Preface
This book places data assimilation (DA) into the broader context of inverse problems
and the theory, methods, and algorithms that are used for their solution. It strives
to provide a framework and new insight into the inverse problem nature of DA—the
book emphasizes “why” and not just “how.” We cover both statistical and variational
approaches to DA (see Figure 1) and give an important place to the latest hybrid methods that combine the two. Since the methods and diagnostics are emphasized, readers
will readily be able to apply them to their own, precise field of study. This will be
greatly facilitated by numerous examples and diverse applications. The applications
are taken from the following fields: geophysics and geophysical flows, environmental
acoustics, medical imaging, mechanical and biomedical engineering, urban planning,
economics, and finance.
In fact, this book is about building bridges—bridges between inverse problems and
DA, bridges between variational and statistical approaches, bridges between statistics
and inverse problems. These bridges will enable you to cross valleys and moats, thus
avoiding the dangers that are most likely/possibly lurking down there. These bridges
will allow you to fetch/go and get/retrieve different approaches and better understanding of the vast, and sometimes insular, domains of DA and inverse problems, stochastic
and deterministic approaches, and direct and inverse problems. We claim that by assembling these, by reconciling these, we will be better armed to confront and tackle
the grand societal challenges of today, broadly defined as “global change” issues—such
as climate change, disaster prediction and mitigation, and nondestructive and noninvasive testing and imaging.
The aim of the book is thus to provide a comprehensive guide for advanced undergraduate and early graduate students and for practicing researchers and engineers
engaged in (partial) differential equation–based DA, inverse problems, optimization,
and optimal control—we will emphasize the close relationships among all of these.
The reader will be presented with a statistical approach and a variational approach
and will find pointers to all the numerical methods needed for either. Of course, the
applications will furnish many case studies.
The book favours a continuous (infinite-dimensional) approach to the underlying inverse problems, and we do not make the distinction between continuous and
discrete problems—every continuous problem, after discretization, yields a discrete
(finite-dimensional) problem. Moreover, continuous problems admit a far richer and
more extensive mathematical theory, and though DA (via the Kalman filter (KF)) is
in fine a discrete approach, the variational analysis will be performed on the continuous model. Discrete inverse problems (finite dimensional) are very well presented in a number of excellent books, such as those of Lewis et al. [2006], Vogel
[2002], and Hansen [2010], the latter of which has a strong emphasis on regularization
methods.
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Some advanced calculus and tools from linear algebra, real analysis, and numerical analysis are required in the presentation. We introduce and use Hadamard’s wellposedness theory to explain and understand both why things work and why they go
wrong. Throughout the book, we observe a maximum of mathematical rigor but
with a minimum of formalism. This rigor is extremely important in practice, since
it enables us to eliminate possible sources of error in the algorithmic and numerical
implementations.
In summary, this is really a PDE-based book on inverse and DA modeling—readers
interested in the specific application to meteorology or oceanography should additionally consult other sources, such as Lewis et al. [2006] and Evensen [2009]. Those
who require a more mathematical approach to inverse problems are referred to Kirsch
[1996] and Kaipio and Somersalo [2005], and for DA to the recent monographs of
Law et al. [2015] and Reich and Cotter [2015].
Proposed pathways through the book are as follows (this depends on the level of
the reader):
• The “debutant” reader is encouraged to study the first chapter in depth, since it
will provide a basic understanding and the means to choose the most appropriate
approach (variational or statistical).
• The experienced reader can jump directly to Chapter 2 or Chapter 3 according
to the chosen or best-adapted approach.
• All readers are encouraged to initially skim through the examples and applications sections of Part III to be sure of the best match to their type of problem
(by seeing what kind of problem is the closest to their own)—these can then be
returned to later, after having mastered the basic methods and algorithms of Part
I or eventually the advanced ones of Part II.
• For the most recent approaches, the reader or practitioner is referred to Part II
and in particular to Chapters 4 and 7.
The authors would like to acknowledge their colleagues and students who accompanied, motivated, and inspired this book. MB thanks Alberto Carrassi, Jean-Matthieu
Haussaire, Anthony Fillion, Victor Winiarek, Alban Farchi, and Sammy Metref. MN
thanks Elise Arnaud, Arthur Vidard, Eric Blayo, and Claire Lauvernet. MA thanks
in particular the CIMPA1 and the Universidad Simon Bolivar in Caracas, Venezuela
(where the idea for this book was born), for their hospitality. We thank the CIRM2
for allowing us to spend two intensive weeks finalizing (in optimal conditions) the
manuscript.

1

Centre International de Mathématiques Pures et Appliquées, Nice, France.
International de Rencontres Mathématiques, Marseille, France.

2 Centre

Preface

xvii

4D-Var

3D-Var

Hybrid
Optimal
Control

Variational

Data Assimilation
Nudging

ensemble

Statistical

Optimal Interpolation

non
linear
KF Extensions

Kalman
Filter

Figure 1. The big picture for DA methods and algorithms.

