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PRINCIPLES OF DATA ASSIMILATION

Data assimilation is theoretically founded on probability, statistics, control theory,
information theory, linear algebra, and functional analysis. At the same time, data
assimilation is a very practical subject, given its goal of estimating the posterior
probability density function in realistic high-dimensional applications. This puts
data assimilation at the intersection between the contrasting requirements of theory
and practice. Based on over 20 years of teaching courses in data assimilation,
Principles of Data Assimilation introduces a unique perspective that is firmly
based on mathematical theories, but also acknowledges practical limitations of
the theory. With the inclusion of numerous examples and practical case studies
throughout, this new perspective will help students and researchers to competently
interpret data assimilation results and to identify critical challenges of developing
data assimilation algorithms. The benefit of information theory also introduces
new pathways for further development, understanding, and improvement of data
assimilation methods.

SEON KI PARK is Professor of Meteorology at Ewha Womans University, Seoul,
Republic of Korea. His research focuses on storm-scale to mesoscale analysis,
parameter estimation, and data assimilation to improve numerical weather and
climate prediction. He coedited a series of four volumes titled Data Assimilation
for Atmospheric, Oceanic and Hydrologic Applications (2009, 2013, 2017, 2022).

MILIJA ZUPANSKI is Senior Research Scientist at Colorado State University, Fort
Collins. He is a principal developer of two four-dimensional variational data assim-
ilation systems and the maximum likelihood ensemble filter. His research focuses
on data assimilation development and applications, including the atmosphere, land
surface, aerosols, and combustion.
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Preface

Data assimilation has become a major component of today’s numerical weather prediction
(NWP). It followed the development of numerical modeling in 1950s—1970s, mostly in
terms of estimating the initial conditions. This is not surprising given that NWP models are
a system of partial differential equations (PDEs). However, in later applications, in particular
with climate models, data assimilation has included parameter estimation, either standalone
or in addition to initial conditions. From the 1990s the role of data assimilation in NWP
has been steadily increasing, closely related to the advancement of numerical modeling
with ever increasing complexity. In addition to meteorology, data assimilation has also been
getting more attention within other disciplines. One may follow the number of published
books addressing data assimilation and notice an almost exponential increase starting with
only a couple of books in the 1990s, to probably 10-15 books in the 2010s. This indirectly
suggests that data assimilation has transformed from obscure to mainstream over the last
30 years.

The relevance of data assimilation to the big data paradigm also increases, since realistic
data assimilation is a method of processing large data sets and modeling of physical
phenomena requires powerful high-performance computing. The interest in estimating the
uncertainty of these data is also common to big data science and data assimilation. Our
approach in this book is to relate data assimilation to big data and high-dimensional prob-
lems. While there is a substantial and critical data assimilation development suitable for low-
dimensional applications, we are mostly interested in practical data assimilation methods
that have a proven utility and/or potential for realistic high-dimensional applications. While
in some interpretations "practical” may imply favoring the solutions that work in practice
but only loosely follow mathematical reasoning and proofs, we are trying to rather strictly
follow the mathematical methods that can work in practice. Although this may appear as a
play on words, we believe that closely following mathematical formalism is fundamental for
further progress of data assimilation. Adopting such an approach does not necessarily imply
that this is always possible, but that all attempts should be made to satisfy mathematical
requirements and to never be satisfied with an ad hoc solution that may work in practice.

In addition to big data, one should not dismiss the relevance of artificial intelligence
(AI) for data assimilation. This is quite an important new area of research and development
that is also based on big data and high-performance computing, and is currently seen as a

X1
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Xxii Preface

major new step in data assimilation development. However, we decided not to include the
applications of Al in data assimilation because it is quite an intense area of development
with fast-changing applications that may be practically impossible to present fairly without
missing something important. Current Al applications are very broad and include the
following: observation operators, derived observation products, data thinning, bias and
model error corrections, as well as model dynamics. New areas may be added as we write
this. In an eventual further edition of this book, we will likely consider adding a chapter on
Al in data assimilation since by that time it will hopefully become clear what main areas of
data assimilation can benefit from AL

As will be seen in the book, data assimilation is multidisciplinary and it is closely
related to applications that may be known under different names in different disciplines.
For example, data assimilation can be interpreted as an inverse problem with applicability
in optics, acoustics, communication and signal processing, medical imaging, geophysics,
astronomy, and other disciplines.

This book originated from the tutorials, presentations, and exercises that the authors and
their colleagues conducted during the five years of the Ewha International School of Data
Assimilation (EISDA 2012-2016), which gathered students and young researchers mostly
from Asia and Africa, as well as the graduate-level courses taught by the authors during
last 20 years or so at Ewha Womans University and Colorado State University, respectively.
Therefore, this book is also written for use by students and scientists interested in applying
data assimilation in realistic high-dimensional problems. Some mathematical aspects may
be too advanced for undergraduate students and may require some teacher assistance. Given
the focus on methods for high-dimensional applications, this book can be of help to users
and developers of data assimilation. Although meteorological applications dominate, we
believe that the topics presented can also benefit researchers from various other disciplines.

We begin by presenting a general background of data assimilation with a brief historical
overview and basic estimation problem, and by introducing common terminologies and
notation in Chapter 1. Chapter 2 introduces the basic formalism of data assimilation through
probability and the Bayesian paradigm. Fundamental data assimilation algorithms, filters,
and smoothers, are presented in Chapter 3. Mathematical and practical details of tangent
linear and adjoint models, which are fundamental for understanding variational and hybrid
ensemble-variational data assimilation methods, are given in Chapter 4. Their practical
implementation and development is closely related to automatic differentiation described
in Chapter 5. Numerical minimization algorithms that are fundamental for applying data
assimilation in realistic nonlinear problems are described in Chapter 6. In Chapter 7, vari-
ational methods, still the workhorse in NWP operational data assimilation, are introduced
in various forms along with the optimal control theory. Recent methods of ensemble and
hybrid data assimilation are presented in Chapter 8. Coupled data assimilation that is applied
to coupled modeling systems is described in Chapter 9. The relation between dynamics
and data assimilation, quite important but sometimes neglected given the dominant role of
observations, is presented in Chapter 10. Some special topics, such as sensitivity analysis,
and adaptive observations in Chapter 11 and satellite data assimilation in Chapter 12,
are also discussed given their relevance in numerous applications. The Appendices are
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composed in order to introduce relevant tools and methods that are inherent in data
assimilation, such as linear algebra and functional analysis in Appendix A, discretization of
PDEs in Appendix B, and the lab practices aimed at understanding the intricate details of a
practical data assimilation algorithm in Appendices C and D.

Our gratitude is extended to all our students and colleagues that contributed, directly or
indirectly, in developing the material for this book. In particular, we would like to thank
our colleagues, Liang Xu and Adrian Sandu, who delivered excellent lectures in EISDA.
We also appreciate the Ewha graduate students who had attended EISDA and have been the
main resources of our long-time and ongoing collaborative research: Sujeong Lim, Ebony
Lee, Ji Won Yoon, Seung Yeon Lee, Yoonjin Lee, Sojung Park, Seungwon Chung, and
Mariam Hussain.
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