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Fréchet Sensitivity Analysis and Parameter Estimation in Groundwater
Flow Models

Vitor Manuel Leite dos Santos Nunes

(ABSTRACT)

In this work we develop and analyze algorithms motivated by the parameter estimation
problem corresponding to a multilayer aquifer/interbed groundwater flow model. The pa-
rameter estimation problem is formulated as an optimization problem, then addressed with
algorithms based on adjoint equations, quasi-Newton schemes, and multilevel optimization.
In addition to the parameter estimation problem, we consider properties of the parameter
to solution map. This include invertibility (known as identifiability) and differentiability
properties of the map. For differentiability, we expand existing results on Fréchet sensitivity
analysis to convection diffusion equations and groundwater flow equations. This is achieved
by proving that the Féchet derivative of the solution operator is Hilbert—-Schmidt, under
smoothness assumptions for the parameter space. In addition, we approximate this operator
by time dependent matrices, where their singular values and singular vectors converge to
their infinite dimension peers. This decomposition proves to be very useful as it provides
vital information as to which perturbations in the distributed parameters lead to the most
significant changes in the solutions, as well as applications to uncertainty quantification.
Numerical results complement our theoretical findings.
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Notation

[Dy[2(t; @)]] =g, Fréchet derivative of the solution operator z(t; q) with respect to
the parameter ¢ at qo

[Dy[2(a)]] =g Fréchet derivative of the solution operator z(q) with respect to
the parameter g at qq

H preconsolidation head

h water head

h® water head in the aquifer

h! water head in the interbed

T transmissivity

K = (K", KY, K*) hydraulic conductivity

w groundwater flow source term

k. vertical hydraulic conductivity of the interbed

S specific storage

Seke elastic skeletal storage

Sew inelastic skeletal storage

A, [ Lamé constants (when used together)

« Biot-Willis constant

I fluid viscosity

Co constrained specific storage
symmetric permeability tensor
displacement
pressure

cost functional

general parameter

differential operator (depending on parameter q)
parameter space

admissible parameter set

spatial domain, subset of R"

D00 R YT 2 =
S

o) boundary of (2

n unit boundary normal vector

A Lagrange multiplier

11, interpolation operator of degree k

HY finite element space of dimension N

SN finite element space of dimension N (solution space)
QM finite element space of dimension M (parameter space)

v



Chapter 1

Introduction

Since the early stages of human history, the search for water supplies has been a fundamental
problem. This alone justifies the importance of modeling and identifying model parameters
(parameter estimation) of groundwater flows. Since most of the water is stored beneath the
surface; it is very challenging to obtain the information on those parameters that model
the distribution the water in reservoirs. Most scholars approach the problem within the
framework of poroelastic media models, where the fact that the water flow has a direct
impact on the shape and storage properties of the reservoir in question is considered. For
instance the processes of dryness by pluming or change in the volume for natural reasons
on an aquifer leads to subsidence. The data used in parameter estimation has two distinct
forms. The subsidence data is provided by satellite, whereas the volume of water is by
measurements on wells. Here the major problem is that the number of wells is relatively
small when compared to the size of the land in question. For example, one can have wells
that they are dozens of miles apart. Therefore one will need to interpolate the data spatially,
it will also be necessary to interpolate the data in time since it is not collected constantly.

In this work water supplies from the Las Vegas Valley is considered. The objective is to
improve the existence model and to estimate relevant parameters. The forward problem is
modeled numerically by MODFLOW [13] |, [22] and [44], [55], as well as a solver that we
developed. The parameters, specific storage and transmissivity can be estimated by UCODE
[40], or the adjoint quasi Newton optimization solver that we developed. The major problem
of UCODE is that it can only estimate the parameter values once their distribution in space
is known (zonation). Therefore we developed an algorithm that coupled with UCODE can
estimate the parameter values without prior knowledge of the zonation. Both UCODE and
MODFLOW use a finite volume scheme to approximate the partial differential equation
(PDE).

Once the parameters are identified, the study take another direction, namely determining
how those parameters impact the solution or the system’s output. This is process is called
sensitivity analysis. Sensitivity analysis gives insight into the impact of changes on the distri-
bution of the porous media, wells and even the existence of a construction site on the water
reservoir. This is done by considering the data or the solution of a PDE as a function of
the distributed parameters, boundary conditions and/or forcing term, since this functional



is well defined on the set of parameters which leads to a unique solution. Under certain
assumptions it is possible to differentiate the operator with respect to the parameters of
interest. This derivative is an operator called the Fréchet derivative. Motivated by ground-
water sensitivity analysis, we developed results on the steady advection-diffusion equation
and convection-diffusion equation. These results include the existence of Fréchet derivatives
in Hilbert spaces, their spectral decomposition and numerical approximation. In previous
works by Herdman and Spies [21] and Seubert and Wade [44], the differentiation is considered
in Banach spaces. Although these spaces are more general than Hilbert spaces, they lack
some essential mathematical structure for considering approximations. Furthermore, the
additional Hilbert space structure allows us to prove that if one assumes some smoothness
in the PDE parameters and source term, the Fréchet operator is Hilbert-Schmidt, the infi-
nite dimensional equivalent to the singular value decomposition (SVD). This decomposition
allows us to identify which parameters are the most important, reduce the dimension of the
Fréchet derivative operator, and create an adaptive meshing strategy. All of these results are
developed within an infinite dimensional framework. There are several advantages of such a
decomposition.For example, in parameter estimation the gradient is explicitly computed and
a lower dimensional representation of it can be computed by truncating the Hilbert-Schmidt
expansion.

Outline

This work starts by discussing groundwater flow (GWF) models and their particularities
as their approximation technics. The numerical approximation of the flow is not straight
forward. One must take aspects such as mass conservation, subsidence and the low values of
the storage parameter into account. The main model is based on Leake’s model [30] and is
presented in Chapter 2. This is followed by the discussion of the existence and uniqueness of
the solution of the inverse problem and the Lagrangian associated with it in Chapter 3. The
next step is the development of techniques to estimate the parameters and include techniques
such as djoint methods and zonation algorithms. The parameter estimation study is followed
by theoretical and numerical sensitivity analysis results. Chapters 6 and 7 are dedicated to
numerical results for sensitivity analysis and parameter estimation.



Chapter 2

Groundwater Flow Models

2.1 PDE Models

2.1.1 Introduction

In this chapter we present three groundwater flow (GWF') models that are used to study large
aquifers. The first is known as the classical model, developed in Section 2.1.2, and is the basis
of the U.S. Geological Survey (USGS) package MODFLOW [24]. This model is generalized
to a multilayer model in Section 2.1.3 and accounts for land subsidence and is implemented in
the USGS SUB Package [30]. The multilayer model is a simplification of Biot’s general theory
of three-dimensional consolidation [7] and is given in Section 2.1.4. While we do not use the
resulting poroelastic model in any of our work, this model of the pressure head and the elastic
displacement of the aquifer serves to enhance the understanding of the approximations made
in the multilayer model. The extension of the results of this dissertation to the poroelastic
equations is outlined Chapter 9. Following the introduction of these models, we review
numerical discretization approaches in Section 2.2. This includes finite difference and finite
element approximations of the classical model in Sections 2.2.1 and 2.2.2, respectively. The
finite element approximation is used for our work on Fréchet sensitivity analysis. A combined
finite volume/finite difference approximation for the multilayer model is provided in Section
2.2.3. This combined approximation is used by MODFLOW.

2.1.2 The Classical Model

The classical PDE model for describing the piezometric head h for a saturated flow combines
mass balance with Darcy’s law. The result (assuming anisotropic hydraulic conductivity,
cf. [5, p. 180]) is

{ d,ih< ) ( ( )):c + (Kyhy(t’x))y + (KZhZ(th))z + W(tax)a (C )
h(0) = hy, ho € H}(Q), 4



for all t € [0,7], and x € 2, a convex subset of R3. The spatially varying functions K?,
KY and K? represent the hydraulic conductivity in the z, y and z directions respectively.
THe storativity is denoted by S = S(x) and W is the source term. The source term models
effects such as rain and well pumping.

Theorem 2.1.1 (Existence and uniqueness of solutions to the classical model ). Let 2 C R3
be bounded, S € Q* := {q € C() : Jas > 0 such that ¢(x) > a5 Vx € Q}, K* KY, K* €
QF .= {q € C(Q) : Jap > 0 such that q(x) > ay Vx € Q}, W (t,-) € L3(Q) for all t > 0, and

W satisfies the condition that there exist constants v, 3 > 0 such that
W (t,-) = W(s, e < Blt —s[* forall s,t > 0.

Then there exists an unique solution h € C*(]0,00[ ; H*(Q) N Hg(2)) to (C,).

Proof. The proof of this theorem is a direct consequence of Corollary 2.8 in Chapter 7,
Pazy [37] since the operator

AX)() = @[(K’C(X)(-)x)x + (K (%) ()y)y + (KZ(x)():)-]

is strongly elliptic. The strong ellipticity follows immediately from our assumptions on S
and (K* KY, K?). O

The main limitation of the classical model is that it does not account for the fact that
an aquifer is a poroelastic medium. In other words, as flow occurs in the aquifer, the
domain shape changes through time. This displacement leads to a change in the storativity
parameter, S.

The standard correction to the classical model subdivides the domain into layers, some of
which are incompressible (the aquifer) and others are compressible (the interbeds). These
layers each have different physical properties: thickness, storativity, and conductivity. The
layers are approximated by coupling layers of two dimensional models. The individual layer
models are constructed by averaging the quantity of water in the vertical direction, this is
discussed in the next section.

2.1.3 The Multilayer Model

The previous model is not practical for real aquifers since it does not incorporate subsidence
and its effect on the specific storage. Furthermore, most aquifers are well approximated by
layers of uniform material. Numerical approximations of (C,) do not take specific advantage
of this distribution of the aquifer specific storage and transmissivity. Thus a model that
divides the domain into a union of horizontal layers is common in the literature. The are
two type of layers, aquifer layers and interbed layers, see Figure 2.1.



Figure 2.1: Groundwater model layers.

Their physical properties are significantly different and this leads to the following assump-
tions:

Aquifer Layer

e High permeability that allows water to flow in ordinary conditions.
e The water only flows horizontally within the layer.

e It is incompressible (for example, sand or gravel).

Interbed Layer

e [t transmits water at a much lower rate compared to aquifer layers.
e The horizontal conductivity is assumed to be zero or almost zero.

e It is compressible (for example, clay).

The layers are constructed distinctly in order to better fit the previous assumptions. The
average quantity of water in a layer [ that is bounded at each point (z,y) by b}*(x,y) (bottom)
and b} (z,y) (top) is given by

B 1 bgl (t,x,y)
h* = h dz.
(x,y) bgl (az,y) _ btlzl (x7y) /b‘lll(a';’y) (Q?,:%Z) z

It is relevant to point out that aquifer layers are averaged over an interval in which the
relative location of its endpoints do not change over time. This is in contrast with the
similar definition for interbed layers where the relative locations of endpoints may evolve
over time because they are assumed to be compressible layers. Within interbed layers, we
assume that K*(z,y,2z) = 0 and KY(z,y,z) = 0. Thus, the flow within interbed layers is
vertical, and contributes a source/sink to adjoining layers.



Aquifer Layer Model Equations If we consider transmissivity to be equal in each di-
rection (C,) can be reduced to the following PDE:

S(x)gh(t,x) =V - (K(x)Vh(t,x)) + W(t,x), h(t,-) € H(Q);
K(x)Vh(t,x) -7 =0 x € 0N (2.1)
h(0) = hg ho € L?(Q), t € [0,T].

The source term W is now more complex since it incorporates the discharge/recharge
from adjacent (aquifer/interbed or interbed/interbed) layers as well as all other possible
sources or sinks. Integrating both sides of (2.1) in the vertical direction z over the interval
(b7 (t, z,y), b3 (t, z,y)] (and ignoring the arguments of b;') results in:

by! by!
/ S(X)%h(t, x,y,z)dz = / V- (K(x)Vh(t,x)) + W(t,x) dz (2.2)
byt by

for the aquifer layers and, similarly for the interbed layers (keeping the ¢ argument to em-
phasize that the interval is time dependent)

Bl 1y
ooy i 1)
/ Se) - Lht vy, ) d= = / Vo (KX)Vh(6LX) £ WEx) dz (2.3)
bl (1) dt 0

for the interbed layers. We now apply the layer modeling assumptions to the V - (K'Vh)
terms in the equations above. In the aquifer layers,

0

bal bal
2 2 0
/ V- (KVh(z,y,2))dz = Vi - (KV@yh(z,y,2)) + = (K—h(az,y,z)) dz
bi‘l b‘fl ’ ’ 82’ (92

ay ay

b 2=b,

2 0
= Ve (KV(x,y)h(x, Y, z)) dz + <Ka—h(ac, Y, z))
btlll z z:btlll

al
Interchanging the V, - and fbl;% operations leads to
1

by (z,y)
= Vi /b (Kv(gw)h(x, Y, z)) dz + KV g yyh(x, 9,05 (2, y)) - Viaybs' (2, y)

1 z,y)
z=by! (z,y)

0z

a a 0
_Kv(x,y)h(J:a Y, bll<x7 y)) ’ v(w,y)bll<x7 y) + (K-h(.ﬁC, Y, Z))

z=b! (z,)
By assuming there is no subsidence in the aquifer and horizontal flow, h(t, z,y, z) = h%(t, z,y),
one can define, for each aquifer layer [, the transmissivity, storativity, and effective source as

b;l (z,y) _ b;l (z,y)
T'(a,y) = / K(z,y,2) dz,  S(a,y) = / S,y 2) dz,
b b

1 a,y) )

and

by (z,y)
P(x,y,t) = / W(zx,y,z,t) dz.
b

a

1l (z,y)

6



Each aquifer layer then is modeled by a two dimensional PDE in x = (z,y).

Since water flows more freely in the aquifer layers than the interbed layers, we assume that
the flow in the interbed is only vertical, thus K* = KY = (. Furthermore, assuming it is an
isotropic porous medium, (2.1) simplifies to a series of one dimensional PDEs (at each x).
The multilevel model then becomes

~Ohi(t,x . W
SUELE) v, (v )
Ohli+ Ohh-1
(1+1) _ (-1 - a
R 0z |Z=bil“(t7(:v,y)) K Oz |z=b;l*1(t,(z,y)) +Atx) (M7
for aquifer layers, and
Ohl 2hl
l l _ l 1
S(())W(Z) —K()W(z) (M)

(at each x) for interbed layers. These equations are coupled through the continuity of the
flux K % across the layers. Thus, the aquifer equation (M7) for layer [ has a source term
from the interbed layer above (I + 1) and below (I — 1). These terms vanish at the top and
bottom boundaries and for adjacent aquifer layers.

We assume that the shape of €2 does not change vertically, in other words,
Q = {(:E,y,z) : (ZL‘,y) € QQ - R2, zZ € [Qbottomaetop]} .

The actual compression of the interbed is accounted for through the time-varying specific
storage S[gl). More details of the modeling of this term are provided in Section 2.2.3.

The boundary conditions are then inherited from (2.1) therefore:

TH(X)Vzh®(t,%) - 7i(X) 0 % € 09,
Rl(t, %, b1 (1, %)) =  hY-1(t,%) t>0
Rl(t, %, b) (1, %)) =  h%(t,X) t>0
R(0,%) = et [22 %) ha(0,x) da (o)
S b3 (3)—b;! (%) bﬁ(;?)l o
\ R1(0,%) = m fbi((o;zx)) h11(0,x) dz.

These boundary conditions insure that the flow is continuous over the layers. The next
section discusses a more fundamental PDE model based on explicitly modeling the elastic
effects of the storage media which we will refer to as the poroelastic model, [46].

2.1.4 The Poroelastic Media Model

Although we do not delve into too much detail, a more general framework for modeling the
elastic deformations in groundwater flows was analyzed by Showalter [46] and numerically
simulated by Phillips [38,39]. The poroelastic model considers the displacement produced



by the flow. This leads to a coupled system for both the pressure p and displacement u

—(A+ p)V(V -u(t)) — pV2u(t) + aVp(t) = h(t) on €
L{cop+aV - ult) + LV - 5(Vp(t) + prg) = hlt)  on ©
p(t) = po on r,,
K(Vp+prg) v =4q on Ly, (P,)
u(t) =up on r,, 1
gu)y =ty on Iy,
p(0) = p°, on Q
u(0) = u°, on )

where 02 = I',|JI'y and 0Q = I',|JT',, A, p are the positive Lamé constants, « is the
Biot-Willis constant, py the fluid viscosity, ¢y the constrained specific storage, and & is
the symmetric permeability tensor. For the problems considered here, u : [0,7] x R? —
R? p: [0,T] x R* = Ry, V := {v € H'(Q) subject to v|,, = 0} , and V := {v €
H'(Q) x H'(Q2) x H'(Q) subject to v, = 0}. The physical interpretation of the operator
C(u) — (A4 u)V(V -u) — pV?u is the elastic operator and A(p) = —d;(k0;p) is the diffusion
operator. By the considering h(¢) = 0 the first equation on 2.11 can be rewritten as u(t) =
C~1(Vp(t)) which then reduces the problem to one variable, since the second equation is
then written as:

% (coPp(t)) + ¥V - C L (Vp(t)) + A(p(t)) = h(t)

Which is an implicit evolution equation, this is thoroughly studied by on chapter IV of R.E.
Showalter [46]. Since it can be written as:

d
B (plt) =

Obviously the Ker of these operators will play an important role in the uniqueness of a
solution. For instance suppose that p(t) is a solution and r(¢) is a nontrivial element of
Ker(B) N Ker (A) then p(t) + r(t) will be a solution of 2.5 as long r(t) satisfies initial and
boundary conditions. Thus assumptions on the operators A and B must be made in order
to guarantee uniqueness. Which in our case in then Ker(coP — v C‘lﬁ) NA = 0. This
motivates the following theorem:

Theorem 2.1.2. If Ker(cogP — V - J)NA=0,T >0, v € L*Q), v; € L*Ty),

Y
ho(.) € C*([0,T],L*()) and hi(.) € C*([0,T),L*(Ts)) then there is an unique pair of
functions p(.) : (0,T) =V and u(.) : (0,T] = V such as:

(2.4)

A(p(t)) + h(t) (2.5)

()\ + w)V(V -u(t)) + uV*u(t) + aVp(t) = 0 on
(¥ () 9 (TR0 ) <) on
p(t) = on Iy,
K(Vp + pfg) v=gq on Iy,
(P)y{ u(t)=0 on L, (2.6)
& (L= pu(t) -8) xs + k%52 = hi(t)x on Ty,
lirgl+ (cop + aV -u(t)) = vy, in L*(Q)
t—
lim (1 — f)u -1 = v, in L*(T's)
\ t—0t




The next last section on theoretical models, will show that the classical equation (C,) is a
particular case of (2.5).

Groundwater as a particular case

Since the specific storage over (C,) in not time dependent one can claim that S(x)<h(t)

45(x)h(t) thus one can define B(h) = h and A(h) = S(x) (K (%)ha)s + (KY(x)hy) +
(K"(x)h.).]. Then (C,) is of the type:

2 (h(t)) = A(R(D) + W () 2.7

It is trivial to prove that A : H}(Q) — L*(Q) is regular accretive and that under the
assumption that S € Q*and that K%, KY, K*, € Q¥ :

(A(),v)r2e) + [vll3a
lim ) GLICORYNS (2.8)

loll 73 oy =00 0]l 2230

This fulfills all the assumptions of Proposition 5.1 on [45] the there is an unique solution to
(2.7) and consequently to (C,) as next theorem says:

Theorem 2.1.3. For each hy € H*(Q) and W € W (0, T; HL(Q)) then there is an unique
h € Wh> (0,T; H} () such as h(0) = hg and Vt € [0,T] we have:

d

5 () = A((1) + W () (2.9)

Which can be translated as there is an unique h € WH> (0, T; H}(Q)) such as h(0) = hy and
Vt € [0,T] we have:

?), { S h(t,x) = (K*hy(t,%)), + (K¥hy(8,%)), + (K*h.(t,x)). + W(t,%) :

h(0) = ho ho € HY(). (2.10)

For the non homogeneous case, Showalter uses second consolidation system:

Theorem 2.1.4 (Existence of a strong solution). Under the assumption that \* > 0, co > 0,
vg € Ve, wo €V, and
H() € C° ([0,T], L3(Q) & L*(T's))

h(.) € C*([0,T],V',)
There is an unique pair of functions p(.) : (0,T] = V, u(.) = V such as:

coPp()+V -u(.) € C°([0,T],V’,) N C*((0,T],V",)
[V -u(.),u(.)-n] € C°([0,T], L*() & L*(Ts)) N C* ([0, T], L*(Q) & L*(T's)) that satisfy the



matial-value problem

V (§Vu(t) — (A +
d(cop—l—av u(t)) +
ﬁ

) limy_o+ (cOPp( )+
limy o+ V- u(t) = V - wo in L2(Q) & L2(T's)

V(V -u(t)) — pVu(t) + aVp(t) = H(t) in V'
(P) (V (t) + prg) = h(t) in V) and t € (0,T]

(2.11)
Where A(p) = [—0;(kd,p),kVp-ii] , Vo := Rg(A) C L*(Q) & L*(Ts), V = [V, —Bpil,
P:L2(Q) @ LX(Ty) — L(Q) @ {0} and Ts =T, NT,

This ends this topic of groundwater and poroelastic media modeling. In the next section we
discuss strategies to compute numerical approximations of the models discussed above.

2.2 Discretization

The discretization of a model depends on historical choices, accuracy requirements, enforcing
physical constraints such as mass conservation, and how the model will be used. For example
a particular discretization may be better suited for forward simulations than for parameter
estimation algorithms and vice versa. In this section we present several methods to discretize
the models presented above as well as discuss some of their advantages and disadvantages.

2.2.1 Finite Difference Discretization of the Classical Model

This is a commonly used method due to its fairly simple implementation, the down side is
its convergence rates are not optimal and depend on the smoothness of the problem. We
subdivide the spatial domain into a grid of rectangles of dimension Ax by Ay with N,
points on the z-axis and N, points on the y-axis as shown in Figure 2.2. The time domain
is discretized into submtervals of length At. Let b denote the value of the water head at
(w;,y;) at time ™.

One classical example for this type of discretization is the implicit scheme:

m+1 m T m+1 m+1 m+1 m+1 m+1
g 'hi,j - hi,j _ 0K hZ+1j - h + Kx hz 1,5 Qh‘i,j hZ+1j
w At o |, ; Ax I (Az)?
m+1 m~+1 m—+1 m+1 m—+1
OKY hz ,J+1 hi,j + K ‘hz] 1 th,j hz ,J+1 Wm+1 (2 12)
Ay Ay " (Ay)? o '
This is equivalent to the system
A(S, K)h™t! = R(S, K)h™ for m >0 (2.13)

where A(S, K) is a matrix of dimension N x N where N = N, N, — 2N, — 2(N, — 2) and
h™ a vector of dimension N x 1. It is relevant to mention that the dimension of A is N x N

10
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Figure 2.2: Discretization of an aquifer layer (left) around a region of interest (right), [6]

rather then N, N, x NN, due to the boundary conditions which results in a reduction of
the number of variables.

With the error bounded by ( [2] K. E. Atkinson)

MI(Ax)" + (Ay)" + (At (2.14)

where M is a constant that depends on the domain and the coefficients S and K.

Note that this traditional finite difference approach does not have the property of conserva-
tion of mass.

2.2.2 Finite Element Discretization of the Classical Model

The finite element method was introduced in the early 1940’s. The underlying functional
analysis used in developing the method enabled convergence results by taking advantage of
its Hilbert space structure. In our case consider a Hilbert space H = H}(2) and a finite

dimensional subspace H" with orthonormal basis {¢;(x)}=). Multiplying (C,) by ¢; and
integrating results in

/ngiS%h(t)dx = /qui[(Kxhx)x + (KYhy) + (KYh,), + W(t)]dx.

11



The weak form of (C,) holds for all ¢; € H". Using the divergence theorem gives
d
/ 655 L n(t)dx = — / Vi - [Kha, K¥hy, KVh.]dx
o dt Q

+ [ GilKThy, K¥hy, K¥h.) - #dT + / W (1) dx. (2.15)

a0 Q

Since we are looking into H}(Q) solutions, (2.15 ) is equivalent to

d
/ S h(t)dx = — / Vi - [K%hy, KVh,, Kh.)dx + / oW (dx.  (2.16)
Q Q Q

Let

WV (t,x) == Zqﬁi(x)hi(t).

Then (2.16) is equivalent to the following system of differential equations

d

SahN(t) = [K* + KY + K*]h™ (t) + F(t) (2.17)
where
BV () =l (1), ... b (D], Sij = / 61(x)b; (x)s ().
K, = / 01(X)1 0 (), (%), KY, = / 01(X) (), KV (x)dx

K; :/Q@(X)Z(bj(x)zf(z(x)dx, and Fi(t) :/Q@(X)W(t)dx.

Any implicit method can be used to solve (2.17). For example, Crank-Nicolson or Runge

Kutta methods. Using the Crank-Nicolson scheme with a time step At leads to

h™(t + At) — h¥(¢)
At

h™ (t + At) + hV (¢) N F(t+ A +F(t)

S 2 2

= [K® + K’ + K7]

This can be factored as

S S 1

Nr E[KI + KV + KZ]] hN(t—l—At) = [— + Z[K” + KY + K7] hN(t)+F<t + At) + F(t)

2

At 2 At 2

The error bounds and rate of convergence depend inherently on the type of domain, type
of mesh and of course, the type of basis, and the time discretization. The advantage of this
method is that it is very similar to the weak formulation of the PDE. Therefore all the tools
from PDE analysis and functional analysis can be applied to analyze its convergence. The
details of these properties will be discussed in Appendix A.

12



2.2.3 Finite Volume Discretization of the Multilayer Model

The most common discretization methods in the groundwater flow literature are based on
finite volume approximations. This is true for both forward and inverse problems. The
main motivation for these methods is better mass conservation. Therefore, finite volume
discretizations do not seek to estimate the quantity at each point but rather the volume
average of a quantity over small geometric regions. The domain is discretized into rectangular
prisms or cubes in three dimensions and into rectangles or squares in two dimensions. Due
to the different nature of both layers their discretization changes as indicated in Figure 2.3.
The image on the left illustrates the fact the flow moves horizontally in the aquifer layer,
while the image on the right relies on the fact that flow is only vertical in the interbed as
discussed in Section 2.1.3.

Column -1 i 41

2 Ax,, Ar,y, Aquifer
A R b
. Row 2= [
ko e
1 I .
Ay | a _ — M P
(Qv)g % * Cell (I‘f) ———————— Delay interbed — — — — — — —
T | L S
@u | W N0y | |F  EooooooTiT o
Ay ? —> 8 >0 j g () [ e N e Midplane
hr'-l,_,u' * h|+],j ————————— ZN_N-T___.____.___,__.___ (no flow)
Y | oL il G, B
(Qv)i,l'-': ——————————I—————————
&y, o o Al Ermoemoame SE sy
A N I ——————————
e T PR ] B ——— I
b f i - Aquifer

Figure 2.3: Finite volume discretizations.. Aquifer layer (left) and interbed layer (right), [6].

Discretizing the Equations for Aquifer Layers

In Section 2.1.3, we showed that the flow in aquifer layer I could be modeled by (M)

. Oh(t, %
S<i># =Vs - (T(X)Vh(t,%))
Ohl+ Ohli-1
(l-‘rl)— . (l—l) B .
TR =] ey T g i ey T RER) (M)

Let the mesh of €2; be composed of disjoint rectangles €2; ; of dimension Ax; by Ay, and
centered at the point (z;,y;). The finite volume method is based on converting equation
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(M) to an integral equation on each rectangle. This leads to

ahaz < B . o ~ ~ (1) ahli+1 ~
/Q ijs() OMER) e / Vs - (TH(&)Vh (£, %))d% + /Q R e R

— KU*U%—M\ 1’ dx + Py(x,y) dx. (2.18)
Qu Dz == (L (xy) o ’

2%

Using Stokes’ theorem on the term fQu Vi - (THx)Vhi(t,X))dX, we obtain

/ Ve (TR V(%) dk = /8  TUROVANR) 0 (219

¥

Substituting this expression into (2.18) yields

~ahal - I ay 5 (lJrl) ah1i+l ~
/Q‘ . S 81& dX = /8(2 ‘ T Vh ‘n d@QM + /Q . K az ’zzbi”l(t,(x,y))dx
i, ¥

(1-1) 8h11 1 ) ~
K \:bgz_l(t’(x’y))dx—k ; P(z,y)dx. (2.20)

Replacing A%, T, and S by their cell averages, with hg, (tg, zi,y;) = h¥ ', the left hand side
(2.20) is discretized as

SUIGR L Sl
/QM Sde ~ Si,jTAm Ay,.
The discretization of the right hand side of (2.20) requires more care since the derivative at
the edge of the rectangle must be approximated from the surrounding cell averages and 7"
must also be approximated there. This can be performed by either a simple average of 7% in
neighboring cells or by the harmonic average. Each cell is connected to four adjacent cells.
Thus a cell can receive or lose volume of water through each of those. Let 0,€; ;, 0262 ;, 05€);
and 04€); ; denote the left, bottom, right and top edges of the rectangle 9€); ; respectively.
By considering an implicit scheme, we have the following approximations for the boundary

integrals:
hk+1 hk:+l

7 ~ ._ 1,5 i—1,5
/8191] TVh . ndanJ ~ (Qﬂﬁ)z—%,] = _T’—;JA%T;’

Bl hk+1
i+1,5

/ TVh-doQi; ~ (Qu)ip ;= Tt jAy;———,

83911

Axl-Jr%
REFL _ phtl
TVh - 1idoS; =T . Agp—l =
/629” n g (Qy) ij-1AT Ay, 7

— ~ . 7,,]+1 27-]
/ TVh-1ddQ; ; ~ (Qy)i,j-&-% = Tz‘+§,jA5Ei—’
042
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where

Az, 1 = 1—+7 N L7 Ay, 1 = AYj—1+ AY;
73 2 o 2 J73 2
Ayji1 + Ay;
and Ayﬁ% = — 5
The harmonic mean is
A‘Tifl -+ ASI}@ AIZ'+1 -+ AIZ
7_;_%7]' - Azi_q Az; 1—’14‘%7] - Azxiqq Az
Ti—1; | Tiy Tit1;  Tig
and T; ;. 1 and 7T} ;. 1 are analogously defined. Then

/ TVh-1doQ; ; ~ (Qw)i—%,j + (QCB)H—%J‘ + (Qy)z‘,j—% + (Qy)i,j—i—%‘
09

Consequently, the aquifer finite volume representation is given by
k+1 k
Lk

Si,ijiA?/j% = (Qx)i—%,j + (Qw>i+%,j + (Qy)z‘—% + (Qy)ﬁé

where N, ; is the connection between the aquifer and interbed. Abstractly, we can write the
discrete form of the model as a system with the following structure

B, (S, T, At)h™ = A,(S, T, At)h™ + f™. (2.21)
In order to introduce Neumann boundary conditions, TV h - 7 = 0 one has to set

(Qw)k%,j = (QCE)Ner%,j = (Qy)i,lf% = (Qy)i,Ner% =0Vi,j.

Discretizing the Equations for Interbed Layers

The Interbed equation at a point (z,y) in the horizontal plane is given by

dh!(t) O?hl(t)
dt =K. 022

Since the interbed is a compressible medium, there must be some adjustments to its dis-
cretization. The subsidence alters the speed of the flow and the specific storage as well. S.
A. Leak [30] introduces an artificial variable called the precondition head H which is defined
as

S (2.22)

Definition 2.2.1. Precondition Head
Given H° = H, then
m— . Im—1 m—
HY ' if b > B
H™ = o o 1 (2.23)
h,;;j if hi;j < Hm‘

15



Definition 2.2.2. Skeletal Specific Storage

. Skej if hjwm > Hj’m—l

2.24

where S, is the elastic storage and Sy, is the inelastic storage. Their contribution to the
model is that the term S % can be estimated at time ¢ by

S_dh(t) ~ Ok Ske
At At

dt
This implies that the discretization of (./\/l;;) is as follows

(hj,m _ij,m—l) +

Im—1 Im—1
3 (It plmt), (2.25)

m Shke _ _ R — 2R 4+ hI
_k(h‘g’m—HI’mil)—i— k (HI,m 1_h§,m 1) :Kvi ]+1 ] J 1

2.26
At J At 2Az ( )
which leads to the following scheme
By(S, T, h™ Y pm™tt = Ap(S, T)R"™ + r™, (2.27)
Aquifer-Interbed Coupled Model
(h'=h?) .

To connect both layers we use Darcy’s law. The term N = K"~ is added as forcing term
to the aquifer and f—;h“ as a boundary condition to the interbed. Since the two equations
are now coupled, (2.21) and (2.27) give rise to

B, ct hytt A, C3 i Fm
[ C? Bi(h™) } { hyt } - { A ] { ny ] * { (™, m) } - (2.28)
This has the form
B(g(h™")h™ " = A(g)h™ + R(g(h™)). (2.29)
The nonlinearity arising in the interbed model (since the storage is a function of h) is treated

using a Newton method. Groundwater models where the domain consists of more than two
layers is given by the block tridiagonal system

B, C’IQW1 0 0 0 0 h;ﬁ“
Ci. Bn Ci, 0 0 0 hpt
0 C’}lm B, C'%b 0 0 hZ;H
0 o . 0 ol
0 0 0 C;nflJnfl Bl’ﬂfl 012,,1,17an h’rfr:z—"—_}
i 0 0 0 0 C}nfl’an B, 1L hZ’;H ]
— — [ Fm ]
f?l)al Can 40 0 0 0 het (™, m)
CahIl AIl 0117a2 0 0 0 h?lb O
0 C’?lm Aa, 022712 0 0 he, N i (h™, m)
0 0 ' 0 5 0
0 0 0 an—ly-[n—l AIn—l C;ln—lyan h?z;—l
0 0 0 0 C} e Aan | h r™  (h™ m)
0




2.2.4 Four Layer Model

An example of a four layer, aquifer-interbed-interbed-aquifer is shown in Figure 2.1. This is
equivalent to the model derived in Section 2.1.4 by appropriately arranging the layers and
introducing the proper connection terms. The four layer model will be used in some of our
numerical results in Chapter 7.

2.3 General Finite Volumes Methods for Groundwater
Flow Models

The main difference between finite volume and finite element schemes is the definition of the
flux, more generally the discretization of

/ TV h - 1doS2..
01

As one can imagine this can be done in several ways with various types/orders of discretiza-
tion. Although these methods have substantial differences, they all follow the same foun-

dational premise, mass conservation. In this section we only considered one methodology
which is used in MODFLOW.

In the Chapter 3 we discuss the well-posedness of the inverse problem as well as necessary
conditions for optimality.
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Chapter 3

Theoretical Aspects of Parameter

Estimation in Groundwater Flow
Models

3.1 Introduction

The availability of accurate groundwater flow models (GWFMs) is valuable since they can
be used to evaluate a variety of scenarios ranging from drought to residential development.
This so-called forward problem is described in Chapter 2. It consists of being given a set
of parameters, the initial state of the aquifer, and knowledge of source terms then using a
GWFM to predict the evolution of the aquifer (piezostatic head and/or displacement). In
most cases, the parameters are not available or information known about them is sparse or
inaccurate. This chapter is dedicated to answering a different problem, known as the inverse
problem or parameter estimation problem. Given data about the flow, the objective is to
recover those parameters that best generate the known flow data when used in a GWFM.

Mathematically, we pose this problem as finding an estimate of ¢* = (S*, K**, KV*, K**)
that solves an optimization problem. Given continuous or discrete time measurements of
the piezostatic head hg.,, we seek the ¢* that solves the following parameter estimation
problem:

1 2
in - - P
rqrélél 2||h(Q) haatallz + P(q)

subject to: (PE)

R %Sh(t; q) = A(Q)h(g;t) + W(t) h(t) € HJ(Q) ;
(%) h(0) = hy ho € HY(Q),t € [0,T].

\

Here ¢ = (S, K%, KY, K*), A(¢)h = (K*hy)s + (KYhy), + (K?h.)., P(q) is a penalty term
such as the subsidence or the norm of ¢ and finally € is a subset of R?® with C° Lipchitz
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boundary.

The first instinct of a mathematician is to ask, “is there a solution?”, “how dependent
is that solution on the data?”, “where is the data and the solution defined?” and “is the
problem well defined?”. All of these questions are reasonable and crucial and one should
not attack the problem numerically without having these answered. The next section is
dedicated to address this issues.

3.2 Well-Posedness of the Groundwater Flow Inverse
Problem

In this section we discuss the well-posedness of (PE). That is, is there a unique parameter
associated with each data set? One needs to decide in which spaces the data, the parameters
and cost functional are defined. All of those choices will determine the applicability of any
numerical method discussed in the next chapter.

3.2.1 Identifiability

The first step in parameter estimation is to assure that the parameter is identifiable and if
the process of doing it is stable. The definition of identifiability may vary, in this work we use
the Kravaris and Seinfield definition [27]. First we need to clarify some concepts, the goal is
to use data on the water heads and/or subsidence to identify the vector ¢ = (S, K%, KY, K#)
that reasonably estimates the data. In other words, given a tolerance § > 0, determine ¢
such that

Il1h(q) — hdatal|ls <9  where S denotes the solution space. (3.1)

This automatically gives rise to the following question, “ Does there exist a ¢ in the parameter
space Q that satisfies this condition for each 67”. The answer is affirmative or negative
depending on the choices of Q and §. To answer this question we define the observation
functional.

Definition 3.2.1 (Observation Functional-Infinite Dimensional Spaces). An observation
functional, ®, is a mapping from the parameter space Q to the observation space H. That
is ®: Q — H. This functional can be can be considered as ®(q) = C(h(q)) where h(-) is the
solution operator and C s the projection from the solution space into the observation space

O(q): Q=S —H. (3.2)

Now that the observation functional if defined the definition of identifiability comes naturally.

Definition 3.2.2 (Identifiability, Banks and Kunish, [4]). The parameter q is identifiable at
q* with respect to Q if for any q € Q, ®(q) = P(q¢*) implies ¢ = q*.
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The previous definition is then equivalent to sate that the observation functional is injective.
Which is a reasonable property to ask. Since given data one should only recover one and
one only parameter.

Theorem 3.2.3 (Identifiability). If f(z) > 0 a.e. and S is constant, and known, over () then
the system C, is identifiable over the spaces Q := Q* x Q* x Q_"” X QF where Q° := {q € C(Q) :
Jag > 0 such that Ve € Q, q(x) > a,} and Q% = {q € C(Q) : Jay > 0 such that Yz € Q,
¢() = o} and 8 = H = L*((0,T); Hy(Q)) and |lqllo := |S]loe + K loo + [ KV ]|oo + [ K o-

Proof. This is a direct result of Kravaris and Seinfield [27]. O
The existence of a minimum requires a smaller admissible set and a larger solution space

both defined in the following theorem.

Theorem 3.2.4 (Cost functional Minimizer). There is a global minimum g € Q* to the
objective functional

By
2

Bz |\ o
1 ey + 5 By
(3.3)

1 ﬁS BKI T
To(ha) = 21— haalBe + 2218 ey + PR g +

where the admissible set is defined by:
Q= {(S,K* KY,K*) € Q: s, > S(x) > s9, K > K*(x) > K, K > K¥(x) > K,
and K; > K*(x) > K;,Vz € Q} (3.4)

where s; > 0, KT, K! and K? for i=1, 2 are fived positive constants.

The solution space by H = W((0,T); H () and fs, Bk, fxs and B- are positive con-
stants.

Proof. By Theorem 1.45 in [23] there is a minimum, under the following assumptions:

H1 Q% is convex bounded and closed
H2 (3.3) has a feasible point h € H

dh(t) — Alg)h(t) + W(2)

H3 e(h, q) has a bounded solution operator h(q) where e(h, q) := ( h(0) — h
— ho

H4 (h,q) € H x Qs e(h,q) € L*((0,T); L*()) is continuous under weak convergence.

H5 Jp is sequentially weakly lower semicontinuous

Hypotheses 1 and 2 are easily verified but more detail are needed for Hypotheses 3 to 5.

Consider Hypothesis 3: On the admissible set we have the following inequality by Evans,
(Theorem 7.2, [18]):

1h(D)lwr o,y ) < C@) (Wl 20,1200 + |lPoll2@) (3.5)
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where C(q) depends continuously on ¢ in the norm on C° denoted by || - [|o. It follows that
C(q) is bounded since Q% is bounded and this implies that h(q) is bounded.

Consider Hypothesis 4: Note that we only focus on the convergence of the first component
of the vector e(h, q). The second component converges by hypothesis. Let {(h",¢")} be an
arbitrary convergent sequence with (h",q") H—>Q (h,q), and ¢ € H then one have

X

—e(h,q)) dxdt' -

¢ (%Sh - %thn + A(q")h" — A(g)h(g; t)) dxdt’

d d nin

— A(Q)h(g; 1) dxdt‘ . (3.6)

IN

Now we consider the two previous terms separately. First,

Sh— S"h”dxdt‘ <

L isn— S”h)dxdt‘ +

g — S”h”dxdt‘

" d
1S —S"o ||—h||L2(o7T;L2(Q))||¢||L2(0,T;L2(Q))

IN

+H5”H0H—(h W2z .22 |01l L2022 ()

n d n n
< Wolizomazan 15 = 5"Vall b + 157l — )]

Since ||¢| z20,r;12(0)) < 00 and S™ converges uniformly to S we have that for n > py, py € N
the previous equation is bounded by 5.

Now we focus on the second term of (3.6).

T
— A(q)h(gq;t)) dxdt' < / K" ¢,hl — qubxhxxdt‘
Q

K", h! — K%yhydxdt‘
Q

K=", h" — Kngzhzdxdt‘ .
Q
(3.7)
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The first term can be bounded by:

T
/ / Kmqbzh;l—Kxgzﬁmhmxdt‘ <
0 Q

T
/ / K*¢,h" — Kmqbgchgcxdt‘
0 Q

T
n / / K*¢hy — K*" ¢, h'xdt
0 Q

1K (lollhy = Pall 20,2, 152 ) |9l 20,7, 13 (02))

IN

K" — K" [[ol|@x | 20,7, 512 () 1| 22 0,7, 13 (02))-
(3.8)

There exists a p, € N such that for n > p,, (3.8) is bounded by ¢. Similarly for the remaining
terms in (3.7). Thus for p := max{p1, ps, py, p.} and n > p we have that

tot-ot-=¢

| ™
™

E €
2 6

/OT/gng(e(hn?q% — e(h, q)) dxdt| <

which proves the weak continuity of e(h, q).

In Hypothesis 5, Js is the sum of continuous functions and is consequently continuous.

0
3.3 Non Identifiability of the Homogenous Case
Theorem 3.3.1. By Definition 3.2.2 the system not identifiable
Sgh(t,x) = (K*ho(t,%))s + (Khy(t,x))y + (K*ha(t,%)).
(P, { 1(0) = ho ho € HA(9). (3:9)

Proof. Let (S, K;) = a(S, K) where a € Rf and (S, K) € Q. Then h(S;, K;) = h(S, K)
since w = h(S1, K1) — h(S, K) is the solution of

(S1 = S) Gh(t,x) = (KT = K*)hy(t, X))o + (K7 — K¥)hy(t,x)),+
((KF = K*)h(t,%))z; (3.10)

This implies that w = 0 so the cost functional is not injective and therefore the problem is
not identifiable. N

3.4 Optimization with PDE Constraints

In this section we discuss necessary conditions to optimality, the existence of the Lagrange
multiplier and the adjoint equation. The framework is quite different from the previous
section since (PE) is a constrained optimization problem.
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3.4.1 Lagrange Multipliers and Optimality Conditions

Rewriting (PE) we have

( . 1 2 BS 2 BKI 112 6Ky 2 BKZ 21|12
(h’q)ﬂgﬂlwﬂh — haatall3; + 7‘|S||L2(Q) + THK 72(0) + 5 1KY 720) + THK 720
subject to:

F SLh(t) = A(q)h(t) + W(t) =2(t) € HJ(Q) ;
(F) 1(0) = ho he € H(Q).t € [0,T].
s1>85(x)—50>0
K; > K*(x)— K¢ >0
K:>KY(x)—K!>0
K> K*(x)— K¢ >0

| where s; >0, K7, K} and K7 for i=1,2 are fixed positive constants.
(3.11)

As stated in Theorem 2.1.1 this condition is sufficient for existence and uniqueness of the
forward problem. In the next paragraphs we use the following notation

o J(h,q) = %”h — haatall3; + %CJHSHQLQ(Q) + ﬁ%HK:’;H%Q(m + ﬂ%yHKy”%?(Q) + 62‘2 HKZH2L2(Q)

Lh(t) — Alg)h(t) + W(t
= (H0- ) w0

Q0 =C(Q) x C[@Q) x C(Q) x C([Q)

Q= {(S,K*, KY,K*) € Q: 51 > S(x) > 50, K¥ > K*(x) > K&, KV > K¥(x) > K{,
and K7 > K*(x) > K¢, ¥x € Q}

o :={0}
o H=L*(0,T); Hy (%))

Then 3.11 is equivalent to

min J(h,
(ha)EHXQ (7, q)

subject to (3.12)

e(h,q) € K and
\ q€ Qad'

Definition 3.4.1 (Robinson’s Condition). w = (h, q) satisfies the Robinson’s condition if

0 € int{G(w) + G'(w)(C —w) — Kg} (3.13)
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where

G(w) = ( e(hh’ 9 ) (3.14)

and g = {0} x H.

Lemma 3.4.2 (Ulbrich [23]). If e,(w) € L(Y, Z) is surjective and if there exists a y € Y
and § € Q*such that

ey(W)(§ =) + eg(w) (¢ —7) = 0 (3.15)

then the Robinson condition is satisfied.

Theorem 3.4.3. Equation (3.12) satisfies the Robinson condition.

Proof. The proof is based on the fact that (3.12) satisfies the hypothesis of Lemma 3.4.2.
Obviously ey, (w) is a bounded linear operator. The next step is to prove surjectiveness

en(@)oh = ( woh(?) 52(/01)@5]1(’5) ) . (3.16)

Given a pair (f,p) € L*((0,T); L*(Q2)) x H}(2). Find 6h € H such that

e (T)6h = ( / > | (3.17)

This is equivalent to prove that for all pairs (f, p) the following there is a solution v(t) to

{ Sdu(t) = A(q)u(t) + f(t) v(t) € H{(Q),Vt €[0,T] (3.18)
v(0) =p p € Hy(Q). '
The next step is to prove that there is h and ¢ such as

en(@)(h(t) = ) + e (@) (G —7) = 0 & (3.19)

)+ (S — S)%h(t) — A(g — @)h(t) ) —-0. (3.20)

Doing the change of variables v(t) := h(t) — h(t) it is equivalent to prove that there is a v(t)

such as . - .
20(t) — Algho(t) + (S — $)2h(t) — Alg— Dh(t) | _ a1
v(0)
which is true for all g such as S(x) =S >0, K,(x) — K*(x) > 0, K,(x) — K¥(x) > 0 and
K.(x) — K¥(z) > 0 for all x € Q. This completes the proof. O

Since (3.12) satisfies Robinson’s condition, J and e are Fréchet differentiable, K is a closed
convex cone and moreover Q% is closed. The problem fulfills all the hypotheses of Theorem
1.56 in [23] that is taken from Zowe and Kurcyusz, [56].
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Theorem 3.4.4 (Karush Kuhn Tucker (KKT)-Optimality Condition Groundwater Flow).
Let (h*,q*) € H x Q C H x [H*(Q) x H*(Q) x H*(Q)] be a the solution of (3.12) then there
15 a Lagrange multiplier X that defines the Lagrangian

L(h,q,A) = J(h,q) + (e(h, @), \) L2((0,1:5-1 (9),22((0.7): 3 () (3.22)

.Moreover

(o { @Sh(t) = AlgQh(t) + W(t)  h(t) € Hy(Q),t € [0, T];
( ){ 10 = ho he € H(Q).

—A(QAt) — (2 = zdata)  A(t) € Hy(2),t €10, T7;

(0C) (A){ AT "o (3.23)

(Bs, S = 8*) + Bra(K*, K* — K**) + By (KY, K¥ — K¥")+
| FOk=-(K* K* — K*) 4 (eq(h,q),q — ¢*) > 0 Vq € Q.

3.4.2 Identifiability Under Finite Dimensional Approximations

In the real world the optimization is done in the finite dimensional setting. This means that
the adjoint equation has to be discretized. This implies an approach to first discretize then
optimize. This gives rise to two questions. Is there a solution for each discretization and
does the sequence of solutions converge to a solution if the (PE)? This problem is addressed
by [29]. They define ¢*V the solution of the following inverse problem

1
in =12 () — hgasall?
22132” (9) = hdatall3

subject to: (PEYN)

(F) { %SNhN(t; q) = AN(q)hN(q;t)  BN(t) € HY{(Q)
WM (0) = h{ hY e HL(Q),t € [0,T).

This gives the rise to the question: “Does ¢*" — ¢* solution of ((P£)") as N — co?”. The
answer is: not necessarily. Some assumptions must made in the cost functional regularity,
definition of H regularity of the initial condition, the definition of the admissible set and
finally the type of discretization of /. In order to have a precise and clear idea of the problem
Kunish and White on [29] provided the following definition:

Definition 3.4.5 (PEC- Kunish and White [29]). A sequence (HY, AN(q),C) is called pa-
rameter estimation convergent (PEC) scheme for (1.2) if (PEN) has a solution ¢ for
N=1,2..., if there exist a convergent subsequence ¢™* — q* a solution of (PE) such that

WY (t, ™) = h(t, - q") € H(Q),t € [0,T], as N — oo (3.24)

JN (N = J(q), as N — oo. (3.25)
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As one can see this is a very reasonable propriety to ask, specially if one intents to find a
numerical approximation of the (PE) solution. Under some regularity assumptions this is
true, the next paragraph is dedicated to the introduction of those assumptions and to their
applicability to our problem, ((P£)Y). The problem of identifiability is ill-conditioned in
the homogenous case and that hapens when it is pumping season. Therefore one should aim
to identify the quotient.

S% = (K*((1))a)e + (K (h(1)y)y + (KZ(A(1)).): & (3.26)

i = (so0:) + (Toon) + (o) -

z

(%) .- (%) o~ (%) - (327

3

dh ; ;
= > (D(a;D'(h(t))) = b- Vh(t). (3.28)
i=1
Where a; = £5, b; = DY(55)D(h(t)), 21 = @, 22 = y, x3 = z and D; = 5~. In the paper

written by Kunlsh and White there are sufficient conditions to the (PE ) prev1ous problem
to be PEC. For that (3.26) must fulfill the following hypothesis:

Theorem 3.4.6 (PEC-Groundwater Flow Inverse problem). If zo € Hy and the cost func-

tional is defined as C(u Z/ lu(ts, q,x) — 2(t;,x)| and the admissible set is

rvl Q(Q R3 3) L2(Q RS)
Q:={(q1,52) € CHQ) : q; >, YV € Q and ||g;||s <n fori=1,2} )

Q=P NQ
where P* is the set of all polynomials of degree s, the discrete version of H is the space HY

and is the set of all functions which are linear with respect to some triangulation of €2, with
diameter of the triangles bounded by %

Proof. The theorem’s proof requires that the problems fulfills three hypothesis, but first one

must rewrite the problem in the following fashion:

3
H; 3¢ > 0 such as ¢]|z|]? < Zaix?

i=1

H, There exist a constants « such as () is a closed convex subset of

= {((ar), (5)) : laillwrz) < a, |bil|r2) < cand ||z mo < a}
Hz; Q% is a compact subset of W12(Q, R33) x L2(, R?)
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Hypothesis 1 and 2 are fulfilled since @ = C1(2) x C1(Q) x C1(Q) x C}(Q) and by the
definition if an element on the admissible set.

Compactness, since Q% is the intersection of a finite dimensional space P?, therefore com-
pact, with a closed subspace Q it makes it compact. O

This section ends then this chapter. In the following chapter we will discuss strategies to
estimate ¢* more exactly how to estimate ¢*".
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Chapter 4

Numerical Groundwater Inverse
Problems

4.1 Introduction

Contrasting with the previous chapter, this chapter is dedicated to the numerical aspect
of inverse problems and the choice of the cost functional. Inverse problems are inexorably
linked to a cost functional and the consequent problem of minimizing it. The choice of the
cost functional is a discipline on it is own, one can not derive a priori the cost functional. Its
form, the space where is defined, the convexity or lack of it, the choice between the strategy of
discretize and then minimize versus minimize and then discretize, the type of discretization,
all depends exclusively in the problem in hands. In Groundwater flow modeling it is very
common to discretize using Finite Volumes and then perform the minimization on the discrete
level. The main obstacle on inverse problems in GWF is that the data is very sparse in the
space domain, for instance information about the water heads might be kilometers apart
and there is almost no information in depth, this leads to use an auxiliary type of data by
satellite, which consists on knowing how much the land has subsided. The chosen strategy by
my the research group was to use Leaks model since that is the one available in MODFLOW.
After that choice was made the next step is to define the how to invert the data in hands. We
chose to use a least square cost functional with a regularization term the penalized bounded
variation norm. This last one was chosen because leads to a piecewise constant solution,
which is ideal for rocks modeling. As gradient estimation we chose the adjoint methods.
Adjoint methods have been used to compute gradients of functionals for several years, their
advantage comes from the fact their computation is fast and they don’t require to much
memory. One of the problems of adjoint methods is that the only outcome is the gradient,
one should then decide afterwards which path to take on the optimization method. For
instance a linear approximation of the cost functional, as the steepest descendent method
only requires the computation of the gradient but it has a small rate of convergence. On
the other hand a better accuracy and faster convergence can be reached by the quadratic
approximation of the functional, Newton methods, here the problem is that computing the
Hessian is often not sustainable in terms of computation time and memory space. The first
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problem is solved by the Quasi-Newton methods, among this class of methods a very popular
one is the BFGS method, were the Hessian is approximated by small rank matrix easy to
compute. The second problem by a line search. Sensitivity analysis is the other hand is post
parameter estimation study. The main purpose of of sensitivity analysis is to module the
impact and influence that the parameters have on the PDE. For instance one can rank the
importance of the different parameters on the model and which kind of effect they produce
on the PDE, form dissipativity or delay in time propagation.

4.2 The Cost Functional and Optimization Algorithm

In this subsection we will derive the adjoint equations and an iterative method to estimate
the parameters. For instance one should assure that every formulation and step on the
estimation process the parameters are in the conditions of 2.1.1.

4.2.1 Cost Functional

The main goal is to find the set of parameter such the forward problem generated by them
fits the best the data. The definition of best is very dubious and dependent on the problem
itself, for instance depends on the definition of the parameter space and solution space as
well. For well-posedness purposes the common technic is to add a penalty term and a
regularization term. The objective of the penalty term is to introduce numerical stability
and improve convergence rates in the other hand the regularization terms are responsible to
add regularity to the solution and the problem it self, for instance requiring the solution to
C? or piecewise constant as adding the term ||[Vq|| on the cost functional, by regularizing
the cost functional is always common to refer it as adding convexity to the problem.

A classical Cost Functional for the ground water flow would be the following:

Brce Brcy
2 2

1 BS x x
J(h,q) == 5Wl—hdataﬂzfr7||S—Sdazta”%%ﬂ)+ | K —Kdata|’%2(9)+ ||Ky_KgataH%2(Q)
(4.1)
Where ¢ = (5, K) the solution space Z is L*((0,T); Hi(€2)) and the time space domain

Qr = (0,7) x 2 and h is the solution of:

P, { Sgih(t) = (Kho(t))e + (K'hy (), + W ()  h(t) € Hy(Q) (4.2)

The dependence of h from the the parameters trough the forward problem leads to the
definition os the set of ¢’s such as h is well defined, the admissible set of parameters Q%, a
subset of () a Banach or Hilbert space. So the parameter estimation set up is:

By
2

1 Bs B
min §||h— Rdatall7 + 7”5— SaatallT2(0) + THKI — Kol F2 () +

Ky _ Ky 2
(h,q)eQad I data||L2(Q)

(4.3)
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Subject to

SLh(t) = (K*he(t))e + (K7hy(t)), + (1) h() € H'(Q);
<P>q{ h(0) = ho t €0, 7). (4.4)

This is the classical approach to a general inverse problem, due to the differences in the
physics and model of each problem the choice of the perturbation on regularization term
is tremendously important. In groundwater flow modeling often the distribution of the pa-
rameters is considered to be piecewise constant, then the most adequate regularization term
is the bounded variation norm, 8, [;, \/||Vq|[? + 74, since this penalizes the non piecewise
constant functions. Changing then the cost functional to:

. ﬁm
J(h,CJ)——Hh hdam|lz+ SEE Sdamlleg)Jr N K~ Kusall72()

| KY— deLZ(Q)Jr
as [ 19818+ rsix+are [ IVE+ vedx o [ \IVEVI +modx (45)
Q Q Q

4.2.2 Steepest Descent and Newton’s Method Using the Adjoint
Equation

Now the problem becomes a constrained optimization problem, therefore one should set the
Lagrangian and the adjoint equation associated with problem. Looking to local optimal
solutions, the Lagrangian associated with this problem:

L:ZxQ°xQ¥xH 'SR

Defined by:

[MﬁﬂJFJWQ—AAUwZM)(W%@h—M%NM—W@Ww(M)

Integrating by parts in time the Lagrangian becomes:

J(hq) — /Q MT)SA(T) — \(0)Shodx + / SN () h () dtdx—

Qr

| A (0), = (h(0), ~ We)drax (A7)

Then the adjoint equation is then defined by:

oL

P —(0h) = Voh (4.8)
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Which is equivalent to:

/ Sh(h — haate)dtdx + / Ae(t)S(5h)dtdx—
QT QT

- / MNT)SSh(T)dx + / ANET5hy (1)) + (KY6hy(t)),dtdx =0 (4.9)
Q Qr
Since (4.8) has to hold for all directions dh the Lagrangian multiplier must be a solution of:

SAN(E) = —(K\) — (KA, — (h— hawa) - Mb) € HY():

(A)q{ AT = 0 fe 0] (4.10)

The strategy now is to use the adjoint equation to find the gradient of J if A(t) is the solution
of the adjoint equation at a state (h(t; S, K)) then Vg xJ is given by:

7 (h(a), 0)5h = Jy(h, @)+ (D[S (1)~ (Kha (1)) — (K, (1), ~ W (H]60. A1) 2 (411)
Where

Jy(h,q)dq = ﬁs/ (S — Sdam)éde—i—BKm/ (K* — szam)éK"”dx+BKy/ (KY — KY gata) O K'Y dx+
0 Q Q

N VS -Vis dxta VK?*.-ViK* dx-ta VKY.-ViKY
S K= Kv
2 VI[VS|? + vk o VIIVE®[? + k= o VIVEY[? + v

and

dx (4.12)

(Dy[S %h(ﬂ = (K%ha(1))e = (Khy (1))y — W(1)]0g, A(t)) 2 =
= <5S%h(t), M)z + (0K ha(t), Ae(t)) 2 + (GK hy (£), A\ (1)) 2 (4.13)

Steepest Descent Methods

This is a gradient method base approach since it only uses gradient information . The main
idea is to use the fact that once one is close to the the local minimum the gradient is a
descent direction therefore the optimal steepest descent would be by starting with an initial

guess qop

{ u = arg mﬂin J(qge —rVJ(qr)) (4.14)

Qer1 = qr — VI (qx)

The main problem of this method that it has a low rate of convergence. For this same reason
the Newton method is more popular and that is the one used in this work.
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Newton’s method

Now the following approximation

m(dq) = J(qo + 0q) = J(q0) + (J'(q0), 0q) + %<J”(qo)5q, dq) (4.15)

Then locally the maximum is the solution of:
m'(6q) =0 (4.16)
(J'(40),0q) + (J"(a0)dq, 5q) = 0 (4.17)

For all possible variations of dq.
The main goal now is to find the minima for that the most appropriate is the Newton’s
method. One start with an initial guess ¢° and recursively update the new ¢ in the following

fashion:
¢" = ¢* + §¢; where h is the solution of:
(M),

(J'(d"), q) + (J"(q")dq, dq) = 0.
The evaluation of the Hessian is generally costly, a vast of literature of ways of approximate
the Hessian in an iterative fashion. The one we use is the so called BFGS, this method,
named after its creators, Broyden, Fletcher, Goldfarb, and Shanno. Theoreitical aspects of
the algorithm are discussed at [8]. It is defined by the recursive algorithm:

(4.18)

BFGS-Algorithm
e start with an initial guess of zy and an Hessian inverse Hy
o 1 =x¢9— Hyxo
Repeat the steps 1 to 5 until convergence
1. sp = T — xp
2. yp = Ve — Vi
3. Hypr = (I — prsryd )H (I — pryrsic) + prsesy,
4. xpyo = g1 — Hi1 Vi

5. stop if ||V friz|| < tol

4.2.3 KKT Conditions

As the KKT conditions are necessary conditions to optimality, this section presents two
numerical methods to find a local optimal solution. The constrained optimization problem
(4.3)—(4.4) can be rewritten in the following fashion.

{ min J(h,q) subject to:
S ((0),)
e(h,q) = SLh(t) — (K*hy(t)), — (KYhy(t)), — W(t) =0, for all t € [0, T]. a
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Then once one write the Lagrangian, J(h,q) + fOT(e(h, q), \(t)) r2()dt the KKT condition is
true at an extremal point (¢*, \*):

Ly =VL(g,\*) =0
L,=V,L(¢"\*)=0 (KKT)
Ly=V,L(g,\*) =0
Which equivalent to the system of five equations
(Lh,LKm,LKy,LS,L)\) - 0 (419)
That is translated to:
1.
d\(t)
Lh((SQ) = (5h(h(t) — h(t)dam)dtdx — 75(5h)dtdx+
QT QT
/ XNT)SSh(T)dx + / AE)(K¥6hy(t))s + M) (KY6hy (1)), dtdx =0 (4.20)
Q Qr
2.
dh(t)
LS((SS) = /BS 58(8 — Sdam)dx + /\(t)(sSTdth =0 (421)
Q Qr
3.
Lice (6K™) = Bres / SK (K™ — K3, Vdx — / MO OKho(t))pdtdx =0 (4.22)
Q Qr
4.
Liy(0KY) = Bk / IKY(KY — K},,,)dy — / A(t)(6KYhy(t))dtdx =0 (4.23)
Q Qr
5.

L7(0)) = / (M)S%ﬂdtdﬁ
SN— K7 Shy (1)) — (KVSh, (1)), — W (£)))dtdx = 0 (4.24)

Qp

Using integration by parts in time and Green’s formula, the previous integrals are equivalent
to

1.
/ Sh(h — haata)dtdx — / %S?S(dh)dtdx + / AN(T)SSh(T)—
/ Sh(KAg(t))a + SH(KYA, (1)), dtdx = 0 (4.25)
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dh(t
65/ 55(3 — Sdata)dX +/ )\(t)55d—§j)dtdx =0
Q

Qp

(4.26)

B / SK*(K* — K% Ydx + / SK N () ha (1) dtdx — / A)SK*hy (o dtdD = 0
Q Qr

oQr

By /QéKy( — K5, )dy+

/ SIYN (t)hy (t)dtdx — / NSV hy (H)n,dtdD = 0
Qr

o0

LA(0)) = /Q (M)s%’f)dtdx—

SN—K"hy(t))s — (K¥hy (1)), — W (t)))dtdx = 0

Qr

Finally this can be described as the weak solution of:

( SLh(E) = (K*ha(t)s + (KW, (1)), — W()
(f)q{ 1{0) = ho

—(KTA(t)a)a = (KYA()y)y = (h(t) = haata(t))

Bie (S = Sata) + [y LD (t)dt = 0
6KI(K chlgata + f() ( h$<t dt =
\ ﬁKy( data + fO (t hy(t) t=

Gauss-Seidel Algorithm

Given an initial guess (S™, K™) one can solve for h(t):
d
S hl8) = (K™ ha(t))e + (K" hy(8))y + W ()

which makes it possible to solve for A(%):

SPEND) = (K1) — (K" M(1),)y — (h(1) — haa()

This makes it possible to update S"*!, K*"™ and K¥"*! through:
T
Bs(S™ — Syasa) + / N(Oh(E)dt = 0
0
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(4.27)

(4.28)

(4.29)

((KKT),)

(4.30)

(4.31)

(4.32)



T
Brer (K™ — K2, ) + / Ao()ha(t)dt = 0 (4.33)
0

B (KynH Kiata) + /T Ay(t)hy(t)dE =0 (4.34)
0

Theorem 4.2.1. If s = fx= = Brgy = B > 0 and qo is sufficiently close to q* then
the previous algorithm converges to q*. Moreover the method is equivalent to a steepest
descendent method with an update of %Jq(h(q), q).

Proof. By definition of the Lagrange multiplier:

Jo(h(q),q) = Jo(h, q) + (eq(h, 2), A) (4.35)

which is equivalent to :

B(S™ = Sata) + [ M(t)R(t)dt
Jo(h(q), @) = | BIK*™ — Kgam + fo () ho (t)dt (4.36)
B(Kyn data + fO t hy@

Therefore one can write the updates (4.32), (4.33) and (4.34) as

ﬁSdata +-[7.Q )h t) 1
¢ =q" 3 Kifata + Jo XeOha(D)dt | =g" = 2J(h0). )(a" +1) (4.37)
data + fO y(t
which is the steepest descendent update. O

The natural path to follow is to derive the finite dimensional equivalent of the previous
algorithm and this is discussed in the next subsection.

Finite Dimensional Approximation Using Gauss-Seidel

Using finite elements, the finite dimensional version of the previous algorithm is:
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Given an initial guess of the vectors SY', K*) and KY} solve:

d
S @ Sh(E) = AMN (KR () + W 1)

given that A" (0) = kY. Solve for AV (¢):

SY @ SN (1) = — AN (NN () — (1) ~ B (1)

Where AV (0) = 0V. Update S¥ ,, K=

n+1 and KyiLV—l-l by

1 T
S = Sl = 52 / AN (R (1) dt

Ko = K= 5 [ AN O 0
Kz Jo
1 T

K = K== [ AR (0,0

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

It is relevant to point out that the data has the same space discretization and time step
as the approximation. In the event that the data is sparser one can interpolate in time and
space. The previous scheme is still infinite dimensional in time, therefore it is a differential
equation. To solve the differential equations (4.38) and (4.39) the Crank-Nicolson method

and ode4b in Matlab are used. The comparison is shown in Chapter 6.

All at Once

This is a common method to solve (4.19). Instead of solving the set of equations (KKT)
sequentially, this method tries to find the root of (Lp, Li=, Lxv, Ls, L)) by firstly finding
the numerical approximation (Ly, L¥., L¥,, L%, LY) and then finding the root. Which by

defining the functional F(RN AN, SN, K*N K¥N) as:

PN, AN, SN, KN KNy = | SN — o Jy AN )RN (t)dt

- T
K il\;ta - ﬁ fOT Aiv(t)hN@)wdt
K% = 57 Jo Ay (RN (1), dt

Then all at once method is based on finding (AN, AN SN, K=N", KyN*) such that

F(RNT AN SN* =N gyNTY = .

Any root solver can be used.
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4.3 Las Vegas Model

As stated before, the main goal is to model the Las Vegas Valley as described in Section 2.1.3.
The methods used will now exclusively be in the finite dimensional space. Due to the lack
of depth data, subsidence data becomes crucial to groundwater flow parameter estimation.
This leads to the introduction of a new regularization term into the cost functional, the
subsidence data fitting. This incorporates the subsidences data obtained by satellite and the
Leak’s simulation of subsidence. The model will then discretized in the following fashion:

Na
The Aquifer is divided into N4 cells, the interbed into N; = Z Ny, cells and finally the time
i=1
interval [0,7] into M intervals, where 0 is when the first measurements take place. Since
the wells pump water periodically, distributed into pumping cycles and non-pumping cycles.
The non-pumping cycles lead to the non identifiability discussed in Section 3.3 therefore one
should try to estimate the data over the periods of pluming. The following paragraphs define
subsidence and its relationship with the specific storage and the water head.

Definition 4.3.1 (Subsidence-Interbed). Let i be a column as described in Figure 2.3 where
b; its thickness and Np; the number of cells in that same column. Then the subsidence at
each time t™ in the column i is given by

Ny,
[Ab™]; =) A (4.44)
j=1
where Ab"; is given by:
ABTS = —ANz[ST(Y — HS ) 4 Sae(HZH = B, j < N, (4.45)
m AZ m(1m m—1 m—1 m—1 .
Abi,j = _7[ sk(hz‘,j - Hi,j )+ Sske(Hz',j - hi,j ), J = NIz’ (4-46)
and S,Z}:
Ske; if hi™>H™!
S = J Y J 4.47
k‘] { Sk;fuj Zf hZI,m S Hf,m—l ( )

Due to the nonlinearity a Newton step must be introduced at each iteration.

Definition 4.3.2.

Ssk(hl’m; Q) = Ske [tan_l(a(hjj-’m — Hj’m)) +
s

m Sk - Im Im i
§]+ - [tan™" (a(H;™ — b} ))—1—5] (4.48)

As a — oo (4.3.2) converges to (4.47) so one should use a a > 10" to approximate the
parameter Sy, or an « that is large comparatively difference between the precondition-head
and the the drawdown.
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4.3.1 Cost Functional

Definition 4.3.3. Let X C R" then
PWCT(X) :={f: X — Rtsuch as [ is piecewise constant over X}

Admissible set:

Q= {q=(S,K", KY, Ky, Ske, Skw), S, K%, KY € PWCT(Q,) and K,, Ske, Sxv € PWCT (1)}
Where €, (€3) is a connected finite union of rectangles (rectangular prisms) in R?(R?). The
cost functional is then defined by

1 1
Y(hsa) = 5 D2 IR Em) — hassa(t(m)) I, + 5 D0 18K = Al + (0. 5) (4.49)

m<M m<M

and the penalty /regularization term r, is defined as:

0Ky

QS HKI T T
(g, 8) = 7”5 — Suatall 20 + THK — Kiall720) +

045/\/HVSH%+75dX—|—Osz/\/]|VK$H%_|_7Kde—|—aKy/\/HVKE/H%—nyKde
Q Q Q

and subject to the constraints:

| KY — KgataHL?(Q)JF

(a) e*(h*.h',q) = SGh" — (K™hg)s — (KVh),) = 32 P(D6(x —x7) = 3 Koy o (x —x7) = 0
(b) el(he, 1!, q) = S (hb™ — HI™ )+ S (H™ ™ — hP™ ) — Kyhd™ =0 Vm,j
(c) ep;(h* b, q) = W j(x") = h*(x") = 0

The constraint (a) is responsible for the aquifer, (b) for the interbed and finally (c) for the
link between the aquifer and the interbed and /2 is the weighted [? inner product.

4.3.2 Optimization Approach

This is an the opposite approach form the previous methods since it is discretize and then
optimize. The book Lagrange Multiplier Approach to Variational Problems and Applications
from It and Kunisch [25] this is discussed very thoroughly. This approach is the most intuitive
since the data lives in a discrete setting therefore lifting it to a continuos space might enable
the existence of convergence results it won’t necessary make the problem easier. As it was
discussed on 3.

The previous constraints in finite dimensional on 2.29 approximation using finite volumes
can be written as the augmented system:

e(h™,q™) = B(g(h™™)h™ ™ — A(q)h™ — R(q(h™)) (4.50)

38



Where h™ = [h*™ hl™] and M,N, N; are the time, horizontal and vertical dimensions re-
spectively.

The next step is to construct the finite dimensional Lagrangian:
L'B(ha,hl,q, )\a’ )\I’ )\B) — Jﬂ,N,N},M(ha’ hl,q>+

> (Ba(A™ )R = Ag)h™ = R(q(h™)), A" (4.51)

m<M

Solving for MMV the adjoint equation (backwards in time with )\%N =0):

0 m m m
oM (b g Z (q(h™)R™ — A(q)h™ = R(q(h™))], AN ) = 0
m<M
(4.52)
then we can use A" to compute:
iJﬂJV»NI:M h 5 _ gt]ﬂ,N,N[,M ha h[ (5
a7 (h(a), 9)oq = o (h*, 1", q)dq+
a m m m
Z<a—q[B(q(hm“))h = A(Q)h™ — R(q(h™))]0q, AMN ) (4.53)
m<M

Since the Lagrangian 4.51 the partial derivatives in (4.52) and (4.53) and the total derivatives
(4.52) are all finite dimensional, it is important to point the fact that d¢ has the dimension
of the discrete version of (S, K%, KY, K, Ske, Sky) consequently the dimension of the vector
is large this requires an intelligent assembly and the use of parallel programing rather than
sequential. As in (4.15) we approximate J(h(q),q) around ¢q by a quadratic function:

m(q) = J(q0) + Jo(a0)a + " Jog(a0)q (4.54)

As before to find the minimum we have to solve the m,(¢) = 0 and use the BFGS method
to approximate J,,(qop). Since the optimization problem is hard and costly one should use
the so popular multilevel optimization. Starting then with a corse mesh and agglutinating
then zones that have nearly the same values as the following algorithm illustrates:

This approach can be summarized in the following pseudo code:
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100 | 1011 | 102 | 512

1009 | 401 | 40041 | 483

998 | 402 | 399 | 487

300 | 3004 | 400 | &1

| 299 | 501 | H

29986 299.86 zga.aa.

Figure 4.1: On the left is the mesh before the agglutination where on the right after the
agglutination

299 | 2939 | 300 | 481

4.3.3 Zonation Algorithm

e Given 790, SO0 tol, Z:°, Zs% e, No“t vT 5 k=0, j=0.

1. Optimize using Quasi-Newton while 1a and 1b are false
(a) ||J(T%3,Sk9)| < € stop
(b) [|J(T*I+1 Skitl)y — J(THi SkJ)| < tol move to 2
2. Regroup from Z;*, Zs*, to ZyF, ZgF | zones as follows:
—for2<n<N, -1
—for2<m<N, -1
(a) For all neighbors Thy of T4, if [T, — T2/ | < rT then set Zap = 2F

Tn,m

(b) For all neighbors ng of Sk4 if [Skd — S(’j,ﬂ < 7% then set Z§, , = Z§, .
— end for
— end for

3. Change the variables change from T%7 to TF*10 and S*J to S¥*10 by the trans-
formations

— T/ = average{T*, such as T"/ € Z(l)}
— SPMY = average{S™, such as S*I € Z(1)}
—k=k+1

4. Repeat 1,2 and 3 until convergence.

The results of the implementation of this algorithm can be find Section 7.1

40



4.3.4 Multi-Level Optimization

. This technique as been used in medical imaging more specifically in registration. Jan Mod-
ersitzki has developed this very elegantly on his book Numerical Methods for Image Regis-
tration [33], and Melissa Weber Mendona in her thesis Multilevel Optimization: Convergence
Theory, Algorithms and Application to Derivative-Free Optimization [32] has proved rele-
vant results in convergence. As it is known it is a very hard problem to choose the right
initial guess for a newton scheme and since their convergence is local rather than global its
importance must not be neglected. The Multi Level is then an approach that tries to get a
good initial guess by, firstly starting with an initial guess, it can be constant across the whole
domain, and a very sparse mesh which is a easier problem to solve. This will converge even-
tually then the next step to refine the previous mesh and optimize on that same mesh using
as the initial guess the latest iteration of the previous Newton optimization, this process is
repeated until a minimum or a tolerance is reached. Mesh independence [26], a nonintuitive
result, states that the number of iterations for convergence of the Newton method is inde-
pendent of the size of the discretization. The following pseudo code illustrates this method
when applied to the problem in hand.

e Given 790, S0 tol, Z:°, Zg e, Nt vT 9 k=0, j=0.

1. Optimize using Quasi-Newton while 1a and 1b are false
(a) ||J(T%3, Sk9)| < € stop
(b) ||J(T*3+L, SRty — J(T*3, S*3)|| < tol move to 2
2. Partition Zy*, Zs*, into a finer submesh Zp**1, Zg* 1.

3. Change the variables change from 7%/ to T**%0 and S*J to S*+1.0 by the trans-
formations

_ le+1,0 _ {Tkvj’ such as TF7 € Z(l)}
— SFO — £Gki such as S¥T € Z(1)}
Ch—kt1

4. Repeat 1,2 and 3 until convergence.
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Figure 4.2 illustrates an example of this mesh partition:

zl

z4

73 A z7 | z8

z5 | z6

Figure 4.2: From left to right is a sequence of meshes from coarse to fine

In the sequence above, we would have T9(Z2) := T{ (Z}). The implementation of this method
is discussed in 7.3.
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Chapter 5

Sensitivity Analysis and Fréchet
Derivative Operators

5.1 Outline

This chapter is dedicated to the study of sensitivity analysis for steady elliptic equations,
convection-diffusion, and groundwater flow equations. In particular, it discusses the existence
of the Fréchet derivative of the solution of a PDE with respect to distributed coefficients
in the PDE as well as boundary conditions. This is followed by results on the existence of
a spectral decomposition of this operator, which under suitable conditions is shown to be
Hilbert-Schmidt. Furthermore, to set up our numerical algorithms, we present results on the
approximation of the operator using sensitivity equations. An overview of the finite element
spaces is presented and convergence results for the spectral decomposition are thoroughly
discussed.

5.2 Background

One of the main problems in parameter estimation is the lack of sensitivity of the cost
functional to variations in the parameters. In other words, when large variations in the
parameter lead to small variations in the solution and consequently, the cost functional. The
study of the effect of the parameters on the solution is known as sensitivity analysis. To
illustrate its importance we consider perturbing one parameter in the 1D groundwater flow
equation. The model equation, including specific parameter values for this study is

(1+ sm(ﬂx))jz(t z;q) = (e 2(t,2;9)) + 1+ +t,  2(t,5q) € H'([0,1]) (5.1)
z2(0,739) = € [0,1]
2(t,05q) = < [0,1]
2(t,1;9) = e [0,1].
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Perturbing the elliptic coefficient g(z) = e™** by the small variation dg(z) = 14:¢*“"Y, a

relative change of 2.4 x 1072 in the L?-norm leads to the system

d 1
(1+ sin(ra) Se(t, g+ 00) = ([ + V(b i+ da)a)s + 1+ 48
2(0,z;9+0q) = x € [0,1]
2(t,0;q+0q) =0 t€[0,1]
2(t,1;q+6q) = e " t €10,1].

These two solutions are simulated and displayed in Figure 5.1. As one can see, a small

z Zp-Solutionto perterbed DiferencezZp

il i
lll‘lll ~|\|
e
h“\l"\"ﬁﬂl“‘;\\ﬁﬂw

bl
b
L
e
i

il
i
i

A

i
i

Figure 5.1: On the left is the solution of the original system, on the middle the solution of
the perturbed system and finally on the right the difference between both solutions

perturbation in the parameter leads to a dramatic change in the solution (the difference has
a maximum value of 1.5 x 107!, or a 10% relative difference for a relative change of less than
a percent). This effect can be amplified by changing parameter values. Thus, this simple
example motivates the study of sensitivity analysis, which is detailed in this chapter. We
apply sensitivity analysis on groundwater flow equations, among others.

In mathematics when one needs to study the behavior of a real valued function, such as
finding a local maximum or minimum, or study where it is increasing or decreasing, an
important tool is the function’s derivative, if it exists. This same line of reasoning can be
extended to a functional, and leads to, for example, Gateaux or Fréchet derivatives. We
review their definitions below.

Definition 5.2.1. [Gdteauzr differentiable operator] Let X and Y be normed spaces and
A: X =Y be an operator. The operator A is Gateaux-differentiable at x in the direction h
if and only if there exists an operator G, : X — 'Y such that

A+ th) — A) ~ Bl

t—0 t

— 0. (5.2)
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Definition 5.2.2 (Fréchet differentiable operator). Let X and Y be normed spaces and
A: X =Y be an operator. The operator A is Fréchet-differentiable at x if and only if there
exists a bounded linear operator F, such that

A+ h) = Alx) — Fo(h)|ly

lim
||| —0 | Rl x

0. (5.3)

There are several differences between Gateux and Fréchet differentiability. For one, the
Gateux derivative is not necessarily either continuous or linear, whereas the Fréchet deriva-
tive must be a bounded linear operator. However, if the operator is Fréchet differentiable,
we know it is also Gateux differentiable.

Proposition 5.2.3. Let X and Y be normed spaces and A : X — Y be a Fréchet-
differentiable operator. Then A is also Gateux-differentiable at x. Furthermore, the di-
rectional derivative of A with respect to x in the direction h, written G,(h) is given as

Gao(h) = Fa(h),

where F, is the Fréchet derivative of A with respect to x.

5.3 Sensitivity Analysis using Fréchet Derivatives

The Fréchet derivative operator is very useful for parameter estimation and performing
sensitivity analysis for PDE’s or dynamical systems. They provide useful information on
parameter variations, including their “energy” and the spatial characterization of the impact
they have. In the following paragraphs, we discuss the existence of the Fréchet derivative of
the solution to a PDE with respect to the PDE parameters. Motivated by our groundwater
flow models, we first consider an elliptic equation then consider advection-diffusion equations.

Consider the following elliptic PDE

V- (qV2)=f  feL}9)

5.4
z€ Hy(Q), QCR" (54)

One can consider the solution z, as an operator acting on q. Then we can write this operator
2(q) with domain Q% C L?(12), the set of all ¢ such that there exists an unique solution
of (5.4). Now that the operator z(q) is defined, we can study the existence of the Fréchet
derivative of z(q) with respect to gq.

5.3.1 Fréchet Differentiability and the Sensitivity Equation

For this discussion, we assume € is bounded with a C° boundary and the set of admissible
parameters q is

Qu={q:qeC(Q) and q(z)>ay>0, VrecQ} (5.5)

and consider the max norm on Q%, ||h|| = maz,ea{|h(2)|} + mazea{|W (z)|}.

45



Theorem 5.3.1 (Fréchet Differentiability of Solutions to Elliptic Equations). Let z(q) be
the solution to (5.4) with ¢ € Q. Then the Fréchet derivative of z(q) with respect to q
applied to h,

vn = [Dgz(q)]g=q0 () (5.6)
15 the weak solution of the well-posed elliptic equation
@ Vp € H& (Q) '
Proof. Let z, be the solution to
Zp € H(%(Q) ’

then subtracting (5.4) from (5.8) we obtain
=V (qV(zn — 2(q))) =V - (hVz,)
then subtracting equation (5.7) we find
V- (qV(zn = 2(q) —vn)) = V- (hV (2 — 2(q))).
Multiplying by (z;, — z(¢) — vi), and integrating by parts we obtain:

/ A1V (e — 2(q) — o) = — / BV (2n — 2(0))V (2 — 2(q) — vn).

Taking the absolute value and applying the Cauchy-Schwarz inequality leads to

/040|V(zh — 2(q) —wvn)[* < IR / V(20 = 2(@) IV (zn — 2(q) — vn)]-

Since () is bounded we apply Poincare’s inequality on the left side and Holder’s inequality
on right side. Thus there is a constant C' such that

aollzn = 2(q) = vallzn < CllRllzn — 2(q) — vnllan 120 — (@)l (5.9)
However, for all h such that ||h|| < 1 there exists C' > 0 such that
lzn = (@)l < ClRIIf]]z2- (5.10)

Therefore by combining (5.9) with (5.10) we obtain ||z, — 2(¢) — va|lm < C|| R f]|z2. Di-
viding both sides by ||h|| and taking limits,

||Zh - Z(Q) — UhHHl
m < lim Clh )
IRl =0 7] 10 [ [H]f1] 22

which leads to
|2n — 2(q) — vallm

=0.
Ihll—0 7]
We can conclude that [D,z(q)]4=q,(h) = vp,. In other words, the solution to (5.7) is indeed
the Frechét derivative of z with respect to ¢ applied to h. O
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5.3.2 Approximation of the Fréchet Derivative Operator

Upon careful inspection of equation (5.7), we see that we need to first evaluate the solution to
(5.4) in order to obtain the derivative. The solution to (5.4), z, is required to form the right
hand side of (5.7). There are a number of relevant questions to ask when approximating the
Fréchet derivatives: when we compute the finite element solution of (5.4) with mesh size Az,
ZAz,, and substitute it into (5.7) approximated with mesh size Axy, does the Finite Element
solution, vja,,, converge as Azy and Az converge to zero? especially in the typical case
Ay = Azy? In other words, does vpa,, converge to [D,z(q)]g=q, (h) = v,? This is answered
by the following theorem.

Theorem 5.3.2 (Operator convergence). Let z(q) and za., be the solution and the finite
element solution of the elliptic equation (5.4). Let r = vy, be the solution of the sensitivity
equation (5.7). Respectively, let T and Ta,, be the solution and finite element solution of

— V- (qVF) =V - (hVz(q)a,,) 7 e Hi(Q). (5.11)

Then if Axy — 0 and Azy — 0, we have ||Taz, — [Dg2(¢)]g=g (R)|| a2 — 0.

Proof. Adding and subtracting 7 and applying the triangle inequality to ||r — Fag, |z, we
obtain
17 = Fawy [l <l = Pl + 17 = Fagy [ (5.12)

First we bound the term ||r — 7||z:. If we subtract (5.7) and (5.11), we obtain
=V (¢V(r = 7)) = V- (hV(2(q) = 2a2.)).

Multiplying this by (r — 7) and integrating by parts we obtain

[ a9 =F == [ BV = 20) Tl =) < bl = 7l ll20) = 200,

Poincaré’s inequality combined with the fact that ag < ¢, from (5.5), we see that there exists
a C' > 0 such that

I =il <€ [ a9 =P
Combining this with (5.12) we get:
I = #lE < Chingollr = Fllm12(a) — 280, -

Thus
|7 = 7llgr < Chimael|2(q) — 280, || - (5.13)

We now bound the term || — #az, || g1 By Theorem 9.1.10 from [15],
17— Taz, ||z < C1Axs||AT| 2. (5.14)
This same theorem can be applied to the finite element approximation of z to find

HZ<Q) - ZAmHHl S CQAl’lHVZHLz.
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Combining (5.13) and the above inequality with (5.12) we have
17 = Taws | < CoAx2||AF| 12 + Cohumagda|[[Az(q)| .-
Applying the limit
gy il = Pag <l Co(Awa|| AT 2 + [12(q) — 260 [11) (5.15)

== AlimOCQ(AJ]2||AT||L2> == O, (516)

since r, z € H?(Q). O

Any linear operator defined on the finite dimensional space H, is uniquely defined by the
image of a basis. Therefore if we project the admissible set Q¢ onto a finite dimensional
space, typically a Galerkin finite element basis, we have a finite rank representation of the
Fréchet derivative operator. The following theorem considers the convergence of the finite
rank operator to the infinite dimensional counterpart.

Theorem 5.3.3 (Operator approximation). Let HY be a finite dimensional space of C*(Q)
with basis {¢; }i=N. Let PN be the projection of C1(Q) onto HYN. Furthermore, let DV be the
linear operator that is defined by [Dyz(q)]q=qo(¢i) = vy;, where vy, is the solution of (5.7)
when ¢; = h. If PN is the finite element projection operator satisfying

|P*h—h|| =0 as N —oo, VheCHQ).

Then DY (PNh) — [D,2(q))g=g, as N — o00.

Proof. Let z(q) be the solution of (5.4) and let h € C'(Q) be given. Define h = PNh and
SV higs. Then DN(PNh) is the solution to

— V- (qVw) =V -(hVz(q), we HYQ). (5.17)
Let v;, be the solution of (5.17) with h replaced by h, then:

=V (qV(on = v;)) =V - ((h = )Vz(q)).

Multiplying both sides by v, — v; and integrating by parts we obtain
[ai9n =0 = [ (h =9 —v) - Vsta)
which leads to the following inequality
lon = villm < Cllh = hllllon = vl |l g

then [[vp, — v llga < Cllh — iL||||u||Hé By our assumption on PV, ||h — Al = 0 as N — oo.
Therefore [[v, — vj, || gz — 0. O
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Since we can find a finite dimensional representation of [Dyz(q)],_, , we would like to prove
that the infinite dimensional operator is Hilbert-Schmidt or at least has a dominating eigen-
value. As we discuss below, the Hilbert—Schmidt triplets can be approximated by the singu-
lar value decomposition of our finite dimensional representation to [D,(q)] _ . Furthermore,
these triplets lead to interesting applications.

9=q0

Definition 5.3.4 (Hilbert-Schmidt Operator). A linear operator F' : Hy — H,, where H;
and Hy are Hilbert spaces, is Hilbert—Schmidt if and only if there exists an Hy-orthornormal
sequence in Hy, {vx}, an Hy-orthornormal sequence in Hy, {uy}, and positive decreasing
sequence of numbers {oy} satisfying > ;- op < 00, such that for any h € Hy,

F(h) = ow(ve, h)r,u.
k=1

Theorem 5.3.5 (Sufficient Condition). If there exists an orthonormal basis {¢}, of Hy such
that ||F¢,|| € I?, then F is a Hilbert-Schmidt operator [41].

Lets consider the space H?™¢(Q) where ¢ > 0 and Q C R? is bounded. It is well known
that X = H*™(Q) — C'(Q). Thus convergence in H*¢(Q) implies convergence in C''(Q2).
Therefore one can consider a Hilbert-Schmidt decomposition of the operator D,z(q) since
both the domain D = H?**¢(Q) and the range R C Hj are Hilbert spaces. Since D is a
subset of C'*'(Q) the conditions of Theorem 5.3.1 are met. Thus the operator [D,2(q)]4=q, 18
well defined. Now we just have to prove the existence of the Hilbert-Schmidt decomposition.

Theorem 5.3.6 (D,(z(q)) is a Hilbert—Schmidt Operator). If Vz € L>(Q) then the Fréchet
derivative of z(q) with respect to q, [Dyz(q)|g=q, 1S a Hilbert-Schmidt operator in the domain
H>™(Q) with ¢ > 0. As an example that the hypothesis, Vz € L>®(2) can be achieved
consider the case f € H'(Q),q € C*(Q). This implies that z(q) € H*(Q) and by the Sobolev
imbedding theorem, z(q) € C1(Q).

Proof. As shown in Adams [1], there is an orthonormal basis, {¢,},>1, of H*™(Q), where
|dn |l L2(0) is an I? sequence. Then using the equation (5.7), we have that vy, = [Dg2(q)]g=q,(¢n)
is a solution of

—V - (qVvs,) =V - (6.V2(@0)), vy, € Hy(Q).
Multipying both sides of the equation by v4, and integrating by parts we obtain

/q|Vv¢n\2 = —/ganz - Vg, .

Since ¢ is bounded below by a constant, we apply the Holder inequality to obtain go||Vug, ||7. <
160V 2| 12||Vvg, || 2. Using the Poincaré inequality, there is a constant ¢ such that [|vg, [|3,, <
0

cllonVzllz2llvg, ||y Thus [lvg,[[my < cllgnV2] 2.

Note that ¢, = WEZ%% is a orthonormal basis in H?(0,1) N H}(0,1). However, the
L? norm of the nth element is given by:
[? sequence.

g Lherefore the sequence ¢y || z2 is an
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By hypothesis, Vz € L>(§2). Thus we have |[vg, [|g1 < ¢||[Vz| 20 |[¢n[[z2. This will lead us to
[D2(q)]g=qo (¢n) € 1? since ||¢p]|z2 € I? using Theorem 5.3.5 we have that [Dy2(q)]g=qo (¢n) 18
a Hilbert-Schmidt operator. m

Theorem 5.3.7. The Fréchet derivative operator is compact, cf. [54].

Theorem 5.3.8. [Differentiability with a Parameterized Forcing Term] Let p = (q, 0) belong
to the admissible set

Q" = {(q,0) : ¢,0 € C*(Q) and Jay > 0 such that q(x) > o, Yo € Q}.
Let z(p) be the solution of
SV @V = f0),  FEINQ),  ad e HNQ). (5.9

where the norm on Q¢ is defined by ||h|| = ||q||+|0||. If f is Lipchitz continuous with respect
to 0, then the Fréchet derivative of z(q,0) with respect to (q,0) at po = (qo,0o) applied to
h = (6q,60), vi, = [Dpz(P)lp=po (¢n), is the weak solution of

— V- (@Vvr) =V - (6qV2(po)) + [fo]o=0,(66), vy € Hy (). (5.19)

where [fplo=a,(00) is the Fréchet derivative of f at 0y applied to 66.

Proof. Given
=V - (@Vvp) =V - (0¢Vz(po)) + [folo=s, (60),

— V- ((qo+ 6q)V2z) = f(6 + 06), (5.20)

and
— V- (qVz(po)) = f(00). (5.21)

We can combine the three equations above to obtain

V- (@Y (e — (o) — ) — V- 50V (zn — 2(0))) = F(B +50) — F(B0) — [foloan(06).
Multiplying by z, — z(po) — vi and integrating by parts,
/ 20IV (21— 2(po) — ) < / 1641V (2 — =(p0)) - V(2 — (o) — vn)
n / (80 + 66) — £(60) — folo—o, (50) (21 — =(p0) — v1).

Applying applying Poincaré’s inequality to the left hand side and Holder’s inequality on the
right hand side

1z = 2(po) — vn) I3 <Clallll(zn — 2(po)) ey | (21 — 2(p0) — vn) |y +
1/ (6o + 66) — f(6o) — [folo=0,(0) || 2| (zn — 2(p0) — vn)ll sy
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This leads to

1(zn = 2(po) = vn)llmg <Cldallll(zn = 2(po)) |1z +
Cl|.f (00 + 66) — f(6o) — [folo=0,(50) ]| 2.

which, using (5.20) and (5.21) is
1(zn = 2(po) = vn)llmy < Cldall([log]l + 11061]) + Cl[f (60 + 66) — f(6o) — [folo=0,(96) ]| 2-
Dividing by [|oh][ = [|o¢]| + [[66]],

1(zn — 2(po) — vn) ||

1/ (6o + 60) — f(6o) — [folo=0,(50) |2
16| + |6 '

15g]l + 18]

< Clléq|| +C

Now, using the fact that [fy]y is the Fréchet derivative, the last terms vanishes as ||§0] — 0.
Therefore,
1z — 2(po) — vn) || 2

lim = 0.
116g]|--]156]|—0 llog|| + [|66]|

]

Theorem 5.3.9. Under the conditions of Theorem 5.3.8 and the added condition that
[folo=o,(60) be Lipchitz continuous, the Fréchet derivative, vy = [D,z(p)]o=a,(08) is the solu-
tion of

-V (q()va) = [f9]9:90 (59), Vo € H&(Q) (522)

Proof. Follows from Theorem 5.3.8 with dq = 0. O

Theorem 5.3.10. Let HY be a finite dimensional subspace of C*(92), let PN be the projection
of CH(Q) onto HY, and {¢; }i=V be a basis for HY. Furthermore, let DV be the linear operator
that is defined by [Dyz(0)]o=g,(¢i) = vy, where vy, is the solution of (5.22) when 06 = ¢;.

If |P"0 — 0| — 0 as N — oo, for all h € CY(Q), then D¥(PNh) — [Dpz(0)]g=s,(00) as
N — oo.

Proof. Let r be the solution of (5.22), and let 60 € C'(Q) and 66 = PN50 = SN 66,6:.
DN (PN 40) is the solution of:

— V- (¢oV7) = [folo—s, (66), r e HY Q). (5.23)
Let vsp be the solution of (5.3.10) then
—V - (qV(vso — v5)) = [folo—s, (6 — 60)

Multiplying both sides by vss — vs; and integrating by parts we obtain

[l — v = [ (v~ v5)flo-a (36— )
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Using similar arguments used in the proof of Theorem 5.3.8, the following inequality holds
lvse — vsgll3 < C1I56 — 56[|llvse — vsgllsms

thus 3
lvse — vsgll g < Cl]00 — 60

Due to the approximation property of PN, ||66 — 60| — 0 as N — co. Therefore

|vso — vsgll g — 0.

O
Combining Theorems 5.3.3 and 5.3.10, we have the following result
Theorem 5.3.11. Under the hypotheses of Theorems 5.3.3 and 5.3.10,
[Dp2(p)]p=(q0.60) (01, 60) = [Dyz(q)lq=go (6h) + [Doz(6)]o—0, (06). (5.24)

Proof. Let HY be a finite dimensional subspace of C'(Q) and let P be the projection of
C(Q) x CY(Q) into HN with basis {(¢s,0);(0,¢,)}:=Y. Let DY be the linear operator

ij=1
that is defined by [Dpz(p)]p=p, (¢, @j) = V(g,,¢,) Where v(g, 4,y is the solution of (5.19) when
Since ||[PNh —h|| — 0 as N — oo, Vh € C(Q), we have

DY (P™(0q,00)) = Dyl2(p)]p=p, (92, 69)),

as N — oo. O

Theorem 5.3.12. The Fréchet derivative of z(q) with respect to q, [Dpz(p)]p=p, i a Hilbert-
Schmidt operator.

Proof. Since the space of Hilbert-Schmidt operators is a vector space one can infer that
since [Dy2(q)]q=q (0h) and [Dyz(8)]g—g,(60) are Hilbert-Schmidt then the sum [D,z(p)],=p,
also is. ]

5.3.3 Generalization to the Steady Advection-Diffusion Equation

Now we will discuss the following steady equation:

A(q)z(q) = f, f e L*Q), and 2(q) € Hy(Q),
where A(q) is defined on H%(Q2) as A(¢)z = V- (aV2z)+b-Vz+cz and its range is contained

in L?(£2). We use the notation q = (a, b, ¢) and dq = (da, db, dc) in the following paragraphs.
Note that b has two components, (b, b,), thus ¢ represents four parameters.
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Theorem 5.3.13. The solution operator z(q) is weakly Fréchet differentiable as an operator
between the spaces L°°(§2)x L°°(2) x L>°(Q2)x L>=(2) and H= H*(2) x H*(Q) x H?(Q) x H?(£2)
where Q@ = (0,1) x (0,1). Furthermore [Dyz(q)]q=q v is the Hg(Q) weak solution of:

A(qo)v, = —A(h)z(qo), v, € Hy ().

Proof. The proof is equivalent to Theorem 5.3.1. ]

Theorem 5.3.14. Under the assumptions of the previous theorem, the operator [Dyz(q)] =g, (h)
is Hilbert-Schmidt over H.

Proof. The proof is equivalent to the proof of Theorem 5.3.6. O

5.3.4 Differentiation of Boundary Conditions

Let z(g) be the solution of the following steady equation with non-homogeneous boundary
conditions,

V- (aVz(g)) +b-Vz(g) +ex(g) = f (P,)
zlon =g ’

The previous equation has a parameterized boundary condition, indeed we will consider the
entire boundary condition itself as a parameter.
Theorem 5.3.15. If Q = (0,1) x (0,1) and f € L*(Q), then 2(g) is Fréchet Differentiable
in H2(0Q). Moreover, for any h € H2, [Dyz(g)]g=g,h = vp is the solution of:

V- (aVvh) +b- Vl)h + cuy, = O, Uh|aQ = h.

Proof. Let z, and vy, be the solution of:
Alg)zn = T, feL*Q)
Zlso=g+heheHz(Q),
and
A(q)vn =0, feL*(Q)
vnlsa = h € L*(Q),
respectively, then z, — z — vy, is the solution to
A(Q)(zp —z—vp) =0 zh\m:OGhGH%. (5.25)
Since solutions are unique and 0 is a solution, we have that:
. ||Zh—Z—Uh||: . L:
Ill=o— [[R]] Ikll=o [[R]
thus v, = Dy2(g). O

Theorem 5.3.16. If Q = (0,1) x (0,1) and f € L*Q), then the Fréchet Derivative
[D,2(9)]g=go s Hilbert-Schmidt over H* ().

(5.26)

Proof. The proof is identical to the time dependent case below in Theorem 5.4.14. O]
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5.4 Sensitivity of the Convection-Diffusion Equation

5.4.1 Background

In this section we consider the solution of the abstract convection-diffusion equation, z(t, q),
as a function of its distributed parameters and its boundary conditions. The Fréchet Deriva-
tive operator is well defined for the set of the parameters that leads to unique solutions of
the PDE. As in the previous section when the Fréchet Derivative of the solution operator
exists and when applied to suitable parameters variation,, it is the solution of the sensitivity
equation. The existence of such a representation is discussed in several papers including
Seubert and Wade [44] and Davis and Singler [17]. The convection-diffusion case is analysed
in [44] and a special case is considered in [17]. Therefore the main focus of this chapter is
restricted to the study of the spectral properties of the operator [D,z(t, q)]4—q,, more specifi-
cally the existence of a Hilbert—-Schmidt decomposition. Once we show the existence of such
decomposition, we then derive a finite representation of the operator and then prove that its
singular values and vectors converge to their infinite dimensional peers.

5.4.2 Fréchet Differentiability

The choice of the admissible set and the norm associate is crucial, these choices will determine
if the solution operator z(t, q), is well defined and moreover if it is F-differentiable. In the next
paragraphs the parameter space @, is the normed space: Q = C°(Q)xC?%(Q)xC°(Q)x C°(Q)
and ¢ is the vector (a, b®, b, c). The admissible set will be given by: Q% = {q € @ such that
A(q) is strongly elliptic}. The domain Q C R? is closed, and Q; = Q x [0, 7] The spacial
solution to the convection-diffusion equation z(t, q), satisfies the equation:

#2(t:q) =V - (aVz(t;q) +b-Vz(t;q) +cx(tq) + f(t)  2(t) € Hy(Q)(VH*(Q)

,') = 20-

(5.27)

We will assume that f, f/ € L>(0,T; H}(Q)) N L*>(0,T; H*(Q)) and 2z, € HJ(Q) () H*(Q),
this will guarantee that z € Z = L*>(0,T; H*(Q2)). Defining the operator A(g) on H?*(2) as
A(q)z =V -(aVz)+b-Vz+ cz and rewriting the system P, we have

(P)q{ d%(z@;q) = A(g)=(t;q) + f(1) 2() € Hy(QNHQ) (5.28)

2(0,2) = 2o

Since all the spaces and the operator A(q) satisfy the the hypothesis of the main result from
Singler [9], we are in position to state the differentiability of z(, ).

Theorem 5.4.1 (Fréchet differentiability of z(t;q)). The operator z(t;q), is weakly Fréchet
differentiable over Q™ and vy (t) = [Dyz(t,q)]4=qh is the weak solution of the abstract
Cauchy problem:
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Proof. See [17]. O

Extension to the Groundwater Flow Equation:

We now extend this result to the groundwater flow equation C,. Let {2 be a closed bounded
subset of R? and

wd = g = (S, k% kY) such that S, k% k¥ € C1(Q) and S(z,y) > ap > 0, k%(x,y) > a; > 0,
kY(x,y) > ay > 0} Y(z,y) € 2. Furthermore, let

Z=L'((0,T) , HY(Q) N H?(Q)) and Qr = (0,T) x Q.

The Groundwater flow problem is given as the solution of z € Z of:

»), { Saa(t;q) = (K 2:(t:))e + (K2t )y + f(t,2) (5.30)

2(0,2) = 2o

Theorem 5.4.2 (Sensitivity Groundwater Flow equation). Let z € Z be the solution of 5.32.
The weak Fréchet derivative of z, [Dyz(t;q)|, exists and v, = [Dyz(t; q)|h is the solution of:

5(%%)(’53 q) + (08) 72t q) = (K (0n) . (t; 0))o + (K¥(vn),,(t; 0))y + (0572 (t: @) + (0K 2, (£ )3
z(0,2) =0
(5.31)

Proof. Since [D,[2(t;q) — 20]]lq=qo = [Dq2(t; q)]q=q, one only needs to know the case for the
zero boundary condition.
The zero initial condition is given by:

(P)q{ Si(tiq) = (k" zo(t;0))a + (K 2y(t;0))y + F(1); (5.32)

Changing variables to w(t) = S2z(t) and defining f(t,z) = W (t,z) + (K20, )s + (kY204 )y,
the previous equation is equivalent to:

(P)q { %(ISSZ;Z)::OS_?(W(S_QW(té q))z)z +S72 (K (w(t;q)S™2)y)y + S72f(2) (5.33)

Now we are in condition to use Singler’s result that proves that w(t; q) is Fréchet differentiable
and moreover vy(t) is the solution of the sensitivity equation:

(p)q { %%52;])::()82<k$wx(t3 q))z + ng(kywy(t; Q))y + 872 f(1); (5.34)
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Let B(S, k™, k) = S73(k"(S722),), + 572 (k(S22),), and A(q)z = (k"z,), + (k?z,), then

B! (3, 0k%,0k¥)z = S™5(0k"(S72 [2]),) + S 2 (3KY(S72[2]), )y + (5.35)

— S (E)S (S A D) + (S22, (5.36)
ST (5 (09)5 D)) + STHRI (-5 (59)S 2], (537

So [Dyw(t,q)] = vy, is then the solution of:

(p), { i S B0 BER R @O g

Where F(qo,t) = S~2 f(t) and

(g, 0h = —5(65)S 3 £(1) (5.30)
= 5685 HS alt50) = (K2t 0))a — (W2 (5:0), (5.40)

So the forcing term, B’(h)w(t,q)-+[F’(q,t)]h, from 5.32 can be decomposed as:
B'(hyw(t,q) + [F'(q,)]h = B'(h)S?z — %(55)5—‘3[5%@; 9) — Alg)7] (5.41)
S A(q): — 155—%A( )z — lA( )(5S)S~12) — 1(55)5—3[5%2@; g) — Alg)s] (5.42)
— S~ A(6q)7 — -(55)5 2%z(t q) — —A( )((65)512) (5.43)

Since w = S22 we have that w, = S2v, + & (55)5 22 so the equation 5.32 is equivalent to :

jt[Swh +5(05)572 i2] = 572 A(q)S 2 [SZ v+ (5.44)
+5(65)542] + 574 A(g)z — L (65)S™ 2%2@ D)~ 5AW@((8)5 ) (5.45)
which is equivalent to
d. 1 _1
1570+ (65)8732] = (5.46)
— S A(g)on + — (55)5 2]+ 5 A(5g)z — %A(q)((dS)Slz) (5.47)
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which is equivalent to

d 1 1 1 1
a[Sivh +(05)S72z] = ST2A(q)vp, + ST 2A(0q)z (5.48)
d
a[Svh +(69)z] = A(q)vn, + A(dq)z (5.49)
Which ends the proof. O]

5.4.3 Hilbert—Schmidt Decomposition

In order to prove that the operator [D,z(t,q)],—q, is Hilbert-Schmidt, it is necessary that
both parameter and solution spaces be Hilbert spaces. Therefore one must change the
spaces of differentiation, since the () defined in the previoussection is a Banach space but
not a Hilbert space.

Existence Results

Theorem 5.4.3. If 2(t) € Z = W%(0,T; W*>(Q)) then for every t € [0,T] the operator
[Dyz(t, )= defined on the Hilbert space H=H3(2) x H?(2) x H?(2) x H?(Q) with range
on H}(Q) N H?(Q) is Hilbert-Schmidt.

Proof. There are orthonormal basis e, € H*(Q) and f, € H*(Q) such as ||e,| g1 and
| full o) are I* sequences by Adam’s [1]. From (5.29) we know that

1Dg2(t; @)lg=qo enll iy < [|A(hR)2(E; q0) |20/ 22(0)) < [llenlla + 3l fullmolllzllz - (5.50)

Therefore by Theorem 5.3.5 the operator is Hilbert—Schmidt. O]
Theorem 5.4.4. For every t € [() T] the operator [D,z(t,q)|=qh defined on the Hilbert
space H=H>(Q) x H*(Q) x H*(Q) x H*(Q) with range on H}(Q) N H?(Q) is Hilbert-Schmidt.

Proof. By Adams [2], there are orthonormal basis e, € H®(Q)) and f, € H*(Q) such as
lenll () and || full 2oy are I? sequences From (S), we know that

||qu(t=Q)]q=qohnHHg < ||A(h)z(t§CIO)||L2(0,T,L2(Q)) (5.51)

< llenllr + 3l fullo] 1zl 20,1, 72 (22)) (5.52)

< llenllms + 3anHH2]||ZHL2(0,T,H2(Q)) (5.53)

Therefore by Theorem 5.3.5 the operator is Hilbert—Schmidt. OJ

Theorem 5.4.5. For everyt € [0, T the operator [D,z(t, q)|4=q " defined on the Hilbert space
H=H?((0,1) x (0,1)) x H*((0,1) x (0,1)) x H?*((0,1) x (0,1)) x H*((0,1) x (0,1)) with range on
H= HZ((0,1) x (0,1)) N H2((0,1) x (0,1)) is Hilbert-Schmidt.
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Proof. The proof of this theorem is based on the fact that if the there is a orthonormal basis
{¢n}n>1 of H such that ||A¢,|| € [* then A is a Hilbert-Schmidt operator in H, Reed and
Simon [41]. Tt is know that ¢™"™(x,y) = anm, sin(mnz) sin(rny) is a orthonormal basis over
H}((0,1) x (0,1)) where:

2
V(1 + 1272+ A (1 4 m2a? 4+ mint)

Qp,m,

Then
{(¢n,m> Oa 07 O)? (07 ¢n,m7 Oa 0)7 (07 07 ¢n,ma O)a (07 07 07 ¢n,m)7 n,m € N}

form an orthonormal basis in H. Next we will prove that image of each component is a [?
sequence. From the last proof we known that:

1Dq2(t, )g=go (Pn,m; 0,0, 0) |11y < | A((Dnm, 0, 0,0))2(E; Go) | 20,722 (2)) (5.54)

< N onmllillzll 207,520y < (14 (4 m)T) @l 2| 20,7, 52(02)) (5.55)

which obviously is a [? sequence. Also,
||qu(t7 q)]q:fIO (Oa gbn,my 07 0) ”Hé S ||A((07 ¢n,ma 07 0))Z(t7 QO) ||L2(0,T,L2(Q)) (556)

< |[@nmllollzllz2(0.7.52(0) < @nmll2llz20,1,8202)) (5.57)

Which is also a [? sequence. With same type of argument one can prove for the cases
(0,0, ¢n.m,0) and (0,0,0,¢,n). By adding these four inequalities together, it is easy to
verify that the full basis is a I? sequence. Finally since H is dense in H?((0,1) x (0,1)) this
basis is a basis in H and therefore the operator is Hilbert—Schmidt in . n

5.4.4 Finite Dimensional Representation

Any linear operator defined on finite dimension space H, is uniquely defined by the image of
a basis. Therefore, if we project the admissible set Q¢ onto the basis of a finite dimensional
space, typically a finite element basis, and apply the Fréchet derivative, we have a finite rank
representation of the Fréchet derivative operator. In this section, we prove that the finite
dimensional operator converges in norm to infinite dimensional operator (defined on Q).
This results also holds for the singular vectors and singular values.

Operator definition: Let S be a finite element space of H}(2), with polynomials of
degree s > 2 such that SV — SVt VN € Ny, and let QM be a finite dimension space of
H and let P be the projection of H onto Q. Let D} (t) be the linear operator that is
defined in the following way:

Definition 5.4.6 (Approximate Operator). DYM(t) : H — Hj

DYM(t)h = vy, (t), where vy, (t) is the finite element solution of vpay(t).
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Theorem 5.4.7. Convergence of the Operator Estimation
For all t € [0,T] the operator DYM(t) converges uniformly to [Dyz(t, q)]g=q,-

Proof. For any norm the following inequality holds:

H[D(]]V’M@) — [Dy2(t, @)lg=go |2l =
= ||D(11V7M(t)h — [Dyz(t, Q)]q:quMh + [Dyz(t, Q)]q:quMh — [Dy2(t, @)lg=go P (5.58)
< DM ()R = [Dyz(t, @)lg=qo P bl + [[Dgz(t, @)l g=go P h = [Dy2(t, )lg=go hll - (5.59)

Obviously the second term converges to zero since [Dyz(t, q)]y=q, is continuous. The sec-
ond term converges by the finite element theory:
From theorem 5.5 from [50] we have the following inequality:

1D (8)h = [Dy2(t, @)lg=go P 1l = 0™ para(t) = vparp ()| (5.60)
S OAT_I[H’UPMh(t)HHl + ||A(PMh)Z()||H1 + ||thUPMh||L2(O,t;HT*1)] (561)

where A is maximum diameter of the triangles, using r=2.

Alllopsn ()l + JAPYh) 2ol + [ Devparp | 2 0,:mm)] (5.62)

< CA[|[Dyz(t, @) g=qo [ P Bl + CIPY Rl 201l + | APY R) 2] 11 0.7, 22) (5.63)
< CA[I[Dyz(t, @)l g=go | 1P 21| + CILPY ||| 0] -+ | PY R[] ][] 1 0.7 122) (5.64)
< COAPYR| < COAR (5.65)

Therefore DV-(t) converges in norm to [D,z(¢, q)]4=q,, Since both parts converge to zero so
does the left-hand side.

Now the focus will be to prove that the singular values of the finite dimension operator
converges to the singular values of the infinitesimal operator, before we will need to prove
some preliminary results.

In following paragraphs we will use the following notation D(t) := [D,z(t,q)]q=q,- Firstly
we will prove the the convergence of the singular decomposition of D™ (t) = D(t)PM for
the one of D(t), the second step is to proof the same convergence of decomposition of the
DyN () = v (t), finally by an triangular type of argument we will prove the decomposition
convergence of DN-M(¢). O
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Corollary 5.4.8. Let D™ (t) = D(t)PM then D\ (t) — D(t) and D, D™ — D(t)*D(t)
uniformly.

Proposition 5.4.9. If QM are nested in such a way that Q™ C QM*' and PM — I
uniformly then: The eigenvalues of RM(t) = D™ (t)" D™ (t) = PMR,(t)PM converge to the
eigenvalues of Ri(t) = D(t)*D(t).

Proof. The proof is a result from [19]-page 160 O

*

Corollary 5.4.10. Let D,™(t) = vl (t) then DN (t) — D(t) and D(t)," ()
D(t)*D(t) uniformly.

D(1)," (t) —

Proposition 5.4.11. If HY are nested in such a way that HY < HN*' and PV — I

uniformly then: The eigenvalues of RY (t) = Dy (£)Dy™ (1) converge to the eigenvalues of
Ry(t) = D(t)D(t)*.

Proof. Let 6 > 0 and the following u’s be in H then

AT < max (3 (H)u, u) < max ([R5 (1) — Ba(t)lu, u) + (Ra(t)u, u) (5.66)
< 5 (1) = Bolt)]| + mmax (Ro(t)u, u) <9+ (5.67)

for N sufficiently lagre.
Then A7 < \;. Using the same argument we can prove that Ay < A} O

Theorem 5.4.12. In the hypothesis from Propositions 4.3 and 4.5 for every t > 0 the
singular values of DN (t) converge to the singular values of D(t):=[Dyz(t, q)]s=q0-

Proof. The proof follows immediately from Propositions 5.4.9 and 5.4.11:

limlim o™ (¢) = lim lim sup (DVM ()" DNM (¢ U, U 5.68
i () = gl sup (D" (0D 0. (5.65)
= li]{fn sup (DN ()" D(t)Nu, u) = lij{fn sup (DN (t) DN (t) v, v) (5.69)
llull=1 [[oll=1
= sup (D(t)D(t)"v,v) = oy (5.70)
flvll=1

to prove the convergence of the greater singular values, comes from repeating the proof on
the complement of the expansion of span {u;(t),...ux(t)}. O

Theorem 5.4.13. Under the same Hypothesis as the previous theorem , plus that D(t) has
no double singular vectors and values, then the singular vectors of DN (t) converge to their
infinitive dimension pears.
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Proof. By definition of of [D™(¢)] D" (t) we are find the eigenvalues in H" of D*(t)D(t) since
the H*> is dense on H and their are nested, this means that we are solving the problem in
a sequence of problem that close and close to H.

on(t) = min (D(t)v, D(t)v) (5.71)

lulleH™
Then for € > 0 exists p such N > p

min (D(t)v, D(t)v) — min (D(t)v, D(t)v)| < |lon(t) —o(t)|| < e (5.72)

)
llvlleH™ llvlleH
Since there is an unique solution v* to

v* :=arg min (D(t)v, D(t)v) (5.73)

[vllet

and the the spaces H" are nested this means that v*V does converge to v*

5.4.5 Differentiation of Boundary Conditions

In this section we will Fréchet differentiate the solution operator, z(t; g), of the convection
equation, with respect to a boundary condition, u(t)g(x). Once proven the differentiability,
we present some spectral decomposition results. The convection diffusion equation written
as follows:

42(t;9) =V - (aVa(t;g) +b-Va(t;g) + cz(t;9) + f(1)  2(t) € H()
2(t; 9)|aa = 2olon + u(t)g;
2(0; g) = 2o t € 10,77

(P) (5.74)

q

Q = C%Q) x C°N) x C°Q) x C°(Q) and q is the vector (a,b”, b, c). The admissible set
will be given by: Q¢ = {q € Q such as A(q) is strongly elliptic} f € L2(0,T; L*(2)) and
20 € H'(Q) then we will have the guarantee that z € Z = L>(0,T; H'(Q2)) and u(0) = 0.

Theorem 5.4.14. For q € Q% and if Q C R? is a bounded Lipschitz domain and u,u’ €
L3([0,T]), with u(0)=0 then z(t;g) is weakly Fréchet differentiable with respect to g on
H2(09). Moreover, v, := [Dyz(g)]g=go P is the solution of the sensitivity equation:

Lon(t) = V- (aVuu(t)) +b- V() + cop(t) = 0

(S)y 4 vn()]oa = u(t)h (5.75)
Uh(()) =0

Proof. Let D(t,h) = z(t,g + h) — z(t, g) — vp(t)then D(t,h) is the weak solution of:

Lrt) =V - (aVr(t)) +b-Vr(t) +cr(t) =0
) 0 (5.76)
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Since for all h the only solution of (R), is the zero solution, we have D(t, h) = 0; therefore

vt >0
D, Pl 1)
Al

—0 (5.77)
3 (09)
O

The following theorem will provide a sufficient condition to the Hilbert—Schmidt decompo-
sition of the previous operator.

Theorem 5.4.15. Under the same assumptions as the previous theorem [Dyz(g)] is

Hilbert-Schmidt over H*(0SY) and range in H'(Q), where Q = (0,1) x (0, 1).

9=9o

Proof. As be before we will use the fact that if the there is a orthonormal basis on H?(92)
such as the image of it is an [? basis then the operator is Hilbert-Schmidt.
The basis,

T = ay(sin(nrx),0), ¢f = a,(sin(nmz),1), ¢% = a,(0,sin(nmy)), ¢f = a,(1, sin(nmy))
where 5

B V1 + n?n? + nigt
obviously orthonormal over H2(99). Then for every t and i=1..4

1Dq2(t, 9)lg=qo (67 |1 (2) < 2T°Cl2ll1ol1 71 13 o (5.78)

wich is a [2 sequence. O

Qn

Computing the singular values is very expensive therefore it is mandatory to develop an
efficient way to do it. In the following chapter is dedicated to the numerical aspect of
the computation of the singular values and vectors. Since by definition the singular values
and vectors of [Dyz(q)]q=q, are the eigenvalues and eigenvectors of [Dy2(q)]i_,,[Dq2(q)]g=q0
respectively, then one can use their favorite eigenvalue estimation technic.

5.5 Application to Parameter Estimation and Second
Derivative

Even is highly costly one can use the Fréchet derivative for parameter estimations purposes,
using the chain rule one can deduce:

1 g
[Dgd (@ @ lgm = Do | 5112(0) = 20l + Slla = aanaally| () =
q=q0
<Z — Zdatas /Uh>H + <q — Qdata> h>Q (579)
Since vy, is the solution of the sensitive equation, then to a quadratic approximation the most
indicated would be use BFGS or any other type of approximation to the second derivate. In
some cases the second derivative can be evaluate explicitly as in example 5.4.
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5.6 Second Derivative

Theorem 5.6.1. If z(q) is the solution of:

~V-(qVz(q) = f, feL*(Q)
q{ z(q) € Hy (). (5.80)

where Q CR™ is bounded with a C° boundary and q € Q* ={q: ¢€C*(Q) and Joy > 0
such as q(z) > ag, Vo € Q}. The norm on Q™ is defined by |h| = maz.ea{|h(x)|} +
mazqco{|h' (z)|}.

Then the Fréchet deriative of z(q) with respect to q applied to h, [Dyz(q)]g=g () = vp,
18 the weak solution of, the well-posed elliptic equation:

—V - (qVup) =V - (hVz(q));
A Sy (550
And the second derivative is the solution of:
-V - (qVTg,h) -V (vih) =V (thg);
55 { r e Hi(9). (5.82)
Proof. This is identical to the proof of Theorem 5.3.1 ]

This can be the used to compute the inverse problem trough a Newton Method. Note that
the finite representation is a 3 dimensional matrix, where the entry (i,j,k) is defined by

[DNNM (i, )]
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Chapter 6

Numerical Implementation

6.1 Approximation of Singular Values and Vectors

Computing the singular values is computationally intensive. Therefore it is mandatory to
develop efficient algorithms to approximate them. This section is devoted to numerical issues
associated with the computation of the singular values and vectors.

6.1.1 Using the Operator to Evaluate the Singular Values

This method is the most intuitive and most expensive one. The idea is to construct the
operator D™ (¢) from Definition 5.4.6. Let HY be an N dimensional finite element sub-
space for approximating a model solution. Also, let @ be an M dimensional finite element
subspace approximating the parameter q. We

fori=1:N
forg=1:M

o (DVM(t)). = ([qu(q, Ol (@))j the coefficient of [D,2(q,1)]],_,, (¢:) on the j -

Z7]

element — basis on the space QM

end for
end for

[u(t), s(t), v(t)] := svd(D™7 ()

There are several issues with this approach, firstly it is very expensive since it requires
to compute the solution of (M + 1) PDEs. Furthermore it requires to compute at each time
step At the computation of the singular value decomposition of a N x M matrix, thus in
a realistic point of view this is not feasible in the sense that a system might have millions
of free parameters. The computation time decreases significantly by applying the previous
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algorithm in parallel. Finally by computing the full SVD one might be doing unnecessary
work since the original operator is Hilbert-Schmidt which implies that only the first singular
directions are relevant where the last ones are just essentially noise. This motivated then to
find different ways to compute those directions. One is instead of computing it in all time
steps one can just take snapshots. The next sections are then dedicated to that purpose.

6.1.2 The Power Method for the Steady Case

Since by definition the singular values and vectors of [D,z(q)],—q, are the eigenvalues and
eigenvectors of [D,z(q)]7_, [Dq2(q)]q=q¢, respectively, then one can use their favorite eigen-
value estimation technic. The first one is the power method discussed thoroughly at [10].

It’s description is as follows:

1. Start with an h° in QM
2. For n > 1 repeat until convergence

e Evaluate 2" ' = [Dy2(q)]q—qh" " by solving the sensitivity equation.

e Evaluate h" = [qu(q)];:%ﬁ”’l by solving the adjoint sensitivity equation.

o Set h" = g and A" =[R2,

Example for the interior steady case:
Let A(q)z = —V - (¢Vz) be a strongly elliptic operator, Q2 C R™ be closed and z(q) the

H}(Q) weak solution of:
Alg)z(q) = f, feL*(Q);

Pl ) o1
Then [D,z(q)]4=q,h is the Hg () weak solution of:

Sq{ UAh(qEO);i;g(:Q)_A<h)Z<QO) (6.2)
And v*g = [Dgz(q)]}_,, (0) is the Hg(€2) weak solution of:
v = V(A (q0)0)) - V(qo) (6.3)

Example for the Boundary steady case:

Let A(q)z = =V - (¢Vz) be a strongly elliptic operator, 2 C R"™ be closed and z(q) the
H}(Q) weak solution of:

Alq)z(g) = [, [ e L*(Q);

(P) (6.4)

g
2(9)oe = g
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Then [D,z(g)]y=g, is the H'(Q) weak solution of:

9=90
Alq)vn = 0;
(S), (6.5)
Unloa = h
And v*y = [Dy2(q)];—,,(0) is the realization at the boundary of:
v = qV(Aq)0)) 7 (6.6)

This method is extendable to the convection-ciffusion case, which is discussed in the Ap-
pendix B.2.

6.1.3 Evolving the Singular Values and Vectors in Time

The next paragraph will describe an effective way to calculate the singular values of the
Hilbert-Schmidt decomposition of the Fréchet Derivative operator sj(t) := [D,z(t,q)] _, h.

We know that sp,(t) is the solution of: q:qo
45 (t) = A(qo)s 2(t; s . 2 ;
(S)q { g;(ggt): . Algo)sn(t) + A(h)z(t; q) the(t[)o’eT]f Q)N H*(©2) (6.7)
e Lo(t) = Alg): + (1) =(0) € HYQ) N ()
L2(t) = z+ z(t) € Hy 2 ;
(P, { S te[0.ty). (6.8)
Since [D,z(t, q)]q=q, is Hilbert-Schmidt it can be decomposed in the following fashion:
sn(t) =Y ow(vi(t), h) ,ux(t) (6.9)
Then
Sup(t)(t) = ok (t)un(t) (6.10)
So the pair vy (t), t(t) = ug(t)ox(t) is the solution of the PDE:
4g = 0)U v z ;

Once we know a pair vg(t) and @(¢) at time ¢, one can solve (SVD),. The system S, on
the finite dimensional space can be written as

Ar [ MP%s(t) = SB2%s,(t) + RA*(H)h - ;
(), { sn(0) =0 t e [t T]. (6.12)
using finite differences in time:
(s [ (M5 = §158)s, (1 4 At) = (MA* 4 §152%)s (1) 4 B
T sp(0)=0 t€[0,7].
(6.13)
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for t = 0 we have:
Ax Az

sn(At) = [(M> — %SA’”)*RM(AQ; R2*(0)

h (6.14)

Ih. (6.15)

Defining

E = [(MAJ: _ ﬁSAa:)—lRAQ%At) + RAJ:<O)

2 2

the problem is now reduced to a singular value problem or eigenvalue problem for E'E.
There are several different ways to compute those eigenvalues, and a vast literature on it [42]
Y. Saad, [31] R. B. Lehoucq and [47] G. L. Sleijpen among others. Once we have v (At) and
uy,(At) we use them to evolve (SV D), and find their evolution in time. An intelligent con-
struction of R reduces significantly the computation time, since M2* and S2? are inherited
from the from forward problem. The method is then summarized by

] (6.16)

e Use the Matrices M and R, inherited from the forward problem (6.8) (defined in (6.12))
to compute E defined in (6.16). Find the singular triplets, [u(t), o(t),v(t)] of E then
evolve them trough time:

o Compute u;(t) = [Dyz(q, 1)]],_,, (v'(1))

e Compute o;(t) = ||u’(t)||;2

6.2 Numerical results

6.2.1 Motivation

Recalling Example 5.1.

(L4 sin(rz))L2(t,2;59) = (e 2(t, ;q)0)s + 1+ 2+t 2(t,.59) € H([0,1])

P 2(0,z) =x x € [0,1]
7\ 2(t,0) =0 telo1]
2(t,1) =e! t € 10,1]

(6.18)
The most sensitive directions from the system are shown in Figure 6.1.

This explains how such a small perturbation in the second half of the interval [0, 1] leads
to such a great change in the solution while a small perturbation in the first half of the
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Figure 6.1: The most sensitive perturbations averaged in time
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interval doesn’t affect the solution significantly. This example shows how relevant the
study of the most sensitive directions is. In this example two perturbations with the same
L? norm ||61(2)|| 22011y = [102(2)||r2¢o1) = 2.4 x 1073 have two completely different re-
2(9(x))—2(tq(z)+61 (@)l 210,17y

||Z(t§‘I(z))HL2([0,1]) -
9.9688 x 10~* where the perturbation d»(z) leads to a much greater relative change on z,

2(t;q(x)) —2(t;q(x)+o2(x ! ! |
2(t:q(x)) .(t 9(@)+02(2))ll2(jo.1)) _ 4.37 x 1072, This can be easily explained by the fact that
I=(ta(2) 2 (0,17)

sponses. The relative change in z when is perturbed by §; () is

2(t5 g0 + 1) = 2(890) + Dyl2(t; @)]g=goh + o([[2]]) (6.19)

Since D,[2(q]q=q, is Hilbert-Schmidt the previous equation can be rewritten as:

2t g0+ h) = 2t q0) + D (ilt), Bou(t)us(t) + o([|])) (6.20)

=1

So those perturbations that have following property |(v;(¢), h)|s; >> 0 for small s and ¢t > 0
will have a major impact on the solution. That is the main difference between §;(x) and
da(x), since [(vi(t),01(z))|s1(t) = 0.0420 and |(vy(t),d2(x))|s1(t) = 0.1005 which explains
why the second perturbation has a greater impact. One can argue that the differentiation
is in a smooth space, since all parameters belong to H*(f2), and in GW F' applications the
parameters are PWCT. This can be solved by using the following elements tanh(x)

6.3 Convection-Diffusion Equation

In this section, we will exemplify the theoretical results. We have some empirical proof
of the singular values convergence. We used an uniform triangular mesh, over the square
[0,1] x [0,1] over the time interval [0,1]. The finite elements used were the cubic Hermite
A. They were chosen because to compute the sensitivity equation it requires the partial
derivatives of 2. In our test case the parameters are the following: ¢ (z,y) = e 0% +
6—10(1—x)y_|_6—10:p(1—y)+e—10(1—w)(1—y)+; QQ,l(-T,y) — 1+l’+y, qgg(-r,y) — 11+COS(37T(QZ—y))7
cqsx,y) = 1.1 + cos(2mz) sin(2my); the forcing term is given by f(z,y,t) = ty + x the initial
condition is zy = 0, the time step that as used was A, = 107° the time solver used was
the mid point and backward Euler, as in (6.13). The next graph shows the different first
directions for different space dimensions and time steps. In all examples M=N, meaning
that the solution space as the same dimension as the parameter space. The following picture
shows the average in time of the first four singular directions:

By close analysis of these graphs it becomes elucidative that there are 2 very sensitive re-
gions, one centered on (1,0.5) and another on (0.4, 0.5). This information can be interpreted
as the finite element mesh should be finer than in another regions. Analyzing Figure 6.2
around t=0.017 there is a change in direction that is because the most sensitive direction
changes form (1,0.5) to (0.4,0.5). This can be seen in the next picture:
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Figure 6.2: Singular values

The following table shows the comparison between the first singular value (SV) when the
dimension is 3600 and the first SV for smaller dimensions. It also compares the first SV to
consecutive dimensions.

The following table shows the comparison between the first singular value SV when the
dimension is 3600 and the first sv for smaller dimensions, It also compares the first SV to
consecutive dimensions.

Difference sequence norm Cauchy sequence norm
0" — o™ 120000y | 3% 1072 || [0 — 0™ ([ 120,01y | 1.21 x 1072
|07 — 0"[| 20,01y | 1.3 x 1072 || o™ — 0™ || 20,01y | 6 x 1077
|07 — 0" | 20,01y | 72 %1073 || [lo™ — 0™ || 12(0,0.1) | 3:4 % 1077
[0 — o™ 120001y | 3-8 x 107 || [0 — ™[ [12¢0,0.1) | 2.2 %x 1073
0" — 0" ||p2(0,0.1) | 1.6 % 1073 || |lo™e — 0" || 1200,01) | 1.6 % 1073

n1 = 100, ny = 400, n3 = 900, ny = 1600, n5 = 2500, ng = 3600. As one can see the difference
converges to zero as n — oo Even though we use implicit scheme in time, if At < AzAy
there are some problems with stabilization specially at the initial time steps. Which gives
us the empirical proof of Theorem 5.4.12.

The next example includes differentiation on the boundary.

Boundary Numerical Example
Let z(g) be the solution on [0, 1] x [0, 1] of:

(I + 24+ 13Y)2(9)e)e + (1 + 7)) 2(g)y)y = +y +3
P, { 2Dlon = ¢
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Figure 6.3: First singular vector
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Figure 6.4: Second singular vector
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V"" averaged in time Vg‘ averaged in time
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Figure 6.5: Third singular vector

V“‘ averaged in time Vg1 averaged in time
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Figure 6.6: Fourth singular vector
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Figure 6.7: First singular value in time step t=0.001(left) and t=0.1
(right)

Then the Fréchet Derivative of z(g), with respect to the boundary condition g, when applied
to a direction h, vy, = [Dgz(g)]g=g,P, is the solution of the sensitivity equation:

(S)h /E)Eja;: i; 13y)vhx>x * ((1 * 67x+5y))vhy)y =0

First direction Second direction Third direction
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Figure 6.8: Response to the first most sensitive six directions
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6.4 Applications

The applications of doing such analysis vary from, reduction on the dimension of the gradi-
ent, reduction on the parameter space dimension, mesh refinement and finally uncertainty
quantification.

6.4.1 Parameter Space Reduction

The set if vectors {v} }i<oo form a basis of the parameter space @, of dimension N, since their
importance decay in the {2 norm this means only the first ones are important to development
of the system in the neighborhood of ¢y. This means that any perturbation dq to g9 that
is represented by a linear combination in the latest singular values will have a small or
irrelevant impact over the solution.

N
(5q = Zaivi (621)

i<r

Then for dq € V.2(go) for small € such the linearization is so valid the following holds:

N
2(g0 + 0q) = 2(q0) + Y cwogus + o||hllg) ~ z(q0) (6.22)
i<r
This means that one can use the subspace of @Q, V. := span {v; for 1 <i <r} as reduced

representation of the admissible set.

6.4.2 Uncertainty Quantification

In collaboration with Hans-Werner van Wyk and Jeff Borggaard, the results of Chapter 5
were developed further to an uncertainty quantification framework, this can be seen in more
detail at [11]. One of the differences between the previous approach and the following is
that one have multiple sets of data {(zx, fx) }*=V instead of an unique pair of (z, f) this will
lead to N inverse problems and consequently N ¢’s. Then the solution will be presented as
a distribution and with its moments E(q(z,-)), V(¢(x,-)) and so forth. This means that for
instance the deterministic equation becomes the stochastic partial differential equation:

—V - (q(x,w)Vz(q(x,w)) = f(x,w), f € L*N);
q{ z(q,w) € Hy(Q). (6.23)

The standard technique is the so called Monte Carlo method, which is explained in Ap-
pendix C. The sensitivity analysis and most sensitive directions come in place by reducing
the Fréchet operator into and a collection of small rank derivatives that can be used in the
inverse problem. It is known from previous chapters that r sufficiently large and e suffi-
ciently small VA € V.%(q) one can write Vh € V,(qo) we have the following estimation on the
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deterministic level:

T

i=1
So ¢o can be written as:
qgo+h = Z Vi, Qo Qvﬁ—z 2(qo + h) — 2(q), u;) gv;. (6.25)

This can be used then for parameter estimation where there is uncertainty in the parameters,
in the following fashion:

T

g(-,w) = (vi, q(-, wo) Qvl+z - ) — 2(q(,wo)), wi) grvs. (6.26)

=1

Which mean that all paths w that lead to z(-,w) in a neighborhood of z(-,wy) can be pre-
dicted, by (6.25) as the following algorithm shows:

Algorithm 1 Estimate the sample paths of the uncertain parameter ¢ based on a random
sample of measurements Z of the model output z.

Input: tol, {Z(z,w;)}imy.

Let k=0,Z=0.

Choose i, € {1,...,nmc}\Z and let T = {Z, i) }.

Compute the estimate §(-,w;, ) of ¢(-,w;, ) from 2(-,w;, ).

Compute the operator D,[z(¢(-,w;,))] and its singular value decomposition.

Use (6.26) to obtain estimates {q(-,w;)} of {q(-,w;)} for all i € {1,... nu.}\Z.

while There are paths 2(-,w;) so that

12(q(-,wi)) — 2(-, wy)[| > tol (6.27)

for all 4;, 1 =0,....,k. do
if (6.27) doesn’t hold for i € {1,...,ny}\Z then let T = {Z,i}.
else
Let ik+1 =1, 7= {I, ik+1}. k <+ k+1.
Repeat steps ...
end if
end while
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Example 6.4.1 (Parameter Identification). Here we apply Algorithm 1 to identify the dif-
fusion coefficient q1(x,w) from stochastic measurements Z of the output, using the method
discussed above. We used a set of 65 sample paths {Z(-,y;)}i= corresponding to the quadra-
ture points y; € ' of a sparse grid stochastic collocation approach, based on a Clenshaw-Curtis
scheme (see [3, 35, 36, 51]). For the estimates ¢, we use a truncation level of r = 99 and
r = 20 respectively. To approximate all sample paths q(-,y;) so that the corresponding model
output differs from the data to within an L*-error tolerance of tol = 0.001 requires 9 linear
models for both truncation levels r = 99 and r = 20, the linearization centers of which are
depicted in Figure 6.9. f(z) = nw?sin(rz)(1 + x) — 7 cos(mx),

Random diffusion coefficients, q1,qo, and q3, given by

e ¢i(z,w) =14z + % (Yi(w) — 3) cos(2mz) + & (Ya(w) — §) cos(3mz),

o Gol,w) = 1 (,0) + Y(w)e VOO gng
o g3(z,w) = qi(z,w) + Y3 (w)eV1I000@—55)*

Where the random variables (Y1, Ys) ~ unif([0,1]2) and Yz = 1 — Y3, with Y3 ~ beta(2, 5)

r=99 r=20

25 25
2 2
o 15 o 15
1 1

05 . . . . 05 . . . .

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 6.9: Estimates (-, y;, ) of the linearization centers ¢(-,y;, ), k = 1,...,9 (dotted lines)
together with their true values (solid lines) for both truncation levels.

Although a lower truncation level r results in a less accurate reconstruction ¢ of q (see Figure
6.10), this doesn’t seem to affect the validity of the linear model, attested to by the fact that 9
linear models with similar linearization centers (see Figure 6.9) are sufficient to explain the
mput-output map for both r = 99 and r = 20 to within the required relative error tolerance
(Figure 6.11).

The model reduction was successfully implanted given that the errors are form the same
order as the full rank operator. Another important fact is that the family of linear models
successfully model the solution oprator. This methodology is being developed for the time
dependent case.
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Figure 6.11: Boxplot of the relative L?-error in the model output for the parameter estimate
based on truncated Hilbert-Schmidt decompositions with » = 99 and r» = 20 expansion terms
respectively.

6.4.3 Paramater ranking

The Figure 6.8 is very elucidative how one can rank the parameters from the equation,
since the first direction is a vector vi(t) = [vf (¢),v]>"(t), v{**(t),v{(t)] and the X =
LH((0,1): L2(0,1)) of [[of @)llx > of ()llx. [of ()llx > [of "(@O)lx and [of (@)l]x >
|lv] (¢)]|x this means that on the parameter dimension basis, the last three components have
a much smaller impact on the system. The ordering in a decreasing order of importance we
have v (t), ng,z (1), ng,1 (t) and v‘fg (t) which means that for error purposes one should make

sure that the measurements regarding ¢; need to be accurate. This is discussed with more
detail in B.1.
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Chapter 7

Parameter Estimations Results

7.1 Data

In this chapter will present the results of the parameter estimation techniques developed on
Chapter 4, thus the objective is given subsidence, water heads and pumping cycles data,
to estimate the values and spatial zonation of the aquifer’s transmissivity and Interbed’s
skeletal storage. In the following synthetic example we use the forward problem from MOD-
FLOW as data. The initial value for the interbed and aquifer is 800 m?. We consider that
there is no flow coming out of the boundaries (zero Neumann boundary condition). There is
interchange of water between the interbed and the aquifer. The initial value of the precon-
ditioned head is 750 m? throughout the domain. The pumping cycles are divided essentially
into two types a pumping season and a non pumping season, each of them with a period of
182.5 days, over 15 years. The aquifer’s storativity is assumed to be known and it is constant
throughout the domain S(z,y) = 0.002. The vertical hydraulic conductivity of the interbed
is known as well and is constant with values K,((x,y),2) = 6 x 10—5 m/d. This is modeled
by the following function:

W (x) odd stress period

Wit z) = { 0(m?3/d) even stress period (7.1)
Where z is in thousand of meters (km) and

(W (4,4) = =3000(m?/d)
W(11,3) = —3000(m?/d)
W(12,7) = —3000(m?*/d) (79)
W(14,8) = —6000(m?/d) '
W (24, 13) = —1000(m?/d)

L 0(m3/d) otherwise

The variables of interest are the transmissivity of the aquifer and the specific storage of the
interbed. The data is not collected continuously in time therefore one needs to interpolate
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it in the time domain. The interbed thickness is given and it can be seen in the following
figure.

Interebed thickness

subsidence at the final step

Figure 7.1: Left: Interbed thickness. Right: Subsidence over the last time step

The distribution of the subsidence can be used to be as initial zonation for the specific
storage.

aquifer at the final step of the final pumping cicle aquifer at the final step

: 780 780
779
778
778
776
777
774 776
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772
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770
773
768 772
5
771
766
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
x x

Figure 7.2: Left: last time step at a pumping cycle horizontal scale in km and vertical units

in m, Right: Last time step on the last non pumping cycle. Horizontal scale in km and

vertical in m?.

As one can see the wells have a major impact in the water flow. They contribute to a
better identifiably of the transmissivity by doing two parameter estimations one when there
is pumping and other when there is no pumping, this technic is called optimal pumping test
design, this is discussed by [53], where advantages and disadvantages of such an approach
are discussed.
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7.2 Agglutination Algorithm

Using Algorithm 4.3.3 with an initial zonation where all of the cells are a zone, and T'(z,y) :=

800 m?/d across the whole domain with the penalty term:

1

The choice of the a penalty term for Sy, greater than the one on Sy, because Sgpy > Sepe-

3 {10717 S0+ 10705 3+ 10+ 107 [ fivTIE 00} (2
Q

The results for the zonation Algorithm 4.3.3 is as follows:

30
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20

> 15

30
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Figure 7.3: From left to right top to bottom the zonations of T, Horizontal scale in km and

volume in m3
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True Zonation (N=3)

Figure 7.4: From left to right top to bottom the zonations of S,

Number of Zones (K) | Relative Error

N =69 0.8011

N =38 0.3672

N =31 0.4365

Number of Zones (Sg) | Relative Error (Sg.) || Relative Error (Sgx,)

N =19 0.7526 0.5897
N =11 199.6965 0.5942
N=T7 0.5787 0.2250

This was not a sufficient accurate estimation, therefore we used its information to start an
multilevel Algorithm 4.3.3. Since the number of zones on S are stable enough we froze those

and did a multi level on T'.

7.3 Multi-Level

The last iteration of the agglutination one can see two very distinct areas, one in blue very
homogeneous and another very unstructured, that will be a good start for the multi level
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method. The initial guess was T'(x,y) = 500 m?/d, and the values of Sy and Sy, those
inherited from the the last iteration of the adjoint method. The sequence of meshes are as
follows:

2 Zones 5 Zones 7 Zones 13 Zones

o 10 20 o 10 20

25 Zones 49 Zones 115 Zones

Figure 7.5: Values of T for different zones

The sequence of approximations are as follows:

N=4
700
450 i
i 600 600
400 i
i 500
350 i s00
300 i 400 400
i
250 i 300 500
200
150 200 200
100 100
i i
i 1500 1500 2000
Jalsd all tH
1500
1000 :i:: n 1000 -
1000
500 500
500

Figure 7.6: Values of T for different zones

Since this is synthetic data, we have access to the inverse problem solution, the errors are as
follows.
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7.3.1 Error Analysis

Number of Zones | Relative Error || Cost functional (UCODE)
N=2 0.5087 3.91 x 107
N=14 0.4610 1.86 x 107
N=7 0.5162 3.01 x 107
N =13 0.4079 8.65 x 106
N =25 0.3550 5.26 x 109
N =49 0.2878 3.76 x 10°
N =97 0.3885 3.48 x 106

Looking carefully to the table above the value of the cost functional is always decreasing
and the same happens to the relative error except for two iterations. This means that the
optimization problem might need to be adjusted in order to improve identifiably. The other
important fact is that N = 49 has a well defined structure, which gives the indication that
one should use the agglutination algorithm from that point on.

7.4 Inverting from our forward solver

The previous section was the inversion of MODFLOW'’s forward data. Using our forward
model from (2.2.3) as data, with the same imputes as the previous sections we obtain better
results, specially for local convertion. In this experiment we perturb the real 7"s (shown
below) and used Algorithm 4.3.3.

Figure 7.7: Real T"s perturbation, axis in km
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cost functional
10 T T T T T T T

1 L L L L L L T
o 5 10 15 20 25 30 35 40
number of iterations

Figure 7.8: Cost functional’s value

As one can see, the cost functional decreases faster then in UCODE and their values are
considerably small when compared to the ones on Table 7.3.1. Specially the error shown
below.

Error

Figure 7.9: Cost functional’s value

Which is much better than the UCODE inversion. This ends this section on parameter
estimation.
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Chapter 8

Conclusion

8.1 Groundwater Parameter Estimation

The main goal of this section was the to identify the parameters, transmissivity (aquifer) and
skeletal storage, elastic and inelastic (interbed) by using two distinct strategies, an aggluti-
nation algorithm, Algorithm 4.3.3 and a multilevel algorithm, Algorithm 4.3.4, even though
they both have the same objective they start from opposite principles. The first initiates
with the maximum number of zones (fine mesh), whereas the multilevel begins with a re-
duced amount of zones (coarse mesh). Both have two distinct results and applicabilities, the
multilevel algorithm captures small zones very well, unlike the agglutination algorithm that
identifies the bigger zones. Therefore the combination of them is very valuable, since one can
start guess the big zone with the agglutination and then just focus on the smaller ones with
the multilevel. In a penalty term analysis, the bounded variation term introduced on (4.5)
improved the rate of convergence specially when allied with the agglutination algorithm.
Another conclusion is that from the subsidence data one can recover a good initial guess for
the zonation of the skeleton storage, S, over the interbed. This is done by applying the
zonation algorithm directly to the last time steps of the subsidence data. This leads to a
partition that has the real zonation as subpartition. In a more theoretical framework, we
prove that the problem is parameter estimation convergent, (3.4.5), in a finite dimensional
admissible set, meaning that the sequence of the solution of the finite dimensional optimiza-
tion problems converges to the real parameter that is being identified. We also proved the
existence of the Lagrangian and the fact that it the solution of the adjoint equation, that was
used to compute the cost functional gradient for the optimization. Finally our experiments
shown that by analyzing in non-pumping cycles one can estimate the quotient between T
and S, that is theoretically justified by (3.4.2).
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8.2 Sensitivity Analysis

In this parallel parameter estimation study, we developed results on the Fréchet differen-
tiability of the solution of a PDE with respect to their parameters, such as transmissivity,
specific storage and further more to the boundary conditions, diffusion coefficient, convec-
tion. Additionally to the results on the existence of such derivatives, we developed results on
the spectral decomposition of the derivative operator, and its approximation. More specifi-
cally the Fréchet derivative operator is Hilbert-Schmidt, (5.4.4). This allowed us to reduced
the parameter space, find the most sensitive directions that made possible to find a reduced
form of the operator, compute an explicitly inverse of the linearization of the parameter es-
timation operator (steady case), which combine with a sampling based framework, enabled
the clustering of parameters of interest into a small set of basis. The use of cubic Hermit
polynomials on solving the forward problem made possible to improve the rate of conver-
gence of the finite element solution of the sensitive equation from linear to quadratic. By
differentiating on the boundary one can determine where the flux will coming from outside
of the domain will impact the system. For the computation of such directions and decom-
position we introduced two algorithms, a power method and an evolution in time, which
saves computational time and memory, and other by evolving the the triplet [u(t), s(t), v(¢)]
through time.
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Chapter 9

Future and Current Work

I would like to proceed by extending these sensitivity analysis results to a wider class of
model equations. The singular value decomposition (Hilbert-Schmidt decomposition) has
been applied to sensitivity analysis from a statistical viewpoint [49]. My approach differs
in that it is derived from a partial differential equation that models the physical behavior
of a problem. Additionally, since the decomposition is performed over Hilbert spaces, this
allows me to efficiently rank the importance of the parameters, describe their effects, and
identify the best- and worse-case scenarios. In the near-term, I intend to seek other applica-
tions of the sensitivity analysis for poro-elastic media. In addition to groundwater modeling,
with different material laws, there are direct applications to modeling biological tissues, soil
contamination, and the distribution of oil fields. However, this research is not restricted to
poro-elastic media. There are natural extensions to radar imaging, calibration of machin-
ery, and tomography. I am interested in modeling and analysis of new problems arising in
physical or biological systems. Motivated by applications, I have a strong desire to continue
collaborating with interdisciplinary teams since this is a source of interesting and important
mathematical problems. My theoretical research efforts would be to build a bridge between
the statistical and deterministic sensitivity analysis. Specifically, I would like to establish
a correlation between the statistical and deterministic singular value decomposition of the
parameter space. Another objective is to develop results in the projection of the Fréchet
derivative operator over a reduced-order basis (such as those generated by the proper or-
thogonal decomposition also known as the Karhunen-Loeve expansion). This would be an
important result in the combination of model reduction and optimization algorithms. I am
also interested in do adaptive sampling. Using the most sensitive directions one can use
information of where the data must be the most accurate and by that reducing significantly
the number of measurements. Finally, as current work I am incorporating the algorithms
develop in Chapter 4 into UCODE in oder to be available to other users.
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Appendix A

Hermite Cubic Finite Element
Methods

A.1 Implementation and Approximation Results

As one can read in more detail in, e.g. [12], Hermite cubic finite elements are piecewise
polynomial functions defined over a triangle such that directional derivatives and function
values match along triangle edges. For each triangular elements, the degrees of freedom are

e function values at the 3 vertex nodes
e directional derivatives at each vertex (2 values at each vertex)

e 1 interior node.

The ten basis functions that satisfy the Lagrange interpolation conditions on the reference
triangle (with (7, s) coordinates and vertices (0,0), (0,1), and (1, 1)) are

= 1—3r> =35 — 13rs + 13r?s + 13rs* + 21> + 253

o1(r, s)

Bo(r,s) = 3s* —Trs+Tris+ Trs® —2s*
p3(r,s) = 3r® —Trs+ Tris+Trs® —2r°
ba(r,s) = r—2r —3rs+3r’s +2rs* +1r?
b5(r,s) = —r*+2rs—2ris — 2rs® 413
p6(r,s) = —rs+ris+2rs’

br(r,s) = s—2s*—3rs+2r’s+ 3rs® + s>
ps(r,s) = —rs+2ris +rs’

Po(r,s) = —s*+2rs—2r’s—2rs* +s°
G10(r,s) = 2Trs — 27r’s — 27rs>.

Figure A.1 shows these basis functions on the reference triangle.
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Figure A.1: Hermite cubic basis functions

In order to implement the finite element method with these basis functions, one builds a
transformation from the reference element to each element in the domain. It is crucial that
the mapping takes into consideration the fact that element rotation will change the values
and the direction of the normal derivative. This is demonstrated in Figure A.2.

Reference Element Mesh Element o

oot \ 0.9
os o8
07 N 0.7,
oe o6

Tir.e) > (x.y)
- 05

04 o4t

o2 \ 02!

b+ 6 o8 > <% oz oa os o8 <$e

Figure A.2: Mapping from the reference element (left) to a general element (right)

While some simpler implementations match the derivatives along edges, the output is no
longer the gradient but a directional derivative. As one can see in in the weak formulation
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of the sensitivity equation,

(S)q { ;%(g?(;)) : 64(QO>Uh(t) + A(h)z(t§ ) :hétEO’GTji,& (Q> ﬂ H2(9)7 (A1)

the presence of A(h)z requires computation of the gradient of z, Vz. To have a better rate
of convergence and accuracy in the computation of the sensitivities, we use Hermite cubic
polynomials to solve the forward problem

Aot q) = (¢ 5 1 2
<7>>q{ fa(ts0) = A@:AE0 £ 1020 € TON IO, (a2

These details are discussed in Banks and Kunish [4]. Note that one does not need to use
the Hermite cubic elements in the approximation of the sensitivity equation. However,
while Hermite cubic elements do not form a subspace of H?(f2), the do provide adequate
(nonconforming) approximations to many finite element formulations naturally posed in

H2(9).

Theorem A.1.1 (Ciarlet [l5]) The finite element space X, generated from Hermite cubic
elements is a subset of C°(Q) N HY(Q).

Proof. The proof is given as Theorem 2.2.10 in [15]. O

We provide error estimates for our finite element approximations below.

A.1.1 Error Estimates for Sensitivity Equations Solutions

Theorem A.1.2 (Interpolation, Ciarlet [15]). If u € H3*(QY), and Iy is the interpolation
operator mapping to Xy. Then the interpolated function satisfies the following error estimate

|u — pllmo, <CAFT™ if 0<m<3,
where Ay is the diameter of element ).

Theorem A.1.3. Let v, and be the solution of (A.1) and vy, be the solution of (A.1) where
the forward problem is the finite element solution of (A.2). Then if = € H3(Q), there exists
a constant C, independent of z, such that:

o [|0n — vnllmi) < Clh|l0A?, if the forward problem was evaluated with Hermite cubic
elements, and

o ||Tn — vnllm1) < C|lR|0A, if evaluated with linear elements,

where A is the maximum diameter of the elements.
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Proof. Let Z be the finite element solution of (A.2) then

/Qv (@0 (00 — ) (vn — ) = — / V. (hV(z— 2)(on — i)dx.  (A.3)

Using the Poincaré inequality, Cauchy-Schwarz inequality, and Theorem A.1.2,
[172]]o

i . [12]]o
[on — Onllr1) < inf o) Iz = Zllme) < [ 3| Fll 2 CA% (A.4)
xXE

inf go(x)]

The same arguments can be used to prove the linear convergence rate with linear finite
elements. ]
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Appendix B

Extension Results on Sensitivity
Analysis

This appendix is a quick review of sensitivity analysis for discretized problems (or problems
set in finite dimensional spaces). For instance, the consider the discretization of the 1D
Poisson equation with varying conductivity parameter g,

—Vigz(q) = f(z),  FELX(Q), and  z€ Hy(Q). (B.1)

M
If ¢ is discretized as ¢(z) ~ ¢~ (x) := Z ¢;¢;(x) and the solution z is discretized as z(x; q) ~
i=1

N
ZNM (g gM) = Z z:p; () then one can define the sensitivity as follows:
i=1

N,M M M N,M M
2 (s h"') — 2% (x;
(D= (qM)] e () = i Z L ) = 2 )
a " =qp e—0 €
To find the partial derivative ¢; one just need to set h; = e; where e, is the base i on RM.
Another way is to differentiate directly the solution equation:

AN (M) (M) = P,
as follows:
Dgu (AN’N (QM)ZN(QM)) = Dy (FN>
Under some assumptions this implies

Dgu [AN’N(QM))ZN@M)}qM—qé” (h) = AN’N(QM>D‘1M ['ZN(qM)]qM=qé”

Which is very similar to its infinite dimensional peer (5.6).

This is the type of approach used by UCODE [40] where they repeatedly evaluate the cost
functional to approximate the gradient. Let J(q) be the cost functional then the gradient is
approximated by the forward difference quotient

J(q + eei) — J(q)

€
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with e “significantly small.” This approximates the Gateaux derivative, as discussed in 5.2.1.
This type of sensitivity approximation is discussed in, e.g. [43].

Other approach for computing sensitivities are considered in, e.g. Borggaard and Burns [9],
Griewank [20], and Turgeon, et al. [48].

B.1 Evaluating Partial Derivatives

Theorem B.1.1. Let F(z,y) : X XY — Z be functional then if the Frechét derivatives
(Do) F] D, F] and [D,F| exists then the following equality holds:

(#,y)=(z0,y0)’ T=x0 Y=o

(D F] (0,v) = [DoFl,y, (0) + [DyF],_,, (¥) (B.2)

(2,y)=(z0,90)

This fact it is very important one needs to evaluate the total derivative of the solution
convection diffusion equation. By defining A(q)(.) = V- (1V2) + (¢21,¢22) - Vz + g3z and
observing that the partial and vector derivative of the convection-diffusion exists then one
can easily see that:

[Dyz(t, )], (00) =

[Daz(t: )la=aq 0 0 0 oa

0 [DblZ(t, Q)]blzbé 0 0 (Sbl

[ b } 0 0 [Db22<t7Q)]b2:bg 0 5v?
0 0 0 [D.z(t,q)]e=co dc

Therefore one can compute all these derivative separately and taking full advantage of parallel
computation. It is relevant to mention that the SVD the whole matrix can be written as SVD
of the individual matrices. That same sum will provide which direction of which parameter
has the largest value. Whereas the SVD of the whole matrix gives the perturbation on the
whole system. This can be seen in the following set of equations:

N
2(qo + h) = z(qo) + Z(vi, h)goiu; (B.3)
i=1
and
(g0 + 1) = 2(q0)+
N
> (vf h)geotu +Z PR ot +Z R ol +Zv he) geoul (B.4)
i=1

This means that if you perturb the whole system in the direction v; you will have a major
impact, whereas if you just want to perturb the diffusion term then is v{.
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B.2 Power Method for Partial Derivatives of Order
Greater Than Two

In the following paragraph we will discuss the power method to evaluate the most sensitive
directions of the steady advection-diffusion equation.

Lets consider the following PDE:
p [ Al =, fe ()
) ue Hy Q).

n

Where: A(q)z = Z(ai,jzzi)xj + bz
.3
g { —A(q)on = A(h)=(q), [f € L*(Q);
T\ v € HI(Q).
Then one given h™~! one must find h™ = D z*(D,z(h™')) which is equivalent to:
(™, @) r2(@2 = (Dg2" (Dgz(h™ 1)), 6))12(0)s =
= (Dgz(h™ 1), Dgz(9))r2(0) = (Dgz(h™ 1), =A™ (@) A(6)2(0)) r2(0) =
= (—A7H (@) Dyz(h™ 1), A(9)2(0))r2(e) = (= AT (@) Dz (W), A(9)2(0)) 12() =

n

= (AT (@) Dgz(h" 1), (bijza)e, + $22)12(2) =

2%
= Z D Z hm 1)ng)zxwa¢13>L2 () + ((Ail(Q)DqZ(hmil))Z, ¢2)L2(Q)

This leads to :
_((A_l(Q)qu(hm_l)m,l)zxi,j

—((A™ (@) D™V 2
(A () Dy2(h™ )] 2(g)

Which enables a fast power method discussed in the next section.

Theorem B.2.1 (Power method convergence). Under the same assumptions of Theorem
5.4.13, the power method converges. At each iteration k of a discretization on HY and Q™
the error is bounded by

oM k
ID4(2) - DY) + (U?V,M>

Furthermore, there is a subsequence (M, N,a(M, N)) such that
]1\}1]1(14 oy — oy T = 0. (B.6)

Where a(M, N) is the iteration number for the power method.
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Proof.
N,.M

lon = oM < oy = o) + flof — o7 M| (B.7)
Let ¢ > 0 then by Theorem 5.4.13 we know that 3 p such that for N, M > p we have
oy — oM™ < C||Dy(2) — DYM(z)|| < 5. By the same arguments of the power method
for a matrix we have that for fixed N, M there 3py; n such that for £ > py; n the following

NMN k
inequality C||oN — oM™ < (Z?V M) < 5 holds, since by Hypothesis oy > o5 This then

proves that for N, M > p and k >1 pa.n this implies that :
oy — a1 M| < & (B.8)

Finally by choosing a(M, N) = 14 pysn, we have that there is a subsequence that converges
to the infinitesimal singular value which completes the proof. ]
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Appendix C

Monte Carlo Method

The Monte Carlo method is a very common in several types of inverse problems and in
geosciences [28] and [34]. The idea is to given some data compute the parameter estima-
tion individually and then take the moments of those estimated parameters, such as mean,
variance and so forth. The main problem with this method is that the rate of convergence
is of the order of o(ﬁ). Which is relatively slow, thus the method needs a lot of data to
have a reasonable accuracy, therefore a lot of inverse problems must be computed in order
to have a good accuracy. So for the simple case explained in Section 6.4.2 would have been
a simply inversion for each data z;, ¢f and then find E(q) by its natural approximation, the

sample mean ¢ := L ; Zfis‘l"”” ' ¢ and variance V(q) by it sample counterpart S. This is
sample

the classical method and it is known to be very inefficient. There are several extensions and

improvements of these ideas and applications to a range of application areas, cf. [14], [16],

and [52].
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