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Abstract

This chapter discusses the polarimetric responses of PALSAR (L-band) data and scattering
mechanisms of some tropical forest typologies based on target decomposition. The
fundamentals of polarimetric theory related to both SAR topics under development are
summarized. For representation of polarimetric signatures, the cross-section of the forest
target (0) was plotted on a bi-dimensional graphic as a function of the orientation angle,
ellipticity angle and the intensity of co-polar components of the radar signal. The analysis of
scattering mechanisms was done by the association of entropy and mean alpha angle values
of each sample, plotted in a bi-dimensional classification space. This study improves the
understanding of the interaction mechanisms between L-band PALSAR signals and
structural parameters, supporting the forest inventory in the Brazilian Amazon region.
KEYWORDS: tropical forest, polarimetric signatures, target decomposition, PALSAR,
monitoring.

1. Introduction

The ongoing particular and governmental struggle over the Brazilian Amazon’s future
mirror broader current discourses on the “environment” (Andersen et al., 2002), experts and
layperson alike vary widely along continuum perspectives, based on two scenarios: (a) the
line of defenders of global ecological services (“conservationists”) and (2) the focus of
development interests in the countries hosting these forests (“developmentalists”). They
both present an important view points and significant arguments. While these discussions
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occur in the frame of a possible territorial planning, the degradation process with habitat
fragmentation is still going on, with an estimative of rate gross deforestation in the Amazon
region of around 11,968 km? (timeframe of 2007-2008), with an error of approximately 4%
(<http:/ /www.obt.inpe.br/prodes/index.html>). Due to the advancement of economic
activities in the domain of the Brazilian Amazon tropical rainforest, remote sensing have
being used as a fundamental tool to characterize the causes of degradation (conversion of
natural vegetation to agriculture and cattle raising, selective logging, charcoal production,
etc.), and also to monitor the impact of human activities over these large ecosystems.

Taking into account that in tropical regions there is, all over the year, a high percentage of
cloud cover which impedes the inventory and updating of the forest cover by optical data, it
is important to use sensor systems which operate at microwave wavelengths. A multi-
temporal analysis of TM-Landsat data (timeframe of 12 years) used to estimate the annual
gross deforestation rate in the Brazilian Amazon region showed that in average 21.12% of
the imaged areas was cloud covered (Santos et al., 2008). Since there is a significant dynamic
in environments of the Amazon region due to seasonal variations or from the different
conditions resulting from human action, it is important to use radar images to understand
the transformation process in the forest landscape.

To briefly introduce a reader on this subject, including concepts and applications of radar
data in forestry studies, the following papers are recommended: Ulaby and Elachi (1990),
Beaudoin et al. (1994), Henderson and Lewis (1998) and Coops (2002). These authors studied
multitemporal SAR (Synthetic Aperture Radar) backscatter for discriminating forest types,
discussing those conditions of scattering and attenuation of radar signals at different
frequencies interacting with structural vegetation features. Pope et al. (1994) developed
indices based on ratios and normalized different of multipolarimetric radar data, which can
be related to certain characteristics of vegetation cover, such as e.g. biomass, canopy
structure, volume scattering, applied to tropical forest in Central America. Hoekmann and
Quifiones (2000), Hawkins et al. (2000) and Santos et al. (2002; 2003) correlated information
obtained from radar with forest biomass levels, discussing the saturation of backscatter
saturation caused by the high density of tropical forests. Power spectrum analysis was made
using autoregressive moving-average (ARMA) models, for evaluation of forest canopy
structure from airborne SAR (X-band) data in the Brazilian Amazon (Neeff et al., 2005a).
This approach is novel where the radar spectra match those obtained from ground data,
establishing the basis for the use of this relationship in spatial structure analysis of
ecosystems from remote sensing sources. In more recent studies, and exploring the radar
potentialities beyond its traditional polarimetric characteristics, Kugler et al. (2006) and
Treuhaft et al. (2006) used interferometric radar data to estimate biophysical parameters in
tropical forest areas. Using another approach, Neeff et al. (2005b) explored, through the local
maximum filter technique (Wulder et al., 2000) and statistical Markov processes (Cressie,
1993) the interferometric height derived from airborne SAR (X- and P- bands) for the
analysis of spatial forest patterns (three dimensional canopy structure and distances of very
large trees). The above mentioned studies exemplify the importance of radar information in
the analysis of tropical environments.

Within this frame, the objective of this chapter is to explorer the polarimetric mode, by the
analysis of the graphic representation of signatures from PALSAR/ALOS data (L-band) in
primary forest, secondary succession (initial, intermediate and advanced levels of natural
recovery) and also, forests with timber exploitation. Additionally, we also discuss an
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exploratory analysis of scattering mechanisms of tropical forest typology, in accordance
with the alternative procedure of SAR image classification based on target decomposition.

1.1 Theoretical background

In order to understand the theme of this chapter, it is necessary to introduce some concepts
about SAR polarimetry and of the classification technique based on target decomposition, as
described below.

1.1.1 Concepts of polarized waves

Through different polarizations of radar imaging, the polarimetric signature of a certain
target can be obtained, as well as the characterization of the dominant mechanism which
controls the interaction of the microwave signal with the structure of the target under
consideration.

The principle of polarimetry is related to the state of polarization of the wave, represented
by definition as the electric field from the transmitting and receiving antenna. The state of
polarization is described as an arbitrary set of axis used to describe horizontal polarized
waves in the x axis (H polarization) and at the vertical polarized waves in the y axis (V
polarization) along the wave propagation plan (z), which corresponds to the pointing
direction of the antenna to the target. In this way, four types of polarization are obtained:
HH for transmission and reception at the horizontal plan; VV for transmission and reception
at the vertical plan; HV for transmission at the horizontal plan and reception at the vertical
plan; and finally, VH for vertical transmission and horizontal reception. Ulaby and Elachi
(1990) and Henderson and Lewis (1998) discuss how the electric field of an irradiated
electromagnetic wave could be mathematically represented by a polarization ellipse. The
polarization ellipse (Figure 1) is described by the three geometric parameters: the orientation
angle (-90°< p < +90°), the ellipticity angle (+45°> x >-45°) and amplitude (A). The flattening
factor from the ellipsis is given by angle x, and there is a linear polarization when x = 0; the
circular polarization to the left and right when x = - 45° and x = + 45, respectively. At the
condition of x = @ and y = (@ there is horizontal polarization and at xy = ¢ and p + 90 a
vertical polarization. The analyst, who will discuss the polarization ellipse based on some
literature references, must pay attention at the representation scale from the orientation axis,
because graphical plots are presented in two forms: one of them with the polarization power
varying between 0° and 180° and the other varying from -90° to +90°, which can cause an
interpretation error.
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Fig. 1. Polarization pattern in the x-y plane, rotation angle y, ellipticity angle x and auxiliary
angle a. The size of the ellipse is governed by the maxima of the horizontal and vertical
electrical field components. Source: Woodhouse (2006).

It is important to comment that the description of the wave polarization can be different
according to the convention being considered. In the Forward Scattering Alignment (FSA)
system, the wave propagation axis changes its direction after interaction with the target (this
case represents the waves scattered by forest targets). In the Back Scattering Alignment
(BSA) system the x and y axis are aligned in the same direction, and the wave propagation
axis (z) is considered parallel, with the advantage of some mathematical simplifications on
how the data are described (Woodhouse, 2006). In this way the coordinate system does not
influence the nature of polarization, but just the way how the data are described.

There are other ways to represent the polarization state: (1) the graphic representation with
the Poincaré sphere (Ulaby and Elachi, 1990), where the circular polarizations to the right
and left are represented at the north and south poles respectively, while the intermediate
polarization states are located at the regions between these poles. In this representation the
meridians correspond to different inclination angles of the largest axis of the ellipse (y = 0)
and the parallels to the ellipticity of the electric field (x = arctan (-B/A)); (2) the
mathematical representation by Jones vector, where the complex data received from each
pulse emitted after the wave interacted with a target is demodulated at in-phase (In) and
quadrature (Q) and converted to the digital format. Therefore, this mathematic
representation is important because there is a direct relation with the polarization ellipse
(van der Sanden, 1997; Woodhouse, 2006); (3) the Stokes vector where the polarized waves
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can be characterized by four real and measurable parameters, with the same physical
dimension, but only three are independent and describe the polarization state as:

102=Q2+U2+V2 (1)

Where: Q = is the tendency of more vertical (Q > 0) or horizontal polarization (Q < 0);
U = expresses the tendency to be polarized at +45° (U > 0) and - 45° (U < 0);
V = polarization referring to the rule of right (V < 0) and left (V > 0) hand rules.

The parameters U and V are sometimes referred as being co-variances in-phase (real) and
quadrature (imaginary), respectively between the components of the vertical and horizontal
field of the wave. This expression is applied to completely polarized waves (amplitude and
phase are invariant in time). Additionally the Stokes vector has a direct relation with the
Poincaré sphere, because its ray is the Stokes parameter I, (Woodhouse, 2006).

It is important to mention that the first imaging radars known as “conventional” recorded
only information about the amplitude of the electric field at components x and y, i.e. the
maximum magnitude of the electric field from a wave as a measurable indicator of size
(van der Sanden, 1997). The amplitude takes into account the texture and brightness of the
image, influenced by the surface roughness (macro-, meso- and micro-scales) and by the
dielectric constant (moisture content of the target). With the advancement of technology,
imaging radars started to record, phase information (the angular position ¢ of an oscillating
movement at a defined instant in time f, as a function of the distance radar to target) in
addition to amplitude, being called polarimetric radars. Such phase information provides
information about the scattering mechanisms occurring in the imaged scene.

To improve the knowledge of the microwave interaction process with a certain target, it is
necessary to understand the types of scatterers involved. The deterministic scatterers, also
called coherent or punctual targets, are those where the interaction with electromagnetic
waves reflects completely polarized waves, preserving the polarization of the incident wave
(ESA, 2009a). Examples of this are urban targets. The non-deterministic targets, also known
as incoherent targets or partially polarized or random distributed scatterers, are those that
have more than one center of scattering, where the measured signal is the overlapping of a
large amount of waves with variable polarization (ESA, 2009a). This is the case of forest
targets. The change of polarization state is known as depolarization, caused mainly by
multiple scattering due to surface roughness and to volumetric interaction with the target.
Besides that, there is an almost specular reflection for smooth undulating surfaces, whose
physical concept and representations will be presented below, when we consider the target
decomposition approach.

1.1.2 Targets decomposition

In the polarimetric imaging the four complex components derived from the backscattering
in each resolution cell (Sun, Snv, Svi, Svv) can be expressed by a scattering matrix [S] which,
according to Ulaby and Elachi (1990) is given by:

[S]{gw SV’*} e

HV SHH
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According to Woodhouse (2006), the scattering matrix [S] is applied to deterministic targets
(coherent), and models how the scatterers transform the components of the incident electric
field (Ei) in the scattered electric field (Es).

[E; j _ e—ikor [va SVH\J (E;J (3)
E, R (Syv Suu) \E,

Where R is the distance from the antenna to the targetand k =2 / A

Non-deterministic targets (incoherent) are represented by second order matrices. When the
polarization of the electromagnetic wave is represented by the modified Stokes vector, the
relation between the polarization of the incident electric field F/ and the scattered field Fsis
given by the Miiller matrix [M] (or Stokes matrix) in the FSA system, or also by the
Kennaugh matrix [K] in the BSA system (Woodhouse, 2006), according to the equations
below:

<FS>:VL2[M]<Fi> @)
(F*) =L [k|F") 6

r

Besides these matrices, the scattering of non-deterministic targets can be represented,
according to Cloude and Pottier (1996), by power matrices of covariance [C] and coherence
[T]. Since the radar image pixels contain many scatterers (especially in the forest targets),
with different scattering properties, the covariance and coherence can be used to represent
the matrix [S]. The covariance matrix [C] is generated by multiplying the vector-target
(Kennaugh) and its joint complex.

[C]=(K.K.) (6)

where:

];c = (Shha\/EShVaSw)T?
I_{p = 1/\/5[(Shh + va )(Shh - va )(Shv + Svh )Z(Shv - Svh )]T

<...>represents the spatial average.

When one is working with the average value of scattering mechanisms from a pre-defined
window in the imaged scene, the characterization of the targets by polarization power is a
consequence of a spatial average (normally of pixels), and this operation is called multi-look
processing,.
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On the other hand, the coherence matrix [T], which is related to the physical and geometric
properties of the scattering processes, is given by:

[T]= <KP.IZ;T> @)

—

Where: K , is the scattering vector written in the Pauli basis (ESA, 2009b)

The matrices [C] and [T] contain the same information about amplitude, phase and
correlations, besides its” eigenvalues are real and similar. As a complement, the matrices
[M], [K], [C] and [T] are linearly related among them and there are formal methods for
transformation among them (Woodhouse, 2006).

The known decompositions to model the nature of coherent targets (represented by the
matrix [S]) are those from Pauli, Krogager (SHD), Cameron and Hyunen (Touzi et al., 2004;
Zhang et al., 2008), but they are beyond the scope of discussion at this chapter. For non-
deterministic targets (represented by second order matrices) there are two decomposition
mechanisms implemented at most software packages, which are used for the discrimination
of scattering type occurring in forest targets: the decompositions of Freeman-Durden and
Cloude-Pottier.

The Freeman-Durden decomposition models the matrix [C] as a contribution of the surface
scattering (f;), the double-bounce (fi), and volumetric type (f,) where each type of
contribution is represented by the theoretical target, related to the respective type of
scattering which occurs at the forest (Freeman and Durden, 1998).

The polarimetric decomposition of Cloude and Pottier (1997) is based on three canonic
elements (entropy, anisotropy and alpha angle) defined as a function of the decomposition
of eigenvalues and eigenvectors from the matrix [T]:

(1)) = [T 1= Alee™) + A (e,e) ) + A (eses”) ®)

i=1
Where: A; and ¢; are eigenvalues and eigenvectors of the matrix [T] respectively.

The entropy (H) is a parameter that indicates the type of target involved in the imaged scene
and the number of dominant scattering mechanisms (H~0 = mechanism of unique
scattering; H~1 = multiple scattering mechanisms). In a dense tropical forest, the H values
are normally elevated, indicating a larger variation of structural arrangements due to the
diversity of species composition, the different levels of competition and growth, as well as
the inter-specific association among species. In short, the entropy represents the randomness
of the scattering.

The alpha angle (a) indicates the type of scattering dominating the scene, where a = 0°
(surface scattering), a = 45° (volumetric scattering) and a = 90° (double-bounce scattering).
The anisotropy (A) is a complementary parameter that measures the relative importance of
A2 and A3 (Equation 8). When H > 0.7, the anisotropy contributes with additional information
to characterize the target. Below this value, the anisotropy is noisy and has limited
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importance. The intensity of these canonic elements identifies the presence of primary or
secondary scatterers, and the dominant type of scattering.

The association of entropy (H) and alpha angle (a) planes is one of the most efficient and
usual means of improving the understanding of forest targets. In this classification
procedure based on target decomposition, the H - a components are plotted in a plane with
finite zones (Figure 2), which represent scattering mechanisms defined by Cloude and
Pottier (1997). These attribute spaces help defining the dominant type of scattering which
can be multiple, volumetric or superficial. The theory behind this target decomposition
method assumes that the formation of an image is a stochastic process, where an image with
a high value of entropy (0.5 < H < 0.9) presents much more details.

3 :
8ol 5 Multiple
. . Scattering
4 P
o 50 : 2/7 Volume
< 7R L5 .
40 Scattering
£1) 8 6 73 -
it
2o Curve | 1 Surface
m/ | Scattering
a [l 1 1 1
0 0.2 0.4 0.6 0.8 1

Low Medium High

Fig. 2. Schematic diagram of the bi-dimensional classification based on entropy (H) and
average orientation alpha angle (a).
Source: Modified from Cloude and Pottier (1997).

In this procedure of classification by target decomposition, the scattering mechanisms are
defined in 9 distinct zones (Figure 2), namely: Z1- High entropy multiple scattering; Z2 -
High entropy vegetation scattering; Z3 - High entropy surface scatter; Z4 - Medium entropy
multiple scattering; Z5 - Medium entropy vegetation scattering; Z6 - Medium entropy
surface scatter; Z7 - Low entropy multiple scattering events; Z-8 - Low entropy dipole
scattering; Z9 - Low entropy surface scatter. Within the partition of the plan entropy and
angle a in several regions which determine and label the intensity of each scattering
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mechanism, it is important to mention that Z3 is outside de representation areas from curves
I and II (Figure 2) and so it is not a non-feasible region (Hajnsek et al., 2003), because the
polarimetric SAR systems are not able to discriminate high entropy (H > 0.9). The curves I
and II represent the borders of values with maximum and minimum observable a angle, as
a function of entropy, whose limits are determined by the H- a variation for a coherence
matrix with the degenerate minor eigenvalues with amplitude m(0 < m < 1), according to the
Cloude and Pottier (1997).

1.1.3 Polarization synthesis and signatures

An important aspect for the characterization of forest targets is the polarization synthesis,
because when the matrix [S] of a target is known, it is possible to synthesize its backscatter
(0) to any combination of transmitted and received polarization (Ulaby and Elachi, 1990;
Woodhouse, 2006). This is a good advantage of polarimetric data, synthesized according to
equations 9 and 10:

Po(W s XV X)) = %-\ﬁr-[Klﬁ’

O Wy 2oV 20) = lim | i (10

Where: I/ = orientation angle; } = ellipticity angle; K = vector of target; r = radius.

The polarization states of the electric fields E,, and En which are associated with the radar
backscatter (0) and the dependence of amplitude on polarization, can be represented
graphically as a function of ellipticity ( } ) and orientation (}/ ) angles of the transmitted

wave, defining a three-dimensional surface plot called polarization signature or polarization
response (Figure 3). The polarization signatures can be used to characterize targets,
considering the more detailed knowledge of the mechanisms responsible for the scattering
of the radar signal, and the intrinsic target characteristics (van Zyl et al., 1987). It can also be
used for the polarimetric calibration of radar data. It is very important to point out that the
polarized signature of a certain target is not unique, since different combinations of
scattering mechanisms can give a similar configuration, as will be shown in this chapter.
This can be due to the structural composition of the forest target, such as the density of trees,
regular spatial distribution of trees, trunk diameter and density of twigs and branches, the
moisture content in the leaves and in the soil, the dielectric constant of the target under
study, etc. In addition, a target can also present distinct polarimetric behavior shown in its
signatures, as a function of variations from radar frequency and/or local incidence angle.
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Fig. 3. Polarimetric response of a secondary succession area in the Brazilian Amazon.

It is important to observe in Figure 3 the representation of values of transmitted and
received power, where there is a minimum value (pedestal height) of polarization intensity.
This minimum value represents the amount of the non-polarized power in the received
signal, and thus is related to the polarization level of the scattered wave (CCRS, 2001). If a
single target is scattering and the backscattered wave is fully polarized, or if the signature is
calculated from a single unaveraged measurement, the pedestal height is zero. But if the
signature is calculated from an average of several samples, and there are multiple, dissimilar
scatters present or there is noise in the received signal, the pedestal height will be non-zero.
Thus the pedestal height is also a measure of the number of different types of scattering
mechanism found in the averaged samples. The pedestal of the polarimetric signature may
also be a worthy source of information for target characterization (McNairn et al., 2002). In
fact, the pedestal corresponds to the ratio of the extreme power received when the antennas
are co-polarized or cross-polarized. Therefore, the pedestal provides information equivalent
to that obtained with the coefficient of variation by van Zyl et al. (1987). The latter should be
more effective because it is not limited to co-polarizations and cross-polarizations (Touzi et
al., 2004).

2. ALOS PALSAR data over the Brazilian tropical forest

2.1. Area under study

In order to understand the mechanisms controlling the interaction radar-forest target, a test-
site was selected in the Tapajoés region (NW Para State, Brazil), delimited by the
geographical coordinates 3° 01" 60” - 3° 10" 39” S and 54° 52" 45” - 54° 59" 53” WGr (Figure
4). This region is characterized by a low rolling relief, typical of the lower Amazon plateau
and the upper Xingu-Tapajos Plateau. It is dominated by a continuous cover of primary
tropical rainforest characterized by the presence on emergent trees and an uniform
vegetation cover (Dense Ombrophilous Forests), as well as sections of low to dissected
plateaus with few emerging individuals and a high density of palm trees (Open
Ombrophilous Forests). The land use is primarily subsistence agriculture, few cash crops,
cattle raise and selective logging activities (Figure 5). Areas of secondary succession are also
found in different growth stages, resulting from land tracts abandoned after a short period
of use, with intensive subsistence agricultural practice or cattle raising.
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o

Fig. 4. Study area (dotted rectangle) as shown on LANDSAT/ETM* (RGB = B3, B4, B5) and
ALOS/PALSAR (RGB = HH, HV, VV) images.

Forest with selective

Primary Forest logging

Agriculture Pasture

Fig. 5. Land use and land cover classes in the Tapajos region.

www.intechopen.com



194 Advances in Geoscience and Remote Sensing

2.2 PALSAR image and field data analysis

The Advanced Land Observing Satellite” (ALOS) launched on January 24th 2006 has a “Phased-
array L-band Synthetic Aperture Radar” (PALSAR) onboard, which was developed by the
Japanese Aerospace Exploration Agency (JAXA), with a strategy for multi-temporal
imaging, at both regional and global levels. All imaging modes of PALSAR (L- band =
23cm), named as FBS (Fine beam), FBD (Fine beam dual), SCANSAR, DSN (direct
transmission) and POL (polarimetric) were calibrated and validated using a total of 500
well-distributed points around the world (Shimada et al., 2007). In this study we used fully
polarimetric data (HH, HV, VH and VV polarizations ascending mode), acquired on April
23rd 2007, with a spatial resolution of 4.50m in range and 9.50m in azimuth and an incidence
angle of ~ 24°. Using these data studies were done to characterize polarimetric signatures
and to gain a detailed understanding of the scattering mechanisms that control the radiation
response to the SAR antenna.

2.2.1 Exploratory data analysis

A methodological approach was conducted to explore the sensitivity of two polarimetric
techniques in the assessment of structural variations of some land cover classes: primary
forest (PF), forest with old timber exploitation (SL) and also, initial (ISS), intermediate
(IntSS), and advanced secondary succession (ASS).

The first polarimetric technique involved the generation of graphic representations of the
co-polarized SAR response of each forest types, as described by van Zyl et al. (1987). In
order to generate the polarization response plots, we used the polarimetric module
SPW PCI (SAR Polarimetry W okstation) was used (PCI Geomatics, 2007). In this
representation, a cross section of a certain type of forest cover (o) was plotted on a bi-
dimensional graphic, as a function of all combinations of orientation angles () and
ellipticity (x), related to the polarization ellipsis (Ouarzeddine et al., 2007). In order to derive
the polarization response for a given region of interest (ROI) - sample area that includes a
sufficient number of representative pixels of the theme, reducing the statistical uncertainties
and the influence of the speckle noise - at the SAR image, we used the average complex
value of all pixels within that ROIL The resulting surfaces were compared by visual
inspection, using information on structural characteristics derived from field inventory. It is
important to mention that all ROIs represent georeferenced forest inventory plots, where
field-based measurements were performed.

In the second exploratory analysis the objective was to performed target decomposition,
which expresses the average scattering mechanism of each forest types as the sum of
independent elements associated with physical mechanisms. The entropy values and the
average alpha angle values of each ROI, (resulting from the decomposition of eigenvalues
and eigenvectors of the coherence matrix - see section 1.2.2) were plotted in the bi-

dimensional classification space (H ,a ), following the procedure introduced by Cloude
and Pottier (1997).
After including the SAR response of each forest type in the (H ,a ) bi-dimensional space,

the resulting classifications were pair-wise compared using regression analysis technique
(Freese, 1964; Neter, 1996). First a linear model was fitted for each classification pair by

regressing the percentage number of pixels classified in each zone of the (H ,a )plane. The
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estimated regression coefficients where then tested to check whether ther fitted line was a 45
degree line through the origin (F test of by = 0 versus by # 0; t test of bo = 0 versus by # 0; and t
test of by =1 versus by # 1; where by and by are the regression coefficients). This result would
indicate no significant difference between the two tested classifications at the 5%
significance level, and therefore no success of the technique in discriminating between the
two forest types.

2.2.2 Field survey

In August/September 2007 (same year as the PALSAR data acquisition) a forest inventory
was made for the physiognomic-structural characterization of these typologies, to obtain
information about the five forest types described above. Tropical forest sections were
discriminated by the occurrence (sustainable timber exploitation - SL) or non-occurrence
(PF) of human disturbances. In addition, areas of regeneration were studied in order to
represent three secondary succession stages, namely: initial (ISS) with age intervals of below
6 years; intermediate (IntSS) from 6 to 15 years; and advanced (ASS) above 15 years. This
stratification is considered the age of the natural regrowth as well as structural and floristic
characteristics of each seral stage.

Several transects were inventoried to represent each forest typologies. Within these
transects, several biophysical parameters were measured, including: diameter at breast
height (DBH), commercial and total heights, canopy gap fraction, and location of each
arboreal individual in the plot. Additionally, a botanical identification was also performed,
according to the field survey procedure described by Santos et al. (2003). As an example to
illustrate the importance of accounting for the biophysical parameters collected during the
forest inventory to analyze radar data, Figure 6 shows the structural differences between
two thematic types, referring to a primary forest and a young natural regrowth.

(b)
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Fig. 6. Structural profile and dendrometric parameters of primary forest (a, ¢) and initial
secondary succession (b, d), respectively.

2.2.3 Results and discussion
In order to familiarize the reader with the physiognomic-structural features of the forest

typology of this section from the Amazon region under study, some results of the field
survey are briefly presented.
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The initial stage “capoeiras” regrowth (ISS) had an average height of 8m and an average
DBH of 9cm. Floristic composition was dominated by species such as Vismia guianensis
(Aubl.) Choisy (Guttiferae), Cecropia leucoma Miquel. (Moraceae), Guatteria poeppigiana Mart.
(Annonaceae), Aegiphila sp. (Verbenaceae) and Cordia bicolor A. D.C. (Boraginaceae). The
intermediate secondary succession (IntSS) had an average height of 11m and an average
DBH of 10cm, with a higher abundance of Cecropia sciadophylla Mart (Cecropiaceae),
Schizolobium amazonicum Huber (Fabaceae), Cassia pentandra Raddi (Fabaceae), Vismia
japurensis Reichardt and Vismia guianensis (Aubl.)) Choisy. (Guttiferae). The advanced
secondary succession (ASS) had an average height of 18m and average DBH of 25cm with
species Bagassa guianensis Aubl. (Moraceae), Guatteria poeppigiana Mart. (Annonaceae),
Casearia decandra Jacq. (Flacourtiaceae), Cassia pentandra Raddi (Fabaceae), Couratari
oblongifolia Ducke & R. Knuth (Lecythidaceae), and Apeiba albiflora Ducke (Malvaceae).

The primary forest stands (PF) present 3 to 4 strata with about 360 trees per hectare, whose
upper stratum shows individuals with an average height of 21 m and DBH of 27 cm. The
botanical diversity of the primary forest was significantly higher compared to areas of
secondary succession, being dominated by species such as: Protium apiculatum Swart
(Burseraceae), Picrolemma sprucei Hook (Simaroubaceae), Rinorea guianensis (Aubl.) Kuntze
(Violaceae), Cordia bicolor A.DC. in DC. (Boraginaceae), Jacaranda copaia D.Don
(Bignoniaceae), Pouteria sp. (Sapotaceae) and Inga sp. (Fabaceae). The primary forest stands
that were affected by timber exploitation (SL) present a decrease of timber volume of around
27.3 m3/hectare, which corresponds to an average density of exploration of 3.3 trees/ha, in
accordance with the forest management plan formerly established by IBAMA/PNUD
(1997). At the gaps resulting from the extraction of trees with commercial value and also at
the trails where tree trunks were dragged, quickly pioneer species install themselves, such
as Cecropia leucoma Miquel, Cecropia sciadopylla Mart., and Guatteria poeppigiana Mart.,
modifying the environment and providing resources for other species.

The description above suggest that there is a distinct frequency of trees by diameter and
height class, as well as the occurrence of characteristic species in each forest types, which
model the physical space under study. There is a positive gradient in these two ecological
parameters, increasing from initial secondary succession until a mature forest. One observes
that at the initial regrowth there is a more uniform canopy formed by 1 or 2 strata of low
height, with pioneer species with thinner trunks found repeatedly in the area, from a few
botanical families (Figure 6). The older secondary succession stages, the higher is the
structural complexity, characterized by a wide variation in tree size, with a stepwise
replacement of pioneer species and the formation of multiple canopy layers. A detailed
description of the floristic composition and structure of forest typology from the Tapajos
region can be found at Gongalves (2007) Gongalves and Santos (2008). The considerations
above are important to facilitate the understanding of the polarized response.

At Figure 7 the shape features of co-polarization signatures derived from the PALSAR data
of the 11 ROIs are presented, which were selected to represent the diversity of the tropical
forest in Tapajos region. In all the polarization signature plots presented, the maximum
intensity has been normalized to 1.0, according to Ouarzeddine et al. (2007). Before
discussing this subject it is important to remind that in theory, in the co-polarization
response, taking into account the representation in a plane (-90°< yp < +90°), the highest
values of intensity for an ellipticity angle at 0° and an orientation angle at 0°, the polarization
is horizontally oriented (Evans et al., 1988; Mc Nairn et al. 2002).
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Fig. 7. Polarization responses derived from at PALSAR data acquired in the Tapajos region,
Brazil. Targets include primary forest (P1, P2), forest with old selective logging (P3, P4, P5),
advanced secondary succession (P6, P7), intermediate secondary succession (P8, P9) and
initial secondary succession (P10, P11).

The polarization responses of samples of ASS (P6, P7), IntSS (P8) and ISS (P10, P11) show a
strong similarity to the theoretical responses of short and thin conducting cylinders (i.e.
radius and lengths much shorter than the wavelength). This suggests that the scattering
produced by twigs and small branches has an important contribution for the total
backscattering of these regrowth types. The co-polarized response of samples P6 and P7
(both old regrowth) with y = - 70° and P8 (intermediate regrowth) with y = + 90°, show
stronger returns at VV than HH, consistent with increased double reflections and present
diffusers with preferentially vertical orientation. The responses of the other analyzed areas
(i.e. P10, P11) indicate the predominance of branches oriented at +45° in relation to the
horizontal plane, possibly due to more homogeneous canopies of these younger recovery
sections with low species diversity and a quite uniform growth rate (height intervals of 6 to
9 m corresponds to 90% of the trees) (Figure 6). One must emphasize that, taking into
account the distinction of the stands investigated, the polarization responses of sections P7
and P10 are similar to those presented by Ulaby and Elachi (1990), but with maximum co-
polarized power at y = - 60° and y = 0° for P7 sample and maximum co-polarized response

aty =30°and } = -5° for P10 site and with a thin cylinder oriented vertically.
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The polarization signatures of plots P1 and P2 (primary forest), P4 and P5 (forest under
exploitation) and also P9 (intermediate secondary succession), are similar those of trihedral
corner reflectors, which have a double bounce scattering geometry, when one of the reflector
sides is parallel to the line connecting the radar antenna and the corner reflector, as
mentioned by Zebker and Norikane (1987). For sections of more complex forest structures,
the highest o values occur in linear polarizations, with a certain independence of the
orientation angle (). This can be observed in plots P1, P2, P3 and P4, which represent the
mature forest (with or without legal selective logging), whose concentrated section of
maximum co-polarized power occurs in a range of p = 0° to £20° when ¥ = 0°. As for forest

areas affected by timber exploitation, one expects predominance of double-bounce
scattering, due of the larger number of gaps resulting from the removal some trees with
commercial value and also because this type of mature forest has a well-defined vertical
structure in various strata with a much thinner undergrowth. Specifically, for the plot P3
presents most diffusers oriented horizontally (y = 0) and it has a stronger return at HH
than VV, where the maximum for this signature seems slightly shifted from the horizontal
position towards the vertical. This effect might be explained by the presence of the
topographic slopes in the azimuth direction. In additional, medium or high impact logging
practices can increase the structural heterogeneity, causing changes in the polarization
response of the forest target investigated.

At the analysis of polarimetric signatures, the height of the pedestals must also be
considered because it provides an additional source of information for target
characterization, and to provide information similar to that obtained with the variation
coefficient (van Zyl et al, 1987; Mc Nairn et al, 2002). Contrary to expected, in the co-
polarized response derived from PALSAR, the highest pedestals occur for areas of
secondary succession if compared to those of forest typologies, suggesting the existence of a
considerable variation on the scattering properties of the adjacent resolution elements. The
highest values of 0.313 and 0.333 were found respectively for areas of initial (P10) and
intermediate (P8) recovery, respectively. Old-growth forests, with or without timber
exploitation (P1, P2, P3 and P4) showed pedestal height ranging from 0.068 to 0.195. Within
the characteristics of natural forest stands, the lower branch density can explain the lower
values of pedestal height, which results at a lower non-polarized power component in the
backscatter, indicating a smaller amount of volume scattering (CCRS, 2001). Note that, in
contrast to our findings, previous studies conduced in tropical zones using SAR data have
shown that a higher age and diversity of species and consequently, a stronger variability of
forest structure, results at an increase of the pedestal size on the polarization responses.

In tropical areas with complex vegetation types, the polarimetric signature of each type is
really not unique. One can simply observe that areas of early secondary succession could,
for instance, could have its” growth influenced by aspects, such as: previous land use, soil
fertility level, bio-ecological level of fragmentation, etc. From measurements performed
during field survey we also verified that the canopy was more open in sites of initial
regrowth, localized over areas with low soil fertility and a history of more intensive use,
compared to those with higher soil fertility and a less intensive land use, both areas with the
same age of natural succession. During the intermediate phase of secondary succession, the
canopy remains more open, and the mortality of some pioneer species which are not
tolerant to shadow is higher, but presenting a larger vertical stratification. With the increase
of age from the natural regrowth, the horizontal and vertical structures become more
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complex, presenting biophysical characteristics close to those of primary forest. Such
biophysical arrangements, which include the structure/density of the canopy, the
occurrence of a larger or smaller number of arboreal/bush individuals (scatterers) in these
types of vegetation formations, can lead to distinct polarimetric intra-class and inter-class
configurations, with pedestal height values which are also different, as observed on Figure 7.
Figure 8 shows the distribution of pixels extracted from the eleven ROIs in the bi-

dimensional classification space (H , ), whose numerical results (i.e., percent of pixels by

scattering zone) are presented in Table 1. At Figure 8 one observes that all 7 ROIs
representative of primary forest, forest with timber exploitation and advanced secondary
succession, show a concentrated pixel distribution (~70%) at zones Z4, Z5 and Z9. This
indicates that the polarimetric response of such classes from already defined forest structure
(containing 3 or 4 strata) is based mainly on multiple and volumetric scattering (the
backscattering signal is mainly a function of geometry of scatters elements from dense
cover) at zones of medium entropy. Additionally there is also some influence of a surface
scattering but derived from a zone of low entropy. The two representative plots of classes
from intermediate recovery have a higher distribution of pixels (>60%) at the zone of
medium entropy (Z5), due to dipole scattering objects and in zones of low entropy (29, Z7),
with scattering objects regularly distributed in space, and also as a consequence of the
double-bounce effect caused by scattering objects such as twigs-trunk-soil-trunk. The initial
secondary succession is positioned preferentially in the space of attributes of low entropy
(Z9) and also configured by double-bounce interaction mechanisms (medium entropy
multiple scattering - Z4), affected by the propagation of the canopy, as a result of the
growth uniformity of pioneer species where there is a predominance of only an upper
homogeneous stratum, and a lower dispersed one, formed by small plants which germinate
and develop in a late succession process, in the shadow of the pioneers.
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Fig. 8. L-band PALSAR a-H distribution for scattering mechanism: green colour are pixels of
primary forest, forest with old selective logging and advanced secondary succession; red
colour are initial and intermediate secondary succession. Source: Santos et al. (2009).
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ROIs (Vegetation Types)

Zones PF SL ASS IntSS ISS

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11
Z1 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 3.7
z3 0 0 0 0 0 0 0 0 0 0 0
Z4 8.16 204 14.89 3529 2449 2424 4286 1852 0 10 33.33
z5 46.94 26.5 29.79 2157 1429 303 1786 14.81 50 26.67 3.7
Z6 8.16 10.2 10.64 11.76 102 1818 357 1111 11.54 1333 14.81
z7 10.2 18.4 10.64 17.65 1837 1515 714 7.41 11.54 1333 1852
Z8 12.24 41 0 3.92 2.04 0 0 7.41 7.69 6.67 0

79 14.29 20.4 34.04 9.8 30.61 1212 2857 40.74 19.23 30 25.93
Table 1. Percentual of pixels distribution of each ROI at zones of two-dimensional

classification space (H ,a ) .

The statistical tests used to detect variations among classifications of pairs of ROIs, at 5%
significance values, indicate that there present no significant differences. Low p values were
observed when comparing SL/ASS, PF/ASS and SL/IntSS, with values of 0.1725, 0.2661 and
0.2754 respectively, which correspond to the largest differences found in polarimetric
responses among pairs of ROIs, but they are not significant. Since there are physiognomic-
structural differences in forested targets (with or without timber exploitation) and those at
younger secondary successional stages, one can infer that, at this level of significance (5%),

this classification procedure (H ,Q ) by target decomposition of the PALSAR data was not

enough robust to detect such a variability. As observed during the previous discussion, we
made the identification and definition of intensity for each scattering mechanism of the
pixels contained in the PALSAR image, corresponding to each type forest typology, within
these zones of the alpha-entropy space. This procedure should facilitate the attribution of
each zone to a certain thematic class. But, due to the structural complexity and floristic
diversity of the tropical landscape investigated and of its intrinsic scatterers, in this case
there was a limitation to the procedure described by Cloude and Pottier (1997), because
there is a fixed position of the decision borders of the classifier used. Nevertheless, from this
partition of the alpha-entropy plan, new approaches which consider statistical modelling to
treat POLSAR data (Pottier and Lee, 2000; Ferro-Famil et al., 2008) are being used with a
relative success, as shown by Freitas et al. (2008), for the analysis of land use/land cover of a
section from the Amazon region.

3. Conclusions

This chapter gave an overview of the utility from SAR polarimetric data to discriminate
tropical forest types, whose analysis procedures were based on the knowledge of the shape
from the co-polarized signature and also on the type and intensity of the dominant
scattering mechanisms. All this allows the analyst to distinguish the space of attributes
occupied by features of a tropical landscape and to establish which parameters are more
efficient for a thematic discrimination. It allows also to define the level of agglutination
among typologies, of subtle physiognomic-structural gradients at a classification from SAR
images.
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Taking into account the experience gathered with the use of ALOS/PALSAR data (L-band)
in the Brazilian Amazon, based on the classification by target decomposition supported by
information derived from forest inventories, the following conclusions are made: (a) at
several types of landscapes studied there is a predominance of scattering processes with
medium entropy, with volumetric and multiple scattering, influencing mainly those
structures with more forests; (b) areas under natural recovery (initial or intermediate)
present mechanisms of surface type (low entropy) and double-bounce affected by canopy
propagation (medium entropy); (c) the classification method by target decomposition based
on entropy values and of the mean alpha angle was not robust enough to detect the floristic-
structural variability existing among certain land cover classes; (d) the parallel polarization
responses obtained from several forest cover classes show different configurations,
indicating that the backscatter of certain plots was dominated by distinct physical
mechanisms. A more detailed analysis of species composition and its arrangements and
proportions as dominant and co-dominant in the vertical structure of forest stands must be
done, in order to improve understanding of different co-polarized signatures and the
interaction mechanisms that command the radar signal and the target. The analysis of
PALSAR cross-polarized mode data is another approach under development. Presently, we
are analyzing cross-polarized PALSAR data aiming at a higher accuracy at the thematic
classification as a consequence we are expecting an improvement of biomass modelling in
tropical forest.
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