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The field of data assimilation is by now several decades old. Starting from the
‘simple’ challenge of navigating fast traveling rockets with a minimal amount of com-
puting capacity, the elegance of data assimilation methods have been rediscovered in
many disciplines since. Hydrology and meteorology researchers were among the early
adopters, possibly because the concept of consecutive analyses and forecasts that re-
fine with increasing observational constraints fits well to their systems. It is not sur-
prising that ‘new’ disciplines that were closely related to meteorology and hydrology
were keen to harness the power of data assimilation techniques as well. Nowadays,
any researcher studying the exchange of water, energy, gases, or matter between the
atmosphere and land- or ocean surfaces has likely used, or seen the use of, such
methods in their field. The realm of atmospheric carbon cycle research is no exception
to that, and the number of studies that rely in some way on data assimilation has ex-
panded rapidly in the past decade.

The main interest in this particular branch of data assimilation is to find carbon
dioxide surface fluxes that agree with the atmospheric carbon dioxide records of the
past decades. These surface fluxes are time-varying and have detailed spatial pat-
terns, and knowing their magnitude and variations could lead to new insights on on-
going and future changes of carbon dioxide exchange between the atmosphere and
surface. We are therefore primarily interested in the retrospective analysis of the
state of the carbon cycle, and not so much in its forecast, which sets this field aside
from many other fields of data assimilation.

As in all scientific fields, different words have attained different meaning in a
short amount of time in the field of atmospheric carbon cycle research. The popular
term “model-data fusion” encompasses any methodology where carbon dioxide obser-
vations are used to inform on a model initial state, dynamic variable, or parameter.
“Inversion” usually refers to a Green’s function approach in a Bayesian minimum-
least squares framework where carbon dioxide fluxes are estimated as boundary con-
ditions for the atmosphere, and no time-stepping is employed. The word “data assim-

ilation” is often reserved for systems that solve the same Bayesian least-squares
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boundary condition problem. but a time-stepping algorithm (variational, filter, or
smoother techniques) is used.

Some of the earliest adoptions of these techniques were the “atmospheric trans-
port inversions” that entered the field in the late 1980’ s and early 1990’s. Atmos-
pheric transport models were used to establish the linear relationship between carbon
dioxide exchange at the Earth’s surface and the observed mixing ratios, or more
properly mole fractions, of carbon dioxide in the atmosphere. The density of the ob-
serving network for CO, only allowed a limited number of unknowns to be optimized,
and the interest of the analysis was mostly to estimate the location and magnitude of
the annual mean northern hemispheric carbon sink. The initial wide range of esti-
mates quickly gave rise to model inter comparison programs such as TRANSCOM,
which helped to foster a very open and collaborative science community.

The expansion of the observing network for CQO, since the early 2000’s caused a
diversification of methods. Like in any data assimilation field, adjoint codes made
their entry allowing variational minimizations, and shortly afterwards the first Kal-
man smoother systems were introduced. The size of the inverse problems did not ne-
cessitate this really, as observation and statevector sizes still could be handled on a
simple PC. Rather, it was the need for full covariance matrices to assess multiyear
uncertainties that made this problem outgrow the traditional method. The realization
that this uncertainty was much more efficiently captured in an ensemble approach
came to me under time pressure to complete a large flux estimate before an upcoming
meeting, The first ensemble Kalman smoother for CO, was built, tested, and presen-
ted in a time span of no more than 10 days, and actually still used the precalculated
transport matrices that were so popular at that time to sample the statevector.

This ensemble system was originally developed in late 2004 and its first results
were presented at the 6th International Carbon Dioxide Conference in the USA in
2005, Coming from the NOAA Earth System Research Laboratory with its long his-
tory of open data-sharing. its results were quickly turned into products available to
the community through a simple website under the name “CarbonTracker”. The ear-
ly success and positive responses to this open data policy triggered our promise to
provide yearly updates of these products. Moreover, we decided to give full access to

its underlying source code. To our surprise, the downloads of the source code some-
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times exceeded any other product available. And within a short amount of time, re-
quests started to come in from around the world for technical support, more detailed
documentation, and collaboration.

The CarbonTracker system made its way to several other groups and named after
their geographical focus such as Europe, Brazil, Asia, and the Arctic. In addition to
assimilating extra datasets from these areas, these systems often switched the nested-
grid definition of the underlying TMS atmospheric transport model, a vital compo-
nent of CarbonTracker., Moreover, these groups introduced new observations often
not yet available in the public domain. giving new excitement to their studies. This
was a great chance for us to spread an important message to the community: data as-
similation relies critically on carefully collected, quality controlled, and collaborative-
ly shared observations. Support your local experimentalists, involve them in your
studies, offer co-authorships, and always acknowledge their contribution. 1 am hap-
py to see many groups take this to heart.

With the proliferation of the CarbonTracker system to other groups, fresh eyes
critically looked at some of its underlying assumptions and code. Weaknesses in the
system present since its inception, such as for instance the linear scalar multipliers
that can flip the sign of NEE when they go negative, were suddenly magnified by
students eager to contribute. This led to a major overhaul of the system and the new
“CarbonTracker Data Assimilation System (CTDAS)” was born. It was based on
simple to read and expandable source code in python, Its ease-of-use allowed different
localization schemes to be assessed, new statistical tests written, and parallelization
on different (super) computing platforms. These efforts. and the many discussions
that ensued from them, have made the CarbonTracker program richer and much more
fun for me. It is immensely satisfying to see a new generation of carbon cycle data as-
simulation specialists adopt the system.

This book describes the joint efforts we had with the Chinese Academy of Sci-
ences group of Prof Baozhang Chen over the past five years. Together, we built
“CarbonTracker China”. This collaboration was particularly fruitful and led to a
number of well-read and peer-reviewed publications, a PhD defense, and numerous
contributions to model inter comparisons and carbon cycle syntheses. For the starting

PhDs and PostDocs in the field. this book is highly recommended. Following in the
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footsteps of its authors and seeing their rapid learning curve is educational. But most
of all, T hope that new students will be inspired to become data assimilation special-

ists too, and perhaps one day find their way to the growing CarbonTracker family.

Prof. Dr. Wouter Peters

Air Quality

Environmental Sciences Group

Dept. of Meteorology

Wageningen University

&

Centre for Isotope Research

Energy and Sustainability Research Institute Groningen

Groningen University, The Netherlands
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