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Preface

This book is the product of five and a half years of research dedicated to the understanding of radar interferometry, a relatively new space-geodetic technique for measuring the earth’s topography and its deformation. The main reason for undertaking
this work, early 1995, was the fact that this technique proved to be extremely useful
for wide-scale, fine-resolution deformation measurements. Especially the interferometric products from the ERS-1 satellite provided beautiful first results—several
interferometric images appeared as highlights on the cover of journals such as Nature
and Science. Accuracies of a few millimeters in the radar line of sight were claimed
in semi-continuous image data acquired globally, irrespective of cloud cover or solar
illumination. Unfortunately, because of the relative lack of supportive observations
at these resolutions and accuracies, validation of the precision and reliability of the
results remained an issue of concern.
From a geodetic point of view, several survey techniques are commonly available to
measure a specific geophysical phenomenon. To make an optimal choice between
these techniques it is important to have a uniform and quantitative approach for
describing the errors and how these errors propagate to the estimated parameters.
In this context, the research described in this book was initiated. It describes issues
involved with different types of errors, induced by the sensor, the data processing,
satellite positioning accuracy, atmospheric propagation, and scattering characteristics. Nevertheless, as the first item in the subtitle “Data Interpretation and Error
Analysis” suggests, data interpretation is not always straightforward. Especially
when the interferometric data consist of a superposition of topography, surface deformation, and atmospheric signal, it is important to recognize the characteristics
of these signals to make a correct interpretation of the data. In this work, I hope to
contribute to improved error analysis and data interpretation for radar interferometry.
This book owes significantly to the people I had the pleasure to work with during
the past several years. First of all, I would like to thank Roland Klees for making
it all possible, for supporting me to work abroad for such a long time, and for his
supervision. My room mates Bert “Mr. Doris” Kampes and Stefania Usai provided
a nice working environment and enough food for lengthy discussions.
I learned a lot from the MSc-students, whom I had the pleasure to advise during
the last couple of years. Jaron Samson, Yvonne Dierikx-Platschorre, Ronald Stolk,

x
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Claartje van Koppen, and Rens Swart, your work has contributed significantly to
the results described in this book. Appendix A is based on ideas to combine GPS
data with SAR interferograms for the correction or estimation of atmospheric error.
The GPS data processing and analysis in this appendix was performed by Ronald
Stolk and André van der Hoeven, supported by Hans van der Marel and Boudewijn
Ambrosius.
The meteorological interpretation of the radar interferograms was only possible due
to the close collaboration with several meteorologists. At the Royal Netherlands Meteorological Institute (KNMI) Sylvia Barlag, Frans Debie, Arnout Feijt, and many
others participated in these analyses. Arnout Feijt developed the Meteosat water
vapor channel parameterization using the GPS time series for one of the case studies
of chapter 6, which enabled the Meteosat-InSAR validation. I am highly indebted
to Tammy Weckwerth at the National Center for Atmospheric Research in Boulder,
Colorado, who devoted much of her time to the interferogram interpretation leading to our Science paper. Our discussions in Boulder, as well as our email-battles
improved my understanding of meteorology significantly. Stick Ware, thanks for
making the link! I was introduced into the wonders of SAR amplitude imagery by
Susanne Lehner, Ad Stoffelen, and Ilona Weinreich. The conformity between the observed wind patterns and the water vapor distribution provided a consistent support
for the interferogram interpretation.
During the years we performed several common research projects with the Physics
and Electronics Laboratory of TNO. Marco van der Kooij (now at Atlantis Scientific) and Erik van Halsema introduced me to interferometry and the Groningen
land subsidence project. In a later stage, Jos Groot and Roel van Bree had a significant influence on my understanding of airborne interferometry (PHARUS) and
in the Tianjin land subsidence project with EARS. At the Survey Department of
Rijkswaterstaat, Erik de Min, Jur Vogelzang, and Yvonne Dierikx actively pursued
the “practical relevance” issue, which kept me on track from time to time.
During my stay at the Institut für Navigation at Stuttgart University, Karl-Heinz
Thiel, Jürgen Schmidt, and dr. Wu enabled me to obtain valuable experience in
interferometric data processing. My roots in the understanding of radar lie at DLRDFD in Oberpfaffenhofen. I am grateful to Richard Bamler, Michael Eineder, Nico
Adam, and many others for giving me the opportunity to work with them, which
was pleasing in many ways. At Stanford University I owe much to Howard Zebker
for his support and hospitality. Discussions with him, Paul Segall, Sjonni Jónsson,
and Weber Hoen were always enlightening. Now at the University of Hawaii, Falk
Amelung was my tutor in geophysics. Falk, aloha for the Cerro Prieto Friday afternoon analysis. I am indebted to Ewa Glowacka at CICESE, Ensenada, and CFE,
Mexico for their support in the Cerro Prieto study. David Sandwell is gratefully
acknowledged for inviting me to visit Scripps Institution of Oceanography, which
was a great experience.
Many people contributed to the GISARE field experiment, including the meteorological, the leveling, the GPS, and the SAR processing part. Installing corner reflectors
in frozen ground at –15°C requires special skills, we had a great team. Although
the GPS-SAR experiment during the solar eclipse in 1999 failed to produce an ob-
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servable ionospheric signal in the interferograms, it provided good experience thanks
to all people contributing.
Special thanks go to Herman Russchenberg for his droplets, Michel Decré for fig. 2.1A,
Riccardo Riva and Bert Vermeersen for the Izmit earthquake analysis, and Remko
Scharroo for his precise satellite orbits.
The manuscript of this book greatly benefited from the meticulous reading of my
defense committee: Richard Bamler, Philipp Hartl, David Sandwell, Tammy Weckwerth, Jacob Fokkema, Peter Teunissen, and Roland Klees, thank you for all your
critical comments and valuable improvements.
Freek van der Meer, series editor, and Petra van Steenbergen at Kluwer Academic
Publishers are gratefully acknowledged for making the monograph publication of
this work possible in the Remote Sensing and Digital Imaging Processing series.
This book could not have been completed without the research funds of the Cornelis Lely Stichting, the Survey Department of Rijkswaterstaat, the European Space
Agency, the Fulbright program, the Universiteitsfonds, and Shell International Production and Exploration B.V. All ERS SAR data were kindly provided by ESA.
Meteorological data were made available by the Royal Netherlands Meteorological
Institute (KNMI). Maps and visualizations have been implemented in GMT (Wessel
and Smith, 1998) and in Matlab™.
Finally, I would like to thank Ardis for her understanding and support and for all
the time I stole from her. I’m excited about the future with the three of us.
Ramon Hanssen
Delft, December 2000

Summary

Within a decade, imaging radar interferometry has matured to a widely used geodetic
technique for measuring the topography and deformation of the earth. In particular the analysis and interpretation of the interferometric data requires a thorough
understanding of the principles of the technique, the (potential) error sources, and
the error propagation. This book reviews the basic concepts of radar, imaging
radar, and radar interferometry, and revisits the processing procedure for obtaining
interferometric products such as a digital elevation model or a deformation map.
It describes spaceborne repeat-pass radar interferometry using a linear or GaussMarkoff model formulation, which relates the interferometric observations to the
unknown geophysical parameters. The stochastic part of the model describes the
dispersion of the observations in terms of variances and covariances. Especially the
influence of spatially correlated errors as induced by the satellite orbits and by atmospheric path delay are discussed. Mathematical models are presented that describe
the spatial variability in the interferometric phase due to turbulent mixing of atmospheric refractivity and due to vertical atmospheric stratification. Using 52 SAR
acquisitions, a systematic inventory of the characteristics of atmospheric signal in
the radar interferograms is performed, using complementary meteorological data for
the interpretation. Scaling characteristics are observed, which can be conveniently
used to describe the power spectrum and covariance function of the atmospheric
signal. The final variance-covariance matrix for the radar interferometric data is
presented, including these spatially varying error sources. A number of case studies
on deformation monitoring, such as land subsidence, earthquake deformation, and
artificial reflector movement serve as examples of the application of interferometry
and its error sources. The feasibility of the technique for practical geodetic applications is evaluated in relation to the geophysical phenomena of interest, yielding
rules-of-thumb for its utilization. Finally, a novel application of interferometry for
atmospheric studies, termed Interferometric Radar Meteorology, is presented and
discussed. Maps of the vertically integrated water vapor distribution during the
radar acquisitions can be obtained with a fine spatial resolution and a high accuracy. Several demonstration studies of this meteorological application are presented.
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