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Insights Into Polarimetric Processing for Wetlands
From Backscatter Modeling and Multi-Incidence

Radarsat-2 Data
Frank Ahern , Brian Brisco, Kevin Murnaghan, Philip Lancaster, and Donald K. Atwood, Member, IEEE

Abstract—We have observed unexpected results using the
Freeman–Durden (FD) and other polarimetric decompositions in
Radarsat-2 quad-pol data from many swamps in Eastern Ontario.
In particular, the decompositions reported minimal backscatter
from the double-bounce mechanism in a situation where there was
compelling evidence that double-bounce backscatter contributed
substantially to the return. This led to a hypothesis that the FD
and similar models give erroneous results because of the physics of
Fresnel reflection of wood, a lossy dielectric material, that makes
up the vertical reflecting surfaces in swamps. We found some sup-
port for this hypothesis in the literature, and now report on an
extensive theoretical and observational investigation. This work
has shown that the Freeman-Durden decomposition, and other
decompositions that use the same logic, will often mistake double-
bounce backscatter as single-bounce backscatter in wetlands. This
is a consequence of the fundamental physics of Fresnel reflection.
It is important for users to be aware of this pitfall. Double-bounce
backscatter from natural surfaces can be identified without re-
course to polarimetric decomposition. The simplest, and most re-
liable, indicator of double-bounce backscatter is a high return in
HH polarization. Double-bounce backscatter will generally pro-
duce higher return in HH than any other scattering mechanism. If
both HH and VV polarizations are available, a high HH/VV inten-
sity ratio is also a strong indicator of double-bounce backscatter.
Additional modeling efforts are expected to provide further in-
sights that can lead to improved applications of polarimetric data.

Index Terms—C-band, decomposition, Fresnel reflection, po-
larimetry, SAR.
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I. INTRODUCTION

IN 2010, the Canada Centre for Remote Sensing initiated
a program to investigate and develop the use of interfero-

metric and polarimetric data from Radarsat-2 for inland surface
water applications. These include detection of short-term flood-
ing, where floodwater inundates vegetation that is normally not
flooded, detection of permanent or near-permanent water un-
der herbaceous and woody vegetation to identify marshes and
swamps, respectively, characterization of plant communities in
swamps and marshes, and detection of changes in swamps and
marshes. A test site was established in the Upper Ottawa Valley,
approximately 160 km west of Ottawa, where wetlands are abun-
dant. One author (Ahern) resided in this area and could readily
provide in situ observations. Interferometric observations using
the Spotlight mode indicated a strong contribution of coherent
backscatter in many wetlands. Specifically, individual HH im-
ages showed strong backscatter from inundated areas with emer-
gent vegetation. Interferometric pairs showed high coherence in
inundated areas. Changes in water level could readily be ob-
served as phase changes, indicating a dominant double bounce
scattering mechanism [1]. In 2011, we acquired RADARSAT-
2 polarimetric data for ten swamps at an incidence angle of
22°. Several different polarimetric decompositions attributed a
very small fraction of the backscatter from these swamps to
the double-bounce mechanism [2]. These decompositions all
use the phase difference between the HH and VV backscatter
(co-pol phase difference, or CPD) as the criterion for distin-
guishing single bounce (CPD < 90°) from double bounce (CPD
> 90°) [3]–[6]. Since the CPD we observed in our data was
predominantly less than 90°, we attributed the anomalous de-
composition results to the small CPD values we observed. In the
course of our investigation, we also found several papers that
suggested that these low values of CPD might be a consequence
of the physics of microwave reflection by water and vegetation
[7]–[10]. Thirion-Lefevre and Guinvarc’h [10] introduce the
terminology “Double Brewster Effect” and show that this effect
can result in a high ratio of HH to VV backscatter over a large
range of incidence angles.

The physics of the backscattering process in swamps such
as those in this study can be modeled as the coherent sum of
electromagnetic waves scattered by cylinders above a ground
plane that can be tilted relative to horizontal [11]. This paper
has been extended [12] to allow for a range of trunk lengths and
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inclinations relative to vertical, and for variable surface rough-
ness. For the case of monostatic backscatter, these two refer-
ences show enhanced HH/VV backscatter ratios when the geo-
metrical conditions for double-bounce backscatter are present.

Observations of rice plants with a water substrate [13]–[15]
show high values of the HH/VV backscatter ratios and the CPD
that are similar to those of trees in water that we discuss in
Sections IV-G and IV-H.

In this modeling, the magnitude and phase of the scattered
waves, typically described using complex numbers, are gov-
erned by the index of refraction, which is the square-root of the
complex dielectric constant (or permittivity). The angular distri-
bution (antenna pattern) of the backscattered radiation is calcu-
lated as the coherent sum of the waves scattered by the individual
scatterers. In short, the radar backscatter of a target consisting
of vegetation over a dielectric ground plane is governed by the
dielectric properties of the plane, the dielectric properties of the
scatterers, and the number, size, shape, and geometric orienta-
tion of the scatters. It is apparent that implementing a realistic
and accurate backscattering model for a swamp forest can be a
daunting task. In this paper, we describe insights we have gained
by using a simple dihedral model of polarimetric backscatter in
conjunction with a large suite of fully polarimetric observations
of simple swamps with RADARSAT-2 data. Further progress
will require a more realistic model.

II. THEORETICAL CONSIDERATIONS AND CALCULATIONS

A. Surface Reflection

When electromagnetic radiation encounters a surface such as
soil or water where there is an abrupt change in the index of
refraction (discussed in Section II-B), a fraction of the radiation
is reflected, while the remainder enters the substrate material and
is usually absorbed and converted to heat energy. In the simplest
case, the surface is smooth compared to the wavelength. There
are various criteria for smoothness, ranging from variations in
the height of the reflecting surface of λ/4 to as small as λ/20.
Scatter from a smooth planar surface is called specular (mirror)
reflection and is defined by the Fresnel reflection equations (see
Section II-B). All of the radiation will be forward-scattered, with
the angle of reflection equal to the angle of incidence. When the
planar surface is not smooth compared to the wavelength, the
scattering is called diffuse scattering, and the radiation is spread
out into a beam centered in the specular direction, with the
beamwidth proportional to the roughness of the surface. Diffuse
surface scattering is illustrated in many texts (e.g., [16, p. 129];
[17, p. 139]).

It is apparent, then, that smooth or slightly rough planar sur-
faces will produce zero or little backscatter. However, if a ver-
tical surface is present in addition to a horizontal surface, the
forward scatter from one surface will also be forward scattered
from the second surface, and these two scattering events will
result in backscatter in the general direction of the source of
illumination. If the line of intersection of the two planes is
oriented perpendicular to the radar illumination direction, the
backscatter will be directed toward the source of illumination.

This configuration is called a dihedral corner reflector, and is
well-illustrated in [16, pp. 54, 124] and [17, p. 102].

B. Fresnel Equations

Electromagnetic radiation is described as a transverse electro-
magnetic wave according to Maxwell’s equations. When such a
wave encounters a plane where the index of refraction changes,
it is reflected and refracted, as described by the Fresnel equa-
tions [16]–[20]. It is conventional to use the term “reflection
coefficient” to refer to the ratio of the received to transmitted
electric field strength, and the term “reflectivity” to refer to the
ratio of the received to transmitted power, which is the square of
the modulus of the field strength. The corresponding concepts
in monostatic radar remote sensing are the elements of the scat-
tering matrix [17], and the backscattered power, which is the
square modulus of the scattering matrix elements.

The only free parameters in the Fresnel equations are the
indices of refraction, n0 and n1 , of the incident and reflecting
media. These are complex numbers, related to the intrinsic elec-
trical and magnetic properties of the media through

ni =
√

εrμr (1)

where εr is the material’s relative (electrical) permittivity, also
frequently called the dielectric constant, and μr is the material’s
relative (magnetic) permittivity, equal to 1 for nonmagnetic ma-
terials.

C. Fresnel Reflection From Single Planes of Glass, Water, and
Wood; the Brewster Angle

The reflection of optical radiation by glass provides a starting
point that is covered in varying levels of detail in well-known
optics and electrodynamics texts [18]–[20].

In Fig. 1, we illustrate the HH and VV reflectivity and the
HH-VV phase difference (CPD) for a single reflection from pla-
nar surfaces of materials of interest. We begin with a glass at
optical frequencies with an index of refraction of 1.5 + 0.05i.
This provides a comparison with a frequently illustrated case.
Note that this geometry would correspond to a bistatic radar,
with the angle of reflection equal to the angle of incidence. The
reflectivity, R, is the ratio of the reflected power to the incident
power, and is illustrated as a function of the incidence angle,
where 0° corresponds to normal incidence. Note that the HH and
VV reflectivities are equal (about 4%) at 0° as one would expect.
However, while the HH reflectivity increases monotonically as
the angle of incidence increases, approaching 100% at grazing
incidence, the VV reflectivity decreases to a minimum close to
0 at an incidence angle near 56°, and then increases rapidly,
approaching 100% at grazing incidence. Note also that for VV
radiation, the CPD makes a sudden transition from near 180° to
near 0°, also at an incidence angle near 56°. The angle where
the VV reflectivity reaches a minimum and the phase transition
is most rapid is called the Brewster angle. These phenomena
are characteristic of reflection from dielectric (nonconducting)
materials. When electromagnetic radiation is reflected from con-
ducting materials such as metals, the HH and VV reflectivities
are very close to 100%, while the Brewster-angle effect moves
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Fig. 1. Reflectivity and CPD values for glass, water, dry wood, and wet wood,
plotted as a function of incidence angle. (a) Reflectivity for HH geometry. (b)
Reflectivity for VV geometry. (c) CPD.

to near-grazing incidence and becomes nearly impossible to
observe.

Ulaby and El-Rayes [21] present mathematical models to
calculate the dielectric constants of water and vegetation that
have been widely used by the remote sensing community. We

have used their equations (2) and (10) to calculate the dielectric
constants of fresh water and vegetation for the RADARSAT-2
frequency of 5.4 GHz, followed by (1) to calculate the corre-
sponding indices of refraction. The indices of refraction used
to produce the curves in Fig. 1 are 8.737 + 1.374i for wa-
ter, 1.7974 + 0.206i for dry wood, and 3.5311 + 0.5637i for
wet wood. Dry wood and wet wood are calculated on the ba-
sis of their gravimetric moisture, Mg. For these examples, Mg
(dry) = 0.175, and Mg (wet) = 0.45, based on extensive mea-
surements made with Black Ash (Fraxinus nigra) and Eastern
White Cedar (Thuja occidentalis) during the summer of 2016.
The dry value corresponds to dry wood typical of trees in a
swamp that have been dead for many years, and the wet value
corresponds to wood that is saturated with water so it barely
floats.

Dry wood has an index of refraction and reflectance proper-
ties at C-band that are similar to the properties of glass in the
optical region. Fig. 1 shows the expected difference between HH
reflectivity and VV reflectivity. While HH reflectivity increases
monotonically from normal incidence (0°) to grazing incidence
(approaching 90°), VV reflectivity decreases to a value near zero
at the Brewster angle, and then rises rapidly to approach the HH
reflectivity near grazing incidence. Water, having a high index
of refraction, has a Brewster angle greater than 80°. Wet wood
has a Brewster angle between that of dry wood and water, as
expected.

D. Dihedral Model

In our quest to improve our understanding of backscatter
physics from swamps and other wetlands, it has proven very in-
formative to make a simple model for dihedrals using the Fresnel
equations as described above. In its simplest form, our model
considers the reflection of a monostatic radar signal from two
plane surfaces, one horizontal, and the other vertical, oriented
with the line of intersection orthogonal to the radar beam.

Our model calculates scattering matrix elements Sij for a
dihedral. The scattering matrix is also known as the Sinclair
matrix. As shown by [17, eq. 3.40, p. 82], the scattering matrix
elements can be defined using the equation[

Eb
H

Eb
V

]
=

[
SHH SHV

SVH SVV

][
Ei

H

Ei
V

]
(2)

where E represents the complex electric field, the superscripts
i and b represent incident and backscatter radiation, and sub-
scripts H and V represent the H and V polarizations. Note that
algebraically, and thus physically, these elements correspond to
ratios of the backscattered to incident fields. For the simple case
of a dihedral with its vertex orthogonal to the illumination from
a monostatic radar

SHH = C [FHH (θ) + FVH (90 − θ)]

SVV = C [FHV (θ) + FVV (90 − θ)]

SHV = SVH = 0 (3)

where FHH and FVH are the Fresnel reflection coefficients
for horizontal polarization reflecting from the horizontal and



AHERN et al.: INSIGHTS INTO POLARIMETRIC PROCESSING FOR WETLANDS FROM BACKSCATTER MODELING 3043

vertical planes, FHV and FVV are the Fresnel reflection coef-
ficients for vertical polarization reflecting from the horizontal
and vertical planes, θ is the radar incidence angle, and C is a
calibration constant.

Three fundamental variables are calculated from these scat-
tering matrix elements: The reflectivities RHH = |SHH|2 , RVV =
|SVV|2 , and the co-pol phase difference, CPD = Arg(SHHS∗

VV).
Having looked at the physics of single surfaces in

Section II-C, we now examine the characteristics of relevant
combinations of different materials in the form of a dihedral.
The insights gained from this exercise will apply to smooth sur-
faces, but we must keep in mind that the physics will change
when the surfaces become rough [16 p. 125ff].

The only free parameters in our model are the complex indices
of refraction for air, and for each of the two media making up
our reflecting planes. The index of refraction of air is taken to
be n0 = 1.0 + 0.0i, while n1 is the index of refraction of the
(horizontal) ground plane, and n2 is the index of refraction of
the vertical plane. The values used were those described in the
discussion of reflection from single planes.

E. Insights from Modeling

Fig. 2 shows how three fundamental parameters vary as a
function of radar incidence angle: the reflectivity (ratio of re-
flected to incident power) for HH radiation (RHH), the reflec-
tivity for VV radiation (RVV), and the CPD. These figures have
curves for four examples: a metal-metal dihedral, a metal-wood
dihedral for dry wood, and two water–wood dihedrals, with dry
and wet wood.

1) Metal Dihedrals: The backscattering behaviour of metal
dihedrals is a simple and well-understood case. The reflectivities
for both the HH and VV radiation are nearly 100% across the
range of incidence angles [see Fig. 2(a) and (b)], while the CPD
is nearly 180° across the range, as shown in Fig. 2(c).

This simple behavior of metal dihedrals in comparison to
single-bounce backscatter has been used by a number of polari-
metric decomposition models to distinguish between double-
bounce and single-bounce backscatter [3]–[6], as reviewed in
[2]. However, the backscatter from lossy dielectric materials be-
haves differently. In particular, because of the Brewster angle
effect, there is a transition in CPD from near 0° to near 180°
that can cause these decomposition models to indicate single-
bounce backscatter when double-bounce backscatter is clearly
dominant [2].

2) Metal-Dry Wood: In the case of a vertical plane of wood
on a horizontal metal substrate, we see the same curves for
dry wood that we saw for Fresnel reflection in Fig. 1(a)–(c),
but with the incidence angle scale reversed. In other words,
the incidence angle of the microwaves on the wooden plane is
the complement of the radar incidence angle, because of the
geometry of the dihedral reflection. The HH and VV reflectivity
values are high at steep incidence angles and drop off as the
incidence angle increases. The CPD is low at steep incidence
and transitions to near –180° at the complement of the Brewster
angle for single-plane Fresnel reflection.

Fig. 2. Reflectivity and CPD values for metal-metal, metal-dry wood, water-
dry wood, and water-wet wood dihedrals. (a) Reflectivity for HH geometry. (b)
Reflectivity for VV geometry. (c) CPD.

3) Water-Dry Wood: When fresh water is substituted for
metal as the substrate, there are two incidence angles where
the Brewster angle effect is seen for the VV orientation. The
dry wood shows the same behavior in RVV reflectivity and CPD
near 30° incidence as with a metal substrate, but in addition,
we also see Brewster angle effects that result from the dielectric
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constant of water at an incidence angle near 85°. These effects
occur outside the range of incidence angle typically used for
space-borne radars, but we note them in our model results.

4) Water-Wet Wood: When the gravimetric moisture of
wood is increased from Mg = 0.175 (very dry), to Mg =
0.45 (very wet), the HH reflectivity of the dihedral increases,
doubling at incidence angles greater than 25°, while the VV
reflectivity decreases, approaching zero near the Brewster an-
gle, and the Brewster transition in CPD shifts from about 28°
down to about 16°. These are large changes, pointing toward
potential applications. Of course real-world conditions can be
much more complicated than our simple dihedral model, and
operational applications may be much more difficult to achieve,
as researchers have found when trying to estimate soil moisture
from space. Nonetheless, we are encouraged to continue our
modeling efforts to explore possible applications suggested by
these results.

III. OBSERVATIONS AND DATA PROCESSING

In 2016, we obtained a total of 43 RADARSAT-2 data ac-
quisitions over the Lake Clear study area, centered at 77.2703
West longitude and 45.4527 North latitude. We have been inves-
tigating interferometric and polarimetric C-band data for inland
water applications at that study area since 2010 [1], [2]. The ac-
quisitions discussed here were obtained from May 1 to October
30, at incidence angles ranging from 22° to 49°. Table I shows
the details of each acquisition, while Fig. 3 shows that our ac-
quisitions are well distributed in incidence angle throughout the
time frame, and include both descending (∼06:00 local standard
time) and ascending (∼18:00 local standard time) passes. This
dataset will enable us to examine the effects of incidence angle.
Note that the illumination azimuth angle will differ by approx-
imately 160° between ascending and descending overpasses.
However, high-resolution optical imaging shows the Corrigan
swamp investigated here is uniform in azimuth. Acquisition of
both ascending and descending passes provides a greater variety
of moisture conditions because dew can occur in the morning,
but not in the afternoon.

A. Characteristics of the Corrigan Swamp

For this initial work, we have concentrated on data from
the Corrigan Swamp, a large (92 ha) area of standing water
densely populated with numerous dead black ash and speckled
alder (Alnus incana) trees. In February of 2014, we sampled
the tree population taking advantage of the solid ice cover to
provide access to the trees. Fig. 4 shows a typical view of the
Corrigan Swamp in winter. Note the large number of small
diameter trees, and the small number of large diameter trees.
Note also the relatively small number of upper branches, most
of which are short and small. This is the typical form of black
ash found in swamps. In this case, and many other cases in
southern Canadian wetlands, the trees are all dead. Black ash,
as well as eastern white cedar (Thuja occidentalis) and tamarack
(Larix laricina) frequently grow as monocultures in wet areas.
Flooding, through human activities or beaver damming, will

TABLE I
RADARSAT-2 DATA ACQUISITIONS FOR 2016 AT LAKE CLEAR STUDY SITE

kill these stands, which then persist for decades as dead tree
swamps.

The summary characteristics of the tree population of the
Corrigan swamp are as follows:

1) average stem density: 1.04 stems/m2;
2) average canopy height: 5.8 m;
3) stem diameter (breast height, 1.6 m above ice surface):

69% of stems were 3 cm or less in diameter, and 96%
of the stems were 10 cm or less in diameter. The mean
value is not meaningful because the distribution is highly
skewed toward small diameters.

B. Radarsat Data Analysis

Image tiles in single-look-complex (SLC) format were in-
gested and converted to elements C11 , C22 , C33 , and C13 of
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Fig. 3. Radarsat-2 data acquisitions for Lake Clear study area, 2016. ASC =
ascending orbit (PM overpass); DES = descending orbit (AM overpass).

Fig. 4. View of the Corrigan swamp during winter fieldwork showing the char-
acteristics of the trees including the presence of upper branches and nonvertical
trunks that can cause cross-polarized backscatter.

the 3 × 3 covariance matrix [17, p. 20] commonly referred to
as C3:

C3 =

⎡
⎢⎢⎢⎣

〈
|SHH|2

〉 √
2 〈SHHS∗

HV〉 〈SHHS∗
VV〉√

2 〈SHVS∗
HH〉 2

〈
|SHV|2

〉 √
2 〈SHVS∗

VV〉
〈SVVS∗

HH〉
√

2 〈SVVS∗
HV〉

〈
|SVV|2

〉
⎤
⎥⎥⎥⎦ . (4)

The Sij are the scattering matrix elements for the four polar-
ization combinations, provided as four bands of complex num-
bers in the SLC data. These are dimensionless complex numbers
proportional to the ratio of backscattered to incident power. Note
that this formulation assumes symmetry: SHV = SVH, which is
expected for a monostatic radar when Faraday rotation is neg-
ligible [17]. The features we will examine in this paper are
the diagonal elements of C3. These are the expectation val-
ues (means) of the square magnitudes of the like-pol (SHH and
SVV) and cross-pol (SHV) scattering coefficients. In keeping
with customary terminology, we will refer to these features as
backscattering coefficients.

Fig. 5. Histograms of CPD. Three curves are shown, for steep (22°), interme-
diate (38°), and shallow (49°) incidence angles.

The complex SHH image pixels are converted to a real image
by taking the square of the magnitude. This HH image typically
produces a strong return from swamps with dead trees [2], [22],
[23]. It was used to delineate the boundary of the Corrigan
Swamp visually, to produce a polygon mask to enable extraction
of the desired data from selected C3 elements.

Because of the excellent RADARSAT-2 repeat-pass geome-
try, it proved possible and desirable to add all of the HH images
for each individual incidence angle. This produced a superior
image to delineate the polygon mask for the Corrigan Swamp at
that incidence angle by reducing speckle. Note that no geomet-
ric correction was performed: the polygon masks were made
using, and applied to, the SLC images.

Once the polygon masks were available, they were used to
extract mean values for the real numbers C11 , C22 , and C33 .
The mean value corresponds to the expectation value indicated
by the angle brackets in (4). A histogram of individual SHVS∗

VV
phase angles for all of the masked pixels was calculated to
inspect for asymmetries and other anomalies. Our dataset was
free of anomalies, and the mean CPD for the Corrigan Swamp
area was calculated from the histogram values.

Three histograms are shown in Fig. 5. These indicate the
distribution of CPD values for representative single dates at
incidence angles of 22° (steep), 38° (intermediate), and 49°
(shallow). The vertical axis represents counts in each of 37 bins
of width 9.73° each. The 37 bins span a 360° range. The red
triangles labeled 22 are produced from data acquired on May
18, 2016 at an incidence angle of 22°. Note that the histogram
is centered near 0° and is narrow and symmetric. The histogram
labeled 38 (black dots) is produced from data acquired on June
14, 2016 at an incidence angle of 38°. Now the peak is shifted
to values near 90°. Finally, the histogram labeled 49 (green di-
amonds) is produced from data acquired on October 27, 2016
at an incidence angle of 49°. The peak is shifted to values near
130°. This observed shift in the histogram with increasing in-
cidence angle is very similar to histograms we have observed
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Fig. 6. Observed mean CPD (individual points) as a function of incidence
angle compared to theoretical curves of a dihedral model with dry and wet
wood planes emergent from a fresh water substrate.

at varying incidence angles from this and similar swamps with
earlier data acquisitions [2]. We compare the mean CPD de-
rived from the histograms for all of our observations with the
predictions of the dihedral model in Section IV-A.

It is also interesting to note that these histogram curves have
minimum values above zero counts. In other words, there is a
“pedestal” of pixels with random phase. This pedestal is rela-
tively small (∼10 counts) for the steep incidence data, but larger
(∼40 counts) for the shallow incidence data.

IV. RESULTS AND DISCUSSION

In this section, we compare a number of measured polarimet-
ric features with theoretical curves produced using the dihedral
model discussed above. We first calculated the CPD as the ar-
gument of C13 for the RADARSAT-2 data and as the argument
of rHH · r∗VV for the dihedral, where rHH and rVV are the (com-
plex) amplitude reflection coefficients. These two measures of
CPD are physically equivalent. This feature is central to our
hypothesis [2] that the physics of Fresnel reflection creates sit-
uations where double-bounce backscatter exhibits low values
of CPD, which can result in incorrect results from frequently
used polarimetric decompositions. The remaining polarimetric
features are derived from backscatter coefficients from the co-
variance matrix C3 (4). The corresponding features from the
dihedral calculations are the reflectivity values, RHH and RVV,
which indicate the ratio of reflected to incident power. These
two measures are physically equivalent, differing only by a cal-
ibration factor. These polarimetric features are important in the
context of increasing our understanding of the physics, show-
ing shortcomings of our model, and making recommendations
for practical applications. Finally, we look at cross-pol features,
because we observe a significant amount of cross-pol backscat-
ter in our data even though the dihedral model predicts zero
cross-pol backscatter for our monostatic geometry.

A. Co-Pol Phase Difference (See Fig. 6)

The CPD of the observed points shows a Brewster-type tran-
sition from near 10° CPD at 20° incidence to about 120° CPD
above 45° incidence. Interestingly, there is no clear separation
between the wet samples and the dry and damp samples. The
observed change in CPD is a clear indication that the decom-
position models that use CPD as a discriminant between the
single-bounce and double-bounce backscatter mechanisms can-
not be relied upon for swamps like those we are observing. At
steep incidence angles (less than about 35°), nearly all of the
pixels will have values of the CPD less than 90°, the threshold
for double-bounce classification. The backscatter mechanism
will thus be incorrectly classified as single-bounce backscatter
in decomposition models that use the 90° threshold.

The dihedral curves in Fig. 6 [see also Fig. 2(c)] show the
Brewster phase transition at steeper incidence angles than we
observe with RADARSAT-2. With our dihedral model, the only
way to get a better fit would be to decrease the wood moisture
content to a value lower than our current dry model, which
seems unlikely to be the case in a natural environment.

It is very interesting to note that [7] shows a CPD scatter
diagram very similar to our observations for a case of corn
fields observed at L-band. The authors of that paper fit a model
of dielectric cylinders over a soil substrate to their data points.
The dielectric constant that provided a good fit was ε = 6.5–0.5i,
which corresponds to an index of refraction of 2.45 – 0.102i and
a gravimetric moisture of 0.25. They also point out that the CPD
is reduced at greater incidence angles by a canopy propagation
effect. As they were using airborne data, they were able to
observe this effect at large incidence angles. Given the success
of [7] with a relatively simple model, we are encouraged to
pursue that line of investigation.

B. Like-pol Backscatter, C11 + C33 [See Fig. 7(a)]

The first polarimetric backscatter feature to be examined is
C11 + C33 , the sum of the HH and VV backscatter coefficients.
Fig. 7(a) displays the RADARSAT-2 observations across a range
of incidence angles from 22° to 49°. The backscatter data are
separated into three moisture conditions: dry, damp, and wet.
These classes were assigned on the basis of the meteorological
conditions in 24 h up to the overpass. Dry conditions correspond
to no rain during 24 h, and no dew at the time of the overpass.
The observations of other moisture conditions were made in
situ just before the overpass. Damp conditions were assigned in
the case of light rain or the presence of dew at the time of the
overpass. Wet conditions were assigned when there was heavy
rain during 24 h before the overpass, without drying conditions
immediately prior to the overpass. This was also corroborated
with in situ observations at the time of the overpass.

We note that the dry and damp points together produce a
smooth curve that decreases with increasing incidence angle.
The wet points fall together with the dry and damp points for
incidence angles less than 30°, but do not fall off with incidence
angle as quickly as the dry and damp points, becoming separated
(in most cases) from the curve formed by the dry and damp
points.
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Fig. 7. (a) Like-pol backscatter (C11 + C33 ) as a function of incidence angle. (b) HH backscatter coefficient (C11 ) as a function of incidence angle. (c)
VV backscatter coefficient (C33 ) as a function of incidence angle. (d) Backscatter feature C11/(C11 + C33 ) as a function of incidence angle. (e) Backscatter
feature C33/(C11 + C33 ) as a function of incidence angle. (f) HH/VV backscatter ratio C11/C33 as a function of incidence angle. (g) Cross-pol backscatter
C33/(C11 + C33 ) as a function of incidence angle. (h) Cross-pol ratio C33/(C11 + C22 + C33 ) as a function of incidence angle.
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The dry and wet wood dihedral model curves were adjusted
with a single multiplicative calibration factor [C in (3)] to fit the
observed points. This factor, which was 2.0, was used for all
of the dihedral calculations reported in this paper. We note that
the dry and wet dihedral curves bracket the observed points and
that the dry curve has a shape similar to the shape of the dry
and damp RADARSAT-2 points. The curve for the wet wood
model lies above the observed points. This is not surprising,
because the dihedral model was made with the assumption of
an infinitely thick layer of wood with a gravimetric moisture of
Mg = 0.45, corresponding to fully saturated wood, while the
actual penetration of water into the trees will be only a few
millimetres, and the stem diameter is less than 3 cm in majority
of cases.

C. HH Backscatter Coefficient, C11 [See Fig. 7(b)]

Since the HH backscatter is considerably larger than the VV
backscatter, it is not surprising that the curve for C11 as a func-
tion of incidence angle is similar to that of C11 + C33 [see
Fig. 7(a)]. We see the same monotonic decline with increas-
ing incidence, and curvature of the observed points similar to
the curve for the dry wood dihedral. However, there is smaller
separation between the wet points and the dry and damp points.

D. VV Backscatter Coefficient, C33 [See Fig. 7(c)]

VV is the polarization where the Fresnel reflection causes
a decrease to near-zero reflectivity at the Brewster angle, as
shown for the dry wood model curve in Fig. 7(c). We see that
the dry and damp wood observations also exhibit a curve with
a shape to that predicted with the dihedral model, but offset to
a higher level of backscatter. An increase in the imaginary part
of the index of refraction for wood can cause that kind of offset.
That would require an increase in the ionic conductivity of the
bound water in the wood. Another possibility is that some of
the surface reflectivity of the wood, water, or both is caused by
Bragg scattering. As pointed out by [16], with Bragg scattering,
the VV component is greater than the HH component, and does
not exhibit a decrease in reflectivity at the Brewster angle.

The curve for the wet wood model has a Brewster angle at
an incidence angle smaller than 20°, outside the plotted range.
The wet wood curve rises to a value higher than the dry wood
curve and passes through the scatter of points associated with
wet conditions, but the fit is not a good one. Nonetheless, the
separation between the wet points and the dry and damp points
is consistent with the predictions of Fresnel physics.

To summarize, the VV backscatter is greater than predicted by
the dihedral model. Possible causes include slight roughening
of the water surface by wind, or the presence of living plants or
dead plant parts on the surface, which can also roughen it. These
possibilities must be addressed in future modelling efforts.

E. C11 /(C11 + C33) and C33 /(C11 + C33) [See Fig. 7(d) and
(e)]

The ratio C11/(C11 + C33) is nearly independent of inci-
dence angle, with the RADARSAT-2 observations lying about

10% lower than the model curves [see Fig. 7(d)]. This lower
ratio is a result of the increased amount of VV backscatter in
the observations, which increases the denominator in the rela-
tionship.

The RADARSAT-2 observations of C33/(C11 + C33) show
curves that are consistent with the dihedral calculations, but
displaced to greater values [see Fig. 7(e)]. This displacement is
caused by the greater-than-expected VV backscatter discussed
in Section IV-D.

F. C11 /C33 [See Fig. 7(f)]

Our observational and theoretical investigations have shown
that Fresnel physics leads to an expectation of high HH backscat-
ter and low VV backscatter in areas of vegetation emergent from
water. This leads us to consider the ratio C11/C33 . This is shown
in Fig. 7(f). We note that at steep incidence angles, near the
Brewster angle, the C33 backscatter is low, making the C11/C33
ratio high. This measure shows low scatter and low sensitiv-
ity to wood surface moisture as described in Section IV-B.
The ratio C11/C33 appears to be a very good indicator for areas
of inundated vegetation, particularly at steep incidence because
of the Brewster angle effect.

G. Cross-Polarized Backscatter [See Fig. 7(g) and (h)]

Now we turn our attention to the cross-pol backscatter, C22 .
Fig. 7(g) shows the intensity of cross-polarized backscatter, C22 ,
while in Fig. 7(h), we see C22/(C11 + C22 + C33), the ratio
of cross-polarized backscatter to total power. We see that the
cross-pol backscatter is typically higher for wet conditions, but
independent of incidence angle. As a fraction of total power,
the cross-pol component increases from about 6% at steep inci-
dence to about 12% at the shallower end of the range, but there
is minimal separation of the points obtained under wet condi-
tions. No cross-pol backscatter is predicted with our dihedral
model, so there are no theoretical curves shown in Fig. 7(g) and
(h). The observed presence of cross-pol backscatter suggests
the presence of additional, valuable, information to be found
in the data. In the Corrigan swamp, there are numerous upper
branches and some curved and nonvertical trunks that may con-
tribute to cross-polarized backscatter, but this possibility must
be confirmed through modeling efforts.

V. CONCLUSION

1) We have provided convincing observational and theo-
retical evidence that double-bounce backscatter can be
misidentified as single-bounce backscatter because of the
low CPD that results from the physics of double-bounce
reflection from dielectric surfaces with low moisture con-
tent.

2) Therefore, we recommend caution when using currently
available double-bounce classifications from decomposi-
tion models as an indicator of standing water under woody
vegetation.

3) Calculations from our simple dihedral model indicate that
the CPD should act as a good indicator of wood moisture,
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but our observations do not support that hypothesis. Addi-
tional modeling work is required to elucidate the physics
and develop applications that provide measures of wood
moisture.

4) This paper supports the use of steep incidence angles to
detect the presence of water under vegetation. The indica-
tors of standing water will be a strong HH return compared
to noninundated vegetation, and a high HH/VV ratio.

VI. NEXT STEPS

We need to build upon these results to explore new applica-
tions for swamps, marshes, and possibly upland forests. This
effort should include the following.

1) Modeling with cylinders over a water, and subsequently
soil, substrate.

2) Including nonvertical cylinders to simulate leaning trunks,
and branches.

3) Modeling the effects of slightly and moderately rough
surfaces for the cylinders and the dielectric substrate.

4) Continuing RADARSAT-2 observations to provide vali-
dation and increased understanding of our modeling re-
sults.

5) Provide guidance for data acquisition and processing
strategies based on research findings.

We encourage other researchers to take note of the impor-
tance of accurate modeling of the backscatter physics of targets
of interest, in order to maximize the variety and accuracy of ap-
plications of the ever-growing availability of polarimetric SAR
data.
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