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Foreword

Soon after the laser was invented it became obvious that this new instru-
ment, providing visible and infrared radiation with high intensity density
and small divergence, would be a great tool for remote monitoring of
atmospheric properties by radar-like methods. The lidar method (li for
light instead of ra for radio) is thus practically as old as the laser itself.
In the beginning, measurements using light scattering of aerosols and
dust particles were at the focus of attention, e.g., for investigating vis-
ibility or cloud heights. As lasers became more intense, and systems
for detecting backscattered light more sensitive, Rayleigh scattering
was also studied to allow parameters such as variation of the total air
pressure or clear air turbulence to be investigated. Furthermore, Raman
scattering allowed limited selective detection of gas constituents of the
atmosphere. Increasing sophistication of laser systems made it possible
to study trace constituents of the atmosphere; this was the case as soon as
frequency-tunable laser systems, either line-tunable or continuously tun-
able, became available. This made selective absorption and fluorescence
accessible for detecting trace constituents with a sensitivity sufficiently
high to be useful.

Improved methods such as the differential absorption method were
also invented and used to monitor trace constituents over large distances.
In this way, the stratospheric ozone concentration, for example, could
be monitored with good accuracy and also checked by comparison with
the results of other methods applied simultaneously. Today lidar ozone
measurements are being routinely applied by many laboratories in
the world.
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Not only were laser systems improved in respect to sophistication,
they also became more reliable and more efficient, so that finally,
long-term routine use was possible and mobile systems, especially
advantageous for pollution monitoring, came into use. Systems were
also applied in airplanes and satellites, thus tremendously increasing the
range of application of lidar methods.

Improvement of laser technology was vital in the lidar field. At first,
researchers were mainly concerned with keeping the laser of their lidar
system working; finally, they were able to concentrate on optimizing the
measurement procedure itself and spend the time evaluating their data.

Lidar thus went through many ups and downs. Finally, it can be stated
that the technology reached the stage where methods became reliable.
With a few exceptions, e.g., the white light femtosecond lidar system,
the techniques described in the present book are in principle already
mentioned in previous reviews of the field. However, the experience
gained in the last few years with the different methods has been hugely
extended by progress in laser techniques, so that finally the enormous
potential of lidar was recognized.

I am sure that this book will help newcomers to the field to obtain
the information necessary for learning about the potential of lidar
methods and applying the techniques for making useful measurements.
Researchers working in the lidar field will profit from the practice of
experienced colleagues who contributed to the book.

Herbert Walther

University of Munich and

Max Planck Institute of Quantum Optics
Garching, August 2004



Preface

This is a book on lidar, an active range-resolving optical remote measure-
ment technique. Lidar allows us to measure, not just “sense,” virtually
every property of the atmosphere. Lidar uses as a probe optical radiation,
or light, even if this radiation is not always within the limits of the visible
part of the spectrum. Lidar, or laser radar, as it is sometimes called, bor-
rows its name from analogy with the better-known radar. There are indeed
certain similarities, and yet the full name of which lidar is the acronym,
“light detection and ranging,” is more misleading than enlightening.

In the early days lidar was considered a “poor man’s radar,” as one
author put it. This is no longer the case. Today’s lidar systems have
reached a high degree of maturity and sophistication. They allow scien-
tists to measure a rich variety of atmospheric parameters on a routine
basis. Lidars range in size from a shoebox to a 40-foot container. Com-
pared to radar, lidar offers much better sensitivity to aerosols, much better
spatial resolution (lateral resolution on the order of one meter at a distance
of ten kilometers with no side lobes), and comparable depth and time
resolution. Lidars can measure gases which radar cannot. Lidar opens
perspectives for the remote, noncontact, range-resolved measurement
of the element composition of aerosols and remote chemical analysis of
distant targets. As a whole, lidar provides more and different information
on the state of the atmosphere. Lidars and radars thus complement each
other in an ideal synergism.

This book covers, for each of the major variants of the lidar tech-
nique, the underlying physics—how it works, its mathematics—what the
relevant equations look like, the basic layout of an instrument, and exam-
ples of atmospheric properties that can be determined and atmospheric
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processes that can be investigated. Range-finding, bathymetry, active
imaging of a remote object (‘“ladar”), and non-range-resolving remote
fluorescence measurements are not described. Also, this is not a book on
meteorology, atmospheric chemistry, atmospheric physics, or pollution
abatement strategies. Because the book is not a monograph, the rela-
tive importance attached by the authors to the different aspects varies:
Some chapters are more theoretical, others are more descriptive in nature.
Some authors stress the historical development, others devote most of
the available space to applications. The style and the use of mathematical
symbols are not strictly consistent from one chapter to another, although
some uniformity in terminology has been achieved.

The first two chapters after the introduction each review a pheno-
menon of particular importance to lidar, namely, depolarization and
multiple scattering. The following chapters are devoted either to a lidar
variant that is based on one type of interaction such as elastic scattering,
absorption, or Raman scattering, or to the measurement of one particular
atmospheric property (visibility, moisture). Some of the chapters contain
original material that cannot be found in books or archival journals, but
is presented here for the first time. I should like to depict this with a few
examples.

For example, in the chapter on polarization (Chapter 2), the contents
of Figures 2.3, 2.4, and 2.5, the discussion about Saharan dust in Florida,
and the description of the effect of clouds are original material, although
some of it has been used in articles that are about to appear or have
appeared recently. Chapter 3, on multiple scattering, is another exam-
ple. It is the first known attempt to assemble in logical sequence, under
a single cover, our current knowledge on modeling, correcting for, and
exploiting multiple scattering in lidar. The material discussed was hith-
erto dispersed in numerous publications, and some of it was not very well
known and consequently little used; an example is the effective-medium
theorem of Section 3.3.3, which not only constitutes an important theo-
retical result by itself but allows considerable simplifications in practical
applications. Chapter 4 is a review of the formidable efforts made to
extract aerosol microphysical data from lidar signal profiles. Whereas
the (forward) calculation of an expected lidar signal from a given profile
of aerosol properties is straightforward, the inverse problem, ill posed in
mathematical terms, is nevertheless successfully tackled. The descrip-
tion of these efforts in a balanced, comprehensible representation is not
found elsewhere in the literature. The same applies to the use of Raman
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scattering and high-spectral-resolution lidar (Chapter 5) for the deter-
mination of aerosol properties. Visual range is a quantity that is clearly
defined, yet in different ways for different applications. These definitions
are presented here in a clear-cut, yet concise, approach. The visibility
chapter (Chapter 6) is thus more a description of the actual state of the
art, stressing modern developments such as the intelligent automobile
taillight, heliport (miniaturized) visibility lidar for quicker helicopter
rescue logistics, and a soon-to-come web-based, real-time, global-
coverage cloud-bottom-height and visibility-profile information net-
work. Chapter 7, on differential-absorption lidar (DIAL), also strongly
exhibits a review character, grouping techniques according to wavelength
and, within one wavelength range, history; this representation was cho-
sen because techniques differ greatly with wavelength range. Chapter 8,
also on DIAL, deals with two gases only but two that are particularly hard
to measure. It therefore contains the in-depth treatment of effects impor-
tant for water vapor and oxygen DIAL and present, although of lesser
importance, in DIAL of other gases as well. In Chapter 9, the equations
that describe Raman scattering are reformulated with special emphasis on
the needs of the lidar scientist. In doing so, the author also implemented
the transition from the cgs to the SI system of units. Again, this work
has not been published elsewhere. The same applies to the comprehen-
sive theory and performance simulations of Chapter 10 on temperature
measurements with lidar in general and rotational Raman lidar in par-
ticular; the complete optimization calculations are made available here
for the first time. Chapters 11 and 12, on fluorescence lidar and Doppler
wind lidar, are kept relatively short, describing the mechanisms and gen-
eral features of the techniques, but still giving a very few examples of
applications: composition, wind, temperature of the upper atmosphere,
gravity waves, and meteor science in the case of fluorescence lidar; clear-
air turbulence, wind turbines, aviation safety, weather forecasting, and
other synergisms for Doppler wind lidar. Chapter 13 is a survey of air-
borne and spaceborne lidars and their applications, past, present, and
future. Again, we know of no other similarly comprehensive review
of the subject. Chapter 14, finally, presents two examples of recent
lidar developments. For the first, broadband-emission lidar with narrow-
band determination of absorption, the complete theory is shown here
for the first time. The second, terawatt-femtosecond white-light lidar,
opens a path to the remote determination of hitherto inaccessible prop-
erties and offers exciting perspectives for atmospheric research through
qualitatively new applications of remote measurement technology.
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The idea of the book was first discussed in a round-table meeting on
the occasion of the Twenty-First International Laser Radar Conference
in Quebec City, Quebec, Canada, on 12 July 2002. The time it took to
publish the book may appear quite long. In view of the workload imposed
today on researchers in science and technology it is amazing that it did
not take longer and, more important, that all relevant variants of lidar
could be covered.

The authors come from five different nations. They are all world-
renowned lidar experts. However, the origin of the authors of this book
has nothing to do with the effort and ingenuity devoted by different
countries to work in the field. Otherwise, such important lidar nations as
Britain, China, Italy, the Netherlands, Russia, Sweden, and Switzerland
would not be unrepresented, to name just a few. The same is true for the
citations in the different chapters: space did not allow reference to all
important contributions, so even some of the most significant, pioneering
work had to be left out.

Support by GKSS during the preparation of the manuscript is grate-
fully acknowledged. Still, this book would not have come into existence
without many fruitful discussions with colleagues at Geesthacht and else-
where. Most authors took a greater than usual interest in the progress
of the book, providing, in addition to their manuscripts, many useful
suggestions, help, confidence, and moral support. The same is true of
Hans Koelsch, volume editor of the publishing company. I thank them all.

Claus Weitkamp
Geesthacht, Germany
December 2004
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