resolution) were allowed in water shallower than 100 feet. Two regions were used around Crescent
City, to allow up to 7 levels of refinement (with 1/3-arc second of refinement on the finest level).
The only region of enforced refinement was around the Japan source, which forced the model to
use 1-minute resolution around the source for the first hour of tsunami propagation. In this sim-
ulation we used 1 arc-minute bathymetry from the ETOPO1 Global Relief Model of [24] for the
entire simulation area, as well as 1 arc-second bathymetry and 1/3 arc-second bathymetry over the
region about Crescent City from [54].

For this example, as mentioned above, we are interested in the accurate calculation of the water
surface height in the area about Crescent City, California. To focus on this area, we used the same
adjoint solution as was used in section 8.2. Specifically, our functional of interest is given by
eq. (8.3) and the initial conditions for the adjoint problem is a Gaussian defined by eq. (8.4).

To begin, let us consider the entire wave train that arrives at Crescent City. The first waves
arrive around 9 hours after the earthquake, so we set ¢, = 8.5 hours and ¢ = 15 hours. Figures 8.9
and 8.10 shows the GeoClaw results from running this problem using the adjoint-magnitude flag-
ging method with a tolerance of 1 x 10~*. The first column shows the surface height of the water at
various time and the second column shows the grids at different levels of refinement. For all of the
refinement level plots the coarsest refinement level is shown in white, and the second, third, fourth
and fifth levels of refinement are shown in grey, green, red, and blue, respectively. The sixth and
seventh levels of refinement, which are only allowed around Crescent City, are not shown but are

nested within the fifth level of refinement.
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Figure 8.9: Computed results for Japan 2011 tsunami propagation problem when adjoint-flagging
is used with 7, = 8.5 and ¢y = 15 hours. The x-axis and y-axis are latitude and longitude, respec-
tively. In the grid figures each color corresponds to a different level of refinement: the coarsest
refinement level is shown in white, and the second, third, fourth and fifth levels of refinement are
shown in grey, green, red, and blue, respectively. The color scale for the surface height figures goes

from blue to red, and ranges between —0.1 and 0.1. Times are in hours since the earthquake.
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Figure 8.10: Computed results for Japan 2011 tsunami propagation problem when adjoint-flagging
is used with 7, = 8.5 and ¢y = 15 hours. The x-axis and y-axis are latitude and longitude, respec-
tively. In the grid figures each color corresponds to a different level of refinement: the coarsest
refinement level is shown in white, and the second, third, fourth and fifth levels of refinement are
shown in grey, green, red, and blue, respectively. The color scale for the surface height figures goes

from blue to red, and ranges between —0.1 and 0.1. Times are in hours since the earthquake.
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Figure 8.11: Results at the gauge for the Japan 2011 tsunami propagation problem with ¢, = 8.5
hours and 7, = 15 hours. Along the x-axis, the time since the occurrence of the earthquake is

shown in hours.

As can be noted from fig. 8.11, the wave that arrives at Crescent City a little after 11 hours
after the earthquake and the wave that arrives between 12 and 12.5 hours after the earthquake are
larger than the initially arriving waves. We are interested in isolating the parts of the wave that
interact (e.g., with bathymetry as the waves travel across the ocean, or with the continental shelf in

the form of edge waves) in such a way as to generate the large later waves.

First, we will focus on the wave that arrives a little after 11 hours post-quake. To focus on this
wave we set £, = 10.75 hours and 7, = 11.3 hours. Figures 8.12 and 8.13 shows the GeoClaw
results from running this problem using the adjoint-magnitude flagging method with a tolerance of
3 x 107>, The first column shows the surface height of the water at various time and the second
column shows the grids at different levels of refinement. For all of the refinement level plots
the coarsest refinement level is shown in white, and the second, third, fourth and fifth levels of

refinement are shown in grey, green, red, and blue, respectively. The sixth and seventh levels of
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refinement, which are only allowed around Crescent City, are not shown but are nested within the
fifth level of refinement.

It is of interest to note from figs. 8.12 and 8.13 that although the Hawaii islands are resolved
with the second level of refinement, the finer levels of refinement are not used to resolve the island
chain. Therefore, the waves we saw reflecting off of Hawaii in figs. 8.9 and 8.10 do not play a
significant role in the large wave that arrives at Crescent City a little after 11 hours post-quake.

Figure 8.14 shows the gauge results from running this problem with #;, = 10.75 hours and
t; = 11.3 hours. In this figure the observed waves from a tide gauge are shown in black, the waves
calculated by MOST are shown in blue, and the waves calculated by GeoClaw are shown in red.
Note that the waves that arrive during our region of interest are well captured by GeoClaw. In fact,
the whole wave train that arrives before our region of interest is also captured very well. This is due
to the fact that this early wave train becomes edge waves, which propagate within the continental
shelf and combine to form the large wave that arrives at Crescent City a little after 11 hours post-
quake. Note that after our time range of interest the calculated gauge results from GeoClaw are not
accurate at all. This is because the simulation is no longer refining the area around Crescent City,
as should be expected given that by selecting 1, = 11.3 we have stated that we are not interested in
the behavior of the waves after this time.

We now focus on the wave that arrives a little after 12 hours post-quake. To focus on this wave
we setf, = 11.75 hours and 7, = 12.5 hours. Figures 8.15 and 8.16 shows the GeoClaw results from
running this problem using the adjoint-magnitude flagging method with a tolerance of 3x 107>, The
first column shows the surface height of the water at various time and the second column shows the
grids at different levels of refinement. For all of the refinement level plots the coarsest refinement
level is shown in white, and the second, third, fourth and fifth levels of refinement are shown in
grey, green, red, and blue, respectively. The sixth and seventh levels of refinement, which are only
allowed around Crescent City, are not shown but are nested within the fifth level of refinement.

It is of interest to note from figs. 8.15 and 8.16 that, in contrast to what we saw in figs. 8.12
and 8.13, here we have the Hawaiian islands being resolved with much finer levels of refinement.

Therefore, in contrast to the large wave that arrives at Crescent City a little after 11 hours post-
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Figure 8.12: Computed results for Japan 2011 tsunami propagation problem when adjoint-flagging
is used with 7, = 10.75 and ¢ = 11.3 hours. The x-axis and y-axis are latitude and longitude, re-
spectively. In the grid figures each color corresponds to a different level of refinement: the coarsest
refinement level is shown in white, and the second, third, fourth and fifth levels of refinement are
shown in grey, green, red, and blue, respectively. The color scale for the surface height figures goes

from blue to red, and ranges between —0.1 and 0.1. Times are in hours since the earthquake.
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Figure 8.13: Computed results for Japan 2011 tsunami propagation problem when adjoint-flagging
is used with 7, = 10.75 and ¢ = 11.3 hours. The x-axis and y-axis are latitude and longitude, re-
spectively. In the grid figures each color corresponds to a different level of refinement: the coarsest
refinement level is shown in white, and the second, third, fourth and fifth levels of refinement are
shown in grey, green, red, and blue, respectively. The color scale for the surface height figures goes

from blue to red, and ranges between —0.1 and 0.1. Times are in hours since the earthquake.
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Figure 8.14: Results at the gauge for the Japan 2011 tsunami propagation problem with ¢, = 10.75
and 7, = 11.3 hours. Along the x-axis, the time since the occurrence of the earthquake is shown in

hours.

quake, the waves that reflect off of Hawaii play a significant role in the large wave that arrives a

little after 12 hours post-quake.

Figure 8.17 shows the gauge results from running this problem with #;, = 11.75 hours and
t; = 12.5 hours. In this figure the observed waves from a tide gauge are shown in black, the waves
calculated by MOST are shown in blue, and the waves calculated by GeoClaw are shown in red.
Note that the waves that arrive during our region of interest are well captured by GeoClaw. In
fact, the whole wave train that arrives before our region of interest is also fairly well captured.
This is due to the fact that the early wave train becomes edge waves, which propagate within the
Continental shelf and combine with the wave reflecting off to Hawaii to form the large wave that
arrives at Crescent City a little after 12 hours post-quake. Note that after our time range of interest
the calculated gauge results from GeoClaw are not accurate at all. This is because the simulation

is no longer refining the area around Crescent City, as should be expected given that by selecting



120

Surface Grids

Surface at 2.00 hours

[72]
=
=
Qe
=
@\l
I
N
72‘20 72‘00 71‘80 71‘60 71‘40 71‘20 ‘ 72‘00 71‘80 71‘60 71‘40
Surface at 3.50 hours Grids patches at 3.50 hours
«v o
=
=3
]
=
'\
o
Il
—
0 72‘20 72‘00 71‘80 71‘60 71‘40 71‘20 o 72‘20 72‘00 71‘80 71‘60 71‘40 71‘20
Surface at 4.50 hours Grids patches at 4.50 hours
- =
Y
=3
]
<=
'\
< L
Il
N
—1‘80 —£60 —£40 —£20 —zbo —1‘80 —£60 —£40 —£20
Surface at 5.50 hours Grids patches at 5.50 hours
60
w
Y
=3
=)
Vo)
” 20
-
10

L L L L L L
-220 —200 —180 -160 —140 -120

Figure 8.15: Computed results for Japan 2011 tsunami propagation problem when adjoint-flagging
is used with 7, = 11.75 and ¢ = 12.5 hours. The x-axis and y-axis are latitude and longitude, re-
spectively. In the grid figures each color corresponds to a different level of refinement: the coarsest
refinement level is shown in white, and the second, third, fourth and fifth levels of refinement are
shown in grey, green, red, and blue, respectively. The color scale for the surface height figures goes

from blue to red, and ranges between —0.1 and 0.1. Times are in hours since the earthquake.



121

Surface Grids
Surface at 6.50 hours Grids patches at 6.50 hours
2]
=
=
=)
=
N
O
I
—
72‘20 72‘00 71‘80 71‘60 71‘40 71‘20 ‘ 72‘00 71‘80 71‘60 71‘40 71‘20
Surface at 7.50 hours Grids patches at 7.50 hours
» =h
=
=3
]
=
e}
[\
e I i -/ Lt S I B A [
—
0 72‘20 72‘00 71‘80 71‘60 71‘40 71‘20 o 72‘20 72‘00 71‘80 71‘60 71‘40 71‘20
Surface at 8.50 hours Grids patches at 8.50 hours
60 - -- S -.-, -
g 50 -‘m”; -
g - e
o0 :
” 20 .
N
10
0 —250 —1‘80 —fGO —£40 —£20 —zbo —fso —£60 —£40
Surface at 10.00 hours Grids patches at 10.00 hours
w
Y
=3
]
<=
]
—
Il
N—

0

L L L L L L
-220 —200 —180 -160 —140 -120

L L L i L L
—220 —200 -180 -160 —-140 -120

Figure 8.16: Computed results for Japan 2011 tsunami propagation problem when adjoint-flagging
is used with 7, = 11.75 and ¢ = 12.5 hours. The x-axis and y-axis are latitude and longitude, re-
spectively. In the grid figures each color corresponds to a different level of refinement: the coarsest
refinement level is shown in white, and the second, third, fourth and fifth levels of refinement are
shown in grey, green, red, and blue, respectively. The color scale for the surface height figures goes

from blue to red, and ranges between —0.1 and 0.1. Times are in hours since the earthquake.
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Figure 8.17: Results at the gauge for the Japan 2011 tsunami propagation problem with #, = 11.75
and 7, = 12.5 hours. Along the x-axis, the time since the occurrence of the earthquake is shown in

hours.

t; = 12.5 we have stated that we are not interested in the behavior of the waves after this time.
Given these results, we can see that the time range of interest in the adjoint method can be
used to study the parts of a tsunami wave that combine to generate particular waves at our target
location. This capability is useful for gaining a greater understanding of the general behavior of
waves as they propagate across the ocean, and analyzing interesting phenomena such as was seen
at Crescent City from the Japan 2011 tsunami — where later waves were larger than the initially

arriving tsunami generated waves.

8.4 Alaskan Source Impact on Puget Sound

As a final example showcasing the capabilities of the adjoint method, we consider the problem
of determining what source regions will have the greatest tsunami response at a particular target

location. For instance, this kind of analysis has been done to determine what potential source
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regions around the Pacific Rim give the largest tsunami response at Pearl Harbor [105] and at
particular target locations of interest along the U.S. west coast [98]. For these publications the
authors calculated propagation time series of wave heights and velocities from many different
tsunami sources using the MOST model. This required that a tsunami simulation be run for each
of the sources being considered. The use of the adjoint method allows us to do a similar analysis
with a single full scale simulation — we solve the adjoint problem with a GeoClaw simulation,
and then by computing the appropriate inner products are able to determine the sensitivity of our

location of interest to the tsunami sources being considered.

For this example we will focus on the impact that earthquake sources along the Alaskan-
Aleutian subduction zone could have on the Puget Sound in Washington, U.S.A. Since we are
interested in the impact to the Puget Sound, we will define an adjoint problem that will enable us
to focus on this target location. As an aid to understanding the geography of the region a bit, and
to give context to the initial conditions for the adjoint problem that are described below, fig. 8.18
shows the location of the adjoint initial condition. The adjoint initial condition is placed in the
Strait of Juan de Fuca, which lies between the Olympic Peninsula, U.S.A., and Vancouver Island,

Canada.

Recall that we are interested in the accurate calculation of the water surface height (n(x, y, 1),
defined in eq. (6.20)). To focus on the Puget Sound, we define a Gaussian centered about (x.,y.) =
(236,48.294501) where x and y are being measured in degrees. Since the waves from any forward
problem being considered will be flowing into the Puget Sound, a leftward (out of the Sound)
flowing adjoint initial condition was selected (which can be achieved by making sure that the ¢
vector is a multiple of the left-going fluctuation given by eq. (6.24)). The idea behind this selection
was to place the emphasis on the forward problem waves that are flowing into the Sound, since if
simply a Gaussian initial condition for the adjoint was selected it would split into equal left going
and right going waves and any right-going waves would be reflected off of the coastlines in the
Puget Sound for a while before finding their way out to the open ocean. Therefore, any initially
right-going waves would add computational complexity without adding much if anything to the

actual question at hand: the effects of tsunami waves coming from outside of Puget Sound. This
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Figure 8.18: Initial conditions for the Puget Sound, Washington, adjoint problem. The initial
condition is a Gaussian in the Strait of Juan de Fuca, centered about the location marked with a
black dot and the label “1.” South of the Strait of Juan de Fuca is the Olympic Peninsula, U.S.A.

North of the strait is Vancouver Island, Canada.

does, however, have the effect of adding a momentum term to our functional of interest (J). Setting

xmax ymax(x)
J = f o(x,y)q(x,y,tr)dy dx, (8.5)

Yimin(X)

Xmin

where the limits of integration define the appropriate circle, we set

i(x,y)
@(x,y) = |fi(x, )/ c(x, )| (8.6)
0

where /) = 0.1 exp(—(r/B)?), ¢ = +/gh is the speed of the gravity waves as we saw in section 6.3,
r = haversine(x, y, x., y.) is the Haversine formula giving the distance in meters between the points
(x,y), and (x.,y.), and B = 15 meters is the Gaussian width parameter. This function ¢(x,y)

defines the “initial data” g(x, y, ;) for the adjoint problem. The implications of the decision to add
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a leftward velocity to the adjoint initial conditions, and what effect this had on our final results, is
an interesting area of future work.

Figure 8.19 shows the results for the simulation of this adjoint problem. For this problem, a
coarse grid is used over the entire Pacific (1 degree resolution) where the ocean is at rest. In addi-
tion to AMR being used (with surface-flagging) to following propagating waves across the ocean,
higher levels of refinement were enforced around the west coast of the U.S.A, around Hawaii, and
around Alaska. A total of 3 levels of refinement are used, starting with 1-degree resolution on the
coarsest level, and with refinement ratios of 5 and 3 from one level to the next. In this simulation
we used 1 arc-minute bathymetry from the ETOPO1 Global Relief Model of [24] for the entire
simulation area. The simulation was run out to 10 hours, to allow time for the wave train that is

reflected off of Hawaii to reach Alaska, and we saved snapshots of the solution every 3 minutes.

Adjoint at 2:00:00 before final time

i Adjoint at :00:00 before final time
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40|
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20} -+ iy
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Figure 8.19: Computed results for adjoint beginning in the Strait of Juan de Fuca, with a total
simulation time of 10 hours. The x-axis and y-axis are latitude and longitude, respectively. The
color scale goes from blue to red, and ranges between —0.0001 and 0.0001. Times are in hours

before the final time.
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The NOAA center for tsunami research has developed a database of unit sources that can be
used to generate initial conditions for tsunami propagation problems [45]. For this example we
were interested in the effects to the Puget Sound of a slip occurring on any one of the unit sources

found along the Alaskan-Aleutian subduction zone, which are shown plotted in fig. 8.20.

Figure 8.20: NOAA unit sources used to generate the initial conditions for the source impact

analysis on the Puget Sound, WA.

Perturbation files were generated by giving each of these seventy-eight unit sources a slip of
10 meters, and the results from the perturbation of each unit source was saved as a separate dtopo
file. Without the adjoint method, if we wanted to do a source impact analysis on Puget Sound
we would need to run full GeoClaw simulations for each of these deformation files. Since we are
using the adjoint method, we are able to take advantage of the fact that eq. (4.7) can give us our
functional of interest at any time . Therefore, by taking the inner product between the adjoint
solution (which we have already computed) and the forward solution at any time, we can get the
sensitivity of our location of interest to the source we are considering. To see if the method is robust
with respect to time, we ran a short (1 hour of tsunami propagation time) GeoClaw simulation for
each of the deformation files. This will allow us to consider the forward solution at various times

for each of these sources. Figure 8.21 shows the calculated output from one of these short GeoClaw



simulations, for the unit source acsza21, as an aid to visualizing what we are working with.
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Figure 8.21: Computed results for one of the short GeoClaw runs conducted for the unit sources

along the Alaskan fault. The color scale goes from blue to red, and ranges between —0.03 and 0.03.

Times are in hours since the initial perturbation of the unit source.

For each of the unit sources we are considering we took the inner product between:

o the initial deformation given by the slip on the unit source and the adjoint solution snapshots,

e the forward solution after 30 minutes of wave propagation and the adjoint solution snapshots,

and

o the forward solution after 60 minutes of wave propagation and the adjoint solution snapshots.

Figure 8.22 shows the results from this analysis. Note that figs. 8.22(b) and 8.22(c) show very

similar results. However, fig. 8.22(a) varies from the other two figures. In theory, eq. (4.7) tells

us that our functional of interest should be constant regardless of the time that we are considering.

Therefore, the maximum value of our functional of interest should be constant as well. Once the

GeoClaw simulation begins, the value of our functional of interest does seem to be robust with

respect to time as can be seen in figs. 8.22(b) and 8.22(c). The functional of interest when we

are considering the initial deformation does not, however, give the same results. Computing the

functional of interest at time ¢ = O is interesting because no forward wave propagation has occurred,

which means that the directionality of the forward waves is not being taken into account. How this
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can and should be reconciled with the fact that our functional of interest should be constant in time
is not clear, and needs further exploratory work. For now, our results appear to be robust in time
for any time after the forward wave propagation begins.

As another way to visualize the results, and to evaluate whether our results are robust with
respect to time, fig. 8.23 shows the times corresponding to the maximum inner product between
the forward solution corresponding to each unit source and the adjoint problem. The time, shown in
hours, is the sum of the total time the forward problem has propagated (either 0, 30, or 60 minutes)
and the total time the adjoint problem has propagated (backwards in time since the final time).
This total time corresponds to the time ¢ (since the initial perturbation) at which the functional of

interest

J= f f 4%, 7, 0)q(x, y, Dy dx

will be maximal. Recall that we have selected the initial conditions for the adjoint problem,
q(x,y,0), to be a Gaussian flowing out of the Strait of Juan de Fuca. Therefore, this total time
corresponds to when the maximum wave height would be experienced flowing into the Strait for
the forward problem generated from each unit source. Again, since our functional of interest is
in theory constant in time, these results should be robust to changes in the forward problem time
we are considering. However, similar to what we saw in fig. 8.22, note that while figs. 8.23(b)
and 8.23(c) show very similar results, fig. 8.23(a) varies fairly significantly. Again, our results
appear to be robust in time for any time after the forward wave propagation begins.

In summary, with the adjoint method we have been able to identify the unit sources that will

have a maximal impact on our region of interest by

e solving the adjoint problem backward in time,

e calculating the solution for the forward problem for a short time (in this case 1 hour) for each

of the unit sources we were considering, and

e calculating the inner product between the adjoint solution snapshots and the forward solution

at a short time after the initial deformation.
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(a) Maximum inner product between the adjoint solution and the initial deformation
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(b) Maximum inner product between the adjoint and forward solution 30 minutes after the initial deformation
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(c) Maximum inner product between the adjoint and forward solution 60 minutes after the initial deformation

Figure 8.22: Maximum inner product for each unit source between the adjoint solution and the
forward solution at various different times. Note that maximum inner product could occur for

different adjoint solution snapshots (corresponding to different adjoint times) for each unit source.
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(c) Time of max inner product between the adjoint and forward solution 60 minutes after initial deformation

Figure 8.23: Time of maximal inner product for each unit source. The time (in hours) corresponds
to the sum of the time that the forward problem has propagated and the time the adjoint problem
has propagated (backwards in time). This total time corresponds to the time at which the maximum

wave height at Puget Sound would be experienced for the forward problem from each unit source.
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We are then able to visualize, as we have in fig. 8.22, the maximum inner product for each unit
source. The unit sources that resulted in larger maximum inner products will have a larger impact
on our target location (in this case the Strait of Juan de Fuca). This in turn allows us to do source
impact analysis or to design a source that will generate a tsunami of maximal impact.

Verifying that the results of this analysis are accurate (by running various forward problems to
10 or 11 hours) and preforming a study on the effects of the adjoint initial conditions on the final

result are interesting areas of future work.
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Chapter 9
SUMMARY, CONCLUSIONS, AND FUTURE WORK

9.1 Summary of results

The focus of this work has been to develop a method that allows us to perform guided adaptive
mesh refinement when working on a problem with a particular area of interest, and to implement
this method in the context of Clawpack. This thesis has focused on the adjoint method, which
has been widely used in a variety of different fields both for error correction and for adaptive
mesh refinement. However, the continuous adjoint method which is presented in this work has
had limited use in the literature. Furthermore, the application of the continuous adjoint method
for guiding adaptive mesh refinement in the context of geosciences is novel to this work. This
work extends the ideas of the continuous adjoint method, expands them to be used for guiding
AMR, and develops various algorithms that are necessary for implementing this method in the
context of Clawpack. A one-dimensional version of AMRClaw was also developed as part of this
work, which allowed us to preform more in-depth analysis of the computational performance of
the adjoint method being presented.

After providing some motivation in chapter 1, this work moved on to introducing some of the
basic building blocks that were used. Chapter 2 introduced the adjoint method by providing some
of the background for the method that can be found in the literature, and various examples of how
the method has been used in a wide range of fields. The differences between the continuous and
discrete adjoint methods were presented, with a short discussion of the drawbacks and benefits of
each method. Finally, the mathematical development of the adjoint equation was also presented,
both in the context of an algebraic system of equations and in the context of time-dependent linear
equations. Chapter 3 presented a brief introduction to the finite volume method used in Clawpack,

which set up the framework which this work used to solve the adjoint equation. Finally, chapter 4



133

introduced the methods currently in use in AMRClaw and GeoClaw for adaptive mesh refinement.
This chapter transitions from speaking generally about solving a system of equations to focusing on
how to flag grid cells for refinement, which is a fundamental part of the adaptive mesh refinement
algorithms. Two approaches to using the adjoint method to guide adaptive mesh refinement are
presented: adjoint-difference flagging and adjoint-error flagging. This chapter also transitioned
from setting up a backdrop for the development of the adjoint method to discussing how the adjoint
method will be used to guide adaptive mesh refinement.

Chapter 5 presented details on the implementation of the adjoint method in the context of
AMRClaw and GeoClaw. This involved the development of several new algorithms, so that Claw-
pack could properly utilize the adjoint solution when flagging cells for refinement while solving
the forward problem. Chapter 6 presented several systems of linear equations that were consid-
ered in this work, and developed the adjoint equation for each. Since Clawpack solves systems of
linear equations using Riemann solvers, the equations used in the Riemann solvers for the adjoint
problems being considered in this work are also presented. Finally, chapters 7 and 8 present the
simulation results for using the adjoint method to guide adaptive mesh refinement in the context
of linear variable coefficient acoustics and tsunami modeling using the shallow water equations.
For the linear variable coefficient acoustics examples, the results from using adjoint-difference and
adjoint-error flagging are compared to results using the flagging methods previously available in
Clawpack. For the tsunami modeling case, various benefits of using the adjoint method to guide

adaptive mesh refinement are presented in the context of several tsunami examples.

9.2 Conclusions

In this thesis I have developed the use of the continuous adjoint method to guide adaptive mesh
refinement when the problem being considered has a particular location of interest, implemented
this method in AMRClaw and GeoClaw, and developed a one-dimensional version of AMRClaw.
The one-dimensional version of AMRClaw allowed for more extensive comparison between the
theory presented in this thesis and the computational results found. The adjoint method was shown

to provide significant improvements in
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e the computational time required to run a simulation, particularly when the area of the domain

that needs to be calculated to a fine resolution is small relative to the whole domain,

e the user time required, particularly when solving a problem that would historically require

the user to define regions where refinement was either required or forbidden, and

e computer memory requirements, since smaller portions of the ocean are being refined and

therefore less cell updates are being calculated.
The adjoint method also provided several new capabilities like

e allowing the user-set tolerance in AMRClaw to be related to the final desired error in the

solution through the use of adjoint-error flagging,

e focusing in on certain time ranges of interest, which allows for identifying portions of a wave

train that are relevant for particular waves of interest at the target location,

e preforming sensitivity analysis, and

e preforming analysis on source design and sources of potential maximal amplitude waves.

9.3 Future work

In this work we have focused on examples involving the linear acoustics equations and the lin-
earized shallow water equations. However, the adjoint method is not limited to working on only
these equations. Using the adjoint method when solving non-linear equations requires that the
equations be linearized. In the context of using the shallow water equations for tsunami propa-
gation across the ocean this is fairly straightforward, since they can be linearized about the ocean
at rest. An area of future work is studying the use of the adjoint method in the context of other
nonlinear hyperbolic equations, where the adjoint equation would be derived by linearizing about
a particular forward solution. This would require the development of some kind of automated pro-

cess to shift between solving the forward problem, linearizing about that forward problem, solving
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the corresponding adjoint problem, and using that adjoint solution in guiding the adaptive mesh
refinement for the forward problem.

We have focused in this work on the accurate calculation of the functional J, where the def-
inition for this functional varied based on the target area of interest. However, we are typically
concerned with the accurate estimation of the solution to the forward problem rather than the func-
tional J. For the examples presented in this work we used various different initial conditions for
the adjoint problem, but did not consider the effect this had on the accuracy of the forward solution.
Examining the implications of the initial conditions used for the adjoint problem, and their effect

on the accuracy of the foward solution, is another area for future work.
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Appendix A
CODE LOCATION FOR THE EXAMPLES PRESENTED

The code for all the examples presented in this work is available online at [32]. This code can
be easily modified to solve other systems of hyperbolic equations. This repository also contains

other examples illustrating how adjoint-flagging can be used with AMRClaw and GeoClaw.
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