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Quand vous avez un probléme sérieux,
réfléchissez bien.

S’il y a une solution,

il n'y a pas lieu de s'inquiéter.

S’il n'y a pas de solution,

il est inutile de s’'inquiéter.

— Dalai Lama

To my fiancée, my family, and my fiancée’s parents. ..
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Abstract

The question addressed is the determination of a glacier’s subglacial topography, given surface topography and
mass-balance data. The input data can be obtained relatively easily for a large number of glaciers. Several methods
essentially based on the shallow ice approximation are proposed, some of which are extended to Stokes ice flows.
Two gradient-free, iterative methods are first introduced, namely the quasi-stationary inverse method, that relies on
the apparent surface mass-balance description of glacier dynamics, and the transient inverse method, consisting
in the iterative update of the bedrock topography proportionally to the surface topography misfit at the end of
the glacier’s considered evolution. Then, an optimal control algorithm is suggested that calculates the bedrock
topography and some model parameters from surface observations through the minimization of a regularized
misfit functional by means of a Lagrangian method. Numerical validations, along with sensitivity analyses and
applications to real-world data are presented for each method.

Keywords : glacier, bedrock topography, shallow ice approximation, Stokes flow, shape optimization, optimal
control, sensitivity analysis, shape derivative
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Le probléme traité dans ce travail est le calcul du lit rocheux d’un glacier a partir de I’'observation de sa topographie
de surface et de son bilan de masse, qui sont des données relativement faciles a obtenir sur un grand échantillon de
glaciers. Plusieurs méthodes sont proposées, essentiellement basées sur 'approximation de glace peu profonde.
Certains algorithmes sont généralisés aux écoulements de Stokes. Deux méthodes itératives ne faisant pas usage
d’un gradient sont d’abord décrites. La méthode inverse quasi-stationnaire repose sur le bilan de masse apparent
d’'un glacier. La méthode inverse évolutive consiste en I'ajustement itératif du lit rocheux proportionnellement
alerreur faite sur la topographie de surface a la fin de I’évolution du glacier sur I'intervalle de temps considéré.
Puis, un algorithme de controle optimal est développé. Il permet de calculer la position du lit rocheux et quelques
parametres du modele, a partir d’observations sur la surface du glacier, par la minimisation d’'une fonctionnelle
de colit régularisée avec une méthode de Lagrangien. Ce rapport présente, pour chaque méthode, les validations
numériques, analyses de sensibilité ainsi que des applications a des données mesurées sur des glaciers réels.

Mots-clés: glacier, lit rocheux, approximation de glace peu profonde, écoulement de Stokes, optimisation de
forme, controle optimal, analyse de sensibilité, dérivée de forme
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|§ Introduction

A few centuries ago, people living in the mountains used to fear the glaciers surrounding them as they caused
repeated avalanches and floods from glacial lakes. For example, due to its extent at that time, Aletsch glacier,
Swiss Alps, used to threaten many homes, so that Pope Innocent XI was asked in 1678 by the inhabitants of its
neighbouring hamlets to make it retreat by the hands of God, for the sake of human lives.

The Pope may have been heard, as Aletsch glacier is still retreating today. Most of the alpine glaciers have globally
lost alarge amount of ice mass, especially since the 1850’s, as far as available pictures and tracks of ancient moraines
can testify. For example, at that time, Rhone glacier, Swiss Alps, had its tongue terminus located beside the famous
Hotel Glacier du Rhone, Gletsch VS, which used to be filled with many tourists fascinated by the glacier. Figure 1.1
shows how far the glacier’s tongue extended in 1900 into Gletsch village and how much it retreated from 1900 to
1920. The red arrows evince the tongue’s position in 1850, showing how critical the retreat was already one century
ago. Since then, Rhone glacier has never stopped retreating and it is now confined further up Furkastrasse, above

Hotel Belvédere, near which a small lake has recently formed.

Year 1900 Year 1920

Figure 1.1 — Available photographs of Rhone glacier in 1900 and 1920 [84, 30]. At the bottom of the pictures, this is
Gletsch village with the Hotel Glacier du Rhone on the left. The red arrows show the glacier’s position in 1850.

In 2009, the citizens of Fiesch and Fieschertal contacted Pope Benedict to reverse the vow of 1678, as they noticed
that the retreating glacier has become dangerous for human beings. Global warming, which seems correlated to the
beginning of the industrial revolution, is accelerating the glaciers’ retreat. With the increase of the Earth’s global
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temperature, glaciers are melting, with non-negligible environmental consequences on local and global scales
[20, 32]. Locally, the Swiss tourism, agriculture, and hydro-power industry already measure the economical impacts
of the phenomenon. For example, the construction of new dams must be envisaged because of the recently formed
lakes, in order to prevent the neighbouring inhabitations from being flooded. On a global scale, the wildlife and
very low-lying lands are affected by the sea-level rise due to the melting of large polar ice sheets.

For these reasons, popular topics in glaciology include climatic and hazard forecasts, as well as predictions of the
formation of new lakes in subglacial depressions. They all require the accurate modeling of glacier dynamics that
depends on the precision of the boundary conditions and model parameters. For instance, initializing a glacier
model with a rough approximation of its bedrock topography may result in possibly significant errors in the sought
predictions. Moreover, the glacier models’ building blocks, namely the ice rheology, the surface mass-balance, and
the sliding law, depend on parameters whose physical values can hardly be measured accurately and are therefore
still the subject of current research [49, 61, 5, 62, 4, 68, 53, 94, 16].

Once the boundary conditions and the model parameters are known, the numerical simulation of glaciers can
provide the desired forecasts. The most complete description of ice dynamics is provided by a non-linear Stokes
approximation of ice flow coupled with an evolution equation for the glacier’s surface that transports ice following
the Stokes velocity [49, 66]. Past reconstruction and future predictions on some Swiss glaciers were successfully
performed with this three-dimensional model [67, 68]. However, this complete description relies on large computer
resources and makes model inversions difficult. Hence, many lower order models of ice flow have been developed
in the past decades, among which the widely-spread shallow ice and the first order approximations.

The volume of mountain glaciers is an important component for modeling studies of future glacier changes and
their impacts on the alpine environment (e.g. [96]). While the total glacier volume is often estimated without
knowledge of the subglacial topography through the so-called “volume-area scaling” (e.g. [23, 6]), this information
is indispensable for many glaciological studies. A glacier’s bed topography can be determined with geophysical
methods, but, for practical reasons, measurements can only be performed at selected locations and for a limited
sample of glaciers [25]. Therefore, several theoretical approaches to determine the subglacial topography have been
proposed. The assumptions of a parabolic cross section and perfectly plastic behaviour of glacier ice supplied a first
estimation [91], where the shear stress at the glaciers’ base is supposed constant and close to the plastic yield stress
of ice. A similar approach was suggested, based on the parallel-sided slab approximation (e.g. [48], Chapter 7.2), in
which the glacier-specific plastic yield stress is empirically inferred as a function of the glacier’s elevation range
and then related to the glacier’s thickness and slope [54, 93]. Recently, an extended perfect plasticity method was
presented that accounts for the effect of side drag on the stress balance [75]. An alternative method relying on mass
turnover and parallel-sided slabs was also proposed [34]. The subglacial topography was also estimated by means
of inverse approaches, in which indirect surface velocity measurements were used (e.g. [50, 111, 98, 99, 85, 33, 83]).
A completely different procedure to estimate the subglacial topography was designed on artificial neural networks
[27].

On subglacial topography estimation by means of optimal control, the oldest contribution is certainly the interpo-
lation method that seeks the best solution fitting the measured data, under the constraint that it also minimizes
potential and curvature [63]. Subsequent work on optimal control algorithms that infer the ice thickness distri-
bution of a glacier is rather sparse but literature has lately become more abundant on those that minimize the
surface velocity misfit on steady geometries [85, 83]. Without direct consideration of surface velocity data, the
most recent proposition consists in the minimization of the discrepancy between the actual ice thickness and
the quasi-stationary, shallow ice corresponding value for a three-dimensional geometry [26]. Optimal control
is more often used to determine basal sliding law and rheology coefficients [116, 74, 70, 82, 71, 5, 4, 94, 53, 81],
where the misfit between the computed and measured surface velocities is minimized with the help of two and
three-dimensional flow models of arbitrary order. Most of the aforementioned methods aiming at the estimation



of the bedrock topography elevation make use of surface velocity data, which can lead to an underdetermined
problem when it comes to the computation of both the basal topography and model parameters like rheology,
surface mass-balance, and sliding coefficients. Moreover, basically all the existing optimal control methods that
solve this problem deal with stationary or quasi-stationary geometries exclusively, except the contributions [46, 57]
that make use of both a primal-dual and an automatic differentiation algorithm.

Three main results are presented in this thesis: First, a sensitivity analysis of both the Stokes and shallow glacier
forward models to all the parameters and the bedrock topography is reported for several alpine glaciers, where
both ice flow models are compared. The ill-posedness of the inverse problem of computing a glacier’s subglacial
topography from surface observations is clearly evinced with various numerical experiments. Second, two gradient-
free inverse methods to infer the bedrock topography of a glacier from its transient evolution are developed. The
quasi-stationary inverse method is based on the apparent surface mass-balance description of the glacier’s time
evolution and hence extends the well-working procedure exposed in [34] to a more automatic algorithm that
requires less pre-processing work with numerical schemes that are well-known in glaciology. Given the digital
elevation model (DEM) of the surface topography together with the surface mass-balance and the sliding law
parameters, it reduces to the solving of a regularized hyperbolic equation. In turn, the transient inverse method
aims at taking the time dependence of a glacier’s evolution more accurately. Indeed, the apparent surface mass-
balance mentioned in the previous method’s description supposes that the evolution of the ice thickness is uniform
in time, which is a crude approximation. The central idea of the transient inverse method is the iterative update of
the bedrock topography with the surface topography misfit after a transient evolution. The algorithm was already
applied to two-dimensional, stationary, Stokes flows [58] and to three-dimensional, transient, shallow ice sheets
[114]. Last, an optimal control algorithm to compute a glacier’s subglacial topography and some model parameters
from surface observations is formulated for shallow glaciers. It consists in the minimization of a discrete regularized
misfit functional by means of a primal-dual method and constitutes the most elaborated method developed in
this thesis. It is flexible, versatile, and fast, at the expense of requiring more hand coding and a better initial guess.
Moreover, the procedure can be extended to higher order models.

Furthermore, a few minor novelties are introduced in both the forward and inverse approaches in glaciology. In the
context of forward simulations, a new numerical scheme is introduced that is more stable than its widely spread,
semi-implicit-in-time version, for the simulation of three-dimensional, shallow glaciers. Moreover, a sliding law is
proposed that models in the simplest possible way a dependence of the sliding in the bedrock topography elevation.
This choice is motivated by the fact that sliding is induced by melted water underneath the glacier and that the
quantity of such water decreases with altitude. In this model, the sliding law depends on the so-called sliding
altitude and the sliding coefficient. All the points of the bedrock topography that lie below this altitude are defined
to be sliding points, contrary to those located above it. Such a description is useful to perform a sensitivity analysis
of the models investigated in this thesis and to show the limitations of the derived inverse approaches. Moreover,
it provides a two-parameter modeling of sliding that may be useful when only little data are available as input to
the inversion algorithms. This form of the sliding law is however purely theoretical and does not rely on concrete
physical experiments. Besides, the three-parameter surface mass-balance function, consisting in a melting and an
accumulation rate below and above the equilibrium line altitude respectively, is extended to a smooth function, for
the sake of derivation in the proposed inverse approaches based on optimal control techniques.

The numerical experiments performed throughout this thesis show that the quasi-stationary inverse method
provides a reasonable estimation of the subglacial topography of a glacier with very little work and computer
resources. The transient inverse method is reliable for shallow ice flows but not any more for Stokes flows. The best
algorithm is the shape optimization method. However, it is formulated here for shallow ice flows only.

The thesis’ outline is the following: The equations governing the Stokes and shallow ice flows are first introduced.
Besides, the volume of fluid formulation of the ice thickness equation is recalled which allows a more local, three-
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dimensional mass conservation. Next, the traditional numerical methods that solve these problems are presented,
namely a finite element formulation for the Stokes problem, a time-splitting scheme for the volume of fluid equation,
and finite difference schemes for its shallow ice approximation. The volume of fluid equation is splitted into a
transport equation and a surface mass-balance equation. The former is solved with a forward characteristic method
and complemented with algorithms reducing the undesirable effects of numerical diffusion and compression, while
the latter is solved with a simple algorithm that stacks the volume of fluid function. Chapter 4 exposes a sensitivity
analysis of the forward models. Several numerical experiments are investigated, such as the simulation of a glacier’s
evolution with different model parameters. Moreover, the influence of a bump in the bedrock topography is studied
on several glacier geometries inspired from real-world data. Next, Chapter 5 introduces the quasi-stationary and
transient inverse methods. In Chapter 6, the shape optimization algorithm is formulated, also in two and three
space dimensions. Although it is based on the shallow ice equations, an application of the latter method to Stokes
flows is proposed. The methods in Chapters 5 and 6 are first developed in two space dimensions and then extended
to three dimensions. Finally, general conclusions are drawn.



Y4 Forward models

The time evolution of a glacier is described by a free surface equation where the ice — air interface, namely the
surface topography, has to be determined. It basically consists in ice transport where the ice velocity obeys the
stationary, non-linear Stokes equations which constitute the current best approximation of ice dynamics [49, 119].
Moreover, among the algorithms that allow for the tracking of the ice volume’s interface, the Eulerian volume of
fluid method is advocated, where the characteristic function of ice is transported following the Stokes ice velocity.
This model successfully allowed for the past reconstruction and future predictions on Rhone and Aletsch glaciers
(67, 68]. However, solving the coupled volume of fluid and Stokes equations is often time-consuming and memory-
demanding, especially in inverse approaches. Therefore, approximations of the non-linear Stokes problem are here
considered that can reproduce the model’s most important features, as for example the shallow ice approximation
that is suited to thin glaciers.

Many textbooks exist on both the free surface and Stokes problems [97, 80, 60, 71, 48, 92]. This chapter only provides
ashort summary of the equations arising in glacier dynamics and relevant for the optimization algorithms presented
in the next chapters. First, the stationary, non-linear Stokes equations and their approximations are recalled, among
which the shallow ice approximation, that describe ice flow. Then, the ice thickness equation and its volume of
fluid correspondent are introduced. They are the equations that make the free surface evolve under the influence of
climatic input and ice motion.

2.1 Problem definition

A three-dimensional, time-dependent glacier ice volume Q(¢) enclosed in a cavity A = Q) x [Z, 71, with Q L=
[0, Lx] x [0, Ly] (see Figure 2.1) is considered. In what follows, the time-independent domain Q, is termed “glacier
map domain”. The ice volume is bounded by the glacier’s bedrock and surface topographies b and s respectively,
which are both functions of the horizontal coordinates x and y. Glacier isostasy (e.g. [48], Chapter 8) is neglected,
hence only the surface topography actually changes with time. Accordingly, the ice thickness is defined by .4 = s—b.
At initial time ¢;, the surface topography is known and denoted by s;. All the equations in this thesis are expressed
in the Cartesian system of axes (x, y, 2).
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Figure 2.1 - Left: Ice extent in the (x, y)-plane of Silvretta glacier, Swiss Alps. The gray levels represent the ice
thickness distribution. The map domain Q, consists in the whole rectangle [0, Ly] x [0, L,]. Right: glacier profile
along a flow line. The bedrock topography b is the ice — lithosphere interface, while the surface topography is the
ice — air interface. The ice domain is depicted in blue.

The glacier’s dynamics are governed by the ice mass and momentum conservation. Moreover, it is influenced by the
ice rheology and the glacier’s surrounding climate. The former is characterized by Glen’s flow law [44]. The climatic
information is encoded in the so-called surface mass-balance function 28, a representation of which is given on
Figure 2.2. Basically, two regions of the glacier’s surface are distinguished where ice accumulates or melts, delimited
by the so-called equilibrium line altitude (ELA). Ice flow equations describe the ice dynamics while an ice thickness
equation deals with the glacier’s evolution under the climatic conditions it is subjected to. The forward problem is
therefore the following: Given a bedrock b and a surface topography s; at initial time t;, and given the ice rheology as
well as the surface mass-balance 9, find the ice surface topography s¢ at final time ty. The governing ice flow and
free-surface equations are explicited in the next sections. The surface mass-balance function used throughout this
thesis is expressed in the end of the chapter.

! Accumulation, %8>0

,,,,,,, Equilibrium line, 88 =0

‘ Ablation, % < 0

Figure 2.2 — Tllustration of the surface mass-balance resulting from the climate the glacier is subjected to, along a
flow line of Rhone glacier, Swiss Alps.

2.2 Ice flow equations

Ice is a non-Newtonian, incompressible fluid of extremely large viscosity compared to most of all-day fluids. As
illustrated by Table 2.1, it is 10'® times more viscous than temperate water. Such a high viscosity makes ice move
very slowly, of the order of magnitude of 100 meters per year (m a~! in this thesis) in Swiss Alps glaciers. In a glacier,
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the shear stress 7 is linked to the shear rate y through the relation (e.g. [48], Chapter 4)

T=1Y, 2.1)

where 1) is the shear viscosity. Ice dynamics is described by the stationary, non-linear Stokes diffusion equations
[49, 119], where the viscosity is ruled by Glen’s non-linear law in the ice velocity [44]. Various models are proposed
for the estimation of the latter velocity. First, the Stokes ice flow equations are introduced, whose analytical solutions
cannot be given explicitly in general, hence the finite-element method presented in the next chapter. Second, the
Stokes ice model is simplified to a shallow ice model, where the ice velocity equations can be solved explicitly. In the
next section, the free surface equation uses it to transport the ice, which makes the glacier’s surface evolve in time.

Table 2.1 - Typical orders of magnitude of the viscosity (in Pa-s) of some all-day life fluids.

Air 1075
Water 1073
Honey 10

Ice 1013

2.2.1 Stokes ice flow

Ice is considered as an incompressible, non-Newtonian fluid whose rheology is described by the symmetric, Cauchy
stress tensor

Oxx Oxy Oxz
0=| Oxy Oyy Oy |=-pid+2nD 2.2)

Oxz Oyz Oz

where p is the ice pressure, id the identity matrix, D the strain-rate matrix
1 T
D= z(Vu+(Vu) ) 2.3)
u the ice velocity, and 7 the ice (shear) viscosity. It satisfies Glen’s flow law [44]
27 AIDI" ' + 2407 'n-1=0, 2.4)

where n = 1 is Glen’s exponent, A the rate factor, and o is a small positive constant that prevents the viscosity from
going to the infinity when the quantity

|D|=VD:D=+/tr(D?) (2.5)

approaches zero. For alpine glaciers, these parameters have orders of magnitude n =3, A=0.08 bar 3 a~!, and

0o = V0.1 bar.
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Figure 2.3 — Glacier’s boundaries along a flow line of Rhone glacier, Swiss Alps. Its ice — air interface (2.6) is denoted
by I's while its ice — lithosphere interface, the bedrock (2.7), by I';,. The latter is decomposed into a sliding and a
sticky part. On the sliding part I'}, only the tangential components of the ice velocity are non-zero. On the sticky

part FIZS, the ice velocity is identically zero.

The boundary conditions are the following: Let us assume that no force acts on the top surface, namely the ice - air
interface (see Figure 2.3)

Ls(0) ={(x,y,2) € QD)2 = s(x, y, D)} (2.6)
Moreover, the ice — lithosphere interface, namely the bedrock,

I'y=1{(x,52e€Q()lz=b(x,y)} 2.7
is the reunion of ng and F?} where the glacier is assumed to stick to and slide on the subglacial rock respectively.

Due to the typical length scales arising in a glacier, the time-dependent, non-linear Navier-Stokes equations reduce
to the stationary, non-linear Stokes equations. Indeed, since a glacier has a typical horizontal extension of 10° km, a

-1, avertical velocity of 0.1 m-a~!, and is observed over

vertical extension of 1 km, a horizontal velocity of 100 m - a
a time scale of 10* a, the inertial and acceleration terms are small compared to the gradient-of-pressure term. With

the boundary conditions, the ice dynamics equations are cast into

-2V-mD)+Vp =pg, in Q(1)
V-u =0, in Q(t)
-pn+2nD-n =0, onIs(1)
u =0, onl"II;Is (2.8)
u-t; :—Zn(D'Z)'ti, onl"IS?, i=1,2,
u-n =0, onT?9,

where t;, i = 1,2, are the tangential vectors to the ice volume, n its normal vector, 1 the ice viscosity (2.4), and

C
. 2.9)

1-1
(lzell + s9) "~ »

defines Weertman'’s sliding law [117, 67]. In (2.9), sy is a regularization parameter and C some position-dependent
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function. Equation (2.8); describes the conservation of momentum, (2.8), the conservation of mass, and the
remaining expressions are the boundary conditions.

Many ways of expressing the sliding law exist [65, 36, 39, 104, 115, 105]. Instead of assuming C to be a piecewise
constant [65, 67], sliding is here supposed to be induced by melted water flowing below the ice mass and the amount
of such water actually decrease with altitude [92, 106], mainly because temperature diminishes. Such a description
is not traditional in glaciology and is introduced here only to provide a simplified sliding model whose amount of
parameters is small enough to make it useful in an optimal control problem where only little data are available. This
involves the introduction of the so-called “sliding altitude” zq (see Figure 2.4). Sliding occurs only at the locations
where the bedrock elevation is below the sliding altitude. In addition, for the sake of simplicity, let us assume that
the effects of sliding on ice velocity increase linearly with the distance from the sliding altitude at order zero. This
specializes the sliding coefficient C to

é = ([zq— b1, (2.10)

where € is a constant, [z — b]™" is the positive part of zg — b, i.e.

zg—b, ifzg>hb
lzg—b1* ={ " . 2.11)
0, otherwise.

The shallow ice expressions (2.13)-(2.16) clarify this motivation behind function C that makes the ice velocity
linearly dependent on [zg — b]™*.

____— 2400

Figure 2.4 — Contour lines of the bedrock topography of Silvretta glacier. They delineate possible sliding altitudes zg
below which sliding is assumed.



Chapter 2. Forward models

2.2.2 Shallowice flow

Because solving the Stokes equations (2.8) is time-consuming, small contributions to the ice velocity and pressure
may be neglected to reduce their complexity. Table 2.2 lists the different approximations with the corresponding
components of tensor (2.2) [60, 48]. In the hydrostatic approximation (HSA), the shear stresses o, and o, are
supposed small compared to o .. Therefore, due to condition (2.8)3, the vertical normal stress o ;. is hydrostatic
and the pressure is eliminated:

0 ou
U ) —y) 2.12)

p=pg(s—z)—2n( ax "y

Table 2.2 — Traditional approximations of the Cauchy stress tensor o components (2.2) in the Stokes equations (2.8):
hydrostatic approximation (HSA), first order approximation (FOA), shallow ice approximation (SIA), and first order
plain strain approximation (FOPSA).

ou (aux ou, )
o =
Oy = —p+2 n— 2 TN, " ax
661:26}, _ auy n Ju, HSA
o= —p+2 o= T2 TG, (HSA)
o (5—2) Y (dux Guy)
= —_ —_ o = —_
== P8 > =My " ox
ou
) _ x
Oxx= -p+2 7 aux Oxz =1 0z
X ou
ou _ Y
Oyy= -p+2 n—y Oyz —HE (FOA)
ay Gux auy
Ozz= —pg(s—2) Oxy =T ay +a
_ Ouy
Oxx =—P Oxz _naaz
=— u 1A
Oyy p Oy, = ﬂa—y (SIA)
0z; =-pg(s—2) _ Z
ou ou
Oyy= —p Oy = (FOPSA)
Ozz= —pg(s—2z) oxy =0
. . . . . . . . du,
At this point, many further approximations can be done. For instance, because of its typical order of magnitude, al;

ou

is small compared to 5 Oy

. 0 .
2 asis 5 compared to %. Hence the components of the Cauchy tensor in the HSA can be

simplified to the first order approximation (FOA) [10, 28, 71]. The advantage of these simplifications is that now

the component u, of the velocity is fully decoupled from the other ones, for its derivatives are not present in the
Cauchy tensor ¢ any more.

The flow regime can further be assumed to be essentially a simple, bed-parallel shear. This is the shallow ice
approximation (SIA) which is the essential approximation used throughout this thesis. In this approximation,
assume the sliding is not regularized (sp = 0 in (2.9)). The particularity of SIA is that the ice velocity components can
be expressed as the following functions of the ice thickness .7 and the glacier’s surface topography s = b+ # [48,
Chapter 5.4]:

=— n n_+2 n+1 _ __yn+l "‘1%
Ux(x,,2) = = | L5, ) A" (6, )+ — (A7 (5, = (506, = 2 ))wa,y)” —(xy) (2.13)

10



2.3. Free surface equation

__ n n_+2 n+l1 _ _ n+l n—lﬁ
1y (x,7,2) = (rs(x, NH" (%, )+ (A" (x,7) = (s(x,7) - 2) )) [vstan]™ 5, 00 (2.14)
z au_x —_ auy —
Uz(x,y,2) = _.[b (E(x,y,ZHW(x,y@)dz, (2.15)
where
_,Ag)" _ n "
=2=F5-  and  Iy= (%pg) (2 — b 2.16)

are diffusion coefficients and s = b+ /. Of particular interest in this thesis are the surface ice velocity components

+2 0
" ij) Z0|Vs|1 2 (2.17)
n+1 o0x

Uylz=s = — (Fs +

+2 0
n rjf) e vs| 2.18)
n+1 oy

Uylz=s = — (Fs +
Uylpes = v-(@vS) Ul Vs, (2.19)

where the total diffusivity 2 consists in two contributions, 27 and %5, due to flow dynamics and the sliding law
respectively, namely

D= +Ps, (2.20)
where
@f — r%n+2

n-1 n-1
V(b+i€)” and @, =, 7" V(b+J£)“ . 2.21)

The vertical velocity component u, is deduced from the horizontal components uy, uy, and the assumption of
negligible isostasy and basal melting. Most of the existing Swiss glacier ice velocity measurements can be compared
to the horizontal surface ice velocity %

+2
U = g2y + uy e = (%r;ﬁ@%”n%n”. 2.22)

Ice flow can be approximated further. For glaciers that are much longer than their average width, the complex,
three-dimensional problem can be reduced to the simpler, two-dimensional problem of solving for the fields
along the glacier’s principal flow line. In this case, the coordinate axes (x, z) follow the flow line, and no variation
transversal to it is considered. In this first order plane strain approximation, the Cauchy stress tensor components
are given by (FOPSA) in Table 2.2.

Finally, let us mention the parallel-sided slab approximation (PSSA) [48, 34]. As the name indicates, this approxima-
tion consists in taking the glacier as an inclined parallelepiped. This is a particular case of the two-dimensional
SIA where the ice thickness is kept constant everywhere in the domain. Such an approximation is used to roughly
estimate the ice thickness in the central part of small valley glaciers. Sometimes, the glaciologists split the glaciers
into ice catchments where the PSSA approximation is locally applied [34].

2.3 Free surface equation

The free surface equation is basically an equation that transports ice following its velocity computed in the previous
section. Because of mass conservation, the glacier’s proper dynamics and surrounding climate make the ice

11
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thickness evolve according to the so-called ice thickness equation

0S

W.’.VQ :%, in QJ_ X[ti)tf]
H =0, in Qp  x[ftf] (2.23)
S =0, on 0Q; X[ti,tf]

S =si—b, in Qp x{g},
where £ is applied only where .7 > 0, Q is the volume flux whose components are

Qx(x,y) = fb ux(x,y,z)dz (2.24)

N

Qy(x,y) = fb uy(x,y,z)dz, (2.25)

and u is the ice velocity whose components either satisfy the Stokes equations (2.8) or are the analytical, shallow
ice expression (2.13)—(2.15). When a Stokes velocity is available, the ice thickness equation (2.23) is reformulated
as a volume of fluid (VOF) equation, because this improves mass conservation. In the case of a shallow ice flow,
equation (2.23) is solved as it is.

2.3.1 Volume of fluid formulation

Equation (2.23); ensures mass conservation in the glacier’s ice columns. A more local mass conservation can be
achieved with the introduction of the volume of fluid (VOF) function that is the characteristic function of the ice
volume Q(1):

1, if(x,y,2) Q)
px, 2,1 = . (2.26)
0, otherwise.

One can show that if ¢ is the solution of the VOF equation

9
6—f+u-V(p=986rS, in A x (4, 7], 2.27)

where 6, is the surface density defined by

f férst:f fds (2.28)
\%4 Ir'snV
for any volume V and continuous function f, then the ice thickness
Z
H(x,y) = f @(x,y,2)dz (2.29)
A

satisfies (2.23); [69, 66]. Equation (2.27) improves the physics of the problem, since it can describe topology changes
such as ice cliffs and overhanging ice or simply the situation depicted by Figure 2.5. In this example, the glacier’s
initial contour, on the left, evolves towards the contour on the right. Ice melted so much during the evolution that
the original ice mass splitted into two separate masses.

12



2.3. Free surface equation

Glacier contour at initial time Glacier contour at final time

O
C/

Figure 2.5 — Example change of topology that can be handled easily with the VOF equation (2.27). The glacier’s
contour evolves from the one represented on the left at initial time to that on the right at final time.

2.3.2 Shallow ice formulation

Now, since the ice velocity components uy, iy, i, can be expressed as the functions (2.13), (2.14), and (2.15) of the
ice thickness ./, the ice volume flux (2.24)—(2.25) becomes

Q=-92Vs, (2.30)

turning the ice thickness equation (2.23) to the three-dimensional shallow ice equation for the ice thickness

0

— :V-(@V(b+]6’))+@, in Q  xlt,1]
€ =0, in Q) x[t, 1] (2.31)
J =0, on 0Q; X[ti,tf]
S =s;—b, in Q) x{t;}.

This equation provides results in three space dimensions although it is solved in the (x, y)-plane only. In what
follows, (2.31) is referred to as three-dimensional shallow ice (SIA3D) equation.

surface s

bedrock b

X1 X2
X

Figure 2.6 — Two-dimensional glacier in the Cartesian system of axes (x, z).

Wide use is done of the two-dimensional shallow ice approximation (SIA2D) throughout this thesis to allow for
the formal understanding of the more complex three-dimensional algorithms. The corresponding equation is the

13



Chapter 2. Forward models

two-dimensional specialization of (2.31) (see notations on Figure 2.6):

oA 0 0 .

— W(@a”’*”))*% inlx,xl o x(6, ]

S = 0, in ]xly x2[ X [ti’ tf] (232)
F =0, on x=x1,X2 X[t 1f]

S :Si_b; in ]x17x2[ x{ti}y

where the diffusivities (2.21) specialize to

0s

0x

n-1 n-1

0s

@ — r%n+2
! 0x

and 9@, =T,#""!

(2.33)

2.4 Surface mass-balance

There exists many ways to model the surface mass-balance 28 [61, 34, 62]. The following altitude-dependent,
four-parameter expression is considered throughout this thesis:

B(x,y, 1) = @(s(x, V) - zELA) - \/(@(s(x, V) - zELA))z +€, (2.34)

where zgp 4 is the equilibrium line altitude (ELA), m; and my, m; = my, are the melting rates below and above the
ELA respectively, and € = 0 is a regularization parameter introduced to make it continuously differentiable. Such a
mass balance parameterization describes ice accumulation above and ice ablation below the ELA, with rates m,
and m, respectively (see Figures 2.2 and 2.7) and corresponds to an annual average of the precipitations occurring
on the glacier [92]. If m; < my, then the roles of the rates are swapped. Surface mass-balance (2.34) is widely used
among the glaciologists’ community with € = 0. The regularization parameter is here introduced in order to make
the surface mass-balance differentiable with respect to all its parameters.

rate my

rate m;

ELA
z

Figure 2.7 — Surface mass-balance function 98 defined by (2.34) with € = 0.1. The ELA corresponds to the surface
altitude where 28 = 0. Above this altitude, ice accumulates with a rate n1,. Below it, ice melts with rate 71, (see also
Figure 2.2).
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2.5. Conclusion

2.5 Conclusion

This chapter describes the two processes arising in ice flow dynamics, namely the internal ice mass and momentum
conservation, governed by the Stokes equations, and the free surface evolution, ruled by the ice thickness equation.
Their approximation for shallow glaciers is formulated where the ice velocity can be expressed analytically. In this
thesis, either the coupling of the Stokes equations (2.8) with the VOF equation (2.27), or the shallow ice equations
(2.32) and (2.31) in two and three space dimensions are considered. The next chapter deals with their numerical
solving.

15
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This chapter is devoted to the numerical methods aiming at solving the Stokes equations (2.8), the volume of fluid
equation (2.27), and the shallow ice equations (2.31) and (2.32). First, the finite-element discretization of (2.8) is
presented. Next, the time-splitting scheme used to solve the volume of fluid equation (2.27) is introduced. Then,
the finite-difference schemes that discretize the shallow ice equations (2.31)-(2.32) are exposed. Finally, all these
numerical methods are validated in the following way: First, the shallow ice schemes are applied to the Halfar
glacier, whose evolution is known exactly [55, 56]. Then, a comparison of the Stokes to the shallow ice solutions is
performed on sliding ice caps, before the confrontation of both solutions on four mountain glaciers in the Swiss
Alps.

3.1 Methodology

Initially, the glacier’s geometry is delimited by the bedrock and surface topographies b and s; respectively. The
objective is to compute the evolution of the glacier from time ¢; to time #7. In the forward problem solved numerically
in this chapter, the bedrock topography is known while the ice thickness, therefore the surface topography;, is
unknown, except at initial time. The next chapters deal with the inverse problem where the surface topography is
known while the ice thickness, therefore the bedrock topography in this case, is unknown.

In order to solve the forward problem, time is discretized. Let At > 0 be some time step and ¢/ = t; + /At, 0 <
¢ <M+1,such that = ¢; and tM*! = tr. Then, depending on the ice flow approximation, the solving process is
different.

3.1.1 Stokesice flow

At time iteration ¢, three unknowns are sought, namely the approximations p’, u’, and #/*! of the ice pressure,
velocity, and thickness respectively. The ice volume QF is first fixed and an approximation u’ of the ice velocity
inside it is computed thanks to the Stokes equations (2.8) or its shallow ice approximations (2.31) and (2.32). In the
case of a Stokes ice flow, the system of equations must be solved for the ice velocity and pressure. A finite-element
method is advocated for this purpose with a mesh that covers the entirety of cavity A to take into account the free
surface character of the problem in a simple way [79, 66].

17



Chapter 3. Forward numerical models

Once the Stokes ice velocity is known, ice is transported according to the volume of fluid equation (2.27). Let ¢ be
the approximation of the VOF function ¢ at iteration ¢. The VOF equation is solved on a mesh of cubic cells, with
a forward characteristic method, whose numerical diffusion and compression are reduced by means of specific

algorithms. The VOF equation calculates ¢ *! from ¢’ and u’. From ¢’*!, the new ice volume Q‘*! is deduced,

/+1

inside which the ice velocity u“ " is to be computed, and so on [79, 66].

3.1.2 Shallow ice flow

At time iteration ¢, the only unknown is the ice thickness A1 The analytical expressions (2.13)—(2.15) of the ice
velocity are discretized on a finite-difference grid of the glacier map domain Q [2]. Then, the diffusion equation
(2.31) is solved with a finite-difference scheme in order to obtain the glacier’s thickness ..

The Stokes ice flow is described in the next section.

3.2 Stokes ice flow

3.2.1 Ice velocity computation

Let Q¢ c A be the current ice domain inside which a velocity has to be determined, i.e. the set of points in A such
that the VOF function (p[ > % The following Banach spaces are involved in the weak formulation of (2.8) [95, 97, 66]:

vi={ve [Wl’”%l(Q’)]3|u=00nr§S} 3.1)
Qé :L”“(Q[), (3.2)

where 7 is Glen’s flow law exponent that defines the behavior of the ice viscosity (see equation (2.4)). Usually, the
condition v - n =0 on boundary I‘z is part of space V*. For practical reasons, the velocity’s normal component is
penalized according to

u’ n= £FEM((0[~n) n) (3.3)

where eppy > 0 is a regularization constant that is chosen as small as possible [87]. The weak formulation of (2.8) is
197, 661: find W', p*) € V¢ x QY such that:

1

fn(u")D(u"):D(vHZ aw) )W’ tpw-t) - f(u[-n)(v-n)—f piv.v zpf g-v, YveV!
Qf 151215 €rEM Jrs Qf o

Q[qv'u[ =0, VgeQY,

(3.4)

where £}, [ = 1,2, are the tangent vectors to Fi (see equation (2.8)5), 1 is the viscosity defined by (2.4), a the sliding
coefficient defined by (2.9), and

3 3

ou; 0v;
D(u):D(v) = — (3.5)
Z:Zi]; ax]' ax]'

Let 93 be a conforming triangulation of the cavity A that contains the ice domain Q. Figure 3.1 shows an example
triangulation of Silvretta glacier with tetraedral, finite-elements. The cavity is chosen in such a way that it contains
Q¢ at all time iterations ¢, so that the mesh remains unchanged during the whole glacier evolution. Hence, A
consists in all the finite-elements depicted by Figure 3.1, of any color. The Stokes equations are solved on the
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3.2. Stokes ice flow

white elements only (see Figure 3.1), which are defined by the VOF equation. From one iteration to the other, these
elements are therefore not the same due to the surface topography evolution. Basically, the VOF equation defines a
new domain after each time iteration. The current ice domain Q is defined by all the finite-elements that are filled
with ice. A finite-element said to be filled with ice and therefore called “active” if at least one of its nodes is filled
with ice, i.e. its volume of fluid function is such that ¢? > % All the algorithmic details behind this step are exposed
rigorously in [79, 66]. In this thesis, weak formulation (3.4) is discretized with P; - Py, tetraedral, finite-elements of
size H and a Galerkin least squares (GLS) stabilization [38].

Consider the finite-dimensional spaces

Vi =V n{vn e 19°QOP vyl € P11, VK € T (3.6)
Q= Q" n{qn e 6°@QN: qulx eP1, VK e Ty 3.7)
of piecewise P; polynomials on 9. In these spaces, the ice velocity and pressure are approximated by the linear
combinations
Ng N[
ub(6,y,2=Y uldi(x,y,2) and pLxy2a =) pfd> iy 2), (3.8)
i=1 j=1

where the functions ®;,i=1,2,..., N?, are the [?;-basis functions of the finite-element space and the summations
run over the N’ nodes constituting all the active finite-elements.

Figure 3.1 — Cut of the mesh used to solve the non-linear Stokes problem with finite-elements on Silvretta glacier.
The cavity A consists in the volume spanned by all the brown and white tetraedra. Volume Q is represented by the
white tetraedra. At this iteration, the Stokes problem is solved on the white elements only. The brown elements are
there to take into account the future evolution of the ice surface, so as to keep a fixed mesh in the cavity during the
whole glacier’s evolution.

Then, the discretized weak formulation reads

¢ ¢ Ol 1 ¢
u,)Du):Dwy) + u,) Wy -t)(vy-t)— —— u;-n)(vyg-n
fmn( wWDwy) :Dwy) IZZLZ an( gty 1) p— r2( g-mwg-n)

—fQ[pfiIV-vH+fQ[r2V-uf{V-vf{ :pf[g-vH, Yvyge Vy,

fCIHV'uiﬁf T1VpY-Vau =p| 118 Vam, Vg eQl,
Q¢ Qf Qf
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Chapter 3. Forward numerical models

(3.9

where 71 and 7, are stabilization parameters [79, Chapter 4] that are explicited in Appendix A.1. This non-linear
problem in the velocity and pressure is solved iteratively with a fixed-point procedure [66] following Algorithm 1.
The implementation details are given in Appendix A.1.

This is all summarized in Algorithm 1, where 6 > 0 is the fixed-point tolerance.

Algorithm 1 Computation of the Stokes ice velocity u’

set geometry Q! from the VOF function ¢ according to definition (2.26)
set X=u’"land YO = p/!
while | X" - X'||>§ and |[Y"* - Y| > 6 do
build the linear system corresponding to (3.9) with velocity X’ and pressure Y’
solve the linear system with a GMRES method and an ILU preconditioner for X?*!, yi+!
end while
set u’ and p’ with the converged values of X’ and Y

3.2.2 Ice transport

The free surface can be captured with the help of the volume of fluid (VOF) equation (2.27), which is coupled to the

Stokes equations (2.8) [102, 11, 21, 79]. At this point, the approximation u’ of the ice velocity is known and the aim

is to compute the surface obtained after ice transport according to (2.27). Cavity A, the reunion of all the white and

brown finite-elements represented in Figure 3.1, is in its turn enclosed in a parallelepipedic box filled with small,
H

isotropic cubic cells of size h = - Each cell located in QY is filled with fluid (white region of Figure 3.1). The values
¢’ of the volume fraction of ice have already been computed during the previous time iteration. Now, the values
@’*! are computed. The finite-element velocity u’ is linearly interpolated onto the VOF cells and the VOF equation

is solved on these cells with the following time-splitting scheme [45]: First, solve the transport equation

rul Vol =0 (3.10)
with a forward characteristic method [113, 80, 79] that updates the VOF function according to
0’2 (%) =<p’(x+Atu’(x)), (3.11)

where x is the position of each cell. This basically corresponds to move the cells following the ice velocity and then
projecting the fluid contained in the cell onto the neighboring cells located near the target position. A simple linear
interface calculation (SLIC) algorithm [24, 89] is then applied in order to attenuate numerical diffusion effects,
while cell compression effects are countered by a decompression algorithm [69]. All the relevant implementation
details are given in [41, 42, 69]. Then, solve the explicit-in-time surface mass-balance equation, following [69, 66]:

0+1 _ o 0+3
9P _gtis,,. 3.12)
At r, 2
Finally, since the values 7.4 +3 can be negative, the constraint that
(p(+1 >0 (3.13)
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3.3. Shallow ice flow

is enforced for each cell. The VOF values on the cells are then extrapoled onto the finite-element mesh, which
defines a new ice volume Q*! (i.e. an updated white region on Figure 3.1) inside which the ice velocity must
be calculated again through the solving of (2.8) with the finite-element method of previous section, and so on.
From ¢’*!, the updated surface topography is deduced from (2.29). The method has order one in time and space.
Algorithm 2 summarizes the coupled process of computing the ice velocity and then updating the ice volume.

Algorithm 2 Glacier evolution in the case of a Stokes ice flow.

set glacier geometry with bedrock topography b and initial surface s;
set Q0 and (po with (2.26)
for¢=0,1,2,..., M do
compute the finite-element ice velocity u inside Q¢ with Algorithm 1
project the finite-element ice velocity u’ onto the mesh of VOF cells [79, equation (4.24)]
solve the VOF transport equation (3.10) with a forward characteristic method [79, Chapter 4, Section 2.1]
apply the SLIC algorithm [79, Chapter 4, Section 2.2]
apply the decompression algorithm [69]
solve the surface mass-balance equation (3.12) with the constraint (3.13) [69, 66]
project the VOF fluid onto the finite-element mesh to define the new ice volume Q1 [79, equation (4.10)]
end for

Figure 3.2 — Direct grid of the glacier’s map domain Q; (black dotted lines). The middle of each edge is marked with
the red, dashed lines, which show the points considered for the centered evaluation of gradients.

3.3 Shallow ice flow

Centered-in-space, finite-difference schemes are advocated to solve (2.31). Let Ax > 0 be some space step and
€j,CK)=(j,k)Ax,0< j<Ny+1,0=< k=N, +1, vertices of the so-called “direct grid” Q, in Q, (black dotted lines
on Figure 3.2). In particular, Ly = (Ny +1)Ax and Ly, = (N, + 1)Ax.

Let us denote the approximation of the bedrock topography b(< j, (), ice thickness #({ j, (., t%), surface topography
s, ¢k t9), surface mass-balance B t%), and ice velocity % (& j, (., t¥) at location (¢j,{x) and time ¢ with
bik, Jffk, sfk =Dbjr+ Jffk, ,%]’fk, and %;k. Denote by b, #¢, s¢, B¢, and %’ the corresponding vectors. Moreover,
let us write s; and s the vectors of components s;(Sj,{x) and (sf) jx = bjx + Jf%*l, that are the glacier’s surface at

initial and final times respectively. Recall that the initial surface topography s; is known while sy is computed with
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Chapter 3. Forward numerical models

the numerical scheme and that % f . Tefers to the horizontal surface velocity defined by (2.22).

The solving process is again based on the equation’s time splitting. First, the advection-diffusion equation is
considered without source term. Then, an equation for the source term is solved. The finite-difference scheme,
centered in space, discretizing (2.31), consists in initializing the ice thickness with

Jffk=5i(€j,(k)—bjk (3.14)

for1<j< Ny, 1<k< N,y then, for 0 </ < M, first solve the advection-diffusion scheme [78, 17, 2, 18, 103]

= gﬁ, (3.15)

where ffﬁc is the discretization of V- (2Vs); second, solve the mass-balance equation

= __y
ijk —Jc”jk . =t
P20k _ o7 pya @.16)

where 9 is the Heaviside function

1, ifx>0
9(x) = . (3.17)
0, otherwise

:é _[ :é
and % ;. is the surface mass-balance (2.34) evaluated with 5 = b + 7 j; finally, project the thickness such that
it is positive:

+

l+1 =
Ky = [f"jk , (3.18)

where [-]* is defined by (2.11). In the semi-implicit discretization, the right-hand side of (3.15) writes

—¢ —¢ - —¢ —¢ -
gt ge  SirLkTSik g sjk‘sj—l,k+@e sj,k+1‘sjk_@e Sjk ~ Sjk-1 (3.19)
K" Ax |Titak Ax =3k Ax Jok+3 Ax k=3 Ax ’ '
where
l _ 4 n+1,n-1
D] 1 = (0 T ) A (3.20)
1
¢ _L(pe ¢
Pk = 2(@j+%,k—% +@j+%,k+%) 3.21)
1
¢ _ gt ¢
@j,k+% - 2(@j—%,k+% +@j+%,k+%) (3.22)
discretize the diffusivity (2.20)-(2.21) and
p.q | gpt ”( ¢ )‘1
‘Z’/j—%,k—%(m_(%j—%,k—%) o) (3.23)
AL + 70 v+ A0
-1,k-1 Jk—1 -1,k k
720, =1 / / e (3.24)
J=3 k=3 4
[zg1 — b]+._1 eq T 12— b]+‘k—1 + [z — b]J.'_1 et [Zsl_b]Jfk
9 141 =(6pg)" L L ; s iy (3.25)
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3.3. Shallow ice flow

0 _ 0 ¢ 20 _ o ¢ ‘ 21
p Sik TStk TS k-1 T Stk Sik T Sik1 TSk TStk | )2
a, |, 1= + . (3.26)
J=pk=3 2Ax 2Ax
Note that a Ll is not the sliding coefficient defined by (2.9) but the discretization of [|Vs| at position ( Jj-

%, k— %)Ax and time ¢! instead. The half-integer indices refer to the mid-points ( j+ %, k+ %)Ax that are artificially
introduced for the centered evaluation of the involved gradients (see dashed, red lines on Figure 3.2).

In turn, the finite-difference scheme, centered in space, implicit in time, discretizing (2.31), consists in applying
scheme (3.14) - (3.18) with

0 ¢ 0 _ L 0 0 0 _ &
s . =5t s —s .=t st —st
gl - 1 Y, j+Lk “jk _gt jk  Cj-1,k ! jk+1 - jk _gt jk o k-1

e oax [Titek Ax =3k Ax Pkt Ax k=3 Ax

- - —¢

1 [=¢ j+Lk ~ Sjk ¢ Sik~Sj-1k —¢ jk+l " Sjk —=¢ ik S k-1
+— |9+ -1k +Dj i+ ~Djr-L )
2Ax Ax 2 AXx Ax 2 AXx

(3.27)

where 9 is the diffusivity 2 evaluated with .%. Theoretically, this implicit scheme is more likely to suffer from
convergence issues, as it is solved with a Newton method at each time iteration and hence a good initial guess must
be provided each time. However, in all the computations performed throughout this thesis, no such problems arose.

For the sake of simplicity, especially in the coming up stationary and quasi-stationary approximations (Chapter 5),
equations (3.15) and (3.16) are merged into the following

/+1 4 £+1 l+1 £+1 l+1
Hik ijk 1 o Sivnk~ Sjk p Sik T Sj-1k
At S Ax[Titak o Ax i3k Ax
/+1 /+1 /+1 /+1
sttl o —st st — st
k+17 %k k k-1
+9! L1 gt L1 |15 (3.28)
Ik+3 Ax Jk=3 Ax Y
in the semi-implicit time discretization and
0+1 _ 2l ¢ _ 0 _ L 0 _ 0 _ ot
H i ijk: 1 ¢ Sj+lk Sjk_@[ Sik Sj—l,k_'_@[ Sik+1 Sjk_@[ Sk~ Sjk-1
At 20x |Titpk Ax i-rk  Ax Jk+3 Ax Jk=3 Ax
/+1 /+1 /+1 /+1 /+1 /+1 /+1 l+1
st —st stAt—st sétl gt sttt
Lt @€+1 Sk Tk gest Tk TiTLk | geer TIRL ik geer TikTjkel +%e (3.29)
2Ax vk Ax i~k Ax Pkt Ax =3 Ax

in the implicit time discretization. The condition Jffk = 0 is taken into account during the solving of (3.28) or (3.29)
by forcing the thickness to be positive after each iteration, in both time discretizations.

From the computed thickness, the horizontal surface velocity can be expressed on the staggered grid with

4 _ n+2 4 n,n
uj_;,k_;—(n_'_lr% lk 1+(rs)]_, ;)%_;,k_;(g) (3.30)
and (2.22) is approached with
1
¢ _ 2,0 ¢ ¢ ¢
JZ/jk = 4(uj_%,k_% + uj+%'k_% + uj_%yk% + uj+%’k+%). (3.31)

Finally, in all the validations and algorithms throughout this thesis, the numerical schemes applied to solve the
two-dimensional shallow ice equation (2.32) are the two-dimensional specializations of (3.28) in the semi-implicit
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Chapter 3. Forward numerical models

and (3.29) in the implicit time discretizations. In these validations, no sliding is taken into account, so as to keep the
equations as simple as possible. This amounts to

01— 70t
J ] ¢ 14 .
A—t:f/‘j +%j, 1<j<N;y, ¢>0,
ij‘? =s5i({j)—bj, 1=j<Ny (3.32)
Jff >0, 1<j<N, 0<l<M
Ty = H5 =0, 020,
where
/+1 /+1 /+1 /+1
1 N i1 =S S~ — S i1
ot _ 1 ¢ T i VA j
I = Ax [(@f)f+§ Ax (@f)j—% Ax 3.33)
in the semi-implicit time discretization, where
70+ 7 st —st _
-1 n+2 _1|n-1
@pf, =r(—5—) |5 (3.34)
2

is the two-dimensional specialization of (3.20). In the implicit time discretization, the right-hand side of (3.32) is

1 st 1—s’f sf—st ) ’f+%— 0+1 O+l _ ‘fﬂ
gl=—>I\@p! L@y LT+ gttt 2T gyl LI 335
j 2Ax[( D™ ax D5 Ay onx | LT Ax )" Ay (3.35)

The implementation details of all the schemes presented above are specified in Appendix A.2.

3.4 Validation

The Stokes solver was validated in [79, 66, 69, 67]. Here, only the shallow ice solver shall be validated. First, let us
consider the SIA fundamental solution of problem (2.31) for n = 3, 28 = 0, no sliding, and a flat bed, known as the
Halfar thickness [55, 56]:

13

(o) (2 () ]
JfHalfar(r,t)—JfO(t) [1 (R()(I) ) ] , (3.36)

where r = \/x? + y2, 1y is the characteristic time scale

(3.37)

1 73R4
o= i) 7

“terla) 7

and /4, Ry are the central thickness and ice cap radius at time t = t; (see Figure 3.3).
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Figure 3.3 — Halfar fundamental solution of the shallow ice equation (2.31) at time ¢ = fp when n =3, 98 =0, the
bedrock topography is flat, and no sliding occurs. It is an ice cap with maximum thickness %, and radius Ry. In
the validation presented here, the parameters are set to Ry = 1500 m, %, = 250 m, and A= 0.1 bar3-a™!. Left: a
three-dimensional representation of the ice cap where the colors represent % and the dome the glacier’s initial
surface. Right: Profile of the Halfar glacier along the curve y = 3000 m.

Both schemes have theoretical order two in space. However, the approximation of the glacier’s boundaries has
order one. Hence, the overall approximation has order one. This can be improved by using either finite-elements or
sophisticated, finite-difference techniques that take the boundaries into account more appropriately. Here, the
above algorithms are considered as they are for the sake of simplicity. Moreover, a large precision on the shallow ice
approximation is not useful, as it is already a rough approximation of the Stokes ice flow. Since their application
mainly aims at inverse approaches and most literature on the topic that makes use of the SIA applies them in
this way, the same holds here. Only scheme (3.27) is new and solved in the same way as its semi-implicit-in-time
counterpart. Its introduction is due to its better stability. Indeed, as far as our numerical experiments can tell, both
schemes satisfy a stability condition of the form A¢ < cAx”, where ¢ and p are scheme and geometry-dependent
and p < 2. The stability condition for (3.27) is less restrictive than that for (3.19). Numerical experiments on ice
caps of various inclination angles give p = 2 in the semi-implicit scheme and p = 1 in the implicit case, but these
are only indicative values that depend on the glacier’s geometry. With decreasing space and time steps, the error
layer around the boundaries becomes smaller and smaller with both schemes (see Figures 3.4 and 3.5). The error is
largest near the boundaries, as expected.
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Figure 3.4 — Comparison between the Halfar fundamental solution (3.36) and the computed thickness with scheme
(3.14)-(3.15)-(3.16)-(3.18) in the semi-implicit time discretization (3.19). The maximal errors are located near the
glacier’s boundaries. With the mesh size, the error layer around the boundaries becomes smaller.
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Figure 3.5 — Comparison between the Halfar fundamental solution (3.36) and the computed thickness with scheme
(3.14)-(3.15)-(3.16)-(3.18) in the implicit time discretization (3.27). The results are analogous to those obtained in
the semi-implicit time discretization, depicted by Figure 3.4.
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3.4. Validation

Second, the sliding, inclined ice caps depicted by Figure 3.6 are considered. In all cases, the sliding is defined near
the ice cap’s tongue, except for zero inclination, where the sliding is defined uniformly on the boundaries. The

1
sliding parameter is here set to the constant C = 1 bar- (%) ° . The Stokes approximation is solved on a structured,
anisotropic, finite-element mesh of size H = 25 m, while the VOF cells are transported on a structured mesh of cubic
cells of size h =5 m and time step At = 0.5 a. The shallow ice approximation is solved with the implicit-in-time
scheme (3.27) on a structured grid of size Ax =25 m and with a time step A¢ = 0.01 a. The solution is far smoother
in the shallow ice than in the Stokes approximation. A good agreement between the two solutions in every case can
be seen, as far as the ice cap’s thickness is thin enough, especially in the case @ = 10°.
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Figure 3.6 — Profile comparison between the three-dimensional Stokes and SIA solutions on sliding ice caps of
inclination angles a = 0,2.5,5,10° and initial radius of extent 1000 m. In the SIA, scheme (3.14)-(3.15)-(3.16)-(3.18)
in the implicit time discretization (3.27) is applied. The profile line shown here passes through the glacier’s center.
The solid, thick, black curves delineate the glaciers’ initial geometries. The blue and red lines show the glaciers’
surfaces after 10 a in the Stokes and shallow ice approximations respectively. The continuous, thick, green line
shows the sliding domain 1"2 along the depicted profile lines. The thinner the glacier’s final ice mass, the closer the
shallow ice to the Stokes approximation.

Finally, four mountain glaciers located in the Swiss Alps are considered, whose measured ice thickness distributions
are depicted by Figure 3.7 [34]. Figure 3.8 shows how different the shallow ice and Stokes approximations of ice flow
are on these geometries. Basically, it can be seen that the estimations are usually significantly different. The glacier’s
surface is misestimated by an amount of about 30 m on the thin Gries, Silvretta, and Muragl glaciers. The shallow ice
approximation has the tendency to overestimate the ice thickness a lot at the glaciers’ tongues, especially on Muragl
and Rhone glaciers. It is slightly underestimated up-glacier in all cases. The biggest misestimation is observed on
Rhone glacier, that is the deepest one of the set, and amounts to 160 m. This can also be seen on the profiles of
Figure 3.6, where the misfit at the tongues is clearly evinced.
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(b) Silvretta glacier, Swiss Alps

(d) Rhone glacier, Swi\ss Alps

6000

1800 o .
g 1200 -/\,2400 ‘g‘ §
= B
600 |
% 1000 2000 3000
X [m]
0 15 30 45 60 75 90 105 120
A€ [m]
1150
3000}
(c) Muragl glacier, Swiss Alps 1100
2400} s
E 1600{ ~ ¢
>] ~—
800} S\/ 1 1 50
300 i
0 . I
o 3000 4500 e
d¢ g
0 20 40 60 80 100 120 140 160 g/
A [m] %9 2500 0
x [m]

Figure 3.7 —Ice thickness distribution of Gries, Silvretta, Muragl, and Rhone glaciers in the Swiss Alps [34]. Gries,
Silvretta and Muragl glaciers are much thinner than Rhone glacier, with 227, 120, 170, and 462 m maximal thickness
respectively. The colored lines indicate the surface topography elevation and therefore the ice flow direction.
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Figure 3.8 —Illustration of the difference #sia — #stokes between the shallow and Stokes ice approximations on Gries,
Silvretta, Muragl, and Rhone mountain glaciers, after an evolution of 10 a. Data for the numerical experiments come
from [34]. The shallow ice evolution is performed with a finite-difference scheme, centered in space, implicit in
time, with space and time steps Ax =25 m and A¢ = 1072 a. The Stokes evolution (2.8) is calculated with structured,
tetraedral finite-elements of extent 25 m in the (x, y)-plane, 6.25 m along the z-axis, coupled with the VOF equation
(2.27) solved on a structured grid of isotropic, cubic cells of size 5 m with a time step At = 0.1 a. The thick black
curves delineate the contour of each glacier at initial time. In the red regions, the shallow ice overestimates the
ice thickness, while it underestimates it in the blue regions. The SIA predicts too large thicknesses at the glaciers’
tongues and underestimates thicknesses up-glacier compared to the Stokes approximation. The worst case is Rhone
glacier where the maximal misfit is about 160 m.
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Chapter 3. Forward numerical models

3.5 Conclusion

A stabilized, P; — [Py, finite-element method is exposed that solves for the Stokes velocity and pressure according
to equations (2.8) [79, 66, 80, 37]. Coupled with the latter method, a time-splitting scheme is presented that
solves the volume of fluid equation (2.27) [45]. Through the transport of ice with the Stokes velocity, the VOF
equation determines a new glacier surface topography. It is splitted into a transport and a surface mass-balance
equation [69]. The transport equation is solved with a forward characteristic method [113, 80], complemented with
a SLIC algorithm that reduces numerical diffusion [24, 89] and a decompression algorithm that reduces numerical
compression of the VOF cells [79, 41, 42]. The surface mass-balance is solved by adding fluid to the top of each
column of ice in the ice volume [69].

Because the computation of the full-Stokes solution is time and memory-consuming, especially in inverse ap-
proaches, where the forward model is run several times, the far simpler shallow ice approximation (2.31) is intro-
duced. In this approximation, ice flow is essentially a simple, bed-parallel shear. Many finite-difference schemes are
presented that are centered in space and either semi-implicit or implicit in time, in two and three dimensions of
space. The two-dimensional formulations are very useful to perform fast numerical experiments and give insight
into the more complicated, three-dimensional computations.

Finally, a validation of the presented numerical schemes is performed in three space dimensions. First, the finite-
difference schemes aiming at the simulation of the shallow ice flows are confronted to the exact solution of the
Halfar problem. The maximal errors are found on the glacier’s boundaries, which is not surprising since their
approximation has order one in space. Next, the Stokes and shallow ice approximations are compared on the time
evolution of sliding ice caps of various inclinations. The more inclined the ice cap, the closer the shallow to the Stokes
approximation, since the glacier is also shallower. Last, the differences in the evolution in both approximations of
four mountain glaciers located in the Swiss Alps is examined. The two estimations are significantly different in all
cases. Of course, they are closer in the shallowest glaciers of Silvretta and Muragl.
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All the parameters the ice model depends on cumulate the drawbacks of both being laboriously measurable and
describing in a possibly too simple way a glacier’s dynamics. Addressed here is how critical it is to run a simulation
with a wrong model parameter in forward approaches, when neither measurement nor model errors are involved in
the process. Hence, in this chapter, the models are assumed perfect and therefore tested on synthetical geometries
only. Various numerical experiments are presented that give a glimpse of the models’ sensitivity to their parameters
on synthetical data inspired from measurements on the four Swiss glaciers of Silvretta, Muragl, Gries, and Rhone
[34].

Unless stated otherwise, the meshes used to solve the Stokes equations (2.8) consist of tetraedral, structured,
anisotropic, finite-elements of size 25 m in the (x, y)-plane and 6.25 m along the z-axis. The VOF equation (2.27) in
turn is solved on a structured mesh of isotropic, cubic cells of size 5 m and time step At = 0.5 a. The shallow ice
equation is solved with the implicit scheme (3.27) on structured grids with space and time steps Ax =25 m and
At =0.01 arespectively. The difference of magnitude in the time steps is due to the numerical schemes applied.
Indeed, the stability condition of the shallow ice schemes are more restrictive than that of the VOF scheme. Moreover,
for a given glacier, all the simulations performed here are compared to the simulation of a corresponding reference
glacier that evolves from time #; = 0 to time tr=10a.Letus fix Glen’s exponent to n = 3. As a reference, we choose
the aforementioned glaciers with the bedrock topographies measured by [34] and the following model parameters:

A =0.1 bar—3a~!

m=mp, =001 a!

gl =2600 m

ZELA =2800 m (4'1)
€ =0.1 bar~la~3

Hmax =120 m,

where m,, my, and zgr 4 are the parameters of the surface mass-balance (2.34) and z5 and € are the parameters
(2.10) of the sliding law. Although they are reasonable, these are not the values tuned to field data and should be
considered as purely artificial, the purpose here being only to produce a reference time evolution for each glacier.
Several experiments are performed here in both the Stokes and shallow ice approximations of ice flow. First, on
the fixed geometry of Silvretta glacier, the influence of each of the parameters (4.1) is investigated, when all the
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other ones are left unchanged. This is interesting to identify which ones of these parameters change the physics
significantly. The simulation outputs are compared on different meshes and in both the Stokes and shallow ice
approximations. Second, the influence of a bump added to the bedrock topographies of the aforementioned glaciers
on various locations is studied. This is of prime importance for the algorithms presented in the next chapters based
on the vertical bedrock-to-surface perturbation transfers.

4.1 Changing parameters on a fixed geometry

Figure 4.1 shows contour plots of Silvretta glacier. The coloured curves delineate some possible sliding and equilib-
rium line altitudes on the left and right subplots respectively. Originally, the glacier’s maximal ice thickness is about
120 m. This first experiment consists in the simulation of the glacier’s evolution over time frames of 1 and 10 a with
different values of parameters (4.1). The resulting final surface topographies are then compared to the reference at
the selected locations marked on Figure 4.1 with black crosses.

Sliding altitude zy Equilibrium line altitude zgra
¢ 2

(O \

N
2
0o —

Figure 4.1 — Contour plots of Silvretta glacier, Swiss Alps, where the coloured lines represent the possible sliding
altitude zg (left) and equilibrium line altitude zgra (right) arising in modelisations (2.10) and (2.34). The black
crosses show the locations where comparisons are performed in the numerical experiments. The left-most cross
is located down-glacier, the right-most one up-glacier, i.e. ice flows from the right to the left, as indicated by the
contour lines. The contour lines for zy and zg14 do not match beause they depend on the bedrock and surface
topographies respectively.

Figure 4.2 shows how the final surface is affected by the model parameters. The black dash-dotted lines mark
the reference values (4.1), which correspond to zero surface discrepancy. Every time, the surface discrepancy is
reported, on a different scale, because each of these parameters affects the simulation in a different manner. Hence,
itis not physically relevant to choose the parameters’ range in such a way that the resulting sensitivity in each case is
comparable. In Figure 4.2, the parameters are chosen in a range that is reasonable for glaciers. The surface response
changes with the location in the glacier domain. It is denoted with the labels “up-glacier”, “mid-glacier”, and
“down-glacier” that correspond to the right-most, middle, and left-most crosses on Figure 4.1 respectively. Colored
solid lines describe the sensitivities after a 1 a-evolution, while colored dotted lines those after a 10 a-evolution.
Figure 4.2(b) depicts the results obtained when the glacier geometry is initialized with a thickness distribution that

is solution of the Laplace equation
NS = cst 4.2)
inside the glacier contour, where cst € R is such a constant that the maximal glacier thickness #ax is some chosen
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4.1. Changing parameters on a fixed geometry

value, namely 100, 200, and 300 m. In the Figure, the case # = 120 m corresponds to the reference geometry
inspired from measurements.
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Figure 4.2 - Surface topography discrepancy obtained after simulation of the glacier’s Stokes evolution with different
values of the model parameters. The black dash-dotted lines represent the reference values (4.1) in each case, while
the solid coloured lines the discrepancies obtained over a time frame of 1 a and the dotted coloured lines those over
10 a. Blue, green, and red colors represent results obtained up, mid, and down-glacier, i.e. on the right-most, middle,
and left-most crosses on Figure 4.1 respectively. The sensitivity is higher with the size of the time frame, the highest
being attained with ice thickness (b) and mass-balance perturbations (e).
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Figure 4.3 — Comparison of the surface topography discrepancy obtained down-glacier after 10 a-simulations with
different values of both the Stokes and shallow ice model parameters. The black dash-dotted lines represent the
reference values (4.1) in each case, while the solid coloured lines the discrepancies obtained with different mesh
sizes and also in the SIA. The solid black line stands for the SIA estimation with grid spacing Ax = 25 m. Note that
the cases zgq =2400 mand € =0 bar-la~3 correspond to non-sliding dynamics. No significant discrepancy can be
noticed in these numerical experiments. Moreover, the SIA sensitivity is analogous to that of the Stokes flow.

As shown by Figure 4.2, the sensitivities of the selected parameters are different on the chosen domains of variation
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that correspond to the ranges usually admitted in glaciology. The order of magnitude of these parameters is more or
less known and the subplots of the Figure depict parameter variations in the admitted order of magnitude for each
of the parameters. Figure 4.2 clearly evinces that the most significant changes in surface topography are induced by
variations in ice thickness, equilibrium line altitude, melting rate, and sliding constant (Figures 4.2(b), (e), (c), and
(f)). It is actually worth noticing that rate factor perturbations are responsible for non-negligible surface responses
(Figure 4.2(a)), although of the very small order of magnitude 10722 Pa~3s~!, when the time frame is large enough.
Without surprise, no large surface perturbation is observed after 1 a, save when the ice thickness is increased (Figure
4.2(b)). With increasing time frame, the surface mass-balance distribution and the sliding constant gain more and

more influence.

In addition, it can be noticed that the final surface topography elevation gets higher than the reference one with
lower melting rate or ELA, because snow accumulates more. Furthermore, since ice velocity is directly proportional
to the rate factor, the whole dynamics is slower and ice accumulation and ablation are amplified for small A.
For large A, the ice velocity is higher, and the ice flows faster from the top of the glacier to its tongue. Therefore,
more ice is advected from the top to the bottom, whence a decrease in the surface elevation up-glacier and an
increase down-glacier. Next, when the ice thickness is increased, the surface altitude gets lower up-glacier and
higher down-glacier. Finally, the sliding altitude does not seem to play a fundamental role in a 10 a-simulation,
while the sliding constant leaves the up-glacier surface unchanged and is responsible for a slight surface elevation
increase down-glacier because more ice is transported. As with increasing A, an increasing € involves larger ice
velocities down-glacier, whence a surface topography of higher elevation in that region. To complement these
observations, Figure 4.3 shows that the finite-element mesh size affects most significantly the results when the
sliding parameters are varied, whatever the time frame is. Finally, the shallow ice model has sensitivities to the
investigated parameters analogous to those of the Stokes model.

4.2 Influence of subglacial bumps on various geometries

In this second experiment, the idea is to observe how a basal perturbation is transferred up to the glacier’s surface in
both the Stokes and shallow ice approximations. Moreover, the influence of the glacier’s geometry is investigated. To
this end, for each glacier, we first generate three bedrock topographies different from the original one in that each
of them is supplemented with one single downward, convex, 100 m-wide and deep bump at the locations indicated
by the solid black crosses on the top left contour plot of Figures 4.4, 4.5, 4.6, and 4.7 representing the map domains
of Silvretta, Gries, Muragl, and Rhone glaciers respectively. The profile plots a, b, and c in these Figures represent
the results of the experiment when the Stokes (continuous lines) and shallow ice (dashed lines) approximations are
applied. Note that, in the Stokes approximation, the perturbations are about 4 finite-elements in the (x, y)-plane
and 16 along the z-axis. After that, focus is put on the middle of each of these glaciers where the bumps’ amplitude
is varied so as to see how the bedrock-to-surface perturbation transfer depends on it. All the results presented in
this section refer to synthetical glacier evolutions over 10 a.

Overall, a few phenomena can easily be noticed. First, the extent of surface topography response depends on the
glacier’s geometry. For example, a particularly large extent is noticeable on Figures 4.4(b)-(c) and 4.6(a)-(b)-(c).
The oscillations in the surface topography shown on Figure 4.6 are due to the numerical methods applied for the
solving of the Stokes and VOF equations. In all cases, the downward bump on the bedrock topography results in a
damped combination of a downward and an upward bump. On Rhone glacier, which is the deepest of the set, the
only non-negligible surface response is detected up-glacier (Figure 4.7(a)). At the other locations, it can hardly be
noticed, as it is very small compared to the local ice thickness. Furthermore, surface responses have about the same
extent in both the Stokes and shallow ice approximations, although the response’s amplitude is different. Indeed,
the transferred amplitude is 2 to 5 times smaller in the SIA. As far as these numerical experiments show, the SIA
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diffusion operator filters more information than its Stokes counterpart. This is not surprising, as the SIA surfaces
are always smooth, whatever the bedrock’s shape is, contrary to the Stokes output surfaces.

—— perturbed bedrock —— unperturbed Stokes surface
= unperturbed bedrock - - - perturbed SIA surface
—— perturbed Stokes surface - - - unperturbed SIA surface
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Figure 4.4 — Comparison of the surface topographies of Silvretta glacier obtained after an evolution of 10 a in
the Stokes (continuous lines) and the shallow ice (dashed lines) approximations, starting from the same initial
surface but perturbed bedrock topographies, to the reference surface topography (blue lines) obtained from a
simulation initialized with the original bedrock topography. The perturbation consists in a downward, convex bump
of deepness and width 100 m at the locations indicated by a cross in the contour plot. The continuous, thick, black
line represents the original bedrock topography, the continuous, thin, red line the perturbed bedrock topography,
the blue lines the unperturbed final surface topographies, and the green lines the final surface topographies resulting
from the simulation with the perturbed bedrock topography. The dashed lines in the contour plot represent the
lines along which the profiles are plotted. In each subplot, ice flows from the right to the left.
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Figure 4.5 — Comparison of the surface topographies of Gries glacier obtained after an evolution of 10 a in the
Stokes (continuous lines) and the shallow ice (dashed lines) approximations, starting from the same initial surface
but perturbed bedrock topographies, to the reference surface topography (blue lines) obtained from a simulation
initialized with the original bedrock topography. The perturbation consists in a downward, convex bump of
deepness and width 100 m at the locations indicated by a cross in the contour plot. The continuous, thick, black line
represents the original bedrock topography, the continuous, thin, red line the perturbed bedrock topography, the
blue lines the unperturbed final surface topographies, and the green lines the final surface topographies resulting
from the simulation with the perturbed bedrock topography. The dashed lines in the contour plot represent the
lines along which the profiles are plotted. In each subplot, ice flows from the right to the left.

37



Chapter 4. Sensitivity analysis

—— perturbed bedrock —— unperturbed Stokes surface
= unperturbed bedrock - - - perturbed SIA surface
—— perturbed Stokes surface - - - unperturbed SIA surface 2150
2100}
2400}
1600 | | 20501
800
% 1500 3000 4500 2000
1950 ¢

0 100 200 300 400 500

2500¢

2750t
2450}

2700} 2400}

2650} 23501

2300+
2600+

0 100 200 300 400 500 0 100 200 300 400 500

Figure 4.6 — Comparison of the surface topographies of Muragl glacier obtained after an evolution of 10 a in the
Stokes (continuous lines) and the shallow ice (dashed lines) approximations, starting from the same initial surface
but perturbed bedrock topographies, to the reference surface topography (blue lines) obtained from a simulation
initialized with the original bedrock topography. The perturbation consists in a downward, convex bump of
deepness and width 100 m at the locations indicated by a cross in the contour plot. The continuous, thick, black line
represents the original bedrock topography, the continuous, thin, red line the perturbed bedrock topography, the
blue lines the unperturbed final surface topographies, and the green lines the final surface topographies resulting
from the simulation with the perturbed bedrock topography. The dashed lines in the contour plot represent the
lines along which the profiles are plotted. In subplots (a) and (c), ice flows from the right to the left. In subplot (b),
ice flows perpendicularly to the profile. The oscillatory behavior of the surface topography is due to mesh effects.
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Figure 4.7 — Comparison of the surface topographies of Rhone glacier obtained after an evolution of 10 a in the
Stokes (continuous lines) and the shallow ice (dashed lines) approximations, starting from the same initial surface
but perturbed bedrock topographies, to the reference surface topography (blue lines) obtained from a simulation
initialized with the original bedrock topography. The perturbation consists in a downward, convex bump of
deepness and width 100 m at the locations indicated by a cross in the contour plot. The continuous, thick, black line
represents the original bedrock topography, the continuous, thin, red line the perturbed bedrock topography, the
blue lines the unperturbed final surface topographies, and the green lines the final surface topographies resulting
from the simulation with the perturbed bedrock topography. The dashed lines in the contour plot represent the
lines along which the profiles are plotted. In subplots (b) and (c), ice flows from the right to the left. In subplot (a),
ice flows perpendicularly to the profile.

Figure 4.8 shows how the size of the bump located in the middle of the glacier influences the surface topography on
the four different geometries. This is the bump located at position b on Figures 4.4-4.7 with varying amplitude and a
width always equal to the amplitude. In both the Stokes and shallow ice approximations, the maximal response with
the maximal bump size is comparable in magnitude. However, the way the response increases with the amplitude is
different. In the shallow ice model, the increase seems to be parabolic, while it is much slower in the Stokes model.
Furthermore, when subjected to small base perturbations, the shallow ice surface response is very small compared
to the Stokes response. In the small amplitude region, the shallow ice filters more information than the Stokes
approximation. In the large amplitude region, the tendency is inverted, as the Stokes response apparently grows
more and more slowly.
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Figure 4.8 — Variation of the surface response as a function of the bedrock perturbation’s amplitude, in both the
Stokes (a) and the shallow ice (b) approximations, on Gries, Rhéne, Silvretta, and Muragl glaciers. Each time,
the bump’s width is equal to its amplitude. The basal pertubation is performed in the middle of the glacier,
corresponding to the middle plots in Figures 4.4-4.7. The surface response represented here is the maximal response
detected over the whole glacier’s surface, hence not necessarily right up the bump. All the Stokes simulations are
performed on the finite-element mesh of size H = 25 m, except that on Rhone glacier, which is performed on a
mesh of size H = 50 m because of computer resources. This explains the discrepancy with the results depicted
on Figure 4.7, where the simulation was carried out on the finer mesh. The maximal surface response obtained is
comparable in both approximations when the amplitude is large enough. For small amplitudes, the shallow ice
transfers less information to the surface than the Stokes approximation. However, the increase in the SIA exhibits a
parabolic behavior, contrary to the other, where the transfer increases much less with the bump’s amplitude.

4.3 Conclusion

This chapter provides a useful sensitivity analysis of the Stokes and shallow ice flow models. It first describes how
the surface topography responds to variations in the model parameters on the fixed geometry of Silvretta glacier.
Numerical experiments over 1 and 10 a are discussed. Clearly, the larger the time frame, the larger the surface
topography response. Hence, the analysis is essentially based on the results obtained on the 10 a-simulations. The
example geometry of Silvretta glacier is not very sensitive to the sliding altitude zy. However, the other parameters
influence the glacier’s evolution significantly. The equilibrium line altitude and the glacier’s thickness are responsible
for the most important changes in the surface topography at final time, whose orders of magnitude are about 16
times the finite element size in the vertical direction.

Then, the influence of a bump positioned at several locations in the bedrock topography is studied on several alpine
glaciers. With the typical ice thickness of the considered geometries, the surface response decreases in relative value.
The shallow ice flow filters more subglacial information than the Stokes flow. With the perturbation’s amplitude and
width, the surface response increases parabolically in the shallow ice approximation, while it slowly flattens in the
Stokes approximation.

The bedrock-to-surface perturbation transfer is not localized, but spreads around the perturbation’s neighborhood
instead. Moreover, different bedrock topographies can provide more or less the same final surface topographies,
with discrepancies of the order of the finite element size. All the examples supplied in this chapter illustrate this
phenomenon. Each time, three different bedrocks are inputted to the two models. Everytime, the surface response
is comparable in amplitude to the mesh size, although the bedrock topography is augmented with a large bump
compared to both the glaciers’ typical thickness and mesh size. The problem of inferring the subglacial topography
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from surface topography data is ill-posed and therefore very difficult to solve, which partly explains the sparsity of
research results on the topic.

The inaccuracies in the ice rheology, surface mass-balance, and sliding law model parameters add up even more
complications to the intrinsic ill-posedness of the inverse problem. Indeed, not only the bedrock topography is
unknown but also most of the model parameters. In the end of this thesis, a shape optimization algorithm is tailored
that computes some of these parameters and the bedrock topography simultaneously on transient shallow ice
glaciers.

The next chapter exposes various methods that do not rely on optimal control techniques. First, the stationary
inverse method is introduced, before its quasi-stationary extension, both in the shallow ice approximation only.
Then, the transient inverse method is presented, that makes use of any of the shallow ice or Stokes approximations.
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Transient Inverse Method

Usually, simplified, low order models (e.g. those shown in Table 2.2) are used for the determination of a glacier’s
subglacial topography, because the ice thickness is often linked directly to some quantity known from measurements.
For example, the methods based on the perfect plasticity assumption use the proportional relationship between
the thickness and the constant basal shear stress [90, 54, 93, 75]. The method presented in [34] uses the relation
between the ice volume flux and the thickness in the parallel-sided slab approximation. In this context, two space
dimensions and stationarity in time are often assumed. The procedures are then applied to selected glacier flow
lines, before an interpolation of the scattered data is performed in order to obtain a complete three-dimensional ice
thickness distribution over the whole glacier’s map domain.

This chapter shows several new ways to invert the shallow ice equations. Instead of explicitly computing the ice
thickness distribution within the aforementioned assumptions, implicit equations are solved iteratively for the
ice thickness, in order to minimize the surface topography misfit at final time without the use of any gradient
information. The procedures exposed below are improved extensions of existing methods in stationary fluid
dynamics [43, 58]. They are developed in the two and three-dimensional shallow ice as well as in the three-
dimensional Stokes ice approximations. A gradient-based method is proposed in the next chapter.

The chapter’s outline is the following: First, the method developed in [34] is recalled and slightly reformulated, since
the main motivation behind this thesis is to make it executable in a more automatic and efficient way. Second, the
stationary inverse method is introduced, that infers the ice thickness distribution from a glacier’s steady surface
topography and is the basis of the quasi-stationary inverse method. This method is inspired from an algorithm that
computes the bed of steady rivers from surface observations [43]. It is formulated in the two-dimensional, shallow
ice approximation, without consideration of sliding, and with a time-independent surface mass-balance. Third, the
quasi-stationary inverse method is described, which is basically the stationary inverse method where the source
term is replaced with the so-called apparent surface mass-balance, i.e. the balance between the surface mass-
balance and the ice thickness variation. It is extended to three-space dimensions in the shallow ice approximation
and takes sliding and a time-dependent surface mass-balance into account. Next, the transient inverse method
is formulated, which is a procedure that iteratively updates the bedrock topography with the surface topography
misfit and uses the true surface mass-balance. Both its shallow and Stokes ice descriptions are presented. Then,
numerical results are exposed, most of which are two-dimensional, as the computations are much cheaper, before
a short sensitivity analysis. The methods are finally applied to real-world data and conclusions are drawn.
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Chapter 5. Transient Inverse Method

5.1 Parallel-sided slab estimation

A simple inversion method can be tailored based on the two-dimensional, parallel-sided slab approximation (PSSA)
of ice flow [34], which is a special case of the two-dimensional shallow ice approximation where the derivative
of the surface topography with respect to the position is replaced with the tangent of the surface angle. The
two-dimensional, shallow ice velocity reads, looking back at equation (2.13), without the sliding contribution,

U (X, 2) = —"—”r(%”“ —(s(x) - z)”+1)|s’(x)|”‘1s’(x), 5.1)
n+1

where s'(x) is the derivative of s with respect to x.

surface s(x)

g T/ZPSSA

:: .-’)E:PSSA

bedrock

Figure 5.1 — Two-dimensional parallel-sided slab approximation of a glacier. The surface topography is parallel to
the bedrock topography and has an inclination angle y. The constant ice thickness is expressed in the axes that
follow the ice flow whose direction is given by axis xpssa-

In the PSSA, the bedrock and surface topographies are assumed parallel with constant inclination angle 0 <y < %
everywhere (see Figure 5.1). Both topographies are flat in the (xpssa, zpssa)-system of axes. Therefore,

s'(x) = —tan(y) (5.2)

and the ice velocity becomes

n+2
ux(x;z):
n+1

n+2 s N n+1 n+l
Lo (1) ( PSSA ~ (JfPSSA - ZPSSA) cos(y),

r(#m! - (s - 2" tan" () =

where

S
Hpssp = ————. (5.3)
cos(y)

Hence, the PSSA ice velocity in the flow direction xpssa is
n+2_ . n+1
uPSSA = ——T'sin” (Y) ( I?SE}A - (effpSSA - ZPSSA) ) . (5.4)
n+1
From this expression, the ice thickness can be easily extracted. Indeed, the integration of the velocity from the base
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to the surface yields a volume flux

pssa _ [N posa 2
Q™" = f u >(2)dz =T'sin" (y) #ssa, (5.5)
0

whence the relation used in [34], without sliding on the base:

PSSA Isin”(y)’ '

In this approximation, sliding can be taken into account by multiplying the denominator under the root with a
constant that is tuned to field data. The smaller the constant, the more important the sliding contribution. The
effect of such a small constant is then to increase the ice thickness where sliding is assumed. In the shallow ice
approximation, the incorporation of sliding can be improved as suggested in Section 5.3.

Estimates of the volume flux QPSSA

are obtained from an apparent surface mass-balance taking into account the
observed changes in the ice thickness over some time frame. Then, formula (5.6) is applied to the principal flow line
of the glacier’s ice catchments that are approximate parallel-sided slabs of the glacier where the surface angle does
not vary much. Finally, from these catchments, their outlines, and the glacier’s outline, an ice thickness distribution
can be calculated. In order to prevent divergence from happening because of possibly small angles vy, the glacier’s
surface topography is filtered with a lower slope limit. The method is summarized in Algorithm 3.

Algorithm 3 PSSA Inverse Method [34]
identify the glacier’s outline

identify the glacier’s principal flow lines
identify the glacier ice catchments and their outlines corresponding to each flow line
determine QPSSA (e.g. from measurements)
for each catchment do
compute the ice thickness with equation (5.6) with a lower slope limit
end for
smooth the obtained distribution with a Gaussian filter of constant extension

In the PSSA, the basal shear stress 7 and the ice thickness are linked together through the relation [48, 76]

T

¥ =—,
pssa(x) Fpgsin(r ()

(5.7)
where f is a shape factor. Under the perfect plasticity assumption, the shear stress 7 is assumed constant. In the
most recently developed inversion method based on perfectly plastic ice, it is approximated with the formula [76]

7 =0.005+ 1.598A H — 0.435A H?, (5.8)

where AH is the elevation range of the glacier, and the three numerical values were obtained after tuning on a large
sample of glaciers. The idea is simple, but the resulting estimation is crude compared to the SIA. To illustrate this
point, let us assume that a bedrock and a steady surface topography as well as a surface mass-balance are available
that satisfy equation (2.32) for the two-dimensional profile line of Muragl glacier depicted by Figure 5.2. Knowing
which bedrock topography, namely the black line labeled with “exact bedrock” on Figure 5.2, makes the glacier’s
surface evolve towards the stationary surface delineated in black and labeled with “stationary surface”, the bedrock
computed by means of equation (5.7), delineated by the green curve on Figure 5.2, is compared to the exact bedrock
topography. The green curve actually represents the best fit to the profile of the solution bedrock topography, with
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AH =400 m and a shape factor f = 0.5, which are not even the advised values. A significant large defect in the
estimation can clearly be noticed up-glacier, while the estimation of the tongue’s thickness is fine. Furthermore,
estimation (5.7)-(5.8) cannot take into account the measured evolution of transient glaciers.

Figure 5.2 also depicts the estimation performed by the integrated shallow ice equation, that corresponds to (5.10)
presented in the next section. Clearly, the integrated shallow ice estimation is more precise (in red), the largest
errors being at the glacier’s boundaries, because the derivative of the surface topography takes very small values at
these locations. As shows Figure 5.2(b), this drawback is corrected by the finite-difference method presented in the
next sections.

Algorithm 3 requires lots of pre-processing work that cannot be automated in an easy way. Moreover, it is based on
a simplified treatment of sliding. The purpose of the next sections is to design more practical and efficient ways to
compute the ice thickness distribution along with a more physical incorporation of the glacier’s sliding.

(a)
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Figure 5.2 — (a) Application of integral formula (5.10) to a profile line of Muragl glacier whose surface gradient is
never vanishing. The estimation is good, except at the boundaries, as shown in (b), which compares the maximal
error in the thickness estimated from integral (5.10), estimation (5.7) and the iterative method presented below
(indicated with the label “finite differences”).

5.2 Stationary Inverse Method

The inversion approach exposed in this section for a steady-state surface geometry is inspired by an existing method
used to reconstruct the bed topography of a steady river based on the Saint-Venant shallow water approximation
[43]. Now, the purpose is to develop an algorithm that reconstructs the subglacial topography of steady glaciers. In
the next section, transient glaciers are dealt with the quasi-stationary inverse method which is its direct extension.
While this section is exclusively devoted to a two-dimensional algorithm, the next section extends all the results to
three space dimensions, in the shallow ice approximation.

Consider the steady-state problem corresponding to (2.32) in the case where the stationary surface s is known
and no sliding applies. The problem is now: given the stationary surface s and surface mass-balance %, find the ice
thickness /€ : [x1, x2] — R such that

L(A"2s 1Y) =B, x1<x<x,
A =0, X1 < X< Xy, (5.9
L% = O) X = X1, X2,
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where s’ stands for the derivative of s with respect to x and the surface mass-balance 2 is applied only at the
locations where # > 0. Once ./ is known, the bedrock topography can be deduced from the relation b = s — .
This problem can be solved by direct integration whenever s'(x) # 0:

X
f BE)dE
Hx)=|-— (5.10)
s’ (01" s ()
Note that the above formula yields #(x,) = 0 provided that either
X2
f B(x)dx =0 (5.11)
X1
or
X2
lim s'(x) =400  and f PB(x)dx < co. (5.12)
X— X2 X1
Formula (5.10) corresponds to the PSSA estimation (5.6) where
X
QPSS = —f B(E)dE, (5.13)
X1
which is exactly (5.9);, since the ice volume flux (2.30) specializes to
QZFprerlslln_ls’ (5.14)

in the two-dimensional, stationary shallow ice approximation without sliding.
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Figure 5.3 - Ice thickness estimation with equation (5.10) in the case of an ice cap. Note the divergence in the middle
the glacier where the surface slope goes to zero.

When the glacier’s surface topography is flat, i.e. s'(x) = 0, the ice thickness cannot be computed with (5.10). For
example, flat ice caps cannot be inverted with this relation, as depicted by Figure 5.3. In fact, formula (5.10) suffers
from a few drawbacks. First, the divergence where s'(x) = 0 is brought by the space integration and is not an intrinsic
property of problem (5.9). Second, estimation (5.10) is very unstable when the input data are not regular enough.
In addition, an extension of this formula to sliding glaciers can only be done through a further approximation
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of the actual STA. Finally, and most importantly, this analytical expression cannot be generalized to three space
dimensions because, in this case, equation (5.9) becomes a divergence equation [12, 13].

Instead of regularizing equation (5.10) by filtering the surface topography with a lower slope limit (e.g. [34, 75, 76]),
we propose to solve the “pseudo-time-dependent” problem corresponding to (5.9), namely

oA 0 os

W_a( fa) =3B, X1<x<Xxp, >0,
S =H(x), x1<X<X, (5.15)
J =0, X1<x<Xx3 >0,
J =0, X=Xx1,X, =0,

with finite differences, where ¢ is introduced to help solving (5.9), #% is an initial guess, s a fixed surface, and 2 ris
given by (2.33). Given the stationary surface topography s, the aim is to find a solution .# so that %if —0as t— oo,
which defines the subglacial topography with b = s — #°. Note that this equation is exactly the same as (2.32), with
the difference that here the surface topography s is known. In the forward formulation (2.32), the latter topography
is sought. When the surface topography s is known, the originally elliptic problem (2.33) becomes hyperbolic. This
non-linear transport problem has the particularity of having a non-zero source and Dirichlet boundary conditions.
To solve (5.15), focus is put on the implicit version of scheme (3.32), namely

A~ 7]

i1 ¢ 0+1 —Sj-1
At T 2Ax ((@f)j+%+(@f)j+ )

Ax

]+1
Ax

((Qf) 1+@f”1) +B], 1=j<N,0<l=<M,
2

(5.16)

where the surface components s; are fixed to the values corresponding to the stationary surface topography. In
most cases, Newton’s method to solve the inverse problem (5.15) with scheme (5.16) does not converge. This is
because the inverse equation is no longer diffusive. It is a stationary hyperbolic equation that is known to be difficult
to solve [31, 85]. Therefore, we propose to add to the equation a diffusion term that has more weight when the
variations in thickness are the largest and is close to the diffusion term of the forward model [73, 85]:

—8%( fa(;ixf)+%if=%(@f2—;)+%, (5.17)

where £ > 0 must be as small as possible and, looking back at (2.33),

0 |n
Dy =TH"?|— 5.18
= o (5.18)
To solve (5.17), we update the original scheme to
A - 70 s ,
j J ¢ 041\ 37417 ¢ e+1) 5~ Sj-1
= 9 + @y 9 +9 J 7
At ZAx[(( Py @1 ) Ax (( Pj1+2r; ) Ax
€+1_j£€+1 ]Loéﬂ_jghl
= 0+1) i+l R PR = 0+1) j-1 ]
o (@9 1+(@f)j+%) > ((@f)j_%ﬂ@f)j_%)—m ]+@,,
(5.19)
with the same boundary conditions as in the forward problem and where
) 200+ 760\ A - et e
@0\ = (’—’1) ’]—]1 (5.20)
=2 2 Ax
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Convergence is reached when the stopping criterion

175~ 70| = max |0 - A <6 (5.21)
1<jsN /J J
is fulfilled for a real constant § > 0. Note that this regularization modifies the original model, so that the solution of
(5.17) is not expected to match the solution bedrock b* exactly.

5.3 Quasi-stationary Inverse Method

The stationary inverse method introduced in the previous section is not very useful as it is in practical applications,
because generally, a glacier is not stationary. Hence, in this section, its extension to transient glaciers in two space
dimensions is presented. Then, its three-dimensional generalization that takes into account the time-dependence
of the surface mass-balance and the sliding law is explained in the shallow ice approximation. A complete analysis of
the method is performed in two dimensions of space. Its features are essentially the same in three space dimensions,
hence only a short numerical validation is presented in this case. An extension of the algorithm exposed here to
Stokes ice flows is possible but complicated, hence it is not developed in this thesis.

5.3.1 Two-dimensional formulation

Consider the transient problem corresponding to (2.32) in the case where the initial and final surfaces and the
surface mass-balance 28 are known. The initial surface is denoted by s; and the exact final surface is s°PS The
aim is to minimize the discrepancy between the known final surface s°** and the computed final surface s r(x) =
b(x) + #(x, tf) with equation (2.32). The inversion problem has two unknowns, namely the surface geometry s,
which is only known at times #; and ff, and the bedrock topography b (or, equivalently, the ice thickness #). The

obs

time-dependent inverse problem can be stated as follows: given the glacier surfaces s; at time t; and s°>° at time tf

as well as the surface mass-balance time series 98 in the time interval [t;, trl, find the bedrock geometry b : [x1, x2] — R
such that

$OPS(x) = b(x) + A(x, 1), X1 <x< X2 (5.22)

under the constraint that /€ satisfies the ice thickness equation

0 0 o(b+ A
(@fg)h%’, X1 <Xx<Xy, l;<t<ty,

ot za 0x
H =Ss;—Db, X1<x<X, I[=1, (5.23)
S =0, X1 <x<X2, <t<ty,
S =0, X=Xx1,X2, LiSt<ty.

In other words, this means that a bedrock topography b is sought such that the glacier evolves from surface s; to

oA

5°bS over the time interval [¢;, tr] under the influence of the surface mass-balance 28. Let us approximate B by
sobs e

4 .
Py so that equation (5.23); becomes

=t
obs_s; 0 ( _ Ab+H
S8 0 (@fg) ‘B, (5.24)
t F— t; 0x 0x
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and define the so-called “apparent surface mass-balance” [34] with

obs _ ..
P L (5.25)

t f— t;
Then, the quasi-stationary formulation of the transient inverse problem in the SIA is: given the glacier surface
topographies s; and s°° as well as the surface mass-balance time series 2 in the time interval [t;, trl, find the
thickness /€ : [x1, x2] — R such that

L2 |1 sY =-B, x1<x<xp,
J =0, X1 < X< X, (5.26)
J =0, X = X1, X2,

where s can be any linear combination of s; and s Tn our computations, we chose s = s°PS When the thickness
# is known, then the bedrock topography can be deduced as before with the relation b = s— 7. Note that equation
(5.26) is precisely (5.9), with a modified source term, that takes into account the glacier evolution over the desired
time interval. In order to solve (5.26) numerically, we proceed as in the previous section and use the regularized
scheme (5.19).

5.3.2 Three-dimensional formulation

In three space dimensions, with the sliding contribution included, equation (5.26) becomes the divergence equation

V-(@Vs) =-%B, in Q|
S =0, in Q) (5.27)
J =0, on 09,

which is the quasi-stationary specialization of (2.31), where now the diffusivity is given by (2.20) and (2.21) instead
of the two-dimensional, non-sliding version (2.33) of the previous sections. To solve this divergence equation, the
same procedure as before applies, namely the following pseudo-time-dependent problem is considered:

- oA -
—8V-(9V]€)+W =V-(9Vs)+%AB, in Q, t>0
# =20, in Q. >0 (5.28)
S =0, on 0Q;, t>0,

where such a thickness . is sought that satisfies ‘%‘0 — 0 as t — oo, the surface topography s is fixed as before to

obs
)

s=S and

n-1

G = (r;m I“s)ié’”“ VA (5.29)

This extends problem (5.17) to three space dimensions and can be solved with the numerical scheme that generalizes
(5.19). However, at the expense of a higher CPU time due to its worse stability, the following semi-implicit scheme is
advocated, to keep the method as simple as possible:

(+1 _ 74
J‘Ojk ijk_ 1 Y, Sj+1,k — Sjk ¢ Sjk—Sj-1,k N 1 9! Sjk+1~ Sjk ol Sjk— Sj,k-1
At Ax | i+sk  Ax I N Ax | kv Ax k=3 Ax
/+1 /+1 +1 _ /+1 /+1 /+1 l+1 _ /+1
€ [~, ijﬂ,k ijk -, ffjk ij_l,k € [~y Jf}.ka Jﬁjk -, Jé’jk ij,k—l
+— |9 lk—_@'—lk— — @.k l—_@'k_l—
Ax| J*t2 Ax I=2 Ax Ax | IKk+3 Ax Jik=3 Ax
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+ Bjk, (5.30)
where

~ ¢ _ Y Vi n+1 ¢ n—1

P (= IPRREN RTRTRY | INY [ (Y (6-31)
¢ Y, Y, Y, 2 ¢ Y, ¢ ¢ 2

, H =T T~ T F =T T =T )

al |, = + . (5.32)

j-4k-1 2Ax 2Ax

Scheme (5.30) is solved for every couple of indices (j, k) such that the ice thickness is known to be larger than
0. Such a domain of indices can be deduced in practice from measurements, since one can clearly see what the
glacier’s outline is.

If not semi-implicit in time, this method can become complicated to implement. However, the stability condition is
more restrictive than in the implicit discretization, hence increasing the computational time. Note that it is also
possible to apply the algorithm consisting in the successive solving of (3.14), (3.15), (3.16), and (3.18), in both the
semi-implicit and implicit time discretizations, with the addition of the regularization term. The results are similar
but the method requires more coding. Such a complexity is not required here because a stationary state is sought.

Algorithm 3 can be simplified to Algorithm 4 which summarizes the quasi-stationary inverse method. With this
method, there is no need any more to determine the flow lines by hand and then define the glacier’s ice catchments.
No additional algorithm is needed for the computation of Q"% since it is directly deduced from % and aa—Jf.
Moreover, sliding is taken into account more precisely, i.e. not as a constant in the denominator inside the root of
equation (5.6). Finally, bedrock topography measurements can be easily included in this algorithm by replacing

Jff « With its measured value in scheme (5.30) or by applying an extension of the method described in [14].

Algorithm 4 Quasi-stationary Inverse Method

initialize the glacier’s ice thickness distribution
solve problem (5.28) with scheme (5.30)

To conclude this section, let us mention that the quasi-stationary inverse method can also be applied to the
Stokes model. Indeed, the bedrock topography can be updated with the VOF function (2.26) instead of the surface
topography. However, it is not trivial to develop a regularized version of the VOF equation (2.27). Our few numerical
experiments to test such a procedure showed that there was no hope to converge without such a regularization.
This idea is not developed further.

5.4 Transient Inverse Method

The numerical experiments in two space dimensions of Section 5.5.2 confirm that the quasi-stationary approxima-
tion gives worse estimations of the thickness when the time interval [¢;, tr] gets wider. This is due to the assumption
of a uniform variation of the ice thickness in time and is undesirable because an approximation of at least equivalent
quality is expected with the knowledge of the glacier’s evolution over a longer time.
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surface s°

surface sf

estimated bedrock b’*!

estimated bedrock b’

Figure 5.4 — Example glacier profile illustrating equation (5.33). The idea is to report the discrepancy e’ = s°s — s]{

on the bedrock topography at each iteration. The bedrock is lifted where e’ > 0 and lowered where e’ < 0.

This section proposes a regularized fixed-point method that takes care of this drawback. Let ¢ > 0 be an iteration
index, b’ the bedrock at fixed-point step ¢ and b° some initial guess for b. When no regularization applies, the
idea is to iteratively update the bedrock with the surface topography misfit at final time, which is equivalent to
superimpose the current bedrock b? and its updated version s £ A | =1, (see Figure 5.4):

pitl = pt +ﬁ(sobs _Sﬁ) _ b€+ﬁ(sobs_ bé_%e)t_[ ) = (1- )b’ +‘6(Sobs_%€’t_t ) (5.33)
=t =ty

where s]’i = bl + 77 | is the approximated final surface topography at iteration ¢. In addition to this update,

a smoothing of the Ctor[rflputed ice thickness is necessary to allow for convergence. This is done by including a
Laplacian term in equation (5.33). Whatever the forward model is, the procedure remains unchanged: First, the
forward simulation is performed in order to determine the final surface topography. Then, the latter topography
is compared to the measured topography s°° and the misfit is added to the bedrock topography. The method is
summarized in Algorithm 5.
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5.5. Numerical results

Algorithm 5 Transient Inverse Method

initialize the bedrock topography with b°

while b/ - b’ > & do
solve the forward problem with bedrock topography b¢ and initial surface s;, whose output is the ice thickness
H° at final time;

I=tr
solve
%l :Jf[) +,6(b€+if’éy —s°bs)+£,6AJ?[, inQ,,
i t=tf t=tf (5.34)
A0 =0, on0Q |,
for #¢, where 0 < < 1 is a relaxation parameter and ¢ > 0 a regularization parameter;
set
b+ = sobs — 7t (5.35)
end while

In the two-dimensional, steady, shallow ice case, if ¢y — t; = At and f§ = 1, Algorithm 5 is equivalent to solving
problem (5.15). This approach is close to that exposed in [58], but here steady as well as transient problems are
dealt with. The forward problem solved during the process can be any of the models that simulate the evolution of
a glacier from initial time ¢; to final time .

This method aims at minimizing the surface topography misfit at time 7 without the use of its gradient. Note that,
contrary to the procedure exposed in [26] and any shape optimization procedure, this method applies the smoothing
explicitly, which does not make it an integral part of the algorithm. The algorithm is very easily implementable as it
relies on the iterative use of the forward model. Moreover, it is as memory-demanding as the forward solver.

5.5 Numerical results

Various numerical results are presented in this section, most of which concern the two-dimensional algorithms,
because the related computations are cheap. This section is exclusively devoted to the numerical validation of the
methods on synthetical geometries inspired from real-world data. The inversion of real data is the topic of Section
5.7. All the numerical experiments presented below assume the availability of data satisfying the forward equation
that is aimed at being inverted.

5.5.1 Stationary Inverse Method

For the sake of numerical validation, available data on two-dimensional glacier evolution according to model (2.32)
are used. For instance, a set of bedrock and surface topographies with corresponding surface mass-balances that
fulfill (2.32) with %—"—;‘0 =0 is assumed. The solution bedrock topography is denoted by b*. Figure 5.5 shows the result
of the inversion along principal flow lines for the Flask outlet glacier in Antarctica [33] and the Murag], Silvretta,
and Rhone mountain glaciers in the Swiss Alps. In particular, it illustrates how sensitive our test case geometries
are to the regularization parameter. The results obtained using numerical scheme (5.19) are independent of the
time step (see Table 5.1), as long as it satisfies a stability condition which seems to be of the form Az < cAx”, for
two real constants ¢ and p. Furthermore, the method is independent of the mesh size (see Table 5.2): whatever the
resolution of the original data is, the bedrock will be recovered with the same accuracy. Except on geometry (b),
where the error is exceptionally larger when Ax = 100 m, the discrepancy with the solution bedrock b* remains
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essentially identical. For the sake of numerical comparison, the results presented in this section were calculated with
Ax=25m,At=1073a,and § = 107% m. Such a small value of § is purely numerical and necessary for convergence.
It is not linked with any glaciological quantity. In both tables, the large errors on geometry (a) are due to the large
value of €, as shown by Figure 5.5.

Table 5.1 — Maximal error |b— b* || in m between the computed and solution bedrock topographies for different time
steps when &£ = 1072 and Ax = 25 m with stopping § = 107 m in the two-dimensional, stationary inverse method
(5.17). When At is too large, the method does not converge, due to the stability condition of scheme (5.19). However,
when the scheme is stable, the error remains identical for any time step. The large errors obtained for geometry (a)
are due to the large value of € (see Figure 5.5).

At [a]
1072 1073 1074 107°
Fig.5.5(a) 2.775e+02 2.776e+02 2.787e+02 2.907e+02
Fig.5.5(b) 3.925e+00 3.925e+00 3.922¢+00 3.901e+00
Fig.5.5(c) 1.717e+00 1.741e+00 1.744e+00 1.773e+00
Fig.5.5(d) 4.634e+01 4.637e+01 4.665e+01 4.984e+01

Table 5.2 - Maximal error ||b— b*| in m between the computed and solution bedrock topographies for different
mesh sizes when £ = 1072 and At = 1073 a with stopping § = 107% m in the two-dimensional, stationary inverse
method (5.17). Except on geometry (b), where it is one order of magnitude larger on the mesh with lowest resolution
than on the other meshes, the error remains essentially the same whatever the mesh size is.

Ax [m]
100 50 25 12.5 6.25
Fig.5.5(a) 2.75le+02 2.752e¢+02 2.754e+02 2.766e+02 2.772e+02
Fig.5.5(b) 2.014e+01 4.432e¢+00 3.925e+00 4.057¢+00 3.917e+00
Fig.5.5(c) 1.018e+00 1.386e+00 1.741e4+00 1.697e+00 1.705e+00
Fig.5.5(d) 4.248e+01 4.561e+01 4.637¢+01 4.639¢+01 4.639e+01

Table 5.3 — Maximal error ||b— b*|| between the computed and exact thicknesses, number of iterations nj, and
computational time Tcpy required to obtain the results shown in Figure 5.5 for small enough regularization
parameters in the stationary inverse method (5.17). Estimations were done with Ax = 25 m, At = 1073 a, and
8 = 107% m. Note that these are only indicative results, as the number of iterations and the computational time
depend strongly on the initial guess, the space and time steps, the regularization parameter and the stopping 6. The
influence of € on the number of iterations, and therefore on the computational time, is evinced by Figure 5.6.

€ |b—b*| [m] Nits Tcpy [s]
Fig. 5.5(a) 1076 1.180e+ 00 1527130 3.580e+03
Fig. 5.5(b) 1074 5.973e—-02 96089700 4.383e+04
Fig. 5.5(c) 1074 1.305e—-01 9613360 3.093e+03
Fig. 5.5(d) 1073 2.101e+01 13132500 9.974e+03
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e=1 £=10"2 e=10"" e=10"°
(a) Flask Glacier, Antarctic Peninsula (b) Muragl Glacier, Swiss Alps
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Figure 5.5 — Various examples illustrating the two-dimensional stationary inverse method (5.17), with Ax =25 m,
At =103 a, and § = 107® m. In (a), we have a profile inspired of Flask Glacier that we modified in such a way
that the thickness is zero at the boundaries. The stationary surface and the solution bedrock topographies are
represented by the thick black line and the circles respectively. The dashed line stands for the initial guess of the
subglacial topography and the colored lines delineate the resulting estimation for several regularization parameters.
None of the geometries converged with £ = 107% except geometry (a). Each time, for ¢ sufficiently small, the
estimated topography is very close to the solution. The maximal error ||b— b* || obtained between the solution and
the estimation, the number of iterations until convergence, and the computational time are reported in Table 5.3
for reasonable regularization parameters. The influence of € on the rate of convergence is illustrated by Figure 5.6.

Table 5.3 reports the maximal error | b— b* || between the computed and solution bedrock topographies, the number
of iterations njts needed to reach convergence, and the computational time Tcpy needed to achieve this convergence
for small enough values of the regularization parameter €. These last two quantities obviously depend on the initial
guess, the space and time steps, the regularization parameter and the stopping criterion, so they are just indicative.
Note that njs corresponds to the number of computed time steps until condition (5.21) is met, where one such
step consists in solving the non-linear equation (5.19) with a Newton method that usually converges after less than
5 iterations, which makes this implicit scheme fairly fast. The choice of 6 depends on the glacier geometry and
the chosen time step. Although we choose it very small compared to glaciological characteristic lengths, such a
small value is necessary to get a reasonable solution, as illustrated by Figure 5.6. It shows how slow and indirect
the convergence of the method is. For instance, on geometry (a), if one chooses the stopping § = 1073 m, then one
cannot get a good estimation of the ice thickness. The way the method converges can be improved by increasing
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the regularization €.

£=1072 e=1073 e=10"*

(a) Flask Glacier, Antarctic Peninsula (b) Muragl Glacier, Swiss Alps
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Figure 5.6 — Plots of || A0 — 720 || as a function of the iteration number ¢ that show the sensitivity of the convergence
rate of the stationary inverse method to the choice of the regularization € in equation (5.17), with Ax = 25 m,
At=1073a,and § = 10~% m. Geometry (a) shows how important it is to choose & small enough in stopping criterion
(5.21): a value close to § = 1073 m would give a bad estimation. Convergence is improved with increasing .

5.5.2 Quasi-stationary Inverse Method
Two-dimensional shallow ice flow

To validate the results with this approach, the algorithm is run on the geometries shown by Figure 5.5. The results
are reported in Figure 5.7 when ¢ — t; = 1 a. The resulting errors when 77 — #; = 1,5 and 10 a are reported in Table
5.4. We notice that the larger the time frame tr—ti the less accurate the estimation, as one would expect. Moreover,

obs _ s.|. The farther s°P from s;, the larger the error in

we see that the error depends on the surface discrepancy || s
the thickness estimation. Nevertheless, on these geometries that represent typical valley glaciers (except (a) that
represents an outlet glacier in Antarctica), this first estimation is not far from the exact solution. The main interests

of this method are its ease of implementation and reliability.
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Table 5.4 — Maximal error ||b— b* || in m between the computed and solution bedrock topographies and maximal
surface topography discrepancy [| s°Ps — si|l in m as a function of the time frame 7 — ¢; in the two-dimensional
quasi-stationary approximation (5.26) for the four different considered glaciers. Estimations were computed with
Ax=25mand At = 1072 a with stopping § = 10~ m. Only the estimation over a time frame of 1 a is represented
in Figure 5.7. We see that the error on the bedrock is very similar to the surface discrepancy in each case. The
comparison holds as long as ¢ is small enough.

tt—ti=1a tt—ti=5a tt—ti=10a
Ib—b*I 115 — sl Ib—b*l 11s°Ps — sl Ib—b*l 1150 — sl
Fig.5.7(a), e = 107 1.417¢+00 1.002¢+00 5.385¢+00 4.985¢+00 1.084e+01 9.897¢+ 00
Fig.5.7(a), e = 1073 1.668e+01 3.711e+01 1.324e+01 3.612¢+01 1.600e+01 4.310e+01
Fig.5.7(a), e = 107% 8.234e—01 9.733¢—01 4.145¢+00 5.193¢+00 7.494e+00 1.142e¢+01
Fig.5.7(a), e = 107% 3.981e+00 4.957¢+00 1.297e+01 1.938e+01 1.894e+01 3.086e+01

(a) Flask Glacier, Antarctic Peninsula (b) Muragl Glacier, Swiss Alps

O .
2700 - Surface s;
_—400 \
= 2400 :
= Surface s¢
~800 2100 Solution bedrock .
8000 16000 24000 0 1500 3000
(c) Silvretta Glacier, Swiss Alps (d) Rhéne Glacier, Swiss Alps
2850 3200 |- 1
E 2700 2800 | ]
N
0 800 1600 2400 0 2500 5000 7500
x[m] x[m]

Figure 5.7 — Various examples illustrating the two-dimensional quasi-stationary inverse method (5.26), with Ax =
25m, At =1073 a, and § = 1073 m. The black line stands for the initial surface geometry, the dots represent the
target surface after 1 a, the thick red line delineates the solution bedrock and the thin black line near the solution is
the quasi-stationary estimation with data over a time frame of 1 a. Even the estimation of irregular bedrocks is good.
The maximal errors between the solution bedrock and its estimation as a function of 7 — ¢; is reported in Table 5.4,
with the value of the applied regularization ¢. The largest error is obtained on geometry (b), where the difference
between s; and s°PS is the largest.
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Three-dimensional shallow ice flow

To validate Algorithm 4, a set of bedrock and surface topographies as well as a surface mass-balance time series %
are assumed that satisfy problem (2.31) on the two geometries of Silvretta and Gries glaciers with sliding included
over a time frame of 1 a. On both glaciers, the same sliding parameters are set to zg = 2700 m and € = 0.025 bar~la~3
(colored, contour lines on the large contour plot of Figures 5.11 and 5.10). Note that these values do not correspond
to the values tuned with field data, the purpose here being only to validate the method on synthetical data. Only the
glaciers’ geometries are inspired from real-world measurements. In this validation, one assumes that the surface
topography is available at times #; = 0 and 7 = 1 a. Moreover, the time and space steps are set to A = 10~*aand
dx =50 a respectively and the regularization € = 1. The ice thickness is initialized by solving the Laplace equation
(4.2) inside the glaciers’ outline with such a right-hand side that the maximal thickness is 300 m on Gries and 200 m
on Silvretta glacier. After a few millions of iterations, i.e. a few minutes of computational time, an estimation is
obtained in both cases. In the following sections, the surface and bedrock topography misfits are compared and
analyzed. A “topography misfit” is the half of the sum of the square of the difference between the computed and
exact, or measured, topography over the whole computational domain (see expression (6.33)). Figure 5.8 illustrates
how the surface and bedrock topography misfits evolve with the iteration number. First, the surface topography
misfit is decreased, before it reaches a minimum value, that is still high. The bedrock misfit functional first decreases
and then increases until it attains some value that is also high. During the whole increase in bedrock topography
misfit, the surface misfit remains unchanged. Figure 5.9 shows with black markers the comparison of the exact to
the initial ice thicknesses on Gries (left) and Silvretta (right) glaciers. The red markers show the comparison of the
exact to the computed ice thicknesses. Ideally, all the markers should follow the dashed line representing all the
points such that the computed thickness with the quasi-stationary inverse method is exactly equal to the exact
thickness. Here, this is only approximatively true. The computed estimation is however good, although the method
is very basic. The estimation is better on Silvretta glacier, which is thinner. For the sake of visualization, Figures 5.11
and 5.10 display selected profiles of the estimated bedrock topography across the glacier (dashed curves) along
with the solution bedrock (thick, red curves) and target surface topographies (thick, black curves). With the size of
the time frame, the error made in the bedrock estimation is of the same kind as with the two-dimensional method
presented above. On both Figures, a small surface topography discrepancy is noticeable compared to the bedrock
topography’s.
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x10° (a) Surface topography misfit x10° (b) Bedrock topography misfit
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Figure 5.8 — Surface and bedrock topography misfits as functions of the iteration number on Silvretta glacier when
the three-dimensional, quasi-stationary inverse method is applied, over a time frame of 1 a. The simulation was
performed with space and time steps Ax = 50 m and At = 10~ a respectively and a regularization ¢ = 1. The misfit
represented here is the square of the Ly-norm of the topographies’ discrepancy (see expression (6.33)). The surface
topography misfit reaches a minimal value, that is still high. During the process, the bedrock topography misfit first
decreases, before it increases again. The maximum deviation in the bedrock topography is 58 m, while it is only
17 m in the final surface topography.
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Figure 5.9 — Ice thickness comparisons on Gries (left) and Silvretta (right) glaciers. A time evolution over 1 a is
considered. The space and time steps are set to Ax =50 m and At = 10~ a respectively and the regularization to
€ = 1. The black markers depict the comparison of the thickness’ initial guess to the exact ice thickness, while the red
markers show the the comparison of the computed ice thickness with the quasi-stationary inverse method (5.28) to
the exact thickness. Results are slightly better on Silvretta glacier. Note the difference of scales. If the method was
perfect, then all the red markers should match exactly with the dashed line, which represents the points such that
the exact thickness equals the computed thickness.

59



Chapter 5. Transient Inverse Method
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Figure 5.10 — Illustration of the bedrock topography estimated with the quasi-stationary inverse method (5.28) on
Gries glacier that complements the global Figure 5.9(a). The regularization parameter is € = 1. The large contour
plot shows the location of the selected profile lines across the glacier (black lines) as well as the sliding domain (the
colored contour lines give %, expression (2.10)). The small subplots show the estimation along each of the profile
lines. Each time, the red curve stands for the solution bedrock topography, the dashed curves for the estimated
topographies (final surface and bedrock), and the black curve for the target surface topography. Note the scale
difference on each subplot.
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Figure 5.11 — Illustration of the bedrock topography estimated with the quasi-stationary inverse method (5.28) on
Silvretta glacier that complements the global Figure 5.9(b). The regularization parameter is € = 1. The large contour
plot shows the location of the selected profile lines across the glacier (black lines) as well as the sliding domain (the
colored contour lines give %, expression (2.10)). The small subplots show the estimation along each of the profile
lines. Each time, the red curve stands for the solution bedrock topography, the dashed curves for the estimated
topographies (final surface and bedrock), and the black curve for the target surface topography. Note the scale
difference on each subplot. The dependence of the result in the regularization is analogous to the two-dimensional
case (see Figure 5.5).
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5.5.3 Transient Inverse Method
Two-dimensional shallow ice flow

None of the numerical experiments converged without regularization, except on some steady geometries, on very

small time frames. Obviously, although the algorithm converges, it is not possible to exactly get s°P = }im s]’i
—00

the problem is slightly modified by the regularization. As in the stationary case, the true solution to the transient

since

problem cannot be found in general, but can be approximated.

Tests on time intervals of 1 a, 5 a, and 10 a show that the errors remain stable with the size of the time frame, as
reported in Table 5.5. Moreover, they are much smaller than those of Table 5.4 in the quasi-stationary approximation,
except on geometry (c) where a Gaussian filter had to be applied to b? after each iteration to make the algorithm
converge.

Finally, the computational time and the number of iterations needed to converge when € = 100 are reported in
Table 5.6. Compared to the reference values for stationary and quasi-stationary estimations listed in Table 5.3, they
are small, except on geometry (a), for smaller errors (compare to Table 5.4). Hence this two-dimensional fixed-point
procedure is more accurate than the previous ones on our test case mountain glaciers.

Table 5.5 — Maximal error on the geometries of Figure 5.7 for various time frames and regularization & with the
two-dimensional transient inverse method. Estimations were computed with Ax =25m, At =10"2a, =0.1, and
5 =107% m. Geometry (c) did only converge with Gaussian filtering of the estimated bedrock topography after each
iteration. Note that these errors are much smaller than those of Table 5.4 in the quasi-stationary approximation.

tt—ti=1a tt—t;=5a tt—t;j=10a
€= e=10 e=100 e=1 =10 e=100 e€e=1 =10 =100
Fig.5.7(a) 8.6e-01 5.1e-01 2.7e+00 8.7e-01 4.8e-01 2.8e+00 9.2e-01 4.6e-01 2.8e+00
Fig.5.7(b) 5.3e-02 2.9e-01 2.3e+00 5.2e-02 3.0e-01 2.3e+00 5.2e-02 2.8e-01 2.2e+00
Fig.5.7(c) 6.9e+01 6.9e+01 7.0e+01 1.2e+01 1.2e+01 1.4e+01 5.5e+00 5.5e+00 5.7e+00
Fig.5.7(d) 2.9e-01 5.7e-01 4.1e+00 3.0e-01 5.7e-01 2.9e+00 2.9e-01 5.7e-01 2.8e+00

Table 5.6 — Number of iterations and computational time needed by the transient inverse method to converge with
€=100,Ax=25m,At=10"3a,and 6 =105 m.

tt—ti=1a tt—tj=5a tt—t;=10a

nis  Tcpu [s] nis  Tcpu [8] nis  Tcpu [s]
Fig.5.7(a) 17493 16510 17309 69957 17286 148299
Fig. 5.7(b) 925 218 853 707 797 1241
Fig. 5.7(c) 950 204 611 377 374 396
Fig. 5.7(d) 2500 926 2459 3458 2444 6540

Three-dimensional shallow ice flow

The behavior of the method is the same as its two-dimensional version, save that it now supplies a value for
the glacier’s ice thickness everywhere in the map domain. For the sake of comparison with the quasi-stationary
inverse method presented in the previous section and the shape optimization algorithm formulated in the next
chapter, convergence plots of the surface and bedrock topography misfits are depicted by Figure 5.12. In the shallow
ice approximation, the transient inverse method converges on the tested geometries. Contrary to the bedrock
topography misfit in the quasi-stationary inverse method, the misfit in the transient inverse method is decreased
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Chapter 5. Transient Inverse Method

during the whole inversion process. The comparison between the computed and exact ice thicknesses is depicted

by Figure 5.13. Compared to its quasi-stationary counterpart, the transient inverse method provides an estimation
where the markers are located around the dashed- line more uniformly.

x10° (@) Surface topography misfit

x10° (b) Bedrock topography misfit

4.0

Misfit [m]

5.2

0 100 200 300 400 500 600 20 100 200 300 400 500 600

lteration number ¢ lteration number ¢

Figure 5.12 - Surface and bedrock topography misfits as functions of the iteration number in the three dimensional,
shallow ice, transient inverse method. The misfit is the square of the L,-norm of the topography misfit (see equation
(6.33)). A time evolution over 1 a is considered with a regularization parameter € = 100. Contrary to its behavior in
the quasi-stationary inverse method (see Figure 5.8), the bedrock topography misfit decreases before it attains a
minimal value and does not increase after that. The value of both misfits is still high with this method. The maximal
deviation of the computed bedrock from the solution is 75 m, while is only 15 m for the surface topography.

Gries glacier, Swiss Alps Silvretta glacier, Swiss Alps
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AR + o~ 200 i
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estimated thickness [m]
g

100

50 4

+ Initial guess

+  Computed thickness

100 150 200 250 300
exact thickness [m] exact thickness [m]

150 200
Figure 5.13 — Ice thickness comparisons on Gries (left) and Silvretta (right) glaciers. A time evolution over 1 a is
considered. The regularization parameter is € = 100. The black markers depict the comparison of the thickness’
initial guess to the exact ice thickness, while the red markers show the the comparison of the computed ice
thickness with the transient inverse method (Algorithm 5) to the exact thickness. Compared to the results of the
quasi-stationary inverse method (see Figure 5.9), these results are better in the sense that the red markers are
distributed more uniformly around the dashed line that represents all the points such that the exact thickness

is equal to the computed thickness. The dependence of the result in the regularization is analogous to the two-
dimensional case (see Table 5.3).
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—— Solution bedrock topography —— Target surface topography ~ ----- Estimated topography
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Figure 5.14 — Illustration of the bedrock topography estimated with the transient inverse method (Algorithm 5) on
Gries glacier that complements the global Figure 5.13(a). The regularization parameter is € = 100. The large contour
plot shows the location of the selected profile lines across the glacier (black lines) as well as the sliding domain (the
colored contour lines give %, expression (2.10)). The small subplots show the estimation along each of the profile
lines. Each time, the red curve stands for the solution bedrock topography, the dashed curves for the estimated
topographies (final surface and bedrock), and the black curve for the target surface topography. Note the scale
difference on each subplot.
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Figure 5.15 — Illustration of the bedrock topography estimated with the transient inverse method (Algorithm 5)
on Silvretta glacier that complements the global Figure 5.13(b). The regularization parameter is € = 100. The large
contour plot shows the location of the selected profile lines across the glacier (black lines) as well as the sliding
domain (the colored contour lines give %, expression (2.10)). The small subplots show the estimation along each
of the profile lines. Each time, the red curve stands for the solution bedrock topography, the dashed curves for
the estimated topographies (final surface and bedrock), and the black curve for the target surface topography.
Note the scale difference on each subplot. The dependence of the result in the regularization is analogous to the
two-dimensional case (see Figure 5.5).
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Three-dimensional Stokes ice flow

Although it is the straightforward extension of the transient inverse methods formulated previously and actually
aims at the minimization of the surface topography misfit functional, this method is slow and not convergent. This
is because the Stokes ice responds differently to bedrock topography perturbations than its shallow ice counterpart,
as explained in Chapter 4. The analysis below refers always to the following numerical experiment: starting from
the bedrock and initial surface topographies of Silvretta glacier, first simulate its evolution over 10 a. Such a long
time frame is chosen because the inversion didn’t perform well on a time frame of 1 a as in the previous sections in
the shallow ice approximation. Next, compute the solution of the Laplace equation

AH =c (5.36)

on the domain where the ice thickness /# is supposed unknown, where c is such a constant that the maximal
thickness is 150 m. Then, apply the TIM to this perturbed geometry and compare the obtained bedrock topography
to the original one. Figure 5.16 shows the error curves resulting from a typical simulation on Silvretta glacier with
a structured, anisotropic, finite-element mesh and a structured mesh of cubic cells of sizes (H, h) = (50,10) m.
The time frame is 10 a. Figure 5.16(a) shows that after some iterations, the bedrock topography is not improved
any more, as the surface topography misfit. Figure 5.16(b) illustrates the convergence of the method. Instead of
converging, the difference between two successive bedrock topographies oscillates around some value.

5x10° (a) Misfits x10" (b) Convergence

12
-- Surface topography misfit

—— Bedrock topography misfit

Misfit [m]

~

TR

% 50 100 150 200 250 300 %% 50 100 150 200 250 300

Iteration number ¢ Iteration number ¢

Figure 5.16 — Convergence plots resulting from the TIM calculation on Silvretta glacier, starting from such a bedrock
that the initial thickness is 300 m, over a time frame of 10 a. A reasonable solution is determined after about 250
iterations. (a) Surface (dashed line) and bedrock (continuous line) topography misfits, i.e. square of the Ly-norm of
the discrepancy between the exact and computed topographies (see expression (6.33)) during the first 300 iterations.
(b) Bedrock topography maximal changes from one iteration to the other as a function of the iteration number.
After this inversion, the maximal bedrock topography deviation with the solution is 92 m which the maximal final
surface topography deviation is only 14 m.

Figure 5.17 depicts the obtained estimation along several profile lines. The large, top left plot shows the contour
of Silvretta glacier. The smaller subplots compare the bedrock and final surface topography estimations to the
corresponding solutions. A good agreement between the solution and estimated bedrock topographies can be
noticed. Up-glacier, namely on profiles a, b, and c, the surface topography misfit is very small. The estimation is
worse down-glacier, near the tongue (profile e).
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Figure 5.17 — Bedrock and final surface topography estimations along profile lines on Silvretta glacier, Swiss Alps.
Inside the glacier’s contour (top left) are shown the selected profile lines. Ice flows from profile a to profile e.
The thick, continous, red lines represent the solution topographies, while the dashed, black ones the estimated
topographies. On each subplot, the top curves delineate the surface topographies and the bottom curves the
bedrock topographies. Up-glacier (profiles a, b, and c), the surface topography misfit is very small, although the
bedrock topography misfit is about 20 m. Down-glacier (profile e), the bedrock topography misfit is larger, as is the
surface topography’s.
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Figure 5.18 — Surface (first row) and bedrock (second row) topography misfits as functions of the iteration number ¢
for different values of the relaxation (left column) and regularization (right column) parameters  and ¢ respectively.
Recall that the misfit is the square of the L,-norm of the topographies’ discrepancy (see expression (6.33)). The
curve with § = 0.01 is represented only to show how many more iterations the algorithm needs with such a small
parameter. The plots corresponding to varying 8 correspond to estimations with € = 100 while the other ones to
estimations with = 0.1. Too large values of f are responsible for the jumps in the convergence curves. In turn,
very large values of ¢ make the topography misfits increase. The regularization parameter does not affect much
the behaviour of these curves, except if too large. Again, it is noticeable that the surface topography misfit is much
smaller than the bedrock topography’s (about one order of magnitude in these plots).
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Chapter 5. Transient Inverse Method

The Algorithm 5 makes use of a regularization and relaxation parameter € and § respectively. Figure 5.18 shows the
effects of the two parameters on the evolution of the surface and bedrock topography misfits with the iteration
number. The largest differences occur with varying . A large relaxation parameter makes the algorithm attain the
minimum of the surface topography misfit after fewer iterations but leads to more instabilities. To the contrary, the
regularization € does not affect much the behaviour of these curves, except for extremely large values. However, as
shown by Figure 5.19, it smooths the bedrock topography.
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Figure 5.19 — Bedrock and surface topography estimations along the profile lines a, ¢, and e depicted on Figure
5.17. The first column shows the estimations obtained with = 0.1 and various regularization parameters €. The
second column of plots shows the estimations obtained with £ = 100 and various relaxation parameters . The
different estimations are plotted with different colors. The solid black lines represent the solution topographies, the
top curve standing for the target surface topography and the bottom curve for the solution bedrock topography.
Large values of € make the bedrock topography smoother but also farther from the solution. With large values of g,
the algorithm attains the minimal surface topography misfit sooner but is also more unstable.

Model intercomparison

Because the evaluation of estimation (5.10) or other low order, two-dimensional approximations of ice flow is very
fast, it is usually applied in the literature to a set of flow lines previously determined. Eventually, the results are
interpolated to obtain a Digital Elevation Model (DEM) of the subglacial topography. There are many ways to achieve
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5.5. Numerical results

this interpolation, as for example with the Radial Base Function approach [19], the Inverse Distance Weighting
technique [108], the Natural Neighbour interpolation [77], or even the assumption that glaciers have parabolic
cross-sections [75]. A more physical method was proposed in [63, 64, 76]. Although fast, all these interpolation
methods introduce non-physical data into the final estimation, which makes them inaccurate.

Let us therefore compare the subglacial topography of Muragl glacier obtained with the transient inverse method
based on the two-dimensional shallow ice approximation (equation (2.32)), the three-dimensional shallow ice
approximation (equation (2.31)), and the Stokes approximation (equations (2.27)-(2.8)) on synthetical data. Let
us assume three-dimensional topographic and mass-balance data are available on Muragl glacier that evolve
according to the Stokes approximation (2.27)-(2.8). This numerical experiment is purely artificial and does not
involve measured surfaces topographies. Then, let us suppose the bedrock topography is unknown and try to
estimate it first from the Natural Neighbour interpolation [77] of two-dimensional profile data along the flow lines
shown on Figure 5.20. Second, let us calculate it by inverting the three-dimensional SIA and, finally, by inverting the
three-dimensional Stokes approximation. The shallow ice estimations were performed with a space step Ax =25m
and the estimation with the Stokes approximation was done with finite elements of horizontal size 25 m and vertical
size 6.25 m. The results along the selected profile lines are shown on Figure 5.20. The estimation is satisfactory in
each case, except flow line e in the three-dimensional shallow ice approximation that seems to underestimate the
thickness at the glacier’s tongue. In the literature, this is sometimes corrected by introducing sliding in the shallow
ice approximation and tuning the sliding parameters such that the computed surface topography at final time
fits the measured topography. This numerical experiment demonstrates that such a fitting is clearly unphysical,
as Muragl glacier was simulated without sliding. Along transversal lines, shown on Figure 5.21, it can be noticed
that the accuracy of the lower order models is far from the one of the Stokes approximation. This is confirmed by
Figure 5.22 that compares the exact ice thickness to the computed one. The shallow ice estimations have a maximal
deviation of 50 m from the solution, while the maximal deviation of the Stokes estimation is 25 m.

—— SIA2D —— SIA3D - Stokes 3D —— Solution

500 1000 1500 2000 2500 3000 3500 4000 0500 1000 1500 2000 2500 3000 3500 4000 0500 1000 1500 2000 2500 3000 3500 4000

Figure 5.20 — Results along selected flow lines of Muragl Glacier. The two-dimensional computations were done
along the continuous and dashed flow lines. The profiles we show correspond to those along the thick flow lines
only. The estimations are satisfactory in each case, except on flow line e, where the SIA 3D underestimates the
thickness at the tongue.
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Figure 5.21 — Results along profiles transverse to the central flow line of Muragl Glacier. Note the change of scale
compared to Figure 5.20. We see a higher accuracy of the higher order Stokes estimation, even near the tongue.
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Figure 5.22 — Comparison of exact (x-axis) and computed (y-axis) ice thickness for Muragl Glacier. Without surprise,
the best results are given by the Stokes approximation of ice flow. The thickness distributions in the SIA make a
cloud of size 50 m around the identity function (dash-dotted line).
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5.6 Sensitivity analysis

The input data used in the inversion approaches of this chapter are the glacier surface topographies and the surface
mass-balance time series. The methods based on the shallow ice approximation are much more sensitive to surface
topography than to surface mass-balance [85]. This is essentially because the thickness depends on the derivative
of the surface topography and the integral of the surface mass-balance. In this section, instead of a systematic
sensitivity analysis, an analysis restricted to surface topography and mass-balance perturbations of the form ay (x)
is first presented in the two-dimensional, shallow ice, quasi-stationary and transient inverse methods, where the
perturbation’s amplitude a > 0 is of the order of magnitude of typical measurement errors and y(x) is a uniformly
distributed random variable on the interval [-1, 1]. The sensitivity of the three-dimensional shallow ice methods is
identical. Then, a short sensitivity analysis of the transient inverse method for Stokes ice flows is exposed.

5.6.1 Two-dimensional shallow ice flows

The stationary and the quasi-stationary methods are both similarly sensitive to surface perturbations. Figure 5.23
shows the resulting estimations in the quasi-stationary approximation (5.26) when the surface topographies un-
dergo perturbations with @ = 1 m. The graphics resolution cannot highlight the difference between the original and
the perturbed surfaces. However, it can clearly be noticed on the resulting estimation, even with the regularization.

Smoothing the input surface does not improve the results in the stationary and quasi-stationary models. Numerical
experiments run with Gaussian filtered data yield only slightly less oscillating estimations. In two dimensions, the
data oscillations could be controlled with the truncation of their highest Fourier modes [58], but this is not be
possible any more in three dimensions. The best option consists in smoothing the converged estimation.

(a) Flask Glacier, Antarctic Peninsula (b) Muragl Glacier, Swiss Alps
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Figure 5.23 — Sensitivity of the method to surface topography in the quasi-stationary case, for a time frame of one
year and perturbations with a = 1 m. The thick black and red lines show the original, unperturbed surface and
solution respectively, while the thin black line stands for the converged estimated bedrock with the perturbed data.
Regularization parameter used: (a) e = 107% (b) e =102 (c) e=107* (d) e = 107%.
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With the transient inverse models, no convergence can be achieved without at least a Gaussian filtering of the
input surfaces and the bedrock topographies. Then, the regularized method with ¢ of the order 103 coupled with
the Gaussian filtering of the bedrock estimation at each iteration is necessary to obtain convergence close to the
solution (see Figure 5.24). The method is then dependent on the filtering. As in the quasi-stationary approximation,
the results are satisfactory for any time frame, except in the outlet-glacier case (Figure 5.24(a)). This may be due to
the relatively large thickness, which influences the inversion by dispersing the surface information. At least, the
bumpy shape of its bedrock topography can be predicted. Globally, this last method yields better results than the
quasi-stationary approximation.
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Figure 5.24 — Sensitivity of the transient inverse method to surface topography for various time frames and perturba-
tions with a = 1 m. The thick black and red lines show the original, unperturbed initial surface and solution, while
the thin blue line stands for the estimated bedrock over 1 a, the green line for the estimation over 5 a, and the black
line for the estimation over 10 a. A Gaussian filter was applied after each iteration. Errors are significantly lower than
in the quasi-stationary approximation. Regularization parameter used: (a) € = 103 (b) e = 1 (c) £ = 103 (d) £ = 10°.

On the other hand, numerical experiments were run to test for the sensitivity to the surface mass-balance, with a
ranging from 0 to 298. Although these perturbations are extremely large and oscillatory, all the methods converge
well. No additional Gaussian filtering is even needed in the transient inverse method for transient problems. As
long as the applied surface mass-balance oscillates around the original one, the estimation does not suffer from the
perturbation.

5.6.2 Three-dimensional Stokes ice flows

Forward, shallow ice computations always end up with smooth surface topographies. Hence, it is not surprising
that the input to the inverse shallow ice methods must be smooth. However, the surface topographies arising from
the simulation of Stokes ice flows are not smooth (see e.g. Figure 3.6). Therefore, the transient inverse method for
Stokes flows is not very sensitive to noise in the data. However, it is interesting to investigate its susceptibility to the
other model parameters. An illustration is given by Figure 5.25, where the sensitivity of the transient inverse method
for Stokes flow is reported for the rate factor, the surface topography, the melting rate, and the sliding constant on
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the geometry of Silvretta glacier. The numerical experiments that lead to this Figure are the following: first, simulate
the glacier’s evolution over 10 a with the forward model (2.8)-(2.27). Then, apply the transient inverse method
(Algorithm 5) with either the rate factor, or the surface topography, or the melting rate, or the sliding constant wrong,
to see their influence during the inversion process. The observed surface topography is replaced with the linear
combination

s=es;+(1—€)s°b, 0O<e<l. (5.37)

On Figure 5.25, byt is the bedrock topography obtained via the transient inverse method applied with the true
parameters. Each subplots compares the computed bedrock topography with a wrong parameter to the reference
bedrock byt. On this Figure, the sensitivity to the sliding and equilibrium line altitudes zg and zgy 4 is not displayed,
because the method does not supply relevant results with different values of these parameters. Most of the time, the
surface topography misfit doesn’t decrease at all.

From Figure 5.25, one notices that the method’s sensitivity to the rate factor, melting rate, and sliding constant
is much higher than the forward problem’s (compare to Figures 4.2(a), (c), and (f)). Moreover, the discrepancies
are distributed in another way. For example, the maximal discrepancy with a too low melting rate is reached up-
glacier whereas it was attained down-glacier in the forward model (Figure 4.2(c)) and vice-versa. The discrepancies
obtained with wrong rate factor, melting rate, and sliding constant can be larger than the mesh size. In the case of a
perturbed target surface (Figure 5.25), the response in the bedrock topography attains a maximum of 15 m, whereas
the maximal surface topography discrepancy is 40 m.

(a) Rate factor (b) Target surface

—e— Up-glacier
25| —e— Mid-glacier
—e— Down-glacier
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(c) Melting rate (d) Sliding constant

Figure 5.25 — Bedrock topography discrepancy with the reference topography byt obtained from the transient
inversion with the right parameters as a function of the model parameters, indicated by the dashed lines. The results
with varying sliding and equilibrium line altitudes zq and zgy 4 are not represented here, since the transient inverse
method is unable to make the surface misfit decrease in these cases. In (b), the € is the parameter that defines the
linear combination of s; and s°PS given by (5.37).
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5.7 Application to real-world data

This short section is devoted to the application of the quasi-stationary and transient inverse methods to real-world
data. First, the shallow-ice-based quasi-stationary inverse method is applied to Gries and Silvretta glaciers. Then,
the transient inverse method for Stokes ice flows is used on the two glaciers. In all cases, the surface mass-balance
regularization parameter is set to € = 0.1 and the rate factor to

A=0.075686 bar ®a”'. (5.38)
Then, on Silvretta glacier, the surface mass-balance parameters are set to [61]

ZELA = 2811 m
my = my =0.0069 a” . (5.39)

On Gries glacier, they are set to [61]

ZELA = 2937 m

my =my =0.0088 a . (5.40)

Various sliding configurations are tested, especially on Gries glacier.

5.7.1 Quasi-stationary Inverse Method

The surface geometries of both Gries and Silvretta glaciers are inverted with Algorithm 4. The comparison of the
estimated to the measured ice thickness is reported on Figure 5.26 under the assumption of no sliding. In view
of the method’s simplicity, the results are good and reasonable. The corresponding profile lines are displayed by
Figures 5.27 and 5.28 for Silvretta and Gries glacier respectively. While the assumption of no sliding seems to be
fine for Silvretta glacier, Figures 5.26 and 5.28 show significantly large defects in the estimated bedrock topography
near the tongue of Gries glacier. Hence, Figure 5.28 also provides estimations for various sliding parameters,
namely zg = 2500 m and € varying between 0 and 1 bar™! a~3. The value %€ = 0.5 bar~! a~3 seems to be the best
compromise in the set of displayed values. The consideration of sliding basically results in the decrease of the ice
thickness up-glacier and its increase down-glacier. The shape of the bedrock topography remains essentially the
same in all cases.

Gries glacier, Swiss Alps Silvretta glacier, Swiss Alps

estimated thicknes

Figure 5.26 — Estimated ice thickness distribution (axis y) compared to the measured distribution (axis x) with the
quasi-stationary inverse method (Algorithm 4) on Gries and Silvretta glaciers, Swiss Alps, under the assumption
that no sliding applies. The surface mass-balance parameters applied are (5.39) and (5.40) for Silvretta and Gries
glaciers respectively.
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Figure 5.27 — Profile lines of the estimated bedrock topography (dashed curves) with the quasi-stationary inverse
method compared to the measured topography (thick continuous red curves) on Silvretta glacier, under the
assumption of no sliding. The estimation is good along all the depicted profile lines.
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Figure 5.28 — Profile lines of the estimated bedrock topography (dashed curves) with the quasi-stationary inverse
method compared to the measured topography (thick continuous red curves) on Gries glacier for various sliding
configurations, namely zg = 2500 m and € = 0 bar™! a3 (green, dashed curves), € = 0.5 bar™! a~3 (blue, dashed
curves), and € = 1 bar™! a_% (purple, dashed curves). The contour lines show the values of the sliding coefficient 1

expression (2.10), when € = 0.5 bar~! a™3.

5.7.2 Transient Inverse Method

The transient inverse method is only applied in its Stokes version, as Alpine glaciers are closer to Stokes than shallow
ice flows. However, the transient inverse method does not converge in this case, as explained previously. Moreover,
the sliding and mass-balance parameters are subjected to measurement errors. Hence, it is very difficult to get a
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good estimation of the bedrock topography. In addition, the estimation is mesh-dependent, and the finer the mesh,
the more time-consuming the method. The coarser the mesh, the less precise the estimation. Figures 5.29 and 5.31
display the surface and bedrock topography misfits for various sliding configurations and the surface mass-balance
parameters (5.39) and (5.40) for the geometries of Silvretta and Gries glaciers. Each colored curve corresponds to a
different value of the sliding constant €. The pictures show that the decrease of the misfit functions can be larger if
the sliding law is chosen appropriately. However, Figures 5.30 and 5.32 show that the bedrock topography misfit
ends up increasing, whatever the sliding parameters are. The final ice thickness estimation is not extraordinary in
the end. The numerical experiments performed in this thesis show that the results strongly depend on the meshes
used and the sensitivity analysis of Chapter 4 announced that the computation of the bedrock topography for
Stokes ice flows is very difficult.

%10° Zg =2600 m %10° Zq =2800 m
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Figure 5.29 — Application of the transient inverse method (Algorithm 5) for a Stokes ice flow to Silvretta glacier,

Swiss Alps, for various sliding parameters when the finite-elements’ size is H = 50 m. The surface mass-balance
1

parameters are (5.39). The best decrease occurs with zg = 2600 m and 6 = 1.5 bar~! a™3.
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Figure 5.30 — Surface and bedrock topography misfits as functions of the iteration number (left) and resulting
bedrock topography estimation after the 20-th iteration of the transient inverse method (Algorithm 5) for a Stokes ice
flow on Silvretta glacier, Swiss Alps, when the finite-elements’ size is H = 25 m, the surface mass-balance parameters
are (5.39), and the sliding parameters are zg = 2600 m and € = 1.5 bar! a_% (right). The surface topography misfit
decreases during the 40 displayed iterations, contrary to the bedrock topography misfit. The estimation displayed
on the right is not as good as that obtained from the numerical validation that looks similar to the red one shown on
Figure 5.22.
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Figure 5.31 — Application of the transient inverse method (Algorithm 5) for a Stokes ice flow to Gries glacier,

Swiss Alps, for various sliding parameters when the finite-elements’ size is H = 50 m. The surface mass-balance
1

parameters are (5.40). The best decrease occurs with zg = 2900 m and 6 = 0.25 bar~! a™3.
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Figure 5.32 — Application of the transient inverse method (Algorithm 5) for a Stokes ice flow to Gries glacier, Swiss

Alps, when the finite-elements’ size is H = 25 m, the surface mass-balance parameters are (5.40), and the sliding
1

parameters are zg = 2900 m and € = 0.25bar ! a”3.

5.8 Conclusion

This chapter introduces two methods to compute the subglacial topography from surface topography and mass-
balance data, in two and three space dimensions. The quasi-stationary inverse method treats the transient problem
as a stationary problem where the surface mass-balance is replaced with the apparent surface mass-balance defined
as the balance between the surface topography evolution and the surface mass-balance. Then, the transient inverse
method is formulated, that consists in the iterative update of the bedrock topography with the surface topography
misfit. It is developed in both the shallow and Stokes ice approximations. Numerous numerical experiments are
performed with the two-dimensional methods, as they are very cheap and the behavior of the three-dimensional
methods are the same. Sensitivity analyses are exposed in the shallow ice approximation, that show the methods’
susceptibilities to non-smooth data. In the Stokes ice approximation, the sensitivity of the transient inverse model
to model parameters is shortly studied on the geometry of Silvretta glacier. Although the numerical validation is
fine in all the presented cases, the application of the methods developed in this chapter to real-world data is not
strikingly good. In particular, the transient inverse method for Stokes ice flows applied to real-world data does not
supply as good results as desired. However, the quasi-stationary inverse method yields nice results in very little
time, although it is based on the shallow ice approximation. The difficulties encountered by the inversion of Stokes
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ice flows are not surprising, as stated in Chapter 4. The transient inverse method is certainly too basic for these
computations and a shape optimization algorithm may be preferred. However, in this thesis, it is only developed for
shallow ice flows.
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Optimal control of the shallow ice model

The inversion methods presented in the previous chapter are not based on the gradient of the minimized cost
functional. While they have the advantage of being easily implementable, they end up being slow, especially in
three space dimensions. Furthermore, these methods are only capable of computing the subglacial topography,
given the values of the model parameters.

Therefore, a faster, gradient-based method is now suggested. Its flexibility allows for the simultaneous computation
of both the ice thickness distribution and some model parameters. Although its implementation requires much
more coding and computations by hand than the previous methods, this versatile procedure has the convenience
of being faster, more accurate, and more reliable. However, it is developed in the shallow ice approximation only, its
extension to the Stokes ice approximation being shortly discussed by the end of this chapter and kept for a later
project on the topic as it raises the consideration of further complications [1, 3], namely due to the coupling of the
Stokes to the VOF equations. This first study highlights the possibilities of the method and improves targeting the
search for new algorithms for the Stokes model.

A primal-dual method is advocated to solve the control problem. As before, the bedrock topography is discretized,
and an estimation of its elevation is sought at every grid point, i.e. the bedrock topography is not parameterized.
Hereafter, the optimal control method is applied to the discretized, shallow ice equations directly. This has the
advantage of providing the exact gradient of the discrete objective function and a fully converging optimization
process, at the expense of a longer time spent on coding. The amount of coding could be reduced with the use of
forward automatic differentiation, at the expense of computational efficiency.

Contrary to the inverse methods of Chapter 5, the shape optimization method described in this chapter is able to
take surface velocity data into account, even if they are only partially available on the glacier’s surface.

The chapter starts off formulating a simplified, two-dimensional shape optimization method. Next, its extension to
three space dimensions is developed, from its most basic expression that only inverts for the bedrock topography to
its most advanced formulation that infers some model parameters in the same time and accounts for possibly partial
surface velocities and several surface topographies. Numerical results are then presented, before a short sensitivity
analysis of the method and its application to real-world data. Finally, perspectives on the primal-dual method
applied to the Stokes ice approximation are presented on continuous equations [1, 3], before global conclusions.
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6.1 Two-dimensional description

Consider discretization (3.32) of problem (2.32) when the initial and final surfaces and the surface mass-balance
are known but the bedrock geometry is unknown. More specifically, it is known that the glacier’s surface topography
evolves from s; to s°PS from time t; to time ff (see Figure 6.1). Given this information, the purpose is to design
a shape optimization algorithm (SOA) that reconstructs the subglacial topography b in two space dimensions.
Its simplest expression is developed here that can be compared to the previously introduced two-dimensional
methods (see Section 6.3.1). In particular, no sliding is assumed in this section and the surface mass-balance is
constant with time.

Recall that the discretization of the space interval Q; = [x1, x,] is the grid Q, that consists of all the points ¢ = jAx,
0 < j < Ny, where Ax is the grid spacing (see Figure 3.2). All the quantities are here expressed in vector form, whose
components always refer to the value of the quantity at the position ¢ ;, where j is the component’s number. Time
is discretized according to t¢ = t; + /At, where ¢ is a time index, 0 < £ < M + 1, and At is the time step. In these

notations, ¢y = rM*1.

surface s; at time t;

surface s°" at time ¢,

unknown bedrock b

—v
known bedrock b*

X X
1 QJ. X QL* 2

Figure 6.1 — Glacier in the Cartesian system of axes (x, z). The surface s; at time #; evolves towards surface sobs

during the time interval [#;, f]. The glacier’s map domain Q, is indicated in blue and the subset Q* of Q, where
the bedrock topography is known is marked in green.

The method consists in determining the optimal positions bj, 0 < j < Ny, of the bedrock topography such that
the misfit between the computed and exact surfaces at the final time #; is as small as possible. This is an optimal
control problem where the ice thickness # = s — b is termed “state variable” and the bedrock topography b “control
variable”. Recall the notations of section 3.3, where b, s, and A are the vectors of components b j» Sj, and A;
respectively. The misfit functional to be minimized is

1
In(F,b) = - |57 (7, b) — %2 + Z2,(b), 6.1)

obs

= M+1 and s

where || - || stands for the usual Euclidean norm, s ¢ = b+ M+ is the computed surface at time 75
the vector of components s°°5 (& j)- The first term of this functional represents the misfit between the computed
and the observed surface topographies and 2}, is a Tikhonov regularization term [112]. Following [63, 85], the
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regularization

by |2 6.2)

Ny Biiq—
r j+1
Rp(b) = 2 |—
n(®) 2 Z’ Ax
Jj=0
is advocated, so as to minimize oscillations in the bedrock topography. Now, the numerical scheme (3.32) links the
control b to the state variable #(b). The cost functional to be minimized can thus be expressed as

Jn(b) = _#p(F (D), b). (6.3)
The minimization problem is cast into: find

argmin Jj (b) (6.4)
bea

under the constraint that the ice thickness and the bedrock topography satisfy equation (3.32), where % Zd is the set
of admissible solutions described later in this section. This constrained minimization problem is here reformulated
as the unconstrained minimization of the Lagrangian functional

Jf“’l —ﬁ[

T
o —gl-a’ A, (6.5)

M
Ly .0, b) = 7, (F0,b) + [ A0 —s;+b| A0+ Y A
=0

where 3 is the vector of components JO—].[ and A! the costate variable of #, i.e. the Lagrange multiplier of constraint
(3.32). Note that it is not necessary to take the boundary condition into account, as it is implicitly understood in the
constraint equation. The solutions of the minimization problem are among the stationary points of £}, that satisfy
the optimality conditions [9, 52, 40, 118]

V%, (#,A,b) =0. (6.6)

The stationarity of £}, with respect to the costate variable A yields the constraint equation (3.32). The stationarity
of &£, with respect to the state variable # corresponds to the dual problem

A6 -2l
]T:LO]:-jé, IS[SM, (67)

with vanishing boundary conditions and a scheme-dependent final condition expressed below. This is the dis-
cretization of the backward diffusion-transport equation

oA 0 oA 0 oA .
—E+(n+2)gfa(b+ﬁ)a—na(@fa) =0, nQj, Liststy,
A ZSObS—Sf, inQ, t= tf, (6.8)
A =0, onoQ, ti<t< tf,
where
n+1 0 n-l
Fb ) =T A" | b+ 0| 6.9)

The right-hand side of (6.7) writes, in the semi-implicit time discretization,

l ¢ l l
_ 1 Ao —AS AL=A%
G0 _ 0-1"] i e-170 7
7= Ax[(gf)l‘ri Ax (@f)j—% Ax
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O+1 _ l+1 10+1 _ q0+1 (+1 _ l+1 90+1 _ q0+1
S g 2 Aji 4 R B A AA
Ax Py Ax Ax P-4 Ax Ax
/+1 +1 90+1 /+1 /+1 +1 1 0+1 /+1
n+2( o S8 A A o S sia AT AL
- Fr) +(F¢)" , 6.10
2 [( f)l+% Ax Ax ( f)J—% Ax AXx ( )
where (¥ f)f_l is the discrete counterpart
2
P %f+i€f_l e sf—s]’f_l n-1
Fe),  =T|————— - 6.11
Fr)ia 2 Ax (6.11)
of (6.9). The corresponding final condition is
M+1 _ g M+1 M+1 _ g M+1
At =AY A=A
M+1 _ 2% M ] J _ M J — Obscz y_ M+1
/1]~ Ax ((@f)ﬂ_;—Ax (@f)j_% Ax s(65) (Sf)] . (6.12)

This is solved with a scheme similar to that solving (6.7) (see Appendix B.1). Moreover, due to the Lagrangian’s
structure, the components of A° are found directly with the expression

1 191 1 1_ 1_q1
At Siq—SiAL,—A si—si A —AL
W=l-me 2| @pe LT Ty g T LT T
jA 2 (( Dji™ Ax A TR T Ay Ax
1 141 1 1 1_q1
At Sis1 ™S A A Si=Sia A AL
+n-1)—[(@p° — (%) ) 6.13
(s )Ax (( f)l+% Ax Ax ( f)J—% AXx Ax ( )
where 9 f and & rare defined by (3.34) and (6.11) and
Y ¢ \Nt2 00 3l _ L
@l = %"j +Jé’j_1 S; =S |"3S; 8 6.14)
P-4 Ax Ax Ax '

instead of solving the system of equations (6.7) with right-hand side (6.10).

In the implicit time discretization, the right-hand side of the dual problem (6.7) becomes

0 _ ol _ gl ql+1l_ e+ 0_ Y 0+1 _ g 0+1
D P S I K A s I s N A PV Sl S Y K B e W M
= (FF) .1 + +(Fp) +
J 4 J*z  Ax Ax Ax J-z  Ax Ax Ax
Y A R Y A Yy N LAY A
n ¢ AR R 0 ¢ R i Jj-1
+—1(Df)", + - (D), + , 6.15
2Ax[( f)1+§( Ax Ax ) ( f)l—ﬁ( AXx AXx ) ( )
The corresponding final condition writes
M+1 M+1 9 M+1 M+1 M+1 M+1 9 M+1 M+1
At o ST AN AL s AT =AY
AMHL L e 2E (g M1 J J I (gaMr1l J J J
J ( )4 ( f)J+% Ax Ax ( f)l—% Ax Ax
M+1 _ g M+1 M+1 _ g M+1
At M+1 Jj+l _/1]' M+1}t]' _A]'—1 obs
-n—|@p) | ——— - (D), ———— | =s i)—(s7). 6.16
IAx (( f)]+% Ax ( f)]_% Ax ('f]) (f)] ( )

This is solved with a scheme similar to that solving (6.7) (see Appendix B.1). Moreover, due to the Lagrangian’s
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structure, the components of A° are found directly with the expression

0 091 1 0_0 91_91
At Siv1 =S A=A si—si A AL
N s b e L S R A o s
I (s )4 ( f)l+% Ax Ax ( f)J—% Ax Ax
1 1 1
At Aj+1_/1j /1] /1] 1
tn—=I\@)°  —— @)  — , 6.17
n2Ax(( f)1+% Ax ( f)J—% Ax ( )

instead of solving the system of equations (6.7) with right-hand side (6.15).

Finally, the stationarity of £}, with respect to the control b gives

01 _ G0+1 3 0+1 _ 3041 (+1 _ G0+ 3041 _ 3041
53};__(” 1)_% @’ s AL A @’ A A M
ob; X /=0 P} Ax Ax Pi-% Ax Ax
/+1 /+1 /+1 /+1
At M j+1_/1j Y j /1] @h
-— 9 —_——(9f), | — |+ — sobs +/10 6.18
Z(( f)]+ " ) e (sp)j— (&) b, (6.18)
in the semi-implicit time discretization, and
/+1 /+1 /+1 /+1
0Ly nAt ¥ ¢ e+1) 17 ¢ eV A
Gy = aax I (@9ey v @0 )T - (o0 ran ) F
OR
+(sp)j = s + A9+ =2 6.19)
0b;

in the implicit time discretization. Although these expressions seem very different, they are consistent with each
other. The terms proportional to ¢ in (6.18) arise because of the mixing of the diffusivities at time iteration ¢ and
the surface topography gradients at time iteration ¢ + 1 in the forward scheme. Formally, 4| Vs|| corresponds to 2.
In both cases, the derivative of the regularization term amounts to

6%}1 T12 (

a_bj = E Zb] - bj_l - bj+1). (620)

These gradients correspond to the discretizations of

azA_ o a 20 b 0%
oL _—n[ N @fa bdxdt+fXI (sr-s +/1|t:tl)bdx+%b (6.21)

for all functions b.

Now, when the state and costate variables satisfy the constraint equation (3.32) and the dual problem (6.7), the
Lagrangian (6.5) is precisely the cost functional (6.1), namely

“n(#(b),Ab),b) = _#,(F(b),b) = ], (D). (6.22)

The dual problem links the control b to the costate variable A(b). Because of (3.32) and (6.7), the derivative of (6.22)
with respect to b is, by the chain rule,

dJ, 0%y

— =——(#(b),Ab),b 6.23

db; ab](()()) (6.23)
This method relies on the so-called backward sensitivity of J;, with respect to the bedrock topography. The min-
imization problem can also be solved with the cost functional’s forward sensitivity by means of an automatic
differentiation algorithm. Although such a procedure is not advocated here because it is much slower for a shape

83



Chapter 6. Optimal control of the shallow ice model

optimization problem due to the large amount of control parameters, it is shortly explained in Section 6.2.4.

Up to this point, no information was supplied about admissible solutions to the minimization problem (6.4) under
constraint (3.32). In general, the glacier’s boundaries may change with time. In particular, it may be that part of the
bedrock topography inside domain Q, is known (e.g. the red part of the bedrock topography on Figure 6.1). Let
Qi cQ, be the domain where the bedrock topography is known (green part of the map domain on Figure 6.1). At
these locations, it is known because the ice thickness is zero during a period of time in the evolution from time ¢; to
time 7 and is denoted by b*:

bj=b"()), inQ. (6.24)
Recall that the tilded space fli refers to the discretized grid of the glacier’s map domain Q) * (see Figure 3.2).

Additionally, in the case of retreating glaciers, since the source term 9; is negative below the equilibrium line
altitude, the solution topography b; to the minimization problem must satisfy

b; <min{s;(€;),s°®E)),  inQ\QF, (6.25)

to make the method applicable. Note the strict inequality. It is important to force b; to be strictly below the glacier’s
surface topography, because the algorithm cannot recover the bedrock topography where 28 < 0 if it has already
updated its altitude in such a way that the thickness vanishes. If (6.25) is not imposed, then the problem is ill-posed,
as the solution ./ = 0 also provides a zero misfit functional, since the surface mass-balance is applied only at the
locations where .# > 0. The space of admissible control functions is therefore

%yt = {be R : b= b*(¢;) in O] and b; < min{s;(¢), "))} in 0\ 07 }. (6.26)

Finally, in order to minimize the cost functional (6.3), the solution of the equation

dJp .
E(b) =0 (6.27)

is sought in the space %gd, which is realized by iteratively solving (6.27) with a quasi-Newton method while
projecting the control variable onto 229, as stated in Algorithm 6, where the Hessian matrix of Jj, is approximated
with the BFGS method [15, 35, 47, 107]. The Algorithm is run until stopping criterion

1™ - ™| = o b7 () = b} (0] <6 (6.28)
is met, for a real constant tolerance § > 0, where b is the bedrock estimation at iteration m. Other stopping criteria
are more relevant for this problem. However, criterion (6.28) is chosen so as to offer the possibility to compare
the SOA to the methods introduced in the previous chapters. All the relevant implementation details are given in
Appendix B.1.

Note that the Lagrangian (6.5) reduces to
Ln(,M.b) = 7,(76,b)+T A, (6.29)

when the superscript ¢ is dropped. One may want to deduce the steady counterparts of (6.7) and corresponding
gradient. Such a procedure is not advised for steady geometries because it is time-consuming and lacks robustness.
Indeed, it is not clear whether a stationary state exists for both the primal and dual problems, starting from any
bedrock topography b™ and initial surface s;. Moreover, its computation may take a large amount of time, especially
during the first BFGS iterations. In practice, the steady problem is rather solved time-dependently, by setting
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Algorithm 6 Two-dimensional shape optimization algorithm

set glacier geometry with initial bedrock b° and surface s;

while b - b™|| > § do
solve the primal problem (3.32)
solve the dual problem (6.7) with right-hand side (6.10) in the semi-implicit time discretization or (6.15) in the
implicit time discretization
compute the gradient (6.18) (semi-implicit time discretization) or (6.19) (implicit time discretization)
compute

d?Jp, Ly,
bm+1=bm+(_bm) —bm,
db? &™) db &™)
where the Hessian is approximated with the BFGS method
project the vector b"*! onto the space of admissible controls (6.26).

end while

s; = sobs

and choosing a large enough time frame [7;, #7]. Instead of computing the stationary state at every iteration,
the evolution of the surface topography is computed over the time frame [¢;, f7] and its deviation from the true
stationary geometry is studied. Because of stationarity, such a deviation must be zero when the algorithm has

converged. This procedure saves significant computational effort compared to a purely stationary algorithm.

The precision of the gradient is crucial for the optimization algorithm. To check it, Taylor’s expansion of J,

Jn(b+eb) = J;,(b) + e%(b) b+0GE>), (6.30)

is considered [22]. It must satisfy

. Inb+eb) - J;(b)
lim =1.

(6.31)
—0 Ynpy. b
€ egr()-b
Numerical experiments with some reasonable b and the normalized vector
d]h
. b
b= —. 6.32)
I3 D)l

give results that verify relation (6.31). Hence the implementation of the discretizations presented in this section can
be trusted.

6.2 Three-dimensional formulation

In this section, the direct, three-dimensional extension of the shape optimization algorithm introduced in the
previous section is formulated. It computes the bedrock topography from various field observations. Sliding is
considered along with a time-dependent surface mass-balance (2.34). It is improved to incorporate more data and
infer the value of the model parameters. For the sake of clarity and readability, the whole section is devoted to the
development of the method step-by-step, because the derivations lead to quite complicated formulae.

6.2.1 Basic algorithm

Consider discretization (3.14)—(3.18) of problem (2.31) when the initial and final surfaces and the surface mass-
balance are known but the bedrock geometry is unknown. As in the previous section, it is known that the glacier’s
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surface topography evolves from s; to s°PS

purpose is to design a shape optimization algorithm (SOA) that reconstructs the subglacial topography b in
three space dimensions. This time, sliding is taken into account and the surface mass-balance is assumed time-

from time #; to time #; (see Figure 6.1). Given this information, the

dependent.

Recall that the discretization of the map domain Q = [0, Ly] x [0, L,] is the grid Q, that consists of all the points
€j,CK) =(j,k)Ax, 0= j < Ny, 0 < k=< Ny, where Ax is the grid spacing. All the quantities are here expressed in
vector form, whose components always refer to the value of the quantity at the position (¢ j,{). Time is discretized
according to ! = t; + ¢At, where ¢ is a time index, 0 < £ < M + 1, and At is the time step.

The purpose of the basic algorithm is to determine such a subglacial topography b that the cost functional

1 2
In(.b) = > Hs (7,b) - s°%| "+ 22,,(b) 6.33)

is as small as possible, under the constraint that A satisfies the evolution scheme (3.14)-(3.15)-(3.16)-(3.18). The
regularization is this time the following combination of minimal potential and curvature

Ny 1Ny~ ]+1k bik\* (bjke1—bjk\* 1 ra N2 (b +bjke1 +bjo1 g+ bjk-1 —4bij\?
%h(b)—— Z Z + +—= >
- Ax 2 =2 k=2 Ax

(6.34)

where r; = 0, i = 1,2, are two regularization constants. The first term corresponds to the squared norm of the
bedrock topography’s gradient, while the second term to that of its Laplacian. The space of admissible solutions is

%ad {be[RNx Ny . bjk_b]kani and b <min{s;(&;,{x), OS¢, (k)}anl\Qi} (6.35)

where Q| and Qi are the discrete grids of ) and Q7 respectively. The Lagrangian associated to this problem is

= _= T 2! ¢ T_
Lp( 7,76, 76,A, A\, A,b) = ,,(7,b) + | #° —s;+b A°+ZAt[u 5'”] p)
M ol _Zpt _ —1T= M .
+ZAt[u—ﬁ(Jff)gB”] A+ Y Jt’f“—[x”r] A (636)
=0 At =0

where 98¢ is the surface mass-balance evaluated in #, A%, 1/, and A are the costate variables of #¢, #*, and
#!, i.e. the Lagrange multipliers of constraints (3.14), (3.15), (3.16), and (3.18). The condition #j; = 0 is now taken
explicitly into account in the last term of Lagrangian (6.36). Note that this Lagrangian function is significantly more
complicated than its two-dimensional counterpart (6.5), because the evolution equation is now splitted into three
separated steps. Moreover, sliding is here considered and is part of vector /. The solutions of the minimization
problem are among the stationary points of £y, that satisfy the optimality condition [9, 52, 40, 118]

V&, (.. AAb) =0, (6.37)

In this simple, three-dimensional case, the dual problem is solved in the following way: Finalize the dual variable
with

/1%:1 = sOPS(E;,¢p) - (Sf) jk- (6.38)
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6.2. Three-dimensional formulation

Then, for¢ =M,M-1,...,1,0, first solve

— = = —
Zl (817811 ALOCTC;) (V7B 1) Ry = 0T AL, (6.39)
l

where 9 is the Heaviside function (3.17); second, solve the discretized linear, backward advection-diffusion equation

A=A
jk— ik _ =0 .
VAU (6.40)
finally, solve

—¢

A —AL

Jk =ik =0
_T = (%)jk. (6.41)

This is the discretization of the continuous, backward diffusion-transport equation
oA .
=+ ((n +2)F;+(n+ 1)9;)% VA-(n-1)V- (%V&V&Vs) _v. (@WL) =0, inQx[f6]  (6.42)
where

Fp=r0" vs|" (6.43)

n—1
Fy =T 7" VS” (6.44)

n-3

Vs

@G = (FJﬁ + Fs)Jf’”l (6.45)

are the continuous counterparts of (A.30) and (A.32). Here, a few remarks are necessary. First, no linear system
needs to be built in order to solve (6.41), since LO/LZ)? « Is independent of A? - The precise expressions of (fﬁ)? . and

(Ff’g)? ;o are given below because they depend on the time discretization. Second, the right-hand side of (6.40) is,

strictly speaking,
- —y =t =L
(T + (A5 ) B A ji- (6.46)
However, the second term of this expression simplifies to zero because if #;; = 0, then #;; = 0 from (3.16),
4 =

whence A jk = 0from (6.39). Finally, note that if the surface mass-balance is defined by (2.34), then V % in (6.39)
is the diagonal matrix of components

—
= Mi+my (M) —Mo\2 bjx+ A i} — zELA
(Vyf@)fl;jk =0ij0k 5 ( 5 ) ]_é - (6.47)
\/(mlgmz(bjk+%jk—ZELA)) + €
Write
¢ ¢ ¢ 0
[ Sjk—1"Sj—1,6-1 Sjk~Sj—1k
(655} LT ! + L= (6.48)
j—3.k-3 2 Ax Ax
¢ ¢ ¢ 4
[ Si—ie~Sj—1k-1 Sjr ™ Sj k-1
(65s) . =5[" / S (6.49)
]_Erk—E 2 Ax Ax
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Chapter 6. Optimal control of the shallow ice model

the centered discretizations of % and g—; evaluated at point (j — %, k- %)Ax and

¢ ¢ ¢ ¢ ¢ ¢
1(Sik-1" 8otk Ajgor ~ Aok Sk S lk;Lk Ak
(53.5/1).1 1:_(1 ] ) j- L o Ve | e
j-Lk-1 2 Ax Ax Ax Ax
¢ ¢ ¢ ¢ Y
s - /1 - A5 st —st AL, — At
1Lk Lk~ o1 k-1 & Sik-1 M T k-
L ] j- j Lo j j j ) (6.50)
Ax Ax Ax Ax

the centered discretization of Vs- VA at the same point. The formulation of the dual problem requires the discretiza-
tion of three physical quantities, namely V- (2VA), ((n +2)Fr+(n+ l)gs)Vs -VA,and V- (%Vs . VAVS). With the
notations introduced above, write

¢ ¢ ¢ ¢ ¢ ¢
v, (@V A)]é I P Aj+1,k_/1jk_@g A] ’1] Lk + 9! Aj,k+1_/1jk_@[ ’1 A]kl
h L I j*3k o Ax =3k Ax Jk+3 Ax Jk=3 Ax '
(6.51)
the discretization at point (j, k)Ax of V- (2V 1), where the diffusivities are defined by (3.21)-(3.22),
(n+277 + 1+ Vs thl] ((n+2)(fff) ikt DD %](53.5/1)]_ Les
((n+2)(9f)]_,k+l+(n+1)(5ﬁ‘s P L 2) A
1+ FP) oy 1+ DFD 141 )05 )J+ o
+((n+2)(9f)]+ e+ (D) k+%)(6s M) . 1], (6.52)
2 2
the discretization of ((n +2)Fr+(n+ l)gs)Vs -VA, and
¢ _ 1 l c l c
(V- (9Vns-ViAVas) | = gl (05 ", %(5s o4), %,k_%—(gj_%’k_%(5xs)j_%,k_%(53.5A)j_%,k_
¢ c . _«g? c .
+ng+ K+ 3 (axs)j+%,k+%(6s 6/1)j+%,k+1 gj—%v’ﬁ%(éxs)j—%,lﬁ%(as 6/1)j—l k+1
l c X N4 c X
Y ((‘)‘ys)j_%yk%(&s m)j_% o %}_%k_%(%s)]_%'k_%(é‘s 5&)},_%_%
l c l c
+€€j+%yk+%(5ys)j+%yk+%(5s 6/1)j+%,k+% am _%(5ys)]+%’k_%(68 5A)j+%k_ ]

the discretization of V- ((5 Vs- VAVS), where ¢, 5, and ¢ are defined by (A.30). Moreover, the expression of the

gradient uses the discretization of # "*1"~1 (V5. V1), which is

4
Zn+1,n—l (vhs . vh/l) ] -
]k

([)(63.6/1)j R g 0)(os- 6/1)

1 k 1 —%,k 1 k— %k—%
n+l,n-1 . n+l,n-1
+J,’j_%yk+%(€)(5s 51)],_%]6 Ry 1(4)(& 51) e (6.54)
In the semi-implicit time discretization (3.19), the right-hand side of (6.40) reads therefore
G\ ma
T = |Va- (@VirA) ik (6.55)
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6.2. Three-dimensional formulation

and the right-hand side of (6.41) reads
G0 sv. 1l 5.V, 1 ¢
(Jz)jk_—[((n+2)9f+(n+1)gs)vhs~vh ]jk+(n—1)[vh-(eevhs.vh vhs)]jk, (6.56)

where the discretizations (6.51), (6.52), and (6.53) are applied. Once the state and costate variables have been
determined, the gradient of the cost functional

Jn(b) = Zn(F€(b),b) (6.57)

can be computed with

djy obs oz T

_db~ =AO ((sf)]k—s (f]r(k))"‘ TR AH[ZE)%Q(%H)(V”@)UM il

~ary |- D[ Vi (9945 VMWS)] +vn- (QVW] (€8 Dz = by [ A (V5 VM] ]
=0

(6.58)

where the discretizations (6.51), (6.53), and (6.54) are applied, € is the sliding constant defined by (2.10), (Vb.%)
is given by (6.47), and

ij;kl

d%h n
4bjk—Dj-1,k = bj+1,k = bjk-1— bjk+1
dbjk 2Ax 2( J J J+ J J +)
Iy
T oA 4(20b]k 8jr1,k+bj-1,k+bjrs1+bjk-1)+2Djr1,k11+Dj-1,k-1+Dj-1,k+1+ Djr1,k-1)

+ bj+2,k + bj_g,k + bj,k+2 + bjyk_g). (6.59)
In the implicit time discretization (3.27), the right-hand side of (6.40) is
Fl, = v, Fr Fov,5-vull V- (@v,5-v,2v,5)|
(T = 5([vh-(@vh )] [0+ 2F7+ e 0F9Vis Vad] + -1 [9-(@V05-9 hs)]jk) (6.60)
and the right-hand side of (6.41) is the same but with s replaced with s everywhere,
_ ., 1 - ¢
=3 [vh-(@vhm] [((n+2)9f+(n+ 1)$)vhs vhxl] +(n- 1)[vh (cgvhs vhwhs)] . (6.61)

where the discretizations (6.51), (6.52), and (6.53) are applied. Once the state and costate variables have been
determined, the gradient of the cost functional can be computed with

;T];’kzﬁk ((Sf)]k—s"bs(é],ck))+g‘zk At;‘b%ﬁ(%ll)(vb@)” ‘l [
_Atﬁ ([Vh (@159 |+ [0 (9905w | |+ ) %([W'@Wz)]jﬁ[Vh-(@vhi)]jk)
+ (608)" 0(zq — by [ 17 (VhS~Vﬂ)]jk+ A (m.vhi)]jk)], (6.62)

where the discretizations (6.51), (6.53), and (6.54) are applied, € is the sliding constant defined by (2.10), (Vb.%)
is given by (6.47), and the gradient of the regularization 2}, is given by (6.59).

ij;kl
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Chapter 6. Optimal control of the shallow ice model

The gradients correspond to the discretizations of the continuous expression
dJ . b OR\ - I 0% .
—b= -5+ 2 +—bdx—f A—— bdxdt
db le (5= |t=t,- )0 o Jo. " ob

Iy N Iy N
—f f v. [(n—l)(ng-m Vs+@V/1]bdxdt—f f (086" 025 — b). A" Vs Vs VA b dxdt
ti Q) ti Q)
(6.63)

for any continuous function b.

In the chosen time frame [#;, ], it may be that the surface topography is known at several times. This can be
taken into account in the computations by updating cost functional (6.33) so that it includes this information. Let
0</¢;,<M+1,m=1,2,..., N, be the time steps where the surface topography is known and denoted by (SObS)[fn.
Then, cost functional (6.33) is replaced with

1 Ns A obs A 2

In.b)=3 3 Z(bjk+yfj,;" (s j;g) + %), (b). 6.64)
m=1 jk

This change affects the dual equation (6.41) and the cost functional’s gradients (6.58) and (6.62). The dual equation

(6.41) changes to

AP
jk ™" jk L (ob ¢ ¢
T = Tt (O L 1) — by = ) (6.65)

for every time step £ where the surface topography is known to be s°

augmented by the amount

gt and the gradients (6.58) and (6.62) are

Wi 5 (e elh i), (56
dbjr s % /

0 Ly

Figure 6.2 — Known bedrock topography profiles y; inside the glacier’s map domain.

Furthermore, the method can also take into account known bedrock topography data. Imagine bedrock topography
profiles y; are available inside the glacier’s map domain, as illustrated by the example Figure 6.2. Let I, be the set of
indices (j, k) in the map domain Q| where an observation b°bs of the bedrock topography is given. Then, the cost
functional (6.33) is augmented with the contribution
2

1
jh(a"f,b)+=5 Y (bjk—b"bs(éj,ck)) (6.67)

j,kEIb
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6.2. Three-dimensional formulation

and its gradient with

bir—bPS(&:,¢), if(, kel
d]h+:{ ik (E] ), if(j, kel (6.68)

dbji 0, otherwise,

in both the semi-implicit and implicit time discretizations.

As in the two-dimensional case, the minimization of Jj, is performed by finding the control b where the gradient of
Jn vanishes in the computational domain with a quasi-Newton method. The Hessian matrix of Jj is approximated
using the BFGS algorithm [15, 35, 47, 107]. All the relevant implementation details are given in Appendix B.1. The
method is summarized in Algorithms 7 and 8.

Algorithm 7 Shape optimization algorithm (semi-implicit time discretization)

set glacier geometry with initial bedrock b° and surface s;
while |7, (b"*") - J;,(0™)| > 6 do
solve the primal problem (3.14), (3.15), (3.16), and (3.18) with (3.19)
solve the dual problem (6.38), (6.39), (6.40), and (6.41) with (6.55) and (6.56)
compute the gradient (6.58)
compute

d?Jy, “Lay,

p"l=p"+ —(b’")) — (™),

dp? db
where the Hessian is approximated with the BFGS method
project the vector b*! onto the space of admissible controls %Zd.

end while

Algorithm 8 Shape optimization algorithm (implicit time discretization)

set glacier geometry with initial bedrock b° and surface s;
while |/, (™) - J,(b™)| > & do
solve the primal problem (3.14), (3.15), (3.16), and (3.18) with (3.27)
solve the dual problem (6.38), (6.39), (6.40), and (6.41) with (6.60) and (6.61)
compute the gradient (6.62)
compute
d?Jp, ~Layy,
bm+1=bm+( bm) —bm,
a2 (b™) ab (b™)
where the Hessian is approximated with the BFGS method
project the vector b”*"! onto the space of admissible controls %Zd.

end while

At this point, the method aims at the determination of the glacier’s subglacial topography, as the quasi-stationary
and inverse methods. However, one may wonder if the surface topography data used in the process may not be
sufficient to compute other model features, such as rheology, sliding, and surface mass-balance parameters. This is
the subject of the next subsection. Henceforth, only complements to the equations derived above are given, i.e. they
are not recalled any more but additional building blocks are given instead, for the sake of readability.

6.2.2 Computation of model parameters from surface topography data

The Algorithms 7 and 8 solve the problem of computing the glacier’s subglacial topography when the surface
topography and mass-balance are known. Now, in practical applications, the model parameters are not well-known,
as explained previously in Chapter 4. Therefore, it is natural to address the calculation of these parameters, in the
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Chapter 6. Optimal control of the shallow ice model

same time the bedrock topography is inferred. The computation of the model parameters on stationary geometries
was successfully attempted for Stokes flows from surface velocity observations [81, 94]. Here, focus is put on
transient shallow ice flows.

In the above two and three-dimensional derivations of the cost functional’s gradient, the state variable is seen as a
function of the bedrock topography only. Consequently, the diffusivities, the surface mass-balance, and the costate
variables are also considered as functions of the bedrock topography only. Thereafter, they are functions of the
latter topography and all the model parameters. The latter parameters, namely the rate factor A (see expression
(2.16)), the melting rates m; and my, the equilibrium line altitude zg14 (see expression (2.34)), the sliding altitude
zg), and the sliding constant 6 (see expression (2.10)) together with the components of the bedrock topography b
build up the vector q. From now on, this vector is the “control variable” of the minimization problem. The space of
admissible solutions (6.35) is completed to take into account reasonable bounds on the additional control variables.
Aim is now to compute the gradient of the cost functional

In(@) = Zn(#(q), q) (6.69)

with respect to all the components of g.

First, let us deal with rheology. The value of Glen’s flow exponent is trusted in this thesis to be n = 3. The only
remaining parameter is the rate factor A. In the semi-implicit time discretization, the derivative of (6.69) with
respect to A reads

%__ (pg)n n+2,n-1
= 2n+2Atezo]Zk[v nH v s)] At (6.70)

where the term in brackets is the discretization of V- (J{ ”+2’”‘1V§) with formula (6.51) where & is replaced with £
and s with s. In the implicit time discretization, the derivative of (6.69) with respect to A reads

B8 B )

with the same discretization as before for the bracketted terms. Expressions (6.70) and (6.71) are the discretizations
of
d nori
k8" f f V- (22 Vs|" 1V s|adxdr. 6.72)
dA I’l +2 , JO,
Second, the gradient of Jj, with respect to the surface mass-balance parameters is given in both time discretizations
by the components

—
dJ M —¢ | m+m my — mp\2 bjx+ A ;. — zr1A =
dzh =—AtZZﬁ(f€jk) 12 2_( 12 2) J i - = Ajk (6.73)
ELA -0 7 _—
=0 jk \/(mlgmz (bjk+=]£jk_ZELA)) +e
:[ :[ 2
d M bir+ 7 ;1. — ZELA _ (bix+ A ;1. — ZELA) =t
D _ a1 S Y oty | Tk e gk A (6.74)
(m1£m2(bjk+<7fjk—ZE]_A)) +&
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6.2. Three-dimensional formulation

d M bir+ H ;1. — zp1A - b+ A ; _ZELA)Z =/
i:_mzzagffk) kT ik i — e LA L A (6.75)
( 12 z(bjk‘}‘:}fjk_zELA) + €

These expressions are the direct derivatives of the surface mass-balance (2.34). Finally, the gradient of J; with
respect to the sliding law parameters is given by the components

dZ —(pg€) Atfzo%[vh (020 - By 11y s)] Aok (6.76)
%:—imzz[vh (P ity s)] Ajk, 6.77)

in the semi-implicit time discretization, where the bracketted terms are the discretizations of V- (ﬁ(zsl— b)x tbn-ly, s)

and Vy, - (F s K "“'”_lvhs) with formula (6.51) adapted appropriately. In the implicit time discretization, this be-

comes
%z_(pgf)"mé%([vh (012q - 101 S)] o[9[tz IVhE)]jk)zik (6.78)
%Z_%Atﬁi%([vh ( I thn-ly s)] [Vh ( Zn+1,n_1vh§)]jk)1§k, (6.79)

with the same discretizations as before for the bracketted terms. These derivatives correspond to the discretizations
of

<€p f f a(zsl—b)if"“nwnn 1%)/1 dxdt (6.80)
dZsl ti
dJ Ly
@ el fﬂl @sw))t dxdt. 6.81)

6.2.3 Incorporation of velocity data

Contrary to the previously described quasi-stationary and transient inverse methods, the shape optimization

algorithm can include surface velocity data. Let0 < /% < M +1, m =1,2,..., N, be the time steps where the surface

velocity is known and denoted by ©°P

e Let] ,il’l" be the set of indices (j, k) in the map domain Q, corresponding

obs

to the locations where an observation u°°* of the surface velocity is given at time step £%,. Then, the cost functional

(6.33) is augmented by the dependence on % and the term

u u \2
I, b)+——(tf—m Z Y (- u G e ) (6.82)

u
m= 1] keI[’"

where % f © is the state variable (3.31) that represents the model’s surface velocity. Let v? be the costate variable of

the surface velocity 2. Then, the Lagrangian (6.36) is augmented with the dependence on % and v and the term

Nu u u T u
Lp+= ), | —uln| v, (6.83)

m=1

93



Chapter 6. Optimal control of the shallow ice model

Note that this last scalar product is not necessary and could be actually merged within _#j,. It is kept here for the sake
of extensibility to higher order models. Such a modification of the Lagrangian implies that almost all the previously

computed gradients must be updated, as well as the dual equation (6.41).

First, a new dual equation arises, namely
U0t = Uy, iR e

4 2
v, =(tr—t;)

k f—h .

] 0, otherwise,

(6.84)

that gives a value for the costate variable of the surface velocity, for all time iterations ¢ where a surface velocity

observation is available. Second, the final condition (6.38) of the dual problem is updated to

M+1
AL = [y - Vh-(QvVhs)

)

where the first term is the discretization of 22v at time step ¢ = M +1, i.e.

)6, =~ |P* vl +?! vl +?! v’ + ! vl

[ ]]k j-1k-1"j-%.k-1 jrik-1"j+3. k-1 J-3 k171 k4l Jide+ 1 i+l e+ ]
where

7 1:((n+2)rje.f 4y ._1k_l)x?:1’" (0

J=3 k=3 J=3 k=3 J72k72 J=3:k=3
and

vl =L +vl w0l 4+t

j-tk=1 T g Vimnk-1 TV k1 Tk T V)

The second term of (6.85) is the discretization of V - (QUVS) attimestep £ = M +1

[vh ' (vihs)]jk - Z;xl Qf*’%rk—%(5§8)j+%,k—%vf+%’k—% _Qj—%,k—%(5;s)j—%,k—%vf—%)k—%
+Qf+%yk+%(6;s)j+%,k+%l}5+%vk+% _Qf—%,k+%(6§S)]—%,k+%vf—%,k+%
20 4a(09) 1y ¥t =201 (059 ey
21 (059 Ve = 2 (959 iV et

where 63 s and 67 s are the discretizations (6.48) and (6.49) respectively, and

(n+2
=n
2k=3 n+1

¢ Vi n,n—2
Qj— r%j_%’k_%+(Fs)j_%,k_%)=]{j_1 L (£).

2072

The dual equations (6.41) and (6.65) are replaced with

Z?k—/lik 1 ¢
- = ) = (€ L 1) = by = ) + (201~ [V 20V

At At J

(6.85)

(6.86)

(6.87)

(6.88)

(6.89)

(6.90)

(6.91)

for every time step ¢ where surface velocity data is available. Third, the gradient of the cost functional with respect
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to b must be corrected by the amount

Y, _ % (€pg)"0(za — b)ji [ A ™) + [V - (20 s)] " (6.92)
db]k _m:() Pg sl jk ik h h ik .

where the first term uses the discretization

+3,k

1
2

oo, -

'-Z’/j]kl(g)v 1k1+nz'/]]k](€)l)§

_1
2

nn l n,
Ot P ey @] (6.93

of ™™y and the second term the discretization (6.89). Fourth, the derivative of J;, with respect to the rate factor
must be augmented by the amount

d]h _1(pg)n N n+1n u n+l,n u n+l,n u n+l,n u m
dA 2 n+1mzo%( -1,k 1(4 HZ +1,k- 1(4 )+‘]“/ -1 k+ 1(4 HJ“/ +1,k+ 1(4 )) Yjk- (6.94)

Fifth, the derivative of Jj;, with respect to the sliding altitude must be updated with

d]h 1 Nu
dzg @ 4 ZX,;‘(Q(ZSI -1k~ mellk 1(“ﬂu)+ﬁ(zﬂ b)ji1 k—f‘]”/mllk 1(£u)

ﬁ(zsl—b)j_%yk%:](j'f’;k%(é,’fﬂ)+19(zsl—b) xn7k 1(4”)) vl (6.95)

]+ g+t

Finally, the derivative of J; with respect to the sliding constant is changed with

d] h Ny

= ()

1
r I M (LR PR s NG R U P sl
m= 0]](,'

n,n
1J£/

+3,k+3

H Oyt A L)+ ) NG (6.96)

]+ Jk+3

6.2.4 Automatic differentiation

The primal-dual method supplies a backward sensitivity of the cost functional with respect to all the parameters.
Another, more direct way to obtain the cost functional’s gradient is through its forward sensitivity. It consists in
applying directly the chain rule to the derivative of the cost functional with respect to all the control parameters,
which is performed by automatic differentiation. Much less hand coding is required in this case and the resulting
implementation is extensible to take into account various surface mass-balance models and sliding laws. For the
sake of simplicity, let us focus on the computation of the bedrock topography from the observation of the surface
topography at final time. Then, the cost functional to be minimized is defined by (6.33) and (6.57) and the purpose
is to compute its derivatives with respect to all the bedrock topography elevations b . By the chain rule,

M+1

dJy

5. = Dij + 7 - SPELLN+Y (bkl + A6 = 2 (&, Cl))T, (6.97)
L kl ij

dﬁM+1

where db is the output of the following scheme: Initialize (3.14) and its derivative

dA,

.~ Oikdjr (6.98)
1y
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Then, first solve the advection-diffusion equation (3.15) and its derivative

— 0
dz,, d7 —
db;l B dbil;l _ a“oj—lfl +Z a'Jo—lfl d]ﬂfs ag—kél d']frs (6.99)
At ob;; s\oHfs dbij 570 dbij '
—
for the coefficients dé]zi ;fl ; second, solve the mass-balance equation (3.16) and its derivative
T - 472, =t 0B, ., 0%,
db;;  dby; — = —
— Y :6(‘%]61) kl%kl+8(ﬁkl) Z _kl rs + kl (6100)
At db;j rs == dbjj  0bjj
S 076,
—
for the coefficients dd%;]’fl; finally, solve the projection equation (3.18) and its derivative
/+1 _ =
W _ 92, 2k (6.101)
db;; M dby; '

(+1

for the coefficients d‘jii;; . Equation (6.99) is solved by automatically differentiating the computer scientifical
routines that build the linear system (3.15). Equation (6.100) is solved by automatically differentiating the surface

mass-balance equation (3.16) and equation (6.101) by automatically differentiating the projection equation (3.18).

At each time step, the solution to the forward scheme is first computed, as it is used in the differentiated equations.
Then, the latter equations are solved.

As long as the number of parameters b is smaller than the number of time steps, the automatic differentiation
algorithm (ADA) is less computer memory-demanding than the previously developed primal-dual method. Indeed,
the primal — dual method computing the backward sensitivity, it must store the data calculated at all time steps and
then use them during the calculation of the cost functional’s gradient. The ADA deals with the forward sensitivity
and hence does not need to store the data arising at each time step, but instead must store the sensitivity of every
grid point with respect to every grid point for a given time step. Once the linear systems for the current time step
are solved, the computed sensitivities can be replaced with the new ones needed by the next time step.

Furthermore, many libraries exist that allow to automatically differentiate an existing code implementing a forward
model (e.g. Sacado, from the Trilinos project [59]). Therefore, the code’s differentiation only consists in the applica-
tion of existing, optimized code templates that considerably reduce the amount of coding. For instance, whatever
change is operated in the surface mass-balance or the sliding model, no modification of the code is necessary, as
the new models are differentiated automatically, which makes such a procedure versatile and flexible.

However, with the forward ADA, the sensitivity of the cost functional to each of the other parameters must be
computed for every time step for each parameter. In other words, for each grid point, a large linear system has to be
solved, making this method very slow when the number of parameters is large, as is the case in shape optimization.
For this reason, this method is not developed further in this thesis. A reverse mode, automatic differentiation
algorithm may be used in this case [57, 46, 100], but this is too sophisticated for an application to this simple ice
flow model.
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6.3 Numerical results

In this section, various numerical experiments are performed that test the two and three-dimensional algorithms
presented in the previous sections. The purpose is to validate the developed numerical schemes on synthetical data.
Their sensitivity to the regularization parameters, the surface topography and mass-balance, and model parameters
is presented in Section 6.4. The application of the methods to real-world data is done in Section 6.5.

Hereafter, the two-dimensional Algorithm 6 is first validated on selected profiles of the geometries of Flask, Muragl,
Silvretta, and Rhone glaciers in the case of stationary and transient evolutions. The method’s performance is com-
pared to that of the stationary and transient inverse methods of Sections 5.2 and 5.4. Then, the three-dimensional
shape optimization algorithm is validated on synthetical, transient geometries inspired from Silvretta and Gries
glaciers. The results of the validation are compared to their counterparts in the quasi-stationary and transient
inverse methods of Sections 5.5.2 and 5.5.3. Then, various numerical experiments are presented where the bedrock
topography is reconstructed along with part of the model parameters from surface topography and velocity data.

6.3.1 Two-dimensional formulation

It is here addressed how convergence rate, number of iterations, computational time, and accuracy are improved
with the two-dimensional shape optimization algorithm compared to the stationary and transient inverse methods.
The steady algorithm is first compared to the SIM and TIM. No sliding is considered and the surface mass-balance is
assumed time-independent. Then, the differences with the TIM in both the fixed and moving-boundary situations
are examined. The geometries of the Flask outlet glacier in Antarctica as well as the Murag], Silvretta, and Rhone
mountain glaciers in the Swiss Alps are again the base of the inspiration of the data inverted below. These glaciers
are chosen because their subglacial geometry either could be measured [34, 33] or is visible as ice has completely
vanished [101]. The geometry of Flask glacier is adapted to produce an additional test case, so that the ice thickness
is zero at its boundaries and sliding is neglected. A confrontation with the results obtained with SIM and TIM is
carried out. Note that the TIM can be viewed as a special case of the SOA, where the costate variable is zero.

For the sake of numerical validation, available data on two-dimensional glacier evolution according to equation
(2.32) are used. In other words, this means that a bedrock topography b*, an initial surface topography s;, and a
surface mass-balance 28 are first chosen, from which the final surface geometry s°b
Topography b* is termed “solution bedrock.” Then, we perturb b* and give it as an initial guess b° to Algorithm

is computed with scheme (3.35).

6, whose aim is to recover the solution bedrock b*. In the Tables below, the computed bedrock topography is
denoted by b and the final surface topography obtained with b by s¢. Every computation is done with Ax =25 m,
At=10"3a,6=10"%m, p =900 kg-m~3, and g = 9.81 m-s~2. Henceforth, the rheology parameters are set to n =3
and A =0.1 bar 3a~! and the norm of the maximum

I-Il= max |- (6.102)

X1 <X<Xp

is considered.

Steady geometries

The stationary control problem is solved with the SOA and the results are compared to those obtained with the
SIM and TIM. The purpose is to investigate the differences in accuracy and computational time. Table 6.1 gives the
errors on the geometries displayed by Figure 6.15 for r1 = 1 and several time frames. Note that for fixed r;, the larger
the time frame, the more accurate the estimation. Not shown here, the computational time increases with the size
of the time frame, because the primal and dual problems require more time steps. On the other hand, if the time
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frame is too small, the algorithm has not enough information to deduce the subglacial topography, which explains
the large errors in Table 6.1’s first column. Although this error is large, the error on the final surface is small due to
the problem’s ill-posedness. Over this small time frame, even a very wrong bedrock can lead to a final surface close
to the desired steady surface geometry.

Table 6.1 - Discrepancy [|b— b*|| in the bedrock and discrepancy ||y — s°PS|| in the final surface topography as a
function of the time frame on the four steady geometries represented in Figure 6.15 when the SOA with r; =1 is
applied. With the size of the time frame, the estimation improves most of the time. A hyphen is printed where the
algorithm did not converge.

tf—ti=10_1a tt—ti=1a tt—ti=10a
Ib—b* I Im] llsp=s°*I [m]  1b=b* [m] sy =s°® Il [m] [Ib=b*|| [m] _|Isp—s°"|| [m]
Fig. 6.16(a) 8.207e+02 6.325e-02 8.215e+00 2.043e-02 3.353e+00 1.546e-02
Fig. 6.16(b) 6.907e+01 5.410e-02 3.778e+01 5.010e-01 1.554e+00 7.354e-02
Fig. 6.16(c) 8.837e+01 6.176e-02 3.249e+00 1.610e-01 - -
Fig. 6.16(d) 2.398e+02 1.784e-01 7.526e+00 2.739¢e-01 4.630e+00 1.118e-01

Table 6.2 - Discrepancies |[b—b* | and || sf— s°PS||, number of iterations, and computational time needed to converge
in both the SIM and SOA. In the SOA, the time frame was set to 1 a. Regularization parameters used (¢ corresponds to
SIM and r; to SOA): (a) e =107%, r; =8.697-107% (b) e =107%,r; =1.53-107° () e = 107, r; =8.751-1073 (d) e = 1073,
r; = 2.2258. Parameter r; was chosen in such a way that the subglacial discrepancy ||b—b* | is the same in both cases
in order to allow for a comparison. On geometry (d), this error is different, because no parameter r; could be found
to make both discrepancies match exactly. However, this does not affect the comparison significantly. Contrarily to
the errors and computational times, the number of iterations of the two methods cannot be compared, since they
do not correspond to the same kind of simulation. The solution provided by the SOA is of higher quality, because
for the same subglacial discrepancy ||b— b* || a smaller surface discrepancy ||sy — 5°P8|| is obtained. Computational
times in the SOA are also smaller than in the SIM.

Ib—b*| [m] I'sp — s°PS|| [m] Nigs Tcpy [s]
SIM SOA SIM SOA SIM  SOA SIM SOA
Fig.6.16(a) 1.180e+00 1.180e+00 1.090e—02 2.472e-03 1527130 756 3.580e+03 1.014e+03
Fig.6.16(b) 5.973e—02 5.491e—02 5.297¢—02 2.849¢—-05 96089700 2119 4.383e+04 3.864e+02
Fig.6.16(c) 1.305e—01 1.305e¢—01 7.719¢—-02 2.079e-03 9613360 198 3.093e+03 3.400e+01
Fig.6.16(d) 2.101e+01 1.374e+01 9.272¢—01 3.810e—01 13132500 546 9.974e+03 2.541e+02

With smaller values of r, the SOA can be as accurate as the SIM. This is illustrated by Table 6.2, which shows the
discrepancies, number of iterations, and computational times with r; chosen such that the same errors in the
bedrock topography as with the SIM are obtained for each geometry. Note that columns 5 and 6 of Table 6.2, listing
the number of iterations in each case, cannot be compared, because one iteration of the SIM corresponds to one
single time step of the glacier evolution towards the steady state, while it is one whole simulation of the glacier
evolution over the chosen time frame in the SOA. However, the computational time and the error on the final
surface can be confronted. Remark that the computational time needed to get an estimation with the same error on
b is everytime smaller when the SOA is used. Moreover, the computed final surface sy is each time closer to the
exact steady surface s°P. Hence, the SOA yields a bedrock topography of a higher quality than the SIM.
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Table 6.3 - Discrepancy || sy — s°P8|| in the final surface topography, number of iterations, and computational time
needed to converge in both the TIM and SOA applied to a steady geometry, when the time frame is 1 a (the
discrepancies ||b — b* || in the bedrock topography are not listed here but match exactly in both methods). In the
TIM, the regularization and fixed-point parameters are set to € = 100 and = 0.1 respectively. As in the comparison
with the SIM (see Table 6.2), the quality of the estimation is improved with the SOA. The number of iterations of the
two methods can be compared and is much smaller with the SOA. Since fewer evolutions are simulated with SOA,
its computational time is smaller. The listed regularization parameters r; were chosen such that the discrepancy
|b— b*| is the same in both cases.

I'sp = s°P%|| [m] Rits Tepy [s]
4 TIM SOA TIM SOA TIM SOA
Fig.6.16(a) 2.480e—01 5.906e—01 6.333e—03 17473 854 1.893e+04 1.178e+03
Fig.6.16(b) 1.090e—01 5.080e—01 3.905e—02 745 233 2.190e+02 9.110e+01
Fig.6.16(c) 3.270e+00 1.575¢+01 5.001e-01 2980 160 6.315e+02 3.449¢+01
Fig.6.16(d) 5.920e—01 2.340e+00 1.906e—01 3219 498 1.418e+03 2.581e+02

Since one iteration of the SIM corresponds to an actual time step, whereas it is a complete simulation of the
glacier evolution over some time frame in the SOA, their convergence rates cannot be compared. Therefore, the
convergence rates of the TIM and the SOA are confronted. The TIM applied to steady geometries consists in

°bs and the same time frame as in the SOA is chosen.

adapting Algorithm 5 to the steady case, where s; = sy = s
Here, the values obtained with the TIM and the fixed-point parameter § = 0.1 are listed, because the errors are
smaller in this case and the convergence rates are not very different from those with larger 8. Furthermore, the
regularization parameter is set to € = 100 to make it fast. Table 6.3 compares the results obtained with the SOA to
those with the TIM. As before, the regularization parameter r is sought that makes the SOA converge towards a
bedrock topography whose discrepancy with the solution bedrock is the same as with the TIM. Again, the computed
final surface sy with the estimated bedrock topography is closer to the exact one if we apply the SOA. In Table
6.3, the number of iterations of the two methods can be compared, since, this time, every iteration consists in
simulating the glacier over the chosen time frame. Both the number of iterations and the computational time are
much smaller with the SOA. Figure 6.3 superimposes the convergence rates of the two methods and evinces the

faster rate of the SOA.
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Figure 6.3 - Comparison of the convergence rates of the TIM and the SOA in the case of the steady geometries
shown in Figure 6.15, for parameters that lead to about the same error in the estimation of the bedrock topography
in both cases (see first two columns of Table 6.3), when the time frame is 1 a. The TIM regularization and fixed-point
parameters were set to € = 100 and = 0.1. The applied SOA regularizations are listed in Table 6.3. Convergence is
faster with SOA than with TIM.

Transient geometries

The efficiency of the TIM is now compared to that of the SOA in the case of transient geometries. To make this
comparison possible, the same time frame must be chosen in both methods and, as above, the regularization
parameter r; of the SOA must be selected in such a way that the discrepancy ||b— b*| is about the same in both
cases. Tables 6.4-6.5-6.6 report the discrepancies between the computed and solution bedrock topographies as well
as between the computed and exact final surfaces, the number of iterations, and the computational time needed to
converge for time frames of 1 a, 5 a, and 10 a when the glaciers’ boundaries are fixed. The results are essentially
the same as in the steady case. The resulting final surface discrepancy is smaller with the SOA than the TIM. The
high values of r; applied to geometry of Figure 6.15(c) are due to the fact that a Gaussian filtering was applied to
the bedrock topography after each TIM iteration, allowing for convergence but also increasing the error in the
estimation. To get these errors with the SOA, a large value of r; was used. Because the algorithm is the same as in
the steady case, the behavior of the convergence rate is the same.

100



6.3. Numerical results

Table 6.4 — Discrepancy ||s¢ — 5°PS|| between the computed and the solution final surface geometries s rand s0bs

(the discrepancy [|b— b* || between the computed and the solution bedrock topographies b and b* is not listed here
but they are the same in the two methods), number of iterations, and computational time needed to converge in
both the TIM and SOA applied to a fixed-boundary, transient geometry, when the time frame is 1 a. In the TIM, the
regularization and fixed-point parameters are set to € = 100 and § = 0.1 respectively. As in the previous experiments,
the regularization parameters r; are chosen in such a way that the discrepancy ||b — b* || is the same in both TIM
and SOA. As in the steady case, the quality of the estimation with SOA is better than with TIM.

sy — s°PS|| [m] Nigs Tcpy [s]
n TIM SOA TIM SOA TIM SOA
Fig.6.16(a) 2.502e—01 5.920e—01 6.379¢—03 17493 846 1.65le+04 1.146e+03
Fig.6.16(b) 6.032e—01 6.524e—01 9.772e—-02 925 159 2.190e+02 6.628e+01
Fig.6.16(c) 5.506e+00 8.587¢—01 6.064e—01 950 177 2.040e+02 2.874e+01
Fig.6.16(d) 5.549¢—-01 6.493e—01 1.021e-01 2500 334 9.263e+02 2.008e+02
Table 6.5 - Same comparison as in Table 6.4 but over a time frame of 5 a.
sy = s°|l [m] Tits Tepy [s]
n TIM SOA TIM SOA TIM SOA
Fig.6.16(a) 6.502e—01 5.996e—01 1.029¢-02 17309 420 6.996e+04 2.972e+03
Fig.6.16(b) 4.248¢+00 6.589¢—-01 3.107¢-01 853 80 7.076e+02 1.334e+02
Fig.6.16(c) 1.000e+02 3.024e+00 2.860e+ 00 611 93 3.774e+02 7.212e+01
Fig. 6.16(d) 2.462e—01 6.245e—01 4.483e—-02 2459 449 3.458e+03 1.142e¢+03
Table 6.6 — Same comparison as in Tables 6.4 and 6.5 but over a time frame of 10 a.
sy — s°P%|| [m] Rits Tcpy [s]
151 TIM SOA TIM SOA TIM SOA
Fig.6.16(a) 7.054e—01 6.067¢—01 1.128e—-02 17286 381 1.483e+05 5.369e+03
Fig.6.16(b) 3.489¢+00 6.237¢—01 2.406e—-01 797 82 1.242e+03 2.163e+02
Fig.6.16(c) 1.563e+01 9.010e—01 4.149¢-01 374 64 3.969¢+02 1.035e+02
Fig.6.16(d) 2.691e—01 6.029¢—01 4.742e¢—-02 2444 401 6.540e+03 1.854e¢+03

Figures 6.4(a) and (b) depict the estimations in the case of retreating glaciers, while Figures 6.4(c) and (d) those of
growing glaciers. Technically, the estimation for expanding glaciers is very easy to do. However, the retreating case
may be unstable and harder to deal with. This is because of the negativity of the surface mass-balance at locations
where the ice thickness is very small or zero. In this case, much care has to be taken about bound (6.25) so that
accurate estimations can be carried out. Table 6.7 reports the errors, numbers of iterations and computational
times done in both the TIM and SOA. The same conclusions as before can be reached, i.e. the estimated topography
is of higher quality with SOA than with TIM, with this set of parameters.
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(a) Silvretta Glacier, Swiss Alps (b) Rhone Glacier, Swiss Alps
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Figure 6.4 — Bedrock topography estimation in the transient case when the glaciers are retreating ((a) and (b)) or
expanding ((c) and (d)). The thick continuous and dashed lines represent the initial and final surfaces respectively,
while the thick red and thin black lines show the solution and estimated subglacial topographies. For these
simulations, we set Ax =25 m, At = 1072 a, and § = 107 m. The time frames are different: (a) tr—ti=15a (b)
tr—ti=5a(c) tr—t;=5a(d) ¢y — t; = 10 a. Each time, the surface mass-balance is chosen in such a way that
alarge retreat or advance could be generated. As before, the estimation is very close to the solution topography.
Corresponding errors, number of iterations, and computational times are listed in Table 6.7.

Table 6.7 — Discrepancy |lsf — s°PS|| between the computed and solution final surface geometries s rand s°Ps (the
discrepancy ||b— b* || between the computed and solution bedrock topographies b and b* are not shown here as
they match almost exactly in all cases), number of iterations, and computational times needed to converge in both
the TIM and SOA applied to a moving-boundary, transient geometry, over various time frames (listed in the caption
of Figure 6.4). In the TIM, we set the regularization and fixed-point parameters to € = 100 and § = 0.1 respectively.
The regularization parameter r; is chosen in such a way that the discrepancy [|b— b*| is the same in both the TIM
and SOA. The quality of the estimation with SOA is better than with TIM.

Isp = s°PS|| [m] Rits Tcpu
r TIM SOA TIM SOA TIM SOA
Figure 6.4(a) 5.716e—01 3.196e—02 1.858e—02 2548 49 3.574e+03 1.630e+02
Figure 6.4(b) 5.000e+00 1.355¢+01 1.335¢-01 732 107 1.154e+03 3.530e+02
Figure 6.4(c) 1.565e¢+00 4.157¢e—01 1.00le—01 1468 85 8.220e+02 7.000e+01
Figure 6.4(d) 9.409¢—-01 5.931e—01 5.732¢—02 1146 178 4.085e+03 1.022e¢+03

6.3.2 Three-dimensional formulation

To validate Algorithms 7 and 8, a set of bedrock and surface topographies, surface velocities as well as a surface
mass-balance time series 98 are assumed that satisfy problem (2.31) on the geometries of Silvretta, Gries, and
Muragl glaciers with sliding included over a time frame of 10 a. The sliding parameters are set to zg = 2700 m and
% =0.025 bar"'a~5 on Silvretta and Gries glaciers (colored, contour lines on the large contour plot of Figures 6.7
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and 6.8), as in the previous chapter, for the sake of comparison. On Muragl glacier, they are set to zg = 2400 a
and € = 0.025 bar‘la‘%. In all cases, the surface mass-balance parameters are set to zg;4 = 2800 m and m; =
my =0.01 a”!, and the rheology parameters are A= 0.1 bar™® a~! and n = 3. The only model parameter that is not
subjected to optimal control in the next numerical experiments is Glen’s flow law exponent n.

Thereafter, several numerical experiments are presented that validate the three-dimensional shape optimization
algorithm presented in Section 6.2. First, all the model parameters are supposed known and the subglacial to-
pography of Silvretta and Gries glaciers is reconstructed from the observation of the surface topography at final
time, so as to compare the results to those obtained with the quasi-stationary and transient inverse methods in
Sections 5.5.2 and 5.5.3. In this context, the consideration of several surface topographies during the inversion is
studied on Muragl glacier. Indeed, the question of the relevance of the incorporation of several surface topography
observations is important if they can improve the algorithm’s convergence or, to the contrary, overdetermine the
problem.

Second, numerical experiments aiming at the reconstruction of the bedrock topography and some model parame-
ters from the knowledge of surface data are presented. The computation of the ice thickness distribution along
with the rate factor and the surface mass-balance parameters is performed on Gries and Silvretta glaciers from the
observation of the surface topography at final time only. Then, from the observation of various surface topographies
and velocities, the ice thickness distribution is determined on Silvretta glacier along with, first, the rate factor,
second, the surface mass-balance parameters, and third, the sliding law parameters.

Reconstruction of the subglacial topography

Suppose only the bedrock topography is unknown while all the model parameters are accurately known. Aim is
now to reconstruct the latter topography from the final surface topography alone. The time and space steps are
here set to At = 1072 a and Ax = 50 m respectively and the regularization parameters are r; = r» = 0. The decrease
of the surface and bedrock topography misfits is represented on Figures 6.5(a) and (b) in the two cases where 77 = 1
and 10 a on the geometry of Silvretta glacier. Compared to Figures 5.8 and 5.12 that depict the results obtained
in the same case with the quasi-stationary and transient inverse methods, it is noticeable that both misfits are
decreased much more with the shape optimization algorithm. The surface topography misfit reaches a small value
of about 107® m? in both time frames, while the bedrock topography misfit reaches about 10® m?. The surface
topography misfit can even be as small as the machine precision in some cases, although the bedrock topography
misfit remains significant. In this particular case, the maximal discrepancy between the computed and solution
bedrock topographies is about 10 m while it is only 0.02 m between the computed and exact final surfaces. Besides,
Figure 6.5(c) shows that the gradient goes to zero with % in both cases, i.e. the shape optimization algorithm
converges very fast with the number of iterations. The computation taking into account the glacier’s 10 a-evolution
performs a bit worse, resulting in a higher bedrock topography misfit.

Figure 6.6 illustrates how powerful the inversion method is for shallow ice flows over a time frame of 1 a, compared
to its counterparts Figures 5.9 and 5.13 in the quasi-stationary and transient inverse methods respectively. Indeed,
all the points defining the ice thickness distribution estimated with the shape optimization algorithm are located
very near to the dashed line that marks the points where the estimation coincides with the exact solution. Figures
6.7 and 6.8 show profile curves across the glacier that compare the exact to the estimated solutions. No significant
discrepancy can be noticed along these profile lines.
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Figure 6.5 — Surface and bedrock topography misfits as functions of the iteration number on Silvretta glacier when
the three-dimensional, shape optimization algorithm 8 is applied, over time frames of 1 and 10 a. The simulation
are performed with space and time steps Ax = 50 m and At = 1072 a respectively and regularization parameters
r1 = 1o = 0. The misfit represented here is the square of the L,-norm of the topographies’ discrepancy, namely (6.33).
Compared to the results obtained with the quasi-stationary and transient inverse methods (see Figures 5.11 and
5.12), both misfits are several orders of magnitude smaller. Here, the maximum deviation in the bedrock topography
is 10 m, while it is only 0.02 m in the final surface topography.
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Figure 6.6 — Ice thickness comparisons on Gries (left) and Silvretta (right) glaciers. A time evolution over 1 a is
considered. The space and time steps are set to Ax = 50 m and At = 1072 a respectively and the regularization
parameters to r; = r» = 0. The black markers depict the comparison of the thickness’ initial guess to the exact
ice thickness, while the red markers show the the comparison of the computed ice thickness with the shape
optimization algorithm 8 to the exact thickness. Note the difference of scales. The results are much better than
those obtained with the quasi-stationary and transient inverse methods (see Figures (5.9) and (5.13)). The algorithm
solves the inverse problem almost perfectly, as most of the red markers lie exactly on the dashed line, which
represents the points such that the exact thickness equals the computed thickness.
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Figure 6.7 — Illustration of the bedrock topography estimated with Algorithm 8 from a 1 a-evolution of Gries glacier
that complements the global Figure 6.6(a). The large contour plot shows the location of the selected profile lines
across the glacier (black lines) as well as the sliding domain (the colored contour lines give %, expression (2.10)).
The small subplots show the estimation along each of the profile lines. Each time, the red curve stands for the
solution bedrock topography, the dashed curves for the estimated topographies (final surface and bedrock), and
the black curve for the target surface topography. Note the scale difference on each subplot.
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Figure 6.8 — Illustration of the bedrock topography estimated with Algorithm 8 from a 1 a-evolution of Silvretta
glacier that complements the global Figure 6.6(b). The large contour plot shows the location of the selected profile
lines across the glacier (black lines) as well as the sliding domain (the colored contour lines give %, expression
(2.10)). The small subplots show the estimation along each of the profile lines. Each time, the red curve stands for
the solution bedrock topography, the dashed curves for the estimated topographies (final surface and bedrock),
and the black curve for the target surface topography. Note the scale difference on each subplot.

Finally, Figure 6.9 shows how pointless it is to incorporate several observed surface topographies in the computation
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of the bedrock topography on the geometry of Muragl glacier. Three different simulations are run, where the
observed surface topography either at time ¢ = 10 a, or at times ¢ = 8 and 10 a, or at times ¢ =5, 8, and 10 a are
taken into account during the computation, as explained in the end of Section 6.2.1. The decrease of both the cost
functional and its gradient is represented on the Figure. The behavior of the three curves is essentially the same,
i.e. none of the inversions is done faster. Moreover, the additional surface topography information does not improve
the result. Even worse, it may overdetermine the problem and possibly empede the algorithm’s convergence.
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Figure 6.9 — Cost functional and its gradient as functions of the iteration number on Muragl glacier when the shape
optimization algorithm 8 takes into account the surface topography observed at time ¢ = 10 a (blue curve), at
times ¢ =8 and 10 a (green curve), and at times ¢ =5, 8, and 10 a (red curve) (i.e. the Algorithm is modified with
(6.64)—(6.66)). The behavior of the algorithm is the same in the three cases, hence the incorporation of any other
surface topography information than the final surface topography is pointless.

Simultaneous reconstruction of the subglacial topography and the model parameters

Assume now that in addition to the bedrock topography, both the rheology and the surface mass-balance parameters
are unknown. Aim is now to recover them all from the observation of the final surface topography only, when the
time frame is 1 a. As before, suppose m; = m; in the expression (2.34) of the surface mass-balance. The results of
this inversion on Silvretta and Gries glaciers are illustrated by Figures 6.10, 6.11, and 6.12. Figure 6.10 represents
the evolution of the cost functional, the rate factor, and the surface mass-balance parameters with the iteration
number, while Figure 6.11 reports the evolution of the corresponding gradients. On Figures 6.10(b)-(d), the dashed,
black lines indicate the values that have to be recovered. Figure 6.12 compares the estimated to the exact ice
thicknesses in both cases. Figure 6.10(a) shows that the algorithm succeeded minimizing the cost functional. In fact,
the maximal discrepancy between the exact and computed final surface topographies is about 3 m, while it is about
15 m between the estimated and exact bedrock topographies. Hence, apparently, the algorithm performed well.
However, Figures 6.10(b) and (c) report that the rate factor and the surface mass-balance’s equilibrium line altitude
are not recovered precisely, contrary to the melting rate m; (Figure 6.10(d)). This phenomenon occurs because the
model is not sensitive enough to these parameters, as shown by Figure 6.11, which shows how small the values of
the the cost functional’s derivatives are with respect to each of the parameters. Moreover, it also shows how different
in magnitude they are. Nevertheless, the estimation of the bedrock topography is good enough even though not
all the model parameters are correct. It is still better than those obtained with the quasi-stationary and transient
inverse methods with the right parameters.
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Figure 6.10 — Simultaneous estimation of the subglacial topography, the rate factor A, and the surface mass-balance
parameters zg4 and m; = my from the observation of the final surface topography only over a time frame of 1 a
on the geometries of Silvretta (blue curves) and Gries (green curves) glaciers. The true value of each parameter
is indicated with the black, dash-dotted lines, namely A= 0.1 bar~3 a™!, zg;4 = 2800 m, and m; = my =0.01 a™'.
The algorithm is not able to retrieve the rate factor and the equilibrium line altitude, although the cost functional
reaches a sufficiently small value (about 1072 m?).
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Figure 6.11 — Norm of the gradients of the cost functional shown on Figure 6.10 with respect to the bedrock
topography, the rate factor, and the surface mass-balance parameters on the geometries of Silvretta (blue curves)
and Gries (green curves) glaciers. Although the algorithm does not retrieve the right values of the model parameters,
the gradient of J; with respect to these parameters is very small.
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Figure 6.12 - Ice thickness comparisons on Gries (left) and Silvretta (right) glaciers when the bedrock topography is
inferred in the same time the surface mass-balance and rheology parameters are calculated. A time evolution over
1 ais considered. The space and time steps are set to Ax = 50 m and At = 102 a respectively and the regularization
parameters to r; = rp = 0. The black markers depict the comparison of the thickness’ initial guess to the exact
ice thickness, while the red markers show the the comparison of the computed ice thickness with the shape
optimization algorithm 8 to the exact thickness. Note the difference of scales. Because the rheology parameter
cannot be inferred with precision in these cases, the ice thickness is recovered with a lower precision. The estimation
is still good enough.

If the sliding law parameters are unknown, in addition to the bedrock topography, the rheology, and the surface
mass-balance parameters, then the recovery of the subglacial topography from the observation of the surface
topography at final time is similar to that of the previous numerical experiment. Again, the algorithm is not capable
of determining all the parameters, especially the sliding law parameters, although it actually converges and the cost
functional attains a sufficiently small value, of the order of 1072 m2. As mentioned above, this is because the model
is not very sensitive to the sliding parameters. Section 6.4.2 gives more details about this sensitivity problem.
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Figure 6.13 — Sample surface ice velocity data (red markers) on Silvretta glacier used for the conjoint computation of
the subglacial topography and some model parameters.

Finally, from the knowledge of various surface data over a time frame of 5 a, the subglacial topography is computed
on the geometry of Silvretta glacier together with, first, the rate factor, second, the surface mass-balance parameters,
and third, the sliding law parameters. In a first experiment, they are determined from the surface topography at
final time. In a second experiment, they are calculated from the surface topography at times 3 and 5 a. In a last
experiment, only the surface topography and a partial grid of surface ice velocities (see Figure 6.13) are taken
into account in the inversion. Figure 6.14 reports the results of the numerical experiments. Each subplot (a)—(e)
represents the evolution of each of the studied parameters with the iteration number. Each colored curve represents
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a different experiment, where different surface data are used during the inversion. The black, dashed line indicates
the parameter’s value that has to be recovered. Figure 6.14(f) depicts the evolution of the cost functional with the
iteration number in all experiments. As far as one can see, the algorithm struggles to determine the sliding law
parameters, whereas it performs well for the computation of all the other model parameters, especially when the
surface ice velocities are taken into account. As in the previous experiments, the cost functional takes a very low
value, although some parameters cannot be found accurately.
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Figure 6.14 — Convergence of the shape optimization algorithm in the three cases where only the surface topography
at final time ¢y =5 a (blue curves in plots (a)-(e), continuous curves in plot (f)), the surface topographies at times
t =3 and 5 a (green curves in plots (a)-(e), dashed curves in plot (f)), and both the surface topography and ice velocity
at final time ¢y =5 a (red curves in plots (a)-(e), dash-dotted curves in plot (f)) are used on the geometry of Silvretta
glacier. These results correspond to three different numerical experiments, namely the conjoint computation of
both the bedrok topography and the rate factor (plot (a) and green curves in plot (f)), the conjoint computation of
both the bedrock topography and the surface mass-balance parameters (plots (b)-(c) and blue curves in plot (f)),
and the conjoint computation of both the bedrock topography and the sliding law parameters (plots (d)-(e) and
red curves in plot (f)). The best results are obtained when the surface ice velocity is taken into account. Again, the
algorithm has more difficulties estimating the sliding parameters.

To conclude, let us mention that a dissociated algorithm was also applied. All the parameters are first set to some
initial guess, as the bedrock topography. Then, the method consists in the iterative computation with Algorithm (8)
of, first, the bedrock topography alone with the previously determined values of the model parameters, second, the
rate factor with the previously computed bedrock topography and the other model parameters, third, the surface
mass-balance parameters with the previously computed bedrock topography, rate factor, and sliding parameters,
and, last, the sliding parameters with the previously computed bedrock topography, rate factor, and surface mass-
balance parameters. After each iteration of the method, every parameter is set a new value separately. None of
the numerical experiments performed with this method on various geometries supplied better results than those
described above in this section.
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6.4 Sensitivity analysis

A short sensitivity analysis is now proposed for the algorithms introduced in this Chapter, first in two space
dimensions, then in three space dimensions. Essentially, the sensitivity of the methods to the regularization
parameters and surface data is investigated. In the three-dimensional case, the sensitivity of the forward model
to the surface mass-balance and sliding law parameters is also addressed, in order to explain why the shape
optimization algorithm cannot compute all these parameters in the same time.

6.4.1 Two-dimensional algorithm

Let us first apply the SOA with various parameters r; to the four glacier geometries studied in the previous chapter.
Figure 6.15 shows the resulting estimations when the time frame is 1 a. Most of the time, the large value r; = 10
leads to estimations too far from the solution, while the other ones are close to it. When ry is small enough, no large
discrepancy can be distinguished between the estimated subglacial topography and the solution bedrock.

O  bedrock solution ~ —— stationary surface - - - initial guess for the bedrock topography
(a) Flask Glacier, Antarctic Peninsula (b) Muragl Glacier, Swiss Alps
0 . ] r1=0.1
\ R 2700 + r=1 i
B ) r =10 o ‘
_—400 |
= cee-.) 2400t .
E‘ . .
800 I 1 2100 | "." 1
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Figure 6.15 — Various examples illustrating the application of Algorithm 6 to steady geometries, with Ax =25 m,
At=10"3a,56=107% and tr — t; = 1 afor different values of the regularization parameter r; (red, green, and blue
lines). The continuous black line represents the stationary surface and the dashed line the initial guess b° for the
bedrock topography. The white circles delineate the solution bedrock. When ry is small, the computed and the exact
solution are hard to distinguish. Errors in the bedrock and final surface topography estimations are listed in Table
6.1 for r; =1 and various time frames. Table 6.2 lists the errors, computational times, and numbers of iterations
when r; is such that the error in the basal estimation is comparable to the one obtained with SIM for each geometry.
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Figure 6.16 — Sensitivity of the method to the regularization parameter when Ax =25m, At=10"3a,§ =10"%m,
and a time frame of 1 a for steady geometries. Variations in (a) number of iterations, (b) computational time, (c)
error on the bedrock topography, and (d) error on the computed surface from the estimated bedrock topography
are shown as a function of 1. The number of iterations and the computational time are directly proportional. The
errors grow with the regularization parameter. Differences between the various geometries can be large and, already
in the range we chose r}, the error in the subglacial estimation can be large (e.g. on Muragl glacier). Errors on the
bedrock geometry are about one order of magnitude larger than the errors on the surface topography.

Figure 6.16 shows how sensitive the SOA is to the regularization parameter r,. Figure 6.16(a) and (b) evince that it
is not useful to increase r; in order to decrease the computational time. Furthermore, the error in the subglacial
topography due to the increase of r; is so large that this parameter should be kept as small as possible, although
the error in the final surface remains one order of magnitude smaller (see Figures 6.16(c) and (d)), indicating a low
response of the surface topography to large fluctuations in the bedrock geometry.

Now, as in Section 5.6.1, let us investigate the effects of surface topography and mass-balance perturbations of
the form ay(x), where the perturbation’s amplitude a > 0 is of the order of magnitude of typical measurement
errors and y (x) is a uniformly distributed random variable on the interval [-1, 1]. First ay(x) is added to the surface
topography and then to the surface mass-balance. When a = 1 m, Figure 6.17 shows how sensitive the estimation is
to the small perturbation of the initial and final surfaces and how the increase of the regularization parameter affects
it. None of the estimations converged. Instead, they oscillated around the solution. However, the smoothness of the
estimated topography is improved with increasing r;, even though the estimation still differs from the solution by
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more than 1 m. To make the algorithm converge, one has to smooth the perturbed data. On the other hand, the SOA
is not sensitive to noise in the surface mass-balance, just like the SIM and TIM.
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Figure 6.17 — Sensitivity to the surface of Muragl glacier, on a transient, fixed-boundary problem over a time frame
of 1 a. We applied the perturbation with a = 1 m to both the initial and final surfaces, represented by the thick black
and thin blue lines respectively. The perturbation can hardly be noticed on the two surface geometries. The solution
and estimated bedrock topographies are delineated by the thick red and thin black lines. Without smoothing of
the perturbed data, the algorithm does not converge, but oscillates around the displayed estimation. With larger
regularization parameters, the estimation becomes smoother and closer to the solution topography.

6.4.2 Three-dimensional algorithm

The effects of the regularization parameters on the subglacial topography estimation are analogous to those reported
in the two-dimensional case above. Of interest in the three-dimensional case are the effects of the gradient and
Laplacian regularizations when the surface topography is subjected to measurement errors. As before, perturbations
of the form ay(x, y) are considered, where the perturbation’s amplitude a > 0 is of the order of magnitude of typical
measurement errors and y(x, y) is a uniformly distributed random variable on the interval [-1,1]. Figures 6.18
and 6.19 illustrate the obtained bedrock topography estimations when a = 5 m and for various regularization
parameters, when only the gradient regularization (r, = 0) and only the Laplacian regularization (r; = 0) respectively
are applied. Everytime, the surface topography at final time is recovered with a small error compared to that done on
the bedrock topography, as in the two-dimensional case. While the surface topography discrepancy is of the order
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of about 10 m, the subglacial topography discrepancy is closer to 50 m. Hence, the shape optimization algorithm is
very sensitive to the surface topography data, as are all the methods presented in this thesis.
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Figure 6.18 — Sensitivity of the shape optimization algorithm 8 when only the gradient regularization applies (1, = 0)
on the geometry of Silvretta glacier when both the initial and the final surface topographies contain a randomly
distributed error of 5 m. The time frame is 10 a, and the space and time steps are set to Ax =100 m and At =0.1 a.
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Figure 6.19 — Sensitivity of the shape optimization algorithm 8 when only the Laplacian regularization applies
(r1 = 0) on the geometry of Silvretta glacier when both the initial and the final surface topographies contain a
randomly distributed error of 5 m. The time frame is 10 a, and the space and time steps are set to Ax = 100 m and
At=0.1a.

To conclude the sensitivity analysis of the three-dimensional method, let us show the shape of the cost functional
as a function of the surface mass-balance (Figure 6.20(a)) and the sliding law parameters (Figure 6.20(b)) on the
geometry of Muragl glacier. These two subplots are generated from the simulation of the forward problem with
several values of the surface mass-balance and sliding law parameters and the exact bedrock topography followed
by the evaluation of the cost functional (6.33). The other subplots result from the evaluation of its derivative with
respect to the displayed parameters. Figure 6.20(c) represents the derivative of J; with respect to the melting rate m;
for a fixed equilibrium line altitude (zgra = 2800 m). Suplot (d) depicts the derivative of J;, with respect to the sliding
parameter 6 for a fixed sliding altitude, subplot (e) that with respect to zg1 A for a fixed melting rate, and subplot (f)
the derivative with respect to zq for a fixed value of €. From Figure 6.20(b), it is clear that the minimization of the
functional Jj with respect to the sliding parameters is ill-posed. Indeed, the region where Jj, = 0 is very large. This is
essentially due to the term 9(zg — b) in the formulae (6.76)—(6.79) of the corresponding gradients, which are depicted
by subplots (d) and (f). From these plots, it is obvious that there are many solutions that satisfy the condition of
a zero gradient. In the case of the surface mass-balance parameter estimation, such a problem does not occur
on this geometry, as shown by Figures 6.20(c) and (e). The two-parameter expression of the sliding law proposed
in this thesis therefore ends up being inappropriate for optimal control computations. A formulation where the
sliding constant could be tuned everywhere in the map domain is preferable, but cannot be applied to Swiss
Alps glaciers, as the amount of surface velocity data is too small. Besides, the adimensionalization of Lagrangian
(6.36) may provide comparable gradients for each parameter. However, the adimensionalization usually involves
some control variables, making this option complicated to apply. For example, a popular choice of ice thickness
adimensionalization is through its division by zg1a. Such a process changes completely the Lagrangian functional
and its derivatives. Moreover, there is no guarantee that the Algorithm will work better after these modifications.
This idea is not developed further here.
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Figure 6.20 — Bivariate cost functionals and corresponding gradients on the geometry of Muragl glacier. (a) Cost
functional as a function of the surface mass-balance parameters. (b) Cost functional as a function of the sliding
parameters. (c) Gradient of _¢ with respect to m; as a function of m; when the equilibrium line altitude is fixed to
ZgLA = 2800 m and my = m;. (d) Gradient of _# with respect to 6 when the sliding altitude is fixed to z5 = 2400 m.
(e) Gradient of _¢ with respect to zga when the melting rate is fixed to m; = my = 0.01 a~!. (f) Gradient of Z with
respect to zg when the sliding coefficient is fixed to € = 0.025 bar™! a’s.
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6.5 Application to real-world data

The algorithm is here applied to surface topography measurements collected on Silvretta glacier. The same parame-
ters as before are applied, namely the rate factor (5.38) and the surface mass-balance parameters (5.39). No sliding
is assumed. The results are reported on Figures 6.21 and 6.22. Even though Silvretta glacier is the thinnest of the set
of studied glaciers, the results are good but not excellent. The algorithm did not converge on this data set, hence
the oscillations in the bedrock topography, even with the regularization r; = 0, r» = 1. Not represented here, the
estimation on Gries glacier is of the same kind. As in the previously shown sensitivity computations of Section 6.4.2,
the error on the surface topography is small compared to that on the bedrock topography (Figure 6.22).
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Figure 6.21 — Surface and bedrock topography misfits as functions of the iteration number (left) and resulting
bedrock topography estimation after the 56-th iteration of the shape optimization Algorithm 8 on Silvretta glacier,
Swiss Alps, for space and time spacings Ax = 50 m and At = 102 a respectively, surface mass-balance parameters
(5.39), and no sliding (right). The surface topography misfit decreases during the whole process, contrary to the
bedrock topography misfit.
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Figure 6.22 — Bedrock topography estimation along profile lines accross Silvretta glacier that correspond to the
estimation displayed by Figure 6.21. On each subplot, the measured bedrock topography is delineated by the thick,
red curve, the target surface topography by the thick, black curve, and the estimated topographies by the thin,
dashed curves.

6.6 Perspectives

In order to minimize a functional by means of optimal control, an approximation of its gradient may sometimes
be enough. Hence, one may wonder whether the shallow ice gradient contains sufficient information for the
minimization of the misfit functional evaluated with the Stokes model. The results of the numerical experiments
performed in this thesis to check this feature are not represented here, as they are not good enough. Indeed,
the shallow ice gradient proved itself useless for the computation of the bedrock topography and in some cases
more or less relevant for the determination of the surface mass-balance parameters. Another outcome of these
first experiments is that the procedure seems to be dependent on the mesh size, which is not surprising, as the
discretized shallow ice dual problem is solved instead of the discretized Stokes ice dual problem. No convergence
can reasonably be achieved in this case.

Nevertheless, the shape optimization algorithm developed in this thesis for shallow ice flows can be extended
to Stokes ice flows, i.e. the Stokes ice dual problem and corresponding gradient can be derived. For the sake of
simplicity, focus is here put on the computation of the subglacial topography from the observation of the final
surface topography on a non-sliding glacier. Moreover, the optimization algorithm is developed at the continuous
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level only, for the sake of simplicity. In this case, its formulation is simply: minimize the cost functional
1 obs 2
J(b) = #(F(b),b) = —f (b+J£| - s%)"+ 2(b) (6.103)
2Ja, t=tr

under the constraints (see equation (2.23))

0/

W'f‘v Q = 9B, in Q) X[[i,tf]
J =0, in Q) x[t;, tf] (6.104)
J =0, on 0Q; X[ti,tf]

S =si—b, in Qp  x{},
and (see equation (2.8))

-2V-nD)+Vp =pg, inQb,A)

V-u =0, inQ(bHA)
-pn+2nD-n =0, onTIsbA)
u =0, onTybh HA),

(6.105)

where I'; is the ice—air interface, I';, the ice-lithosphere interface (see Figure 2.3), Q; the glacier’s map domain,
and Q(b, /) the glacier’s ice volume. The glacier’s map domain is independent of both the control and the state
variables, contrary to the ice volume. The Lagrangian functional associated to this problem writes

—)L Q- VA-%BA

dxdt+[ f V- (u)ydxdt,
Qb,7)
(6.106)

L, p, 7 1w, 1. D) = F(, b)+f fQ

S/l
t; JQb,H)

where the first two integrals correspond to the weak form of constraint (6.104) and the last two integrals to that of
constraint (6.105) (see Section 3.2.1). The essential, formal difference with the shallow ice Lagrangian (6.36) is that
the domain of integration of some of the arising integrals depend on the control b and state variable ..

dxdt+f (Jf( —s,-+b)udx
Q, =

2nDw): D) -pV-y—f-y

The solutions of the optimization problem (6.103)—(6.105) are among the stationary points of £. The stationarity
of &£ with respect to the costate variables A, u, ¥ and y implies the constraint equations (6.104) and (6.105). Its
stationarity with respect to the state variables &, p and # gives the dual problem. Technically, the shape derivative
of Lagrangian (6.106) with respect to b and .#Z can be found by considering the gradient along the directions of the
normal to the bedrock topography and the surface topography respectively [3, Lemma 4] (more details in [109, 110]).
In the current optimization problem, the computation is straightforward: Let f be a functional that does not depend
on b and /. Then, one can write

b+ A
i (f fdx)J?— (f f fdx) f fx, 3, b(x,y)+ A (x, y))Jf(x y)dxdy (6.107)
0 \Jaw,7) Q,

oA
0 . 0 b+JL" . .
35 (f fdx) b= —( fdx) b=f (f(x, ¥.b(x,y)+ A (x,y) - f(x,y, b(x, y)))b(x,y)dxdy,
Qb,7#) ob Q
(6.108)

for all test functions b and 2.
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In the case of a Stokes ice flow, the dual problem reads therefore

oA

—E—u-m =-2nDw): D)+ f-y, in Db, H)x[t;,tf]
A =5 —b-, in Q) x{z} (6.109)
u =2, in Q) x{t}.

where the costate variables ¢ and y satisfy

2V (W) D) : DW)Dw) +n@Vy)+Vy =-VA, in Qb7
Voy =0, in Qb
¥ =0, on Tyb )

2(ﬁD(u):D(w)D(u)n+ng—'Z)+xn =0, on TIyb7)

(6.110)

The dual equations (6.109) of the ice thickness equation (6.104) describe a backward, diffusion-transport problem,
which can be reformulated within the VOF formulation [1]. The dual equations (6.110) of the Stokes equations
(6.105) correspond to a linear Stokes flow characterized by the Cauchy stress tensor

6:2(1”7(u)D(u):D(1[J)D(u)+nV1[/)+)(, 6.111)
where

3n-5
277 (n—-1n"|D|"
S : (6.112)
272 11|D|”‘117”‘1+(7(’;_1

<

subjected to the force field

f=-Va. (6.113)

The solving of this problem at the continuous level requires the additional formulation of the corresponding KKT
conditions [72] which is not developed further here, as it does not bring anything into the sought formal description.
Moreover, for the sake of convergent gradients, these equations shall not be discretized, but the procedure proposed
in the previous sections for shallow ice flows applied instead, consisting in the differentiation of the discretized
equations. Numerically, the additional difficulty in this case is that the linear system changes its shape from one
iteration to the other, hence the structure of the computational code has to be changed drastically in order to
perform shape optimization.

6.7 Conclusion

The chapter presents a shape optimization algorithm for two and three-dimensional shallow ice flows that estimates
a glacier’s subglacial topography, or, equivalently, a glacier’s ice thickness distribution. The method is based on the
minimization of a discrete regularized misfit functional, for the sake of numerical convergence. Indeed, the gradient
obtained after differentiation of the forward numerical scheme corresponds to the problem’s exact gradient, which
is not the case any more when the continuous dual problem and gradient are first deduced from the continuous
forward problem by means of calculus of variation and then discretized.

The chapter begins with the formulation of the two-dimensional algorithm that minimizes the surface topography
misfit at final time only. A primal-dual method is applied to the simplified, two-dimensional scheme (3.32) for
non-sliding glaciers and a time-independent surface mass-balance. Then, its three-dimensional counterpart is
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developed that is based on the splitted-in-time numerical scheme (3.14)-(3.18). From its most basic formulation,
i.e. the direct extension of the two-dimensional algorithm, a complex algorithm is tailored that is capable of
incorporating known bedrock topography profiles, surface topographies at several times, and partial surface
velocity data. A primal-dual procedure is preferred here over a forward automatic differentiation algorithm for
the sake of small computer resources, because the number of control parameters is very high, making a backward
sensitivity much more appropriate [57]. A reverse mode automatic differentiation algorithm is too sophisticated for
an application to this problem. The method is validated on various synthetical test cases and its sensitivity to the
surface data and the model parameters is investigated.

Described by the literature as unreliable in the shallow water framework [43], the shape optimization algorithm
applied to the shallow ice equation appears to be accurate, reliable, and fast, as far as the comparisons of Section
6.3 can tell. In particular, even if the initial guess for the bedrock is far from the solution topography, the resulting
estimation is close to the solution bedrock on all the tested geometries. The method is as sensitive to surface data
as the transient inverse method. As the quasi-stationary and transient inverse methods, the control algorithm
needs neither filtering of the surface topography with a lower slope limit nor further assumptions on the model
itself. Moreover, it remains reasonably simple as it only consists in the minimization of the misfit between the
computed and exact (or measured) surface data and the PDE-constraint is cast into one single evolution equation.
The regularization that minimizes the potential and the curvature of the bedrock topography is well- known among
glaciologists [63, 85]. A large quantity of minimization algorithms have been efficiently implemented to solve this
type of PDE-constrained optimization problems (see e.g. [59, 86, 51]).

The SOA can even be used to compute the surface mass-balance parameters and the rate factor in the same time
the subglacial bedrock topography is inferred. The numerical experiments presented in Section 6.3.2 show that
surface velocity data are really necessary when it comes to the determination of the model parameters other than
the bedrock topography. Surface topographies, even if known at several times in the time frame, do not allow for an
improved inversion of all the parameters. The parameters of the sliding law defined by (2.8), (2.9), and (2.10) cannot
be recovered by any of the methods proposed in this thesis because of their dependence on the sliding altitude
zg that makes the problem ill-posed, as infinitely many solutions exist to the minimization problem, namely that
characterized by any sliding altitude and €6 = 0, or any % and a sufficiently low sliding altitude such that the gradient
of the cost functional with respect to these parameters is zero. In the literature, it has been successfully attempted
to compute the subglacial topography together with the sliding coefficient C when it is considered as a function of
position and no assumption of the type (2.10) is done on it [46]. However, the method needs a complete grid of
surface velocity data that does not exist on Swiss Alpine glaciers.

This chapter is a first attempt of using optimal control techniques for the computation of a glacier’s bedrock
topography. It demonstrates that the shallow ice equations can be inverted very accurately. The application of the
algorithm presented here to real-world data does not supply excellent estimations, because the method is based on
the shallow ice approximation. However, perspectives are promising on the inversion of the Stokes problem.
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7d Conclusion

This thesis begins by recalling the equations that rule the time evolution of a Stokes ice flow together with its shallow
ice approximation. The numerical methods that solve these equations are then presented and the results of various
numerical experiments are reported, for the sake of comparison of both ice flow models. On the tested, sliding ice-
cap geometries, no significant difference can be noticed between the two approximations. The thinner the glacier’s
final state, the better the matching of the surfaces. On alpine glaciers, the difference is more important, especially
near the tongue of Rhone glacier. A sensitivity analysis of the forward models with respect to the bedrock topography,
the rheology, the surface mass-balance, and the sliding law parameters evinces that the inverse problem of inferring
the subglacial topography from surface observations is ill-posed. Indeed, many different bedrock topographies
lead to equivalent surface topographies of Silvretta glacier after a 10 a-glacier evolution for fixed model parameters,
since they differ by less than a finite-element’s size everywhere in the computational domain. For example, a
100 m-wide-and-deep bump positioned at several locations in the subglacial topography results most of the time in
a surface topography response damped by a factor between 5 and 10.

Nevertheless, several methods are proposed that estimate a glacier’s subglacial topography. The quasi-stationary
inverse method infers the sought topography from the assumption that the glacier is stationary under the influence
of the apparent surface mass-balance. Hence, the evolution’s time dependence is hidden in the ice thickness
equation’s source term and the originally transient, elliptic evolution transforms into a stationary, hyperbolic
equation for the ice thickness distribution with Dirichlet boundary conditions. The solving procedure is inspired by
an algorithm that reconstructs the bed of steady rivers by means of the steady, shallow water equation [43]. For the
sake of numerical stability and convergence, the underlying scheme is regularized.

The transient inverse method relies on the iterative update of the bedrock topography with the surface topography
discrepancy. This procedure is inspired from the reconstruction of the velocity field of viscous, gravity-driven flows
over an unknown topography [58]. No apparent surface mass-balance is used in this case so that the time evolution
is accounted for more accurately. It is developed for both the shallow and Stokes ice flows.

The quasi-stationary and the transient inverse methods belong to the category of gradient-free methods, i.e. meth-
ods that minimize the surface topography discrepancy without consideration of its gradient with respect to the
bedrock topography. They have the advantages of being very easy to implement and relying on very little computer
resources at the expense of converging very slowly. Therefore, faster algorithms that make use of gradient informa-
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tion are designed in the shallow ice approximation. They consist in the minimization of the surface topography
misfit functional that is regularized so as to minimize oscillations in the topography estimation. As the number of
control parameters is very large, a primal-dual approach is advocated instead of a forward automatic differentiation
method [100]. The regularized misfit functional is therefore augmented to a Lagrangian functional, the stationarity
of which yields a simple way to compute the misfit’s gradient with respect to any of the bedrock topography or
the model parameters. The three methods are thoroughly compared in the two and three-dimensional shallow ice
approximations. Clearly, on the synthetical test cases, the shape optimization algorithm supplies accurate results in
little CPU times.

Although the relevance of each of these methods is demonstrated for the inversion of synthetical geometries, their
application to real-world measurements does not provide strikingly accurate ice thickness estimations, especially
when the transient inverse method is applied to a Stokes ice flow. The best trade-off between computational
complexity, computational time, and accuracy is in this case obtained with the three-dimensional, quasi-stationary
inverse method. Even though this method relies on the shallow ice approximation, its results are reliable.

The shape optimization method yields promising results in the shallow ice approximation, that gives some zeroth
order insight into its extension to Stokes ice flows. Further extensions of the algorithms of this thesis mainly concern
the optimal control of a Stokes ice flow, that should supply the best possible algorithm for the estimation of a
glacier’s subglacial topography. However, the development of such a shape optimization algorithm still requires a
lot of work, as many problems may arise, basically due to the three-dimensional, evolutive, free surface character of
the forward problem.
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This Appendix details the numerical schemes that allow for the simulation of the evolution in time of Stokes
and shallow ice flows. The Stokes ice velocity computed from equation (2.8) is used as the transport velocity in
the volume of fluid equation (2.27). The solving of shallow ice flows is simpler because the ice velocity can be
expressed analytically. The coming sections first detail the solving of the Stokes equations with a finite-element
method. No further details are given on the solving of the VOF equations, as everything is explained thorougly in
(79,113, 24,89, 41, 42, 69]. The second section of this Appendix describes how to solve the shallow ice approximation
with finite-difference schemes in two and three space dimensions. All the linear systems arising in the next sections
are solved with the PETSc Library (7, 8].

A.1 Stokes ice flow

Let us now detail the discretized finite-element vectors and matrices corresponding to the weak formulation (3.9).
Formally, the volumic integrals are decomposed into the following sum over every active finite-element K:

fm('): KEZ% fK()|K A1)

K active
and the surface integrals into

[.0= = [0

S
b AeT$ A
A active

Now, the local description of the linear system on element K is detailed. The complete system is then obtained by
summing all the contributions over all the active elements. For the sake of readability, on the local element K, we
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write

uf=| U2 Uv? U U? 2|, vk=okef, pk=P.0X and qf=0F (A.3)

where e” is the B-th canonical vector of R3 and the functions d)f are the P; -basis functions
DK(x,y,2) = oi + Prix+ iy +aiz,  1<i<4, (A4)

for each node of element K. Then, restricted to the local element K, the weak formulation (3.9) is described by the
linear system

An | Az | Aig | B] Ut F!
An | Az | A | B) U? _ F? s
Az | A | Ass | B U? F | :
“By |-B, | -Bs; | C P G

where F? and G correspond to the right-hand sides of (3.9), the vectors U/ are the vectors of components Ul.j given
in (A.3), and the matrices Agy and C depend on the ice velocity computed at the previous fixed-point iteration. The
components of the matrices B are [29]

vol(K)
(Bp) jk = —deJfV-(CDI,feﬁ) ~ —Tgbgk, (A.6)

where vol(K) is the volume of K. Because

anD(uH) D) = anVuH VvH+Z KnKa,(uH),a,(vH),, (A7)
lj

where nX is the viscosity evaluated in element K with the velocity determined at the previous fixed-point iteration,
we have [29]

ach
K
(Apy)jk = 7 Z axl 6x, Opy f” e ax Oyi = f’7 Z¢l]¢zk6ﬁ7’ f” Z(sz(pﬁ]éyl

= VO](K)nK((SﬁY ; [gbflc(pf(]] + ¢fk<p§j). (A.8)

Due to sliding, the following expression is added to the matrices A [29]:

(Aﬁy)jk+ = Z a@ﬁ@f tl,k tl,y -

vol(A)
R fA(DIk((D;(nﬁnY: 3 (a(Nﬁ) Z tl,k(Nﬂ)tl,y(Nﬁ)éﬁj_

jk
1=1,2 M

(A.9)

€FEM

where Ng is the vector of coordinates of node  of A and A is the face of K that is contained in Fz. Due to
stabilization, the following corrections must be included [29]:

Kaq)g aq)f K K K
(Apy)jrt = fKTz a—xka—xy R Ty VOI(K)(,bkﬁ(/)w— (A.10)
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g0k 00f
Jk—f Z ox. O L~ V01(K)Z¢,k¢l] (A11)

1

where 7X and 7§ are 7, and 7, evaluated in element K with

H%

K K K

T] = and T, =61, A.12
L7 129K 2 =00 (A.12)

where Hy is the diameter of element K. Finally, the forcing term reads [29]

Vol(K)
= pf g ePol ~ pgsss (A.13)
and the right-hand side, stabilization term is
Gr=p fK 71 8- VOF ~ 1§ pgpk, vol(K). (A.14)

The assembly of all these local matrices together in the matrix of the whole triangulation yields to a non-linear
system in the velocity and the pressure that is iteratively solved with a fixed-point method. The linearized system
is solved with the GMRES method with an ILU preconditioner, available in the PETSc library [7, 8]. Eventually, its
solving brings up a velocity that can be given as an input to the VOF Algorithm 2.

A.2 Shallow ice flow
A.2.1 Two-dimensional schemes
Semi-implicit time discretization

Equation (3.33) depends linearly on the components Jff and can be cast into the tridiagonal system of equations

Vi T+ YT Y a7 = R), (A.15)
where
At
¢ _ AL ¢
Vi =3z @0 (A.16)
y’f=1+A—((@) + @ ) A.17)
J i1 il )
At
‘ l
Yia1 = _E(@f)ﬂ_% (A.18)
and
At bit1—Db;j bj—bj_
=#+— @ LT 9yt L L. A19
1 Ax(( f)J+% Ax ( f)J—% Ax ( )

125



Appendix A. Linear systems of the forward models

Implicit time discretization
Equation (3.35) is non-linear in the ice thickness and is solved with a Newton algorithm. Let us define the non-linear
function F of components

¢ s st

0
At Sjv175; -1 bj+1-Db;
(H) = H. — 720 - 28 e J ) ¢ 4 7 Nt At
FiH) = Hy- 7] - | @, L - @ L= v@p,., L
—b;_ Hjsi - H; Hi—H;_
j—bj-1 j+1~ Hj j—Hj-1
- (@f)j—% —Ax + (@f)j+% —Ax — (@f)]-_% —Ax — %jAt, (A.20)

where the (2y) ;_ 1 without time index are evaluated with H; instead of .#;. The Jacobian matrix of F is defined by

(DF)]'_L]' = (5].__%
(DF)j; = 1+ %Jf_% —‘6].1% (A.21)
(DF)j+1,j = —‘5]:%,
where
o = (P2 T Ly, ), (A.22)

and (gf)j—% is (6.11) evaluated in H instead of /.

A.2.2 Three-dimensional schemes
Semi-implicit time discretization

—
Equations (3.15)-(3.19) depend linearly on the components ./ ik and can therefore be cast into the pentadiagonal
system of equations

— 4 — 4 —

¢ ¢ = ¢ ¢ = ¢ ot
Vit o ZCj-1,k Y k1% j k-1 Y i€ je Y ki1 7 jke1 Y a1 17 jrk = Rjpo (A.23)
where
At
¢ _ ¢
V= n %L (a2
At
¢ ¢
Yk =322 k-1 (A.25)
¢ —1+2£(@€ +2! ) (A.26)
Vie = 2T on 2 Fi-t T P ke :
At
¢ _ ¢
Vikt1= " a2 7 k) (A.27)
At
¢ ¢
Vierke = T a2 D+l k (A.28)

and

At bik—bj bix—b;_ b1 —Db; bik—bi -
Rfk :Qif.e il @g 1 j+1,k ]k_@]g jk j 1,k+ Y Jk+1 jk_@g jk k-1

. . . . A.29
I Ax \Titk Ax -3k Ax k3 Ax k=% Ax ( )
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Implicit time discretization

Introduce the following quantities:

Fpi ey = T A0
2072
(F)pr = Tjrps ch].’f’j‘kl_lw)
@ ¢ nis,n-3 (A.30)
f) 1 k- % = T tjjfj—%,k—%( )
l _ n+1,n-3
((gs) %k % - (rs)]’_%yk_% %—%,k—% (f),
and
ng_;,k L= (9«}) Y. 1+(g:3)’ Lol (A.31)
(gf—%,k % ((gf)[ lk 1+((gs)[ ék é (A.32)

Equation (3.15) complemented with (3.27) depends non-linearly on the components %? - It consists in solving
FF#') = 7" - 7" - T (7!, 7°) =0, (A.33)

which is done iteratively with the Newton method. Let w" be the Newton iterate, initialized with w® = #'. Then,

solve
DFw")(w" - w"™) = Fw") (A.34)

until convergence, in order to find 2 , where DF(w") is the nonadiagonal Jacobian matrix of elements

At _ 5 5
(DF) j-vk-1ijk = = (60 (5xs]Yk+6ys]Yk) (A.35)
A ~ At
(DF) j-1,k;jk = E((Cgl )]k(5 S]k+5ysjk) (630} k01 (5)/3] k+1;jk 5xs}’k)) “oaZi-Li (A.36)
(DF)j 1 o1k = —m(%f);,m (5y§]”.’k+1 —6x§]V.k) (A.37)
At 5 5 At
(DE) j -1k = m((‘gf)yk (5xsjv'k +5ys}/k) (€3)j41k (5x5]+1 Kk~ 0yS ]k)) “ a2k (A.38)
A - -
(DB jisjre=1= 77~ - (%) )]k(5x k+0ySk )+((gl )i, k(ax Siv1k 65’8}//6)
&, 5,8% 6 . 6,8Y 5 2 AL gy A.39
+( )]k+1( ySjk+1” s_]k)+( 2)]+1k+1( xSjt1k T Oy ]k+1) ten 2 Zik (A.39)
At 5 At
(DE)jkes1ijk = =7 a (( 2], k+1(6ys}/,k+l 5x5]k)+(<€1 ) i1,k (5x Skt 0y ]k+1))_m@;k+%
(A.40)
At v
(DF) vtk = = e (61 (05871, 0557 (A41)
A - - At
(DE)jy1,k;jk =~ (((g+)1+lk(6xs}/+l,k_6ys}/ )+(<g+)]+1 k+1 (5 Sk +0y ]k+1))_m@;+%,k
(A.42)
(DE)j+1,k+15k = (Cg2 J+Lk+1 (6x§}"+1,k +6J’§}",k+1) ) (A.43)
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where @}’ 1 is the discretization (3.20) of (2.20)-(2.21) evaluated in w]V.k instead of Jﬁfk,
—3k=3
_ _ Sik—Sj-1,k _ Sik—Sj k-1
S}/k:bjk+w}/k, 6x3jk:—] A; , 6ysjk:—Ax , (A.44)
and
+\V _n+2 v n+l v Lo (~v _ v )
(cgl )]k - 4 (gf)]_%,k—% + 4 (gS)j_%,k—% + ZAxZ(g]—%,k—% sj,k—l Sj—l,k (A45)
+wy  N+2 v n+l1 v n-1_, W
V= T+ T s (s].k - Sj—l,k—l)’ (A.46)
where (%)Y |, |, (gfﬂ .. ,and¥Y | | are (A.30) and (A.32), evaluated in w‘.’k instead ofjﬂlk.
j=3k=3 J=pk=3 J=pk=3 J J
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This Appendix deals with the linear systems arising during the solving of the dual problems in the optimal control
algorithms of Chapter 6. The linear systems appearing in this Appendix are solved with the PETSc Library [7, 8]. The
line search as well as the BFGS algorithm (e.g. [15, 35, 47, 107] and [88, Chapter 6.1]) are realized with the Toolkit for
Advanced Optimization (TAO) method “Bounded Limited Memory Variable Metric”, -tao_blmvm, with the default
values for its parameters [86], save for its convergence parameters. The choice of the bounded version of LMVM is
due to bounds (6.24) and (6.25).

B.1 Two-dimensional formulation

B.1.1 Semi-implicit time discretization

Problem (6.7) with right-hand side (6.10) is linear in A’ and is cast into the tridiagonal linear system of equations
YA A S = R ®.

where the y? are defined by (A.18) and

n+2 n—1 Slf+% — S[f+1 ﬂ[_"} — ﬂ[i_"l
R(=20"— At Fol - %)’ )” A
J I 2 ( f)1+% Ax ( f)l+% Ax Ax
/+1 /+1 90+1 /+1
n+2 ¢ n-1_., )Sj N
+ Fr). 1 +——(95)" . B.2
( 2 ( f)J—% Ax ( f)J—% Ax Ax (52

B.1.2 Implicit time discretization

Problem (6.7) with right-hand side (6.15) is also linear in A’ and cast into the tridiagonal linear system of equations
(B.1), where

¢
At (n+2 S$i—=S8: n
¢ ¢ Vi ¢
. = —— Fr) | ———+— (D) B.3
Yi1= Toax\ 2 ( f)J—% Ax Ax( s)J—% ®B.3)
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14 At (”+2(g)f Si_sf—l n(@)é n+2(9)€ S§+1_S§+n(@)g (B.4)
Y=l ol I Ax 83T T T Ax T ax Vit '
¢ ¢
At (n+2 Sivi17%  n
¢ ¢ i j ¢
Al J 77 . B.
Vi 2Ax( > i T Ay Ax(%)ﬁé) (B.5)
and
Atl(n+2 i —S[ n !+} /1€+1
0 _ 041 _ 2L Sj+1 j_n Jj+ J
Ri=47"=3 ( (& f)1+ Ax Ax(%)ﬂé) Ax
l / /+1 /+1
n+2 _ ., 5781 n ., )Aj —A0
F —+—@ . _ B.6
( ( f) Ax Ax( S)J—% Ax (B.6)

B.2 Three-dimensional formulation
B.2.1 Semi-implicit time discretization

-/
Equation (6.40) with right-hand side (6.55) islinearin A and can be cast into the pentadiagonal system of equations

—¢ — — —r —¢ =¢
Yok H Y e Ak FY A Y e Ak F Y A ek = A (B.7)

where the coefficients y are defined by (A.28).

B.2.2 Implicit time discretization

—¢
Equation (6.40) with right-hand side (6.60) is linear in A , i.e. it can be expressed as the nonadiagonal system

¢ —¢ ; =t y; - ;=
Yj_l,k_llj—l,kq +Yj,k_1/1j,k—l +Yj+1,k—1/lj+1.k—1 +Yj—1,k’1f—1'k
¢ =t —r —r —r —r =¢
YA k+7’]+1 k%ﬂkﬂﬁ Lk d- lk+l+Y]k+1/1] k+1+Y]+1 k1o = Aje (B.8)
where the coefficients y are defined by
¢ At T
Vi-1k-17 " 4Ax (G )]k(VxS]k 1+VJ’S] lk) (B.9)
At —¢ At v
¢ _ o~ <0 = <0 <0
Yika= _W k1 a (%;)jk(vxsj,k_l V55 =D (VS +vysjk)] (B.10)
¢
Yitrk-17 (Cg )]+1 k(vxsjﬂk 1 Vys]+1 k) (B.11)
At —¢ —
= <t <0
Yj—l,k__m@]—*k+4A ((g+),k(vy51 1k~ Vx ]k) ((gfr)j,kﬂ(v)fsjk+Vysj—1,k+1) (B.12)
L=t 7 <0 0 ol (v <t 0
Yie= 142 5D+ m[(%l )H,k(vysjk—vxsjﬂ,k)+(<€2+)jk(vxsjk+vysjk) (B.13)
(<€ )]+1 k+1(va]+1k+VyS] k+1)+((€ )] k+1(sz ik VJ/S] k+1) (B.14)
At —¢ At
¢ _
Yj+1,k__m j+%,k 4 (<€ )]+1k(vx3]+1k+vys]+lk)+((g )]+1k+1(vxs]+1k Vy j+1k+1)
(B.15)
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r ——¢
¢ _ < A
Vi-1k+1 = ga ((glJr)j,kJrl(vysj—l,kH _vaj,kH) (B.16)
At —r¢ [ |[——¢ —t
¢ _ = ¢ Y 0 i
Yiks1 = _2Ax2@f'k+% * TAx [(%2 )j+1,k+1(vysj,k+l —szjﬂ'kﬂ) + (<€1+)j,k+1(szj'k+1 +Vy3j,k+1)
(B.17)
At ——¢
¢ _ = <0 =
Vitrk+1= 4Ax (€, )j+1,k+1(vxsj+1,k+1 +vysj+l,k+1)’ (B.18)

where (¢6;°) and (") are defined by (A.45) and (A.46) respectively save that they are evaluated in %f « instead of

v
w].k.
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