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DEVELOPMENT OF A MULTIWAVELENGTH AIRBORNE POLARIMETRIC LIDAR

FOR VEGETATION REMOTE SENSING

Songxin Tan, Ph.D.

University of Nebraska, 2003

Advisor: Ram M. Narayanan

A Multiwavelength Airborne Polarimetric Lidar (MAPL) system has been developed for
vegetation remote sensing purposes to support the Airborne Remote Sensing Program at the
University of Nebraska. The MAPL design and instrumentation are described in detail.
Characteristics of the MAPL system include dual-wavelength detection, lidar waveform capture,
and polarimetric measurement, which provide enhanced opportunities for vegetation remote
sensing, compared to current sensors. Vegetation canopy models, for a single tree and for the
three dimensional forests, are developed for airborne lidar applications; and efforts are made
towards modeling the vegetation lidar waveform. This study also develops the theoretical analysis
for the vegetation canopy lidar, by combining the lidar equation with the canopy models. The
noise sources that may affect the performance of the MAPL are discussed and the ground signal
to noise ratio (SNR) under the vegetation cover conditions is also investigated. The optical
alignment of the MAPL system is briefly introduced. Polarimetric calibration of the system by
laboratory measurements of the Stokes parameters of various materials is discussed. Range
detection ability was field tested and calibrated. To validate the system’s ability for vegetation
canopy detection, extended ground tests were performed on the separate trees and the forest
detection. E fforts were also made toward a tree species discrimination a lgorithm a pplying the
MAPL data. Backscattered polarimetric returns, the depolarization ratios, polarimetric normalized
difference vegetation indices, and polarimetric band ratios are presented in this dissertation; many

of them are obtained for the first time.
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Chapter 1

Introduction and Background

LIDAR is an acronym for LIght Detection And Ranging. It is also called optical radar, laser radar
or ladar [1] under different applications. The principle of lidar is similar to that of the microwave
radar. However, lidar operates in the optical frequency region while radar works in the
microwave frequency region. Since there are many unique mechanisms of light interaction with
media, lidar differs in many respects from radar.

The idea of using a light source instead of a microwave source to probe the target actually
came earlier than the first appearance of the laser. However, a laser is able to provide a light beam
with high intensity, high collimation, high coherence, high spectral purity, and high polarization
purity, and is therefore superior to any conventional light sources in these respects. For such

reasons, all modern lidar systems use a laser as the radiation source.

1.1 Introduction to Lidar

A typical lidar system is composed of a laser source, transmitting optics, receiving optics,
photodetector, analog—to-digital ( A/D) converter, signal and data processor and o utput d evice.
Fig. 1.1 shows the block diagram of a typical lidar system. The sequence of system operation is as
follows. The laser beam is sent out through the transmitter towards the target, the transmitted
light interacts with the media and is reflected/scattered back towards the receiving optics, the
photodetector then turns the received light signal into an analog electrical signal, which is further
transformed into a digital signal by an analog-to-digital (A/D) converter, the signal is analyzed by
the signal and data processor, and the final results are sent to an output device. Lidar systems can
be used to characterize a wide variety of targets, from a hard target such as a vehicle or a tree, to a

pure phase object such as the atmosphere or the cloud. There exist various types of interactions
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between light and media, which is detectable by a lidar. These interactions have different physical
mechanisms, including Rayleigh scattering, Mie scattering, Raman scattering, resonance
scattering, fluorescence, absorption, and differential absorption and scattering [2].

The development of lidar is strongly dependent on the technological advances in laser,
photodetector, data sampling and data processing. From a pure technological point of view,
however, the laser and the photodetector are two main bottlenecks limiting the application of lidar
towards vegetation remote sensing. Laser systems are required to be more compact, more rugged
and wavelength tunable. The ideal laser system requires good beam quality, high energy
efficiency, high energy output, high stability, high pulse repetition rate, and short pulse duration.
On the other hand, the photodetector is desired to have broad spectral response, high
responsitivity, high quantum efficiency, low dark current, and low noise. Photodetector arrays can
be used to make scanless imaging lidar [3]. For many applications, high quantum efficiency, low-

noise, and uncooled infrared detector array is in great demand.

Beam expander
. \Transmitting optics
Target
Receiving \ ﬂ
telescope
N—— | c—
Photo-
detector

Output device
O | | Signal and data H
processor

Figure 1.1 A typical lidar system.

Lidar can be categorized into different types through their functions, operating platforms,

light and media interaction mechanisms, modulation and demodulation techniques, etc. For
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example, based on detection schemes, they are grouped into direct detection lidar, coherent lidar
and differential absorption lidar (DIAL); based on the laser source characteristics, they are
grouped into continuous wave (CW) lidar and pulse lidar; and based on the transmitter and
receiver configurations, they are grouped into monostatic and bistatic lidar.

Lidar is used to detect target distance, speed, rotation and vibration, similar to traditional
radar. It is also applied for chemical composition and concentration studies [4] using DIAL
technology. The various applications of lidar include rangefinder, altimetry, velocimetry,
bathymetry, vibration sensor, moving target indicator (MTI), target detection and identification,
aerosol detection, chemical and biological agent detection, among many others.

Because of the many unique characteristics of laser beam, it is natural to apply lidar in a
wide variety of remote sensing applications. Since its first appearance in the 1960s, lidar has
become an important active optical remote sensing tool. Lidar systems have found wide
applications in such remote sensing areas as atmospheric remote sensing [5], oceanographic
remote sensing [6], space remote sensing [7], hydrologic remote sensing [8], geographic remote

sensing [9], and vegetation remote sensing [10]-[30], etc.

1.2 Airborne Vegetation Laser Sensors

Airborne vegetation lidar is still a new technology in many respects. The early lidar system used
in vegetation remote sensing was a laser altimeter, which originally refers to a laser sensor used
to detect either the first or the last laser return for altitude measurement. Due to the detector and
A/D converter limitations, it is unable to digitize the whole laser return signal, or the so-called
lidar waveform. In vegetation remote sensing, the recorded laser return signal as a function of
time or range is often referred to as the lidar waveform [31]. The laser altimeter can only sample
one point at a time. However, there is a trend among the remote sensing community to call lidar

capable of entire waveform digitization as a laser altimeter. Most early vegetation lidar systems
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have a small footprint, typically less than 1 m. Recent research found that small footprint lidar
tends to underestimate the vegetation height, b ecause the laser beam may frequently miss the
canopy tops [16], [20], [22], [26]. Increasing the lidar footprint, which sacrifices the spatial
resolution, improves the ability of lidar in forest remote sensing. More lidar systems with medium
to large footprints are designed [14]. Table 1.1 lists the typical footprint sizes for lidar systems.
One exception is to use the high pulse repetition frequency (PRF) laser scanner. Even though the
footprint of such a laser scanner is usually very small, it is still possible to locate each individual

tree, and estimate the single stand forest attributes [21], as a result of the high frequency.

Table 1.1 Lidar categorized by footprint size.

Small footprint <lm
Medium footprint 1-10m
Large footprint 210m

Listed below are several airborne laser sensors designed specifically for vegetation
remote sensing purpose.

ALPS: The Airborne Laser Polarimetric Sensor (ALPS) system, developed by NASA
Goddard Space Flight Center (GSFC), is a laser polarimeter used for vegetation remote sensing
[32]. It is the first multispectral laser polarimeter. The ALPS system employs a linearly polarized
laser source at both 1064 nm and 532 nm. The laser pulse width is 7 ns, pulse repetition rate is 0.5
Hz and pulse energy is 30 mJ at each wavelength. Twelve photo multiplier tube (PMT) detectors
are adopted in the system, providing the S tokes p arameters m easurement a bility. T he d etector
FOV is about 0.03 radians. The data acquisition system uses a Kenetic CAMAC system, with a
12-channel LeCroy 2249W analog-to-digital (A/D) converter. The platform is a helicopter,
hovering typically below 300 m altitude. ALPS cannot acquire the lidar waveform.

SLICER: The Scanning Lidar Imager of Canopy by Echo Recovery (SLICER) is a large
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footprint, high altitude, airborne system that can digitize the entire lidar waveform, developed by
NASA GSFC [33]. The SLICER employs a Nd:YAG laser at 1064 nm. The pulse repetition rate
is 80 Hz, pulse energy is 0.7 mJ and the full width at half maximum (FWHM) pulse width is 4 ns.
The beam divergence angle is about 2 mrad. Silicon avalanche photodetector (APD) is used in the
receiver. Data sampling is achieved using LeCroy 6880B A/D converter at 1.35 gagesample per
second (GS/s). The platform is a Sabreliner T-39. At an operation altitude of 5,000 m above the
ground, the laser footprint has a diameter of about 10 m.

VCL: The Vegetation Canopy Lidar (VCL) is the first selected mission of NASA's new
Earth System Science Pathfinder (ESSP) program. The VCL mission was proposed by the
University of Maryland, NASA GSFC, and other universities and industrial collaborators. The
principal goal of VCL is to characterize the three-dimensional structure of the earth, in particular,
canopy vertical and horizontal structure and land surface topography. It is a satellite-borne lidar
system, and is proposed to launch soon [34]. The VCL is a so-called Multi-Beam Laser Altimeter
(MBLA) and adopts three Q-switched Nd:YAG lasers at 1064-nm with a pulse repetition rate of
290 Hz, and a laser pulse energy of 10 mJ. The orbital altitude is 400-km with an inclination
angle of 65°, which provide near-complete coverage of vegetation areas of interests. The beam
spacing is 4 km in a circular configuration. The detector FOV is as large as 25 m. A 0.9-m
diameter beryllium telescope is adopted as the optical receiver. Silicon APD detectors are used in
the telescope focal plane and the data sampling rate is 250 MS/s.

Commercial airborne vegetation lidar systems are difficult to find in the market. During
recent years, commercial small footprint laser altimeters were used in some airborne vegetation
applications. The Airborne Laser Terrain Mappers (ALTM) system manufactured by Optech in
Canada, although not specifically designed for vegetation application, has been used in several
vegetation surveys [27], [35]. The ALTM typically adopts solid state laser at near infrared, the
PRF can be as high as 50 kHz, and the range accuracy is several centimeters. It is a compact

system that has been packed to fly aboard various aircrafts.
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1.3 Lidar Vegetation Remote Sensing

There is a great demand for vegetation remote sensing. Traditional on-site vegetation
characterization is time consuming and it is difficult to obtain data from remote areas. Even
worse, for some places like the tropical forests, even if the researchers can gain access, accurate
data are still hard to measure when the trees are dense and tall [ 36]. T he e mergence of lidar
provides a new tool for vegetation remote sensing. Because of the characteristics of the laser
beam, lidars are able to provide information on vegetation height, vegetation structure, vegetation
topography, vegetation tomography, and vegetation dynamics. It is expected to make global
vegetation remote sensing faster and more accurate. During recent years, there has developed a
growing interest in the applications of lidar towards vegetation remote sensing. One of the most
important features of lidar vegetation remote sensing is the ability to detect the vegetation canopy

structure.

1.3.1 Importance of Vegetation Canopy Remote Sensing

The vegetation canopy is composed of leaves, trunk, twigs, branches and other phytoelements. As
is well know, the vegetation canopy is a very important element of the ecosystem. The canopy
structure refers to the qualitative and quantitative composition of the vegetation and the spatial
arrangements of these elements [36]. The vegetation canopy structure has a great impact on the
interaction between the vegetation and the physical environment. For example, the surface energy
exchange, the mass and heat transportation, the transpiration, photosynthesis and other
biophysical and biochemical mechanisms are all functioned through the vegetation canopy.
Appropriately planned canopy structure will enable the vegetation to make efficient use of the
solar radiation energy [37]. The study of the vegetation canopy is also very helpful to the
understanding of the microclimate generated by the vegetation. The sophistication of the

vegetation microclimate models requires detailed descriptions of the canopy geometrical
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structures [38]. These models are very important since the microclimate may have an impact on a
much larger scale climate change. Canopy structure is also correlated to many ecological
questions. Therefore, a good understanding of the canopy structure will contribute to the
management of a sustainable ecosystem.

One especially important area of vegetation remote sensing is forest remote sensing.
Lidar is used to directly measure the forest canopy height, canopy vertical distribution (including
sub-canopy structure); and can also be applied to estimate stand volume, basal area, mean stem
diameter and above ground biomass, etc [10]-[30]. T hese forest parameters are useful for the
identification, characterization and protection of the forest, and will support a sustainable forest

management plan to protect the forest from stress conditions or excessive logging.

1.3.2 Advantages of Vegetation Lidar

One advantage of a lidar system over other remote sensing tools is the ability to acquire the
vertical structure of vegetation canopy, which is especially important for forest remote sensing.
Lidar is used for vegetation canopy structure and sub-canopy structure measurement. Laser beam
can penetrate into the gaps of the canopy and the backscattered radiation from the phytoelements
in the vegetation stand is recorded as a function of height from the canopy top to the ground. The
recorded lidar waveform provides useful information about canopy and sub-canopy structures.
Generally speaking, passive remote sensing techniques do not have the ability to acquire the
vegetation canopy structure. While the synthetic aperture radar (SAR) has certain ability, it is
limited by its wavelength, therefore, unable to obtain the vegetation sub-canopy structure. On the
other hand, a lidar has a better spatial resolution which is high enough to detect the sub-canopy
structure, because of the shorter wavelength. If the vertical and horizontal structure data of the
vegetation are combined together, they will lead to the vegetation tomography which can fully

describe the vegetation in three dimensions.
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Previous research also demonstrated that the radar signal tends to saturate when
vegetation becomes dense. The research showed that the criterion for saturation is 100 Mg/ha at
P-band, 40 Mg/ha at L-band, and 20 Mg/ha at C-band [39]. Other studies also confirmed that a
SAR is insensitive to differences in forest biomass above 150 Mg/ha [40], which is well below
values for many tropical or even temperate forests. This imposes a great limitation on above
ground biomass estimation using a SAR for a dense forest. It was discovered, however, that lidar
could work in a much denser vegetation condition without signal saturation, and was capable of
determine the above ground biomass [12], [ 13], [22], [ 24], [ 26]. F or example, lidaris able to
predict the above ground biomass nonasymptotically to 450 Mg/ha in the Douglas-fir [12] and
Western Hemlock forests [26] with high accuracy. Effort was also made on using lidar to estimate
the structure and biomass of a neotropical rainforest [29].

Study also demonstrated that although Interferometric SAR (INSAR) could be used to
retrieve the Digital Elevation Map (DEM) and the vegetation height, the performance of
obtaining true ground DEM degraded over vegetated area. However, by taking use of the lidar
scanning data, the accuracy of DEM and vegetation height measurements were improved [35].

Lidar provides a unique tool for vegetation remote sensing, especially when vertical
canopy structure is involved. Since it is still a relatively new technology, more applications of

lidar in vegetation remote sensing need to be explored.

1.3.3 Vegetation Vertical Structure Detection

Previous applications involved the use of laser altimeters, which are designed for measuring the
range between the altimeter and the strongest laser return. Some recent altimeters also
implemented the ability to digitize and record part o f the return laser e nergy, which makes it
possible to acquire the vegetation vertical canopy structure through the laser altimeters. This has

great a dvantage o ver p assive optical remote s ensing, w hich do not have the ability to acquire
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canopy vertical distribution. Using a laser altimeter, a true ground DEM can be obtained by
removing the vegetation cover from the recorded data during data processing.

Early laser altimeters typically have small footprint (less than 1 m), range-only detection
and work at low altitude. It was revealed that a small footprint 1idar may frequently miss the
canopy tops, therefore, lead to underestimation of the canopy height [14]. Another problem with
small footprint lidar is that for a particular laser shot, it is very difficult to determine whether that
shot really penetrated through the canopy to the ground [16], [20], [22], [26]. However, study by
a Finland group showed that using high PRF and small footprint laser scanner, it is possible to
locate each individual tree and estimate single stand forest attributes [21]. However, with high
PRF lidar, it is impractical to digitize the entire lidar waveform, due to the limitations of data
sampling rate, data transfer rate and data storage capacity. Such a system usually samples only
the first and the last return of the laser shot. In addition, this approach is only applicable to small-
scale remote s ensing a pplications. F or regional or global a pplications, the data stream will be
overwhelmingly large. Therefore, it would be technologically challenging and cost inefficient to
use such a small footprint laser scanner in large-scale applications.

With the recent technology development, new lidar systems with full waveform sampling
ability and larger footprint were developed. Using a large footprint lidar such as SLICER, the
canopy height, above ground biomass, basal area and other stand attributes can be obtained.
Through the lidar waveform, an integrated canopy structure/substructure distribution is also
obtained. The proposed satellite borne lidar system VCL will sample the Earth’s closed canopy
forests and characterize the three-dimensional structure of the Earth surface on a global scale. It
will provide improved forest canopy height estimation, which will lead to better biomass
estimation. VCL provides a new tool to characterize, monitor and predict the land cover for the
terrestrial ecosystem modeling, the global forest dynamics, the global carbon-cycle modeling and

the global climate modeling.
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1.3.4 Lidar Polarimetric Measurement

Most vegetation remote sensing lidars are not polarimetric systems. However, the ability to study
the polarimetric properties of vegetation is of great importance. It is technically more difficult to
implement polarimetric ability to a lidar system than to a radar. The ALPS system is among the
few sensors that have the polarimetric measurement ability. A lthough it has e nough receiving
channels to characterize the full polarization state of the backscattered laser beam, field studies of
vegetation showed that the signal to noise ratio (SNR) for the circular polarization channel was
too low. Usually only the co-polarized and cross-polarized channels were used. The ALPS system
was applied to forest ecosystems dynamics experiments [41]. Using ALPS system, distinct
depolarization signatures for different tree species were observed. For example, the study
demonstrated that the depolarization increase was significantly correlated with the increase of leaf
roughness for the broadleaf trees at near infrared. However, this was not observed for coniferous
trees, which had lower average depolarization values. Also, coniferous trees showed distinct
depolarization signatures at green wavelength [42]. The research also revealed that near infrared
depolarization was strongly correlated with crop parameters such as the nitrogen fertilization; and
the depolarization spectral difference index could be used for yield estimation [43].
Unfortunately, the ALPS system did not acquire the lidar waveform, and thus was unable to

obtain the vegetation vertical structure.

1.4 Motivation for a New Lidar Sensor

To support its Airborne Remote Sensing Program, the University of Nebraska decided to develop
an airborne lidar sensor. Requirements of the sensor included multiwavelength detection,
polarimetric d etection and lidar w aveform a cquisition. A flying altitude o f more than 1 000 m
above the ground and a medium laser footprint also needed to be satisfied. To meet the above

requirements, a Multiwavelength Airborne Polarimetric Lidar (MAPL) system has been designed
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and developed [44]. This system employs a Nd:YAG laser which emits radiation at two
wavelengths: the fundamental at 1064 nm and the frequency-doubled at 532 nm. Both laser
beams are highly linearly polarized (100: 1 distinction ratio) and have a beam divergence angle of
~4 mrad. The receiver consists of four channels, which enable dual-wavelength and dual-
polarization detection. The two polarization directions are co-polarization and cross-polarization.
In addition to the polarimetric information that can be gathered, the MAPL system also has
ranging capability and is able to digitize and record the entire lidar waveform. Thus, it is capable
of performing studies of vegetation canopy structure as well as characterization of vegetation
depolarization. The system has been packaged to fly aboard a Piper Saratoga aircraft from a

typical altitude of 2000 m above the ground.

1.5 Organizational Overview

This dissertation is organized as follows. In Chapter 2, the MAPL system components are
described in detail. Chapter 3 deals with theoretical aspects of the remote sensing lidar. A general
form of lidar range equation is developed, and the theory and application considerations are
briefly discussed. Signal to noise ratio (SNR) considerations are investigated in Chapter 3. The
vegetation vertical distribution model is discussed in Chapter 4. Both single tree and forest 3-D
models are d eveloped, w hich can be used for the modeling o f the vegetation lidar waveform.
Chapter 5 describes the optical alignment of the MAPL system. Chapter 6 provides the results of
polarimetric c alibration e fforts. S tokes p arameters o f various materials, w hich are targeted for
applications as p olarimetric calibration standards, were measured in the laboratory. The range
measurement ability is discussed in Chapter 7. The range measurement is field tested and
calibrated. Extended tests on vegetation applications are presented in Chapter 8, to validate the
capability of the MAPL system in vegetation remote sensing. Finally, Chapter 9 provides

conclusions and future research directions.
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