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. Manoa, Hawaii, p. xx

. Mouna Loa, Hawaii, p. xx

[SSIEN )

. Surrey, British Columbia (Canada), p. xx
. Parkdale, Oregon, p. xx

. Sawtooth National Forest, Idaho, p. xx

. South Fork Eel River, California, p. xx

. Santa Cruz, California, p. xx

. Fremont, California, p. xx

© 0 N w»n A

Furnace Creek, California, p. xx

10. Lunar Crater, Nevada, p. xx

11. San Andreas Fault, California, p. xx
12. Death Valley, California, p. xx

13. Raplee Ridge, Utah, p. xx

BRAZIL

. Meteor Crater, Arizona, p. XX

. Jemez River Basin, New Mexico, p. Xx
. White Sands Dune Field, New Mexico, p. xx
. Denton, Texas, p. Xxx

. Denton, Texas, p. xx

. Denton, Texas, p. xx

. Harris County, Texas, p. Xx

. Indianapolis, Indiana, p. xx

. Petersburg, Pennsylvania, p. xx

. St. Albans, Vermont, p. xx

. Everglades National Park, Florida, p. xx
. Port-au-Prince (Haiti), p. xx

. Santa Catarina (Brazil), p. xx

Note: A study area in Ghana for biomass estimation (p. xx) is not shown on this map.



(c) ketabton.com: The Digital Library

Taylor & Francis

Taylor & Francis Group

http://taylorandfrancis.com



(c) ketabton.com: The Digital Library

Foreword

I am very pleased to write the foreword for LiDAR Remote Sensing and Applications
authored by Prof. Pinliang Dong and Prof. Qi Chen, who are among leading experts
in the field. With over 35 years of research experience in remote sensing and digital
earth, I have witnessed extraordinary accomplishments of Earth observation from
spaceborne, airborne, and ground-based platforms, using multispectral, hyperspec-
tral, radar, and light detection and ranging (LiDAR) instruments. Remote sensing
has greatly improved our understanding of the natural and built environments and
human-environment interactions. With its unique capabilities for collecting highly
accurate three-dimensional coordinates of objects, LIDAR has been widely used
in many areas including vegetation mapping, urban studies, and geosciences. I am
glad that the authors have taken keen interest in writing a reader-friendly book on
the subject.

This is a unique book in that it smoothly combines LiDAR principles, data process-
ing methods, applications, and hands-on practices, following an overview of remote
sensing. An index map of LiDAR data and a list of abbreviations are also included
to improve the readability of the book. For forest applications, readers can find
examples such as creating leaf-on and leaf-off canopy height models in Susquehanna
Shale Hills, PA; identifying disturbances from lightning and hurricane in mangrove
forests in Florida; and estimating aboveground biomass in tropical forests in Ghana.
For urban applications, readers can see examples such as road extraction, powerline
corridor mapping, and population estimation in Denton, TX; parcel-based building
change detection in Surrey, Canada; and road blockage detection in Port-au-Prince
after the 2010 Haiti earthquake. For geoscience applications, readers can explore
samples such as measuring dune migration rates in White Sands, NM; analysis of
offset channels associated with the San Andreas Fault in California; and trend sur-
face analysis and visualization of rock layers in Raplee Ridge, UT. Undergraduate
and graduate students will find that the 11 step-by-step GIS projects with LiDAR
data can really help them understand LiDAR data processing, analysis, and applica-
tions, while professionals and researchers will benefit from various topics on LIDAR
remote sensing and applications, along with over 500 references in the book.

I'd like to congratulate Prof. Dong and Prof. Chen on their achievements.
Although no book can convey every detail in a field or discipline, LiDAR Remote
Sensing and Applications contains enough information for undergraduate/graduate
students, professionals, and researchers, and is worth reading more than once, in my
humble opinion.

Guo Huadong

Academician, Chinese Academy of Sciences

President, International Society for Digital Earth (ISDE)
Editor-in-Chief, International Journal of Digital Earth
Beijing, China

June 2017
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Preface

The last decade has seen a rapid increase in the applications of light detection and
ranging (LiDAR) in various fields. This book introduces the fundamentals of LIDAR
remote sensing, LiDAR data processing, and LiDAR applications in forestry, urban
environments, and geosciences. LiDAR data collected in 27 areas in the United
States, Brazil, Canada, Ghana, and Haiti are included in the book, and a total of
183 figures were created to introduce the concepts, methods, and applications in an
easily understood manner, along with over 500 references. Compared with some
other books on LiDAR, a unique feature of this book is the combination of LiDAR
principles, data processing basics, applications, and hands-on practices. The 11 step-
by-step projects are mostly based on Esri’s ArcGIS software to support seamless
integration of LiDAR products and other GIS data. Over 4.4 GB of LiDAR data for
the projects are available online, fully tested in ArcGIS 10.2.2 and 10.4.1, and can be
used for ArcGIS 10.2 and later versions. The first six projects are for basic LIDAR
data visualization and processing, while the remaining five projects cover more
advanced topics: mapping gaps in mangrove forests in Everglades National Park,
FL, analyzing powerline corridor in Denton, TX, estimating small-area population
in Denton, TX, measuring sand dune migration in the White Sands Dune Field, NM,
and generating trend surfaces for rock layers in Raplee Ridge, UT.

This book includes many references to recent studies, and can be used as a
textbook or reference book by undergraduate and graduate students in the fields
of geography, forestry, ecology, geographic information science, remote sensing,
and photogrammetric engineering. The hands-on projects are designed for under-
graduate and graduate students who have worked with vector and raster data in
ArcGIS. The questions after Projects 4.1, 4.2, 5.1, 5.2, 6.1, and 6.2 can be used
by instructors as homework or project assignments for senior undergraduate or
graduate students. Professionals in industry and academia will also find this book
useful.

We would like to thank the following entities and researchers for providing
LiDAR and other data in the book: The OpenTopography facility based at the San
Diego Supercomputer Center and supported by the National Science Foundation
(NSF), the National Center for Airborne Laser Mapping (NCALM) funded by
NSF for data collection through various projects, the Ministry of Economy, Trade,
and Industry (METTI) of Japan, the United States National Aeronautics and Space
Administration (NASA), Rochester Institute of Technology, Kucera International
(under sub-contract to ImageCat Inc. and funded by the Global Facility for
Disaster Reduction and Recovery (GFDRR) hosted at The World Bank), the U.S.
Census Bureau, the U.S. Geological Survey, the Sao Paulo Research Foundation
(FAPESP, Brazil), City of Surrey (British Columbia, Canada), the IndianaMap
Framework Data, the Texas Natural Resources Information System (TNRIS),
Esri, Cheng Wang, Mehmet Erbas, Gherardo Chirici, Davide Travaglini, and
Krzysztof Sterenczak. We also thank our students, colleagues, and friends for

xiii
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their encouragement and support. Last but not least, we wish to thank our wives,
children, and parents for their love and support, and Pinliang’s wife Yijin for
designing the book cover.

= 2N

Pinliang Dong

(26 hon.

Qi Chen
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methods for LiDAR data processing and information extraction, including airborne
LiDAR point cloud filtering, digital terrain model generation, and individual tree
mapping. His research in recent years has expanded to satellite LiDAR, terrestrial
LiDAR, and the use of LiDAR for extracting various vegetation attributes for applica-
tions such as wildfire mapping and hazard analysis, biodiversity and habitat analysis,
and biomass mapping and estimation. His overall interest in LIDAR remote sensing
is to improve the methods of information extraction from LiDAR and to promote the
use of LiDAR for assisting environmental management and decision making. He is
an advisor to many master’s and doctoral students, postdocs, and has hosted many
international students and professors for studying LiDAR in his research lab. He has
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Brief Overview of
Remote Sensing

1.1  FROM AERIAL PHOTOGRAPHY TO REMOTE SENSING

Photography from aerial platforms was initially conducted using ornithopters, bal-
loons, kites, pigeons, and gliders (Jensen 2006). In 1908, 5 years after the Wright
brothers built the world’s first operational aircraft, an aircraft was first used as a
platform for aerial photography. During World War I and World War II, aerial pho-
tography played an important role as a military photo-reconnaissance method. In
the 1920s and 1930s, aerial photography became the standard information source
for the compilation of topographic maps. From the 1930s until the early 1960s,
black-and-white, color, and color-infrared aerial photographs were widely utilized
by geologists, foresters, and planners for interpreting the Earth’s surface features
(van Nowhuys 1937, Melton 1945, Desjardins 1950, Miller 1961). The use of aerial
photographs improves the efficiency of many mapping applications because (1) aer-
ial photographs make it possible for mapping ground features in areas where field
investigation is difficult due to poor accessibility; (2) stereo aerial photographs help
the interpretation of ground features through incorporation of topographic informa-
tion; and (3) color-infrared aerial photographs provide spectral information beyond
human vision. The main drawbacks of early aerial photographs were that (1) aerial
photograph acquisition depended on the weather and (2) aerial photographs were
normally recorded in an analog format and were not calibrated, which precludes
quantitative analysis.

The term “remote sensing” was first coined by Evelyn Pruitt of the U.S. Office
of Naval Research in the 1950s, and the traditional aerial photography gradually
evolved into remote sensing around 1960. Sabins (1987) defined remote sensing as
methods that employ electromagnetic energy to detect, record, and measure the char-
acteristics of a target, such as the Earth’s surface. Although many other definitions
of remote sensing exist in literature (Colwell 1984, Fussell et al. 1986, Jensen 2006),
it is commonly accepted that the basis for remote sensing is the electromagnetic
spectrum (Figure 1.1). Since the late 1960s and early 1970s, many traditional aerial
photographic systems have been replaced by airborne and spaceborne electro-optical
and electronic sensor systems. While traditional aerial photography mainly works
in visible bands, modern spaceborne, airborne, and ground-based remote sensing
systems produce digital data that covers visible, reflected infrared, thermal infrared,
and microwave spectral regions with different spatial, spectral, temporal, and radio-
metric resolutions. Traditional visual interpretation methods in aerial photography
are still useful, but remote sensing encompasses more activities such as theoretical
modeling of target properties, spectral measurement of objects, and digital image
analysis for information extraction.
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2 LiDAR Remote Sensing and Applications
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FIGURE 1.1 The electromagnetic spectrum. The numbers show wavelengths of spectral
regions.

There are two types of remote sensing systems: passive and active (Figure 1.2).
Passive remote sensing systems measure reflected solar radiation in visible, near-
infrared, and mid-infrared wavelengths, or absorbed and then reemitted solar radia-
tion in thermal infrared wavelengths. Active remote sensing systems, on the other
hand, emit radiation toward the target using their own energy source and detect the
radiation reflected from that target. An important advantage for active sensors is
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FIGURE 1.2 Passive and active remote sensing.
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their ability to obtain measurements independently of sun illumination conditions
and largely independent of weather conditions. The following sections provide an
overview of two passive remote sensing methods—multispectral remote sensing
and hyperspectral remote sensing—and two active remote sensing methods—radar
remote sensing and light detection and ranging (LiDAR) remote sensing.

1.2 MULTISPECTRAL REMOTE SENSING

In multispectral remote sensing, visible and reflected infrared (near infrared and
mid-infrared) images are collected by recording the reflection of solar radiation
from the earth using airborne and spaceborne sensors, whereas thermal infrared
images are collected by recording emitted thermal radiation from the earth. An
early example of airborne visible and reflected infrared sensors is the Airborne
Thematic Mapper (ATM), an eleven-band prototype of the Thematic Mapper (TM)
of the Landsat-4 satellite. In additional to airborne visible and reflected infrared
multispectral sensors, airborne thermal infrared sensors also provide important
data for many applications, especially geologic mapping and mineral explora-
tion. Hunt (1980) reported that silicates exhibit fundamental vibrational stretching
modes in the 10 pm region. The reflection peak at or near the fundamental vibra-
tion frequency is called the reststrahlen or residual ray peak (Goetz 1989). Kahle
(1984) reported that the absorption features of silicate rocks shift toward longer
wavelengths with the decrease of silica content from quartzite through basalt. Since
silicates make up the bulk of the crustal rocks, and the fundamental vibrational
features of silicates are located in the 8—14 pm atmospheric transmission window,
an emissivity minimum resulted from the reststrahlen can be detected with multi-
spectral sensors. Kahle and Rowan (1980) used multispectral thermal data from a
Bendix 24-channel scanner for lithological mapping in the East Tintic Mountains
in central Utah, USA. Their study showed that it is possible to discriminate among
several rock types primarily based on their silica content. Since the spectral proper-
ties of minerals may be quite different in visible and reflected infrared region, it is
possible to discriminate among carbonate rocks, quartzite, quartz latitic and quartz
monzonitic rocks, latitic and monzonitic rocks, silicified altered rocks, and argil-
lized altered, if multispectral thermal data are combined with visible and reflected
infrared data (Goetz 1989). The study by Kahle and Rowan (1980) provided the
justification for the development of a multispectral scanner working in the thermal
infrared region (Goetz 1989). In the early 1980s, the Thermal Infrared Multispectral
Scanner (TIMS) was developed in the United States for remote sensing of non-
renewable resources. The TIMS instrument collects thermal emission energy in
six bands near the peak of the Earth’s surface emission (8.2-8.6, 8.6-9.0, 9.0-9.4,
9.4-10.2, 10.2-11.2, and 11.2—-12.2 pm). Using TIMS data, Kahle and Goetz (1983)
showed that it was possible to map quartz-bearing rocks. Gillespie et al. (1984) used
TIMS data to map alluvial fans in Death Valley, California, and found that both
composition and relative age were recognizable.

The use of airborne visible, reflected infrared, and thermal infrared sensors has
a number of benefits. The user can select the wavebands of interest in a particular
application, and the aircraft can be flown to specific user requirements concerning
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time of day, flying direction, and spatial resolution. However, data acquisition using
airborne systems is expensive compared with satellite recording, as aircraft missions
are generally flown for a single user and do not benefit from the synoptic view avail-
able to satellite platforms.

A new era of spaceborne remote sensing began when the Explorer VI of the
United States obtained the first satellite picture of the Earth in August 1959
(European Space Agency 2014). From 1959 to 1972, Corona satellites of the United
States were used for photographic surveillance. Civilian applications of satellite
remote sensing began with the National Aeronautics and Space Administration’s
(NASA) Landsat series. Since 1972, NASA has lunched Landsat 1 (1972),
Landsat 2 (1975), Landsat 3 (1978), Landsat 4 (1982), Landsat 5 (1984), Landsat 6
(1993, failed to reach orbit), Landsat 7 (1999), and Landsat 8 (2013). The multi-
spectral scanner and return-beam vidicon were the imaging systems in the first
generation of Landsat (then called ERTS-1). The second generation of Landsat
(Landsats 4 and 5) includes an MSS imaging system and a new sensor, the
Thematic Mapper. The third generation of Landsat (Landsats 6 and 7) includes
an Enhanced Thematic Mapper Plus (ETM+). A review of the three decades of
Landsat instruments (Landsat 1-7) can be found in the works of Mika (1997).
Landsat 8 launched on February 11, 2013 and was developed as a collaboration
between NASA and the U.S. Geological Survey. With two science instruments—
the Operational Land Imager (OLI) and the Thermal Infrared Sensor (TIRS)—
Landsat 8 represents an evolutionary advance in technology. OLI provides two
new spectral bands, one for detecting cirrus clouds and the other for coastal zone
observation. TIRS has two narrow spectral bands in the thermal region which was
formerly covered by one wide spectral band on Landsats 4-7. The Landsat satel-
lite series are a great contribution to remote sensing. In fact, it is the MSS aboard
the first Landsat that gives most earth scientists their first look at images taken
in a spectral region beyond that seen by human eyes. Other multispectral remote
sensing satellites launched during this period include the Systeme Probatoire
d’Observation de la Terre (SPOT) series developed by France—SPOT-1 (1986),
SPOT-2 (1990), SPOT 3 (1993), SPOT4 (1998), SPOT 5 (2002), and SPOT 6 (2012);
the India Remote Sensing Satellite (IRS) series started in 1988; the China-Brazil
Earth Resource Satellite series started in 1999; and high-resolution satellites such
as IKONOS (1999), QuickBird (2001), WorldView-1 (2007), GeoEye-1 (2008),
WorldView-2 (2009), and China’s Gaofen (high resolution) satellite series started
in 2013, among others. Multispectral data collected by these spaceborne platforms
have been widely used in many application fields. Figure 1.3 is a color composite of
Landsat-5 TM bands 4 (red), 3 (green), and 2 (blue) acquired on August 16, 1992,
near Kunming, Yunnan, China.

1.3 HYPERSPECTRAL REMOTE SENSING

Compared with multispectral remote sensing that uses relatively broad spectral
bands, hyperspectral remote sensing uses imaging spectrometers that measure
near-laboratory-quality spectra in narrow spectral bands. Therefore, a complete
reflectance spectrum can be derived from the spectral bands for every pixel in the
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FIGURE 1.3 Color composite of Landsat-5 TM bands 4 (red), 3 (green), and 2 (blue)
acquired on August 16, 1992, near Kunming, Yunnan, China.

scene (Figure 1.4). It should be noted that there is no absolute threshold on the
number of bands that distinguish between multispectral and hyperspectral remote
sensing.

The Airborne Imaging Spectrometer (AIS) was the first of the high-resolution
imaging spectrometers (Goetz et al. 1985a). The success of the AIS gave impetus to
the development of an improved optical sensor, the Airborne Visible and Infrared
Imaging Spectrometer (AVIRIS), which delivers calibrated images of 224 contiguous
spectral channels within the wavelengths ranging from 400 to 2450 nanometers (nm)

Band 1
Band 2
Band 3

Reflectance

A 4

Band 487
Band 488

Wavelength

FIGURE 1.4 The imaging spectrometry concept. A spectral curve can be extracted from
hundreds of spectral bands for each pixel location.
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TABLE 1.1
Configuration of Five Airborne Imaging Spectrometers
Spectral Range Spectral First
Sensor (nm) Bands Resolution (nm) Country Operation
CASI 430-870 288 2.9 Canada 1989
SFSI 1200-2400 122 10.0 Canada 1993
AIS-1 900-2100 128 9.3 USA 1982
1200-2400
AIS-2 800-1600 128 10.6 USA 1985
1200-2400
AVIRIS 400-2450 224 9.4-16.0 USA 1987

(Vane and Goetz 1993). Table 1.1 lists the configuration of five early airborne imag-
ing spectrometers.

The launch of NASA’s Earth Observing-1 (EO-1) platform in November 2000
marks the first operational test of NASA’s “New Millennium” spaceborne hyper-
spectral technology for Earth observation. The theme of the EO-1 mission is the
evaluation of advanced earth observation instruments through a combination of
direct measurements of performance and a broad range of application studies
(Ungar et al. 2003). The Hyperion imaging spectrometer onboard the EO-1 is the
first high spatial resolution imaging spectrometer to orbit the Earth. Hyperion is
capable of resolving 220 spectral bands (from 0.4 to 2.5 pm) with a 30-m resolution,
covering a 7.5km X 100km land area per image. More information on the EO-1
and Hyperion can be found in the works of Pearlman et al. (2003) and Ungar et al.
(2003).

By collecting as many as hundreds of contiguous, inherently registered spectral
images of the scene, the imaging spectrometers make it possible for direct identi-
fication of surface materials based on their diagnostic spectral characteristics and
present the results as images, which greatly improves the discrimination of ground
features and phenomena. For example, AVIRIS images have been used to measure
and identify the constituents of rock units based on molecular absorption and par-
ticle scattering signatures. Applications of hyperspectral remote sensing include geo-
logic mapping and mineral exploration (Goetz 1984, Goetz et al. 1985b, Mustard and
Pieters 1987, Farrand and Singer 1991, Kruse et al. 1993, Farrand and Harsanyi 1995,
Cloutis 1996) and vegetation mapping (Galvao et al. 2005, Li et al. 2005, Dong 2008,
Kalacska and Sanchez-Azofeifa 2008, Thenkabail et al. 2011), among others. While
new hyperspectral sensors are being developed, a new trend in research and devel-
opment is to combine multiple types of sensors on a single platform to better use
the complimentary features of the sensors. For example, a LiDAR, Hyperspectral
and Thermal airborne imager was developed by NASA Goddard Space Flight
Center (Cook et al. 2013). Figure 1.5 shows a color composite image created from
CASI-1500 Visible and Near Infrared (VNIR) hyperspectral bands acquired in
Surrey, BC, Canada, in May 2013.
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FIGURE 1.5 Color composite image created from CASI-1500 VNIR hyperspectral bands
acquired in Surrey, BC, Canada, in May 2013. Band 70 (1.0273 um) is used as red, band 15
(0.5020 pm) as green, and band 5 (0.4061 pm) as blue.

1.4 RADAR REMOTE SENSING

Both airborne and spaceborne passive electro-optical sensors are hindered by cloud
cover and sun illumination conditions. The limitation can be removed by active radar
imaging systems that operate independently of lighting conditions and largely inde-
pendently of weather. A radar remote sensing system uses its own electromagnetic
energy in microwave bands to “illuminate” the terrain and detects the energy return-
ing from the terrain, with the transmitter and the receiver in the same location. The
way electromagnetic waves propagate through a material can be described by a radar
equation. Neglecting the path losses, the radar equation may be written as follows
(Fung and Ulaby 1983):

FG, A,

P = On———
ArR® " 4nR?

(1.1)

where P, is the received power at polarization r, P, is the transmitted power at polar-
ization ¢, G, is the gain of the transmitting antenna in the direction of the target at
polarization ¢, R is the distance between radar and target, o,, is the radar cross section,
the area intercepting that amount of incident power of polarization ¢ which, when
scattered isotropically, produces an echo at polarization r equal to that observed
from the target, A, is the effective receiving area of the receiving antenna aperture
at polarization r.
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FIGURE 1.6 Concepts in airborne radar remote sensing.

The equation shows that the characteristics of radar images depend on radar sys-
tem parameters, such as incidence angle, wavelength (or frequency), and polariza-
tion, and target parameters, such as complex dielectric constant, surface roughness,
and volume scattering (Fung and Ulaby 1983). It is therefore important to understand
how radar waves interact with natural surfaces in order to conduct correct interpre-
tation of radar images. Figure 1.6 shows some major parameters in airborne radar
remote sensing. More details of the parameters are described below.

1. Incidence angle
The incidence angle is the angle between a radar beam and a line per-
pendicular to the surface. It is known as “local incidence angle” when the
surface is not horizontal. Here, “depression angle (y)” is used to refer to the
angle between a horizontal plane and a beam from the antenna to a target
on the ground (Figure 1.6). The character of depression angle can cause
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shadows on radar images. In all cases except when the depression angle is
equal to 0°, all slopes facing the radar (the foreslope) are shortened relative
to their true length, with most of the shortening closest to the radar. The
phenomenon is referred to as “radar foreshortening” (Simonett and Davis
1983). If the curvature of a transmitted radar pulse causes the top of a tall
vertical target to reflect energy in advance of its base, the distortion on the
image is called radar layover. It occurs where the top of an object is closer to
the radar than the bottom and is therefore recorded sooner. In mountainous
areas, radar layover is often a severe problem that causes foreslopes of an
image uninterpretable.
2. Dielectric properties

The relative complex dielectric constant of a material, €, consists of a real part,
¢, and an imaginary part, ¢”. € can be expressed as (Fung and Ulaby 1983)

e=¢"—je". (1.2

where ¢ is called the dielectric constant of the material, €” is referred to as
the relative permittivity, and ¢” as the loss factor. For terrestrial rocks in
an arid environment, the density of a rock is the major factor affecting the
dielectric constant, but the dielectric constant variations do not have sub-
stantial influence on radar signal because most natural rocks have dielectric
constants in a narrow range (Farr 1993). For soils, the complex dielectric
constant is a function of frequency, soil moisture constant, and soil type
(Fung and Ulaby 1983).
3. Polarization
Polarization refers to the orientation of the electromagnetic vector of the
transmitted radar signal. A radar wave may be transmitted with horizontal
(H), vertical (V), or circular (left-hand circular—L, right-hand circular—
R) polarization. Transmitting and receiving electrical field vectors in the
same direction is known as like-polarization (HH, VV), whereas transmit-
ting an electrical field vector in one direction (horizontal or vertical) and
receiving electrical field vectors in the perpendicular direction is called
cross-polarization (HV, VH). Because of the differences in the physical
processes for the two types of signal returns, like-polarization images may
be different from cross-polarization images. A radar system can have single
polarization, dual polarizations, or four polarizations.
4. Wavelength, surface roughness, and penetration

The radar wavelength can affect the scattered signal by defining a surface
roughness and by determining the depth of penetration (Fung and Ulaby
1983). Surface roughness is different from topographic relief in that it is
determined by surface features comparable in size to the radar wavelength.
For most natural surfaces, it is difficult to characterize them mathemati-
cally due to their complex geometry, but the root-mean-square height of the
surface variations is an adequate approximation of surface relief (Sabins
1987). The theoretical boundary between smooth and rough surfaces for a
given radar wavelength (1) and depression angle (y) can be defined by the
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Rayleigh criterion or the modified criteria of Peake and Oliver (1971), or
a more stringent Fraunhofer criterion for defining a radar-smooth surface
(Ulaby et al. 1982):

A
32cos0

where /£ is the standard deviation of the height variation of the object, 4 is the
wavelength, and 0 is the incidence angle referring to the vertical direction.

h<

(1.3)

The radar wavelength also influences the depth of penetration of radar waves. The
term “skin depth” is often used to define the depth below the surface at which the
amplitude of the incident wave will have decreased to about 37% of its value at
the surface (Fung and Ulaby 1983). A striking example of radar penetration is pro-
vided by the study of McCauley et al. (1982) in the Sahara Desert, where penetration
of 1-6m of the L-Band Shuttle Imaging Radar (SIR-A) was reported and details of
ancient drainage patterns underlying the dry sand sheet were shown.

Like multispectral and hyperspectral remote sensing, radar remote sensing also
uses airborne and spaceborne platforms. Airborne radar imagery was employed for
geological investigations early in the 1960s (MacDonald 1969, Wing 1971). Since the
1980s, new airborne radar systems such as SAR-580 (Canada), STAR-1 (USA), and
CASSAR (China) have been developed for various applications. Since 1978, NASA has
launched four temporary spaceborne radar systems: Seasat, SIR-A, Shuttle Imaging
Radar-B (SIR-B), and Shuttle Imaging Radar-C (SIR-C/X-SAR). Other spaceborne
radar systems include Almaz-1 (1991, Soviet Union), ERS-1 (1991, European Space
Agency), ERS-2 (1995, European Space Agency), JERS-1 (1992, Japan), Radarsat-1
(1995, Canada), Envisat-1 (2002, European Space Agency), ALOS/PALSAR (2005,
Japan), and Radarsat-2 (2007, Canada). Applications of radar remote sensing can be
found in many fields, including geologic mapping (Blom and Daily 1982, Cimino
and Elachi 1982, Breed et al. 1983, Evans et al. 1986, Fielding et al. 1986, Lynne
and Taylor 1986, Sabins 1987, Gaddis et al. 1989, Evans and van Zyl 1990, Evans
et al. 1990, Singhroy et al. 1993, Singhroy and Saint-Jean 1999, Guo et al. 1993a,b,
1996, 1997, Moon et al. 1994, Mouginis-Mark 1995, Kruse 1997, Schaber et al. 1997,
Wood et al. 1997, Mahmood et al. 1999, Schaber 1999, Pal et al. 2007), vegetation
discrimination (Evans et al. 1986, Durden et al. 1989, Dobson et al. 1995, Harrell
et al. 1997, Cloude and Treuhaft 1999, Sawaya et al. 2010, Evans and Costa 2013),
and soil moisture evaluation (Dabrowska-Zielinska et al. 2002, Kasischke et al. 2007,
van der Velde et al. 2012, Bourgeau-Chavez et al. 2013), among others. Schmullius
and Evans (1997) analyzed radar frequency and polarization requirements for appli-
cations in ecology, geology, hydrology, and oceanography. Figure 1.7 presents SIR-C
and Radarsat-1 images of a 15km X 25km area near Yuma, AZ, USA.

1.5 LiDAR REMOTE SENSING

LiDAR stands for Light Detection and Ranging, a technology that measures dis-
tances (or ranges) based on the time between transmitting and receiving laser sig-
nals. Both pulsed and continuous wave lasers can be used: pulsed lasers transmit
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FIGURE 1.7 SIR-C and Radarsat-1 images of a 15km x 25km area near Yuma, AZ, USA.
(A) SIR-C L-HH image; (B) SIR-C L-HV image; (C) SIR-C C-HH image; (D) SIR-C C-HV
image; (E) Radarsat-1 C-HH Standard Beam 4 image; and (F) Radarsat-1 C-HH Extended
High Incidence Bean 3 image.

energy of very short duration and detect ranges based on amplitudes of the received
signals; in contrast, continuous wave lasers detect ranges based on the phase differ-
ence between transmitted and received signals (Baltsavias 1999b). Pulsed lasers are
most often used in terrestrial applications and thus are the focus of this book.

As can be seen from Figure 1.2, LiDAR is an active remote sensing method
that can be used on spaceborne, airborne, and ground-based platforms. In 2003,
NASA launched the Ice Cloud and Land Elevation Satellite (ICESat) which car-
ried the Geoscience Laser Altimeter System (GLAS), a laser profiler with 65-m
footprint on the ground, to collect data about the polar ice caps, vegetation canopy,
and other parameters. Airborne LiDAR is sometimes used interchangeably with
Airborne Laser Scanning, Airborne Laser Swath Mapping, or Laser Radar. Ground-
based LiDAR is often called Terrestrial Laser Scanning, which includes Stationary
Terrestrial Laser Scanning from a static vantage point on the surface of the earth and
Mobile Terrestrial Laser Scanning from a moving vehicle.

An airborne or satellite LIDAR remote sensing system typically consists of (1)
a laser range finder that detects ranges and (2) a positioning and orientation system
that measures the location and orientation of the sensor, which in combination can
derive the three-dimensional (3D) coordinates of the objects it detects. Since LiDAR
can directly measure the geographic environment in three dimensions (3D), it does
not have the problem of geometric distortion (e.g., relief displacement) associated
with imaging that has to project the 3D world into a two-dimensional image space.
In other words, a user does not have to worry about the issue of georeferencing, a
nontrivial issue for image processing. This is one of the main advantages of LiDAR.
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Another advantage of LiDAR is that data can be collected at daytime or night-
time, as long as there is no heavy fog, smoke, or high levels of moisture such as rain,
snow, and clouds between the laser system and the object. For example, LIDAR data
can be collected at night when the wind is calm (Figure 1.8).

The most useful characteristic of LIDAR might be that the laser energy can pene-
trate through canopy gaps and measure canopy structural and terrain elevation along
the direction of laser rays. In an optical image, the value of each pixel (gray scale or
color) is dominated by the reflectance of the object surface, and users cannot really
see the terrain under dense canopy (Figure 1.9A). However, laser energy can reach

FIGURE 1.8 Ground-based LiDAR data collected at midnight for tree ferns in a tropical
forest of HI, USA.

FIGURE 1.9 Different views of Panther Creek, Oregon, based on optical imagery and
LiDAR data. (A) Geoeye imagery and (B) DTM derived from airborne LiDAR.
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terrain so that an analyst can use the ground laser returns to generate continuous
Digital Terrain Models under canopy (Figure 1.9B).

Compared with multispectral, hyperspectral, and radar remote sensing discussed
in previous sections, LiDAR remote sensing is a relatively new field. Although lasers
have been used for atmospheric research for decades (Goyer and Watson 1963), and
laser altimeters have been used for measuring the distance from an orbiting space-
craft to the surface of the planet or asteroid, it was the development of high-accuracy
global positioning systems and Inertial Measurement Units by the mid-1990s that
made airborne LiDAR survey possible. The state-of-the-art LiDAR systems are capa-
ble of emitting over 1 million pulses per second. Reviews of LiDAR history and new
systems can be found in the works of Baltsavias (1999a) and Mallet and Bretar (2009).

The subsequent chapters will introduce the principles of LiDAR remote sens-
ing, LiDAR data processing, and LiDAR applications in forestry and vegetation
mapping, urban environments, and geosciences. As full-waveform LiDAR data is
mainly used for forest analysis and their contribution is less obvious in other appli-
cation fields, the remaining chapters will focus on discrete-return LiDAR data and
applications. To help readers better understand how LiDAR data is used to solve
real-world problems, each of the subsequent chapters has several data processing/
analysis/application projects with step-by-step instructions. Esri’s ArcGIS software
(version 10.2.2 or later) is used in most of the exercises, and data for the projects
can be downloaded from http:/geography.unt.edu/~pdong/LiDAR/. Although prior
knowledge of LiDAR is not required, most of the projects assume that users have
worked with vector and raster data in ArcGIS.
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